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ABSTRAKSI

PERANCANGAN DAN PEMBUATAN SISTEM PENGATURAN LAMPU
LALU LINTAS DILENGKAPI PERALATAN CELLULAR SEBAGAI
PENGENDALI

(Bambang Husono, 02.17 086, Teknik Elektro/Elektronika 5-1)
{Dosen Pembimbing Ir.F.¥Y udi Limpraptono,MT)
Kata kunci : Mikrokontrofler, Seven Segment, Lampu Lalu lintuy

Kemajuan Teknologi dibidang elektronika pada saat ini telah berkembang
sangat pesal. Hal ini berdampak dengan terciptanya alat-alal elektronika yang dapat
membantu manusia dalam kehidupan schari-hari. Salah satu permasalahan yang dapat
diselesaikan adalah masalah pengaturan lampu lalu lintas. karcna apabila kontrol dari
lampu lalu lintas akan dirubah, maka harus datang ke tempat lampu lalu lintas
tersebut berada. Sehingga perlu adanya solusi untuk lampu lalu lintas kontrol dari
jarak jauh. Sistem yang dimaksud adalah pengontrolan lampu lalu lintas jarak jauh
menggunakan Aandphone dengan fasilitas SMS.

Dalam pembuatan sistem kontrol ini menggunakan mikrokontroller AVR
ATmegaB535, seven segment, lampu lalu lintas, sedangkan untuk pengitiman pesan
menggunakan handphone siemens M35, Sistem kontrol ini sangat efektif dan efisien
baik waktu dan temaga selama proses berlangsung. serta mempercepat dalam
memberikan informasi apabila lampu lalu lintas mati sehingga dapat langsung

diantisipasi.
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BAB 1

PENDAHULUAN

1.1. Latar Belakang

Semakin cepatnya perkembangan leknologi jaringan kompuler yang
ditandai dengan munculnya teknologi-teknologi baru. Dilihat dari banyaknya
persaingan di bidang industri dan teknologi yang didukung oleh kwalitas maupun
kwantitas suatu produk menjadi salah satu acvan dalam mengembangkan
teknologi. Kemampuan inilah yang menjadi syarat untuk mewujudkan medul
sistem peralatan dalam pengaturan lampu lalu lintas berbasis mikrokontroller
ATmega8535 yang memanfaatkan kerja sistem cellular. Dengan penerapan
mikrokontroller ATmega8535 hal ini memungkinkan dilakukan pemanfaatan
media clektronika seperti halnya dalam mengatur sistem kerja lampu lalu lintas.
Dalam hal ini bagaimana cara memanfaatkan dan memfungsikan handphone
menjadi  peralatan yang mampu mengendalikan lampu lalu lintas  yang
mengeunakan leknologi vie sma.

lampu lalu lintas memegang peranan penting dalam pengaturan
kelancaran lalu lintas. Sistem pengendalian lampu lalu lintas yang baik akan
secara otomatis menyesuaikan diri dengan kepadatan arus lalu lintas pada jalur
yang diatur. Dengan penerapan Mikrokontroller ATmega8535 hal ini sangat
memungkinkan untuk dilakukan.

Berdasarkan perkembangan teknologi komunikasi sekarang ini, semakin
banyak sistem komunikasi yang diterapkan di lembaga pemerintahan akan sangat

1




bermanfaat bapi masyarakat pada umunnya. Dimana kita ketahui bahwa
penerapan ilmu pengetahuan pada perguruan tinggi memberikan solusi dalam
pengembangan ilmu pengetahuan yang selanjuinya dapat meningkatkan SDM
{sumber daya manusia) Mengingat sumber daya manusia sangat rendah dan
minimnya penerapan ilmu pengetahuan dan sangat penting untuk sctiap generasi,
maka perlu adanya pengembangan sistem pengetahuan leknologi. Pemakaian
tcknologi sekarang ini sangat minim bagi sebagian masyarakat, maka dari itu
solusi yang tepat untuk penggunaan teknologi yang ada dengan memanfaatkan
schagian teknologi yang sudah ada. Mencoba untuk memberikan satu solusi
dalam pengembangan ilmu pengetahuan yang berkaitan dengan teknologr dimana
peran alat lersebut berfungsi dalam pengaturan lampu lalu lintas. Schingga alal

vang dirancang mampu bekerja secara optimal.

1.2. Tujuan
Tujuan skripsi ini adalah untuk mengetahui sejauh mana kinerja sistem
yang telah dibual, yaitu sistem pengaturan lampu lalu lintas yang dilengkapi

peralatan celhdur sebagai pengendali melalui fasilitas vig sms.

1.3. Rumusan Masalah

Berdasarkan pada uraian latar belakang masalah. maka dapat disusun
rumusan masalah. Adapun rumusan masalah dalam skripsi ini adalah:

|. Bagaimuana merancang komunikasi serial antara handphone dengan

mikrokontroller.




2.

Bavaimana merancang sebuah sistem pengaturan lampu lalulintas
dengan peralatan cellufar sebagai pengendali.

Bagaimana membual soffware yang dapat mendeteksi sms datang dan
mengolahnya ke mikrokontroller.

Bagaimana merancang dan membuat perangkal lunak alau sofftware
pada mikrokentroller yang mengendalikan semua kerja sistern apar

dapat bekerja sesuai dengan yang telah direncanakan.

1.4, Batasan Masalah

Agar permasalahan yang dibahas tidak melcbihi dari hal-hal yang jauh dani

hahasan masalah, maka diberi batasan-hatasan masalah sebagai berikut :

=

Tidak membahas hardware handphone  siemens M35 secara
mendetail.

Tidak membahas Aandphone dalam keadaan mati atau diluar
Jjangkauan.

[Hanya menggunakan handphone siemens M35 dengan fasilitas sms
sebagai informasi dan proses mengaktifkan dan mematikan system.
Menggunakan mikrokontroller AVR ATmega85335.

Menggunakan seven segment untuk tampilan wakiu,

Tidak membahas prinsip kerja kerja lampu lalu lintas.

Tidak membahas cafu daya.




1.5.

1.6.

Metodologi Penulisan

Metodologi penulisan skripsi ini adalah sebagai berikut:

II‘

Studi literatur

Memperoleh data dari internet dan membaca buku-buku literatur yang
berhubungan dengan permasalahan dalam penyusunan skripsi ini.
Pengumpulan data

Melakukan tanva jawab dengan pihak-pihak yang berkompeten
denpan teknik-teknik vang dipakai dalam pembuatan lampu lalu
lintas.

Perancangan hardware dan sofiware

Hardware meliputi perancangan dan pembuatan rangkaian secara
keseluruhan berupa pembuatan PCB dan perakitan alat dapat bekerja,
Melakukan desain aplikasi tampilan program dan desain soffware
untuk lampu lalu lintas.

Pengolahan data

Menganalisa pola kerja dari alat tersebut dengan jalan membuat

analisa dan menarik kesimpulan dari hasil pengujian yang ada.

Sistematika Penulisan

Sisternatika dalam penulisan skripsi ini adalah sebagai berikut :

BABI PENDAHULUAN

Membuat latar belakang, tujuan, rumusan masalah, batasan masalah

dan sistematika penulisan.




BABII : DASAR TEORI

Membahas semua leori dasar yang berkaitan langsung dengan
perencanaan sislem alat.,
BAB 111 : PERANCANGAN DAN PEMBUATAN ALAT

Membahas perancangan dan pembuatan sistem dari alat yang meliputi
hardware dan software.
BABIV : PENGUJAN ALAT

Membahas tentang pengujian dan pengukuran karakteristik dari hasil
perancangan sofftware dan hardware setelah pengambilan sampel dari hasil
pengujizn alat, setelah itu dilakukan analisa hasil pengujian alat tersebut.
BABYV : PENUTLP

Berisi kesimpulan dari keseluruhan dari perancangan dan pembuatan

alat. serta berisi saran untuk pengembangan alal.




BAB II

DASAR TEORI

2.1. Umum

Pengiriman pesan menggunakan teknologi cefufer dipercays menjadi trend
terbaru dan dapat diaplikasikan uniuk berbagai kebutuhan. Telepon cetuler dengan
fasilitas sms mampu bertukar informasi berbasis teks sccara jarak jauh fremote)
dan tanpa kabel (wireless) sehingga dapat memberikan solusi vang tepat terhadap
masalah pengontrolan lampu lalu lintas sccara jarak jauh. Ditambah dengan
dukungan teknologi mikrokentroller yang memungkinkan dibentuknya scbuah
sistem yang memiliki efisiensi daya dan tempat, menjadikan telepon cefuler
sebagai sarana alternatif selain sebagai sarana komunikasi juga dapat dijadikan

sebagai sarana pengendali jarak jauh.

Penggunaan mikrokontroller dalam  berbagai  aplikasi  memang
memberikan banyak keuntungan tapi juga tidak luput dari kekurangan.
Keuntungan yang dapat diperoleh dengan menggunakan mikrokontroller antara
lain, banyak pilihan yang ditawarkan terganiung kcbutuhan, murah, bisa
digunakan untuk bermacam-macam aplikasi, berdaya rendah. dan hanva
memerlukan sedikit tambahan komponen luar dan proses penanganannya yang
mudah baik dari segi operasi maupun aplikasinya. Sedangkan kekurangan dari
mikrokontroller adalah keterbatasan memori didalamnya schingga tidak mampu

menangani program-program yang cukup besar dan rumit.




2.2. SMS (Short Message Service)
SMS merupakan salah satu layanan pesan teks yang dikembangkan dan

distandarisasi oleh suatu badan vang bernama ETS1 (European Telecomunication
Standards Institule) scbagai dari pengembangan GSM phase 2, yang terdapat
pada dokumentasi GSM 03.40 dan GSM 03.38. Dengan adanya fitur sms ini maka
perangkat stasiun celuder digital (Digital Cellular Terminal, seperti ponsef) dapat
mengirim dan menerima pesan-pesan teks dengan panjang sampai dengan 160

karakter melalui jaringan GSM.

Selama berada pada jangkauvan pelayanan GSM, hanya dalam beberapa
detik sms dapat dikirimkan ke perangkat stasiun celuler digital lainnya. Lebih dari
sekedar pengiriman pesan biasa, layanan sms memberikan garansi sms akuan
sampai pada tujuan, meskipun perangkal yang dituju sedang tidak aktit yang dapat
disebabkan karena sedang dalam kondisi mati atau berada di luar jangkauan
fayanan GSM. Pesan vang belum terkirim akan disimpan sementara oleh jaringan,
dan akan segera dikinmkan ke perangkat vang dituju setelah adanya landa

kehadiran dari perangkat di jaringan tersebul.

Dengan fakta bahwa layanan sms (melalui jaringan GSM) hingga
jangkauan nasional dan internasional dengan wakiu keterlambatan yang sangat
kecil, sehingga dimungkinkan lavanan sms cocok untuk dikembangkan dalam
aplikasi-aplikasi sepetti: pager, e-mail, dan notilikasi voice mail, serta layanan
pesan banyak pemakai (mudtiple users). Namun pengembangan aplikasi tersebut

masih bergantung pada tingkat layanan yang disediakan oleh operator jaringan.




2.2.1. PDU (Protocol Data Unit) SMS

Dalam proscs pengiriman atau pencrimaan pesan pendek (sms), data yang
dikirim maupun diterima oleh stasiun bergerak menggunakan salah satu dari 2
mode yang ada, yailu: mode teks, atau mode PDU (Protocol Data Unit). Dalam
mode PDU, pesan yang dikirim berupa inlormasi dalam bentuk data dengan
beberapa kepala-kepala informasi. Hal ini dipermudah jika dalam pengiriman
akan dilakukan kompresi data, atau akan dibentuk sistem penyandian data dari
karakter dalam bentuk untaian bit-bit biner. Senarai PDU tidak hanya berisi pesan
teks saja, tetapi terdapat beberapa meta informasi yang lainnya, seperti nomor
pengirim, nomor sms centre, wakiu pengiriman, dan sebagainya. Semua informasi
vang terdapat dalam PDU, dituliskan dalam bentuk pasangan pasangan bilangan

heksadesimal yang discbut dengan pasangan ofifer.

Data vang mengalir ke/dari sms cenire harus berbentuk PDU (Protocol
Data Unit). PDU berisi bilangan-bilangan heksadesimal yang mencerminkan
bahasa 1/0. PDU terdiri alas beherapa header. Header untuk kirim sms ke sms

centre berbeda dengan sms vang diterima dari sms centre.

Maksud dari bilangan heksadesimal adalah bilangan yang terdiri atas 0, 1,
2.3,4.56.7.8.9.A.B.C.D.E.F. Schagai contoh, untuk angka desimal 1000,

bilangan heksa desimalnya adalah 3E8.

Cara mengkonversikanya :

100G : 16 =62sisaB=§

62:16=3sisa l4=E




3:16=0sisa3=3

2.2.1.1. Delapan Header Untuk Kirim SMS
PDU untuk mengirim sms terdiri atas delapan Aeader, sebagai berikut:
1. Nomor sms centre
Header pertama ini terbagi atas tiga bagian subheader, yaitu:
a, Jumlgh pasangan hexsadesimal sms centre dalam bilangan
hekxa.
b. MNational/International code
¥ untuk National, kode subheadernya yaitu 81
# untuk International, kode subheadersya yaitu 91
¢. Nosms cemtrenya sendiri, dalam pasangan heksa dibalik-balik.
Jika tertingeal satv angka heksa yang tidak memiliki pasangan, angka
terschut akan dipasangkan dengan huruf F didepannya.
Contoh: untuk nomor sms egenre Excelcom dapat ditulis dengan dua
cara schagi berikut:
Cera periame.

0818445009 diubah menjadi:

a. 06 4 karena | + 5= 6 pasang

b. 81 4 1 pasang

c. 80-81-44-05-90 4 5 pasang

Digabung menjadi: 0681808 | 440590
9




Cara kedua:

(0818445009 diubah menjadi:

a. 07 & karena | + 6= 7 pasang

b. 91 & | pasang

c. 26-18-48-54-00-F9% 6 pasang

Digabung menjadi: 0791261348 35400F9

Berikut ini berupa beberapa no sms centre operator cefuler di Indonesia.

Cara pertama:
N | Dperator SMS Centre No | Kode PDU

Selular
1. Telkomsel 081 1 000000 0681801 1 GOODM
2. | Satelindo 1816124 (1581806121F4
3 [ixcelcom 08 1 8445009 DGRIROR 1440590
4. | Indosat-M3 (1355000000 (3681 8055000000
Cara kedua:
No | Operator SMS Centre No Kode PDU

Selular
1. | Telkomsel 62811000000 0791261 8010000FD
2. | Salelindo 62816124 (159126181642
3 Excelecom 628 18445000 079126 18485400F9
4, Indosat-M3 H2E53000000 0791 2658050000F0

10




2. Tipe sms
Untuk tipe SEND tipe 5MS5=I. Jadi bilangan heksanya adalah 01.
3. Nomor referensi sms

Nomor referemsi ini dibiarkan dulu 0, jadi bilangan hekseava
adalah (0. Nanti akan diberikan sebuah nomor referens: otomatis oleh

handphorne atau alat sms gefway.
4, Nomor handphone penerima

Sama scperti cara menulis PDU feader untuk sms centre, header

ini juga terbagl atas tiga bagian, sebagi berikut:

l. Jumlah bilangan desimal nomor ponsef vang dituju dalam
bilangan heksa

Z. National/International code.
v Untuk national, kode subhicadernya: Bl
v" Untuk intemational, kode subheadernya: 91

3. Nomor handphone yang dituju, dalam pasangan Aeksa dibalik-
balik. Jika tertinggal satu angka heksa yang tidak memiliki
pasangan, angka tersebut dipasangkan dengan huruf F
didepannya.

Contoh:

Untuk nomar handphone yang dituju = 628129573337 dapat ditulis

dengan dua cara sebagi berikut:
11




Cara pertama; (08129573337 diubah menjadi:

a. 0B :ada 11 angka

b. 81

¢. 80-21-59-37-33-I'7

Digabung menjadi: 0BB18021593733F7

Cara kedua: 628129573337 diubah menjadi:

a 0C : ada 11 angka

b. 91

c. 26-18-92-75-33-73

Digabung menjadi: 0C9 1261892733373

3. Bentuk sms, antara lain:

0 == 00 -> dikirim sebagi sms

1 == 01 -> dikirim sehagai telex

2 2> 02 -> dikirim sebagai fix

Dalam hal ini. untuk mengirim dalam bentuk sms tentu saja kita

memakai 00,

6.  Skemu encoding data 1/0




Ada dua skema, yaitu:
|. Skema 7 bit ditandai dengan angka 0 = 00

2. Skema 8 bit ditandai dengan angka lebih besar dari 0 diubah ke

heksa

Kebanyakan Aaendphone/sms gateway vyang ada di  pasaran
sekarang menggunakan skema 7 bit sehingga kita menggunakan kode

00,

7. Jangka waktu sebelum sms expired

Jika bagian ini diskip, itu berarti kita tidak membatasi waktu
herlakunya sms. Sedangkan jika kita isi dengan suatu bilangan infeger
yang kemudian diubah ke pasangan heksa tertentu, bilangan vang kita

berikan tersebul akan mewakili jumlah waktu validitas sms tersebut.

Rumus untuk menghitung jangka wakw validasi sms adalah

sebagai berikul:

[nteger (INT) | Jangka Wakwu Validasi SMS

0-143 (INT +1) menit (berarti:5 menit s/d 12 jam)
144-167 12 jam + (INT-143) x 30 menit
168-196 {TNT - 166) x | hari

197-255 (INT — 192} % | minggu




Agar sms Kita pastikan terkirim sampai ke handphone penerima,

sebaiknya kita tidak memberikan batasan waktu validnye.

B Isi sms

Header inl terdini atas 2 subheader, yaitu:

|. Panjang isi (jumlah hurut dari isi)

Misalnya untuk kata “hello” ada 5 huruf -= 05

2. Isi berupa pasangan bilangan heksa
Untuk handphone/sms gateway berskema encoding 7 bil. jika
kita mengetikan suatu huruf dari keypadnya, berarti kita telah

membuat 7 angka 1/0) berurutan.

Skema 7 bit tersebut diperlihatkan dibawah ini:

Ada dua langkah yang harus kita lakukan untuk mengkonversi isi

sms, yaitu:

Langkah pertama: mengubahnya menjadi kode 7 bit

Langkah kedua: mengubahnya kode 7 bit menjadi 8 bit, yang

diwakili oleh pasangan hekva.

Contoh: untuk kata “hello™

Langkah pertama:

Bit 7 1




h LG 1000

¢ 10 alal
| 110 1100
! 110 1100
o T 1111
Lungkah kedua:
D 8

h L1110 1000
3 2

c 00110010 1

9 B

1001 1011 00
F D
1 e 100
06

o Geon ol la ittt
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Oleh karena itu total 7 bit x 5 huruf=35 bit, sedangkan yang kita
perlukan adalah 8 bit x 5 huruf=40 bit, maka diperlukan 5 bit dummy

yang diisi dengan bilangand.

Setiap B bit mewakili suatu pasangan heksa. Tiap 4 bit mewakili suatu

angka heksa. lentlu saja karena secara logika 2 = 16.
Dengan demikian kata “hallo™ hasil konversinya menjadi: ES329BFDG
9. Menggabungkan kedelapan Aeader

Setelah kita mempelajari masing-masing feader maupun
subheader untuk mengirim sms di atas, kini kita akan

menggabungkannya menjadi PDU yang lengkap.
Contoh:

Untuk mengirimkan kata “hallo™ ke nomor handphone 618129573337
lewat sms centre Exceleom, lanpa membatasi jangka waktu valid, maka

P lengkapnva adalah:
0791261 84R5400F201000C91261892753373000005E3329BFDOG

( (791261 8485400F9,01,00,0C91261892753373,00,00,05E8329BFDU6)
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Tabel 2.1.

Skema 7 bit™

1

B

0

L |

t}

LLF

CR

b7

Bo6

B3

1{)

11

12

13

14

15

0

b2 | Bl

b3

{

b4




2.2.1.2. PDU Untuk SMS Terima Dari SMS Centre
Delapan header untuk sms terima. Header dibawah ini telah
dibahas sebelumnya, kecuali beberapa yang berbeda, dijelaskan di

bawah ini:

I.  Nosms centre.
2. Tipe sms & unluk sms terima =4 > 04
3.  Nomor handphone penginm.
4. Benwk sms.
5. Skema encoding.
6.  Tanggal dan waktu sms distamo di sms cenfre.
Diwakili oleh 12 bilangan hefsa (6 pasang) yang berarti;yy/mm/dd

hh:mm:ss

Contoh: 2070225123804 01/07/22 15:32:08a 22 Juli 2002 15:32:08

Wib

7.  Bauas validasi waktu jika tidak dibatasi dilambangkan dengan (M)

8. lsi sms.

Membedah kedclapan Acader

Setelah mengupas satu demi satu header untuk sms terima ini,

maka unmik P dibawah ini:

07912658050000F0040C9 12658 16 10739800002070225 12380000583

29BFDO6




(1791 2658050000F 0,04, 0C1265816107398,00,00,207022512380,00,05

E832908F D6

Dapat diartikan sebagai berikut:

1. SMS tersebut dikirim lewat sms centre:62855000000)

2. SMS tersebut memipakan sms terima

3 SMS  tersebut dikirim dari handphone dengan nomor Sim
Card 628561013789

4. SMS tersebut diterima dalam bentuk sms

5. SMS tersebut memiliki skema encoding 7 bit

6.  SMS tersebut sampai di sms centre pada tanggal 22-07-02, pukul:
15:32:08 Wib

7. SMS tersehut tidak memiliki batas waktu valid

8  SMS tersebul isinya adalah “hello™.

2.3. Handphone Siemens M35

23.1. Pin Owt Handphone Siemens M35

Untuk melakukan koneksi dengan mikrokontroller, pada Aandphone
siemens M35 lerdapal pin vw dengan susunan seperti yang ditunjukan dalam tabel

berikut ini.




Tabel 2.2.

Pin out HP Siemens!”

Pin Nama Fungsi In/Out
| GND Ground
2 Self Service Recognition / control battery In
3 Load Chargimg Voltage Out
4 Battery Battery In
5 Data Out Data Sent Out
6 Mata In Data Received Out
7 |4 Clk Recognition ! control accessories In
3 Z Data Recopnition / control accessories
9 MICG Ground for microphone
10 MIC Microphone inputl In
11 AUD Loudspeaker
2 AUDG Ground for eksternal LS Ot

2.3.2. Kabel Data Siemens M35

Siemens dilengkapi dengan kahel data untuk melakukan komunikasi data
secara serial dengan terminal lain. Kecepatan transfer data sebesar 19200. Untuk
mengadakan komunikasi serial, pin-pin yang digunakan seperti label 2.3, berikut
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Tabel 2.3.
Kabel Data Siemens M35!7!

Nomor .
Pin Nama Fungsi

I GND Ground

5 TFMS/DFMS — Terminal adaptor equipment Serial Data Out

From Mobile Station Data From Mobile Station | (Out)

TTMS/DIMS — Terminal adaptor equipment l'o | Serial Data In
6 Mobile Station Data To Mobile Station (RX)

2.3.3. Perintah AT Command

Perintah AT (Haves Al Command) digunakan untuk berkomunikasi
dengan terminal (modem) melalui gerbang serial pada komputer. Dengan
menggunakan perintah AT command dapat diketahui atay dibaca kondisi dari
terminal seperli mengetahui kondisi sinyal, kondisi baterai, mengirim pesan,
membaca pesan, menambah item pada daftar telepon, dan sebagainya. Berikut
beberapa jenis perintah AT commard yang berhubungan dengan penanganan

pesan-pesan SMS.

% AT+CMGS, perintah ini digunakan untuk mengirim pesan

%  AT+CMUGR, perintah ini digunakan untuk membaca pesan

%  AT+CMGTF, perintah ini digunakan untuk formal pesan




%  AT+HCMGD, perintah ini digunakan untuk menghapus pesan

+  ATHCNMI, perintah ini digunakan untuk prosedur indikasi pesan

harn

< ATHCPMS, perintah ini digunakan untuk pemilihan target memori

[

ATHCSMS, perintah ini digunakan untuk pemilihan layanan pesan
24. Mikrokontroller AVR (Alf and Vegard's Risc Processors)

Atmel sebagal salah satu vendor yang mengembangkan dan memasarkan
produk-produk mikroelektronika telah dijadikan sebagal suatu teknologi standar
bagi para desainer masa kini. Dengan perkembangan terkini adalah generasi AVR

{Alf and Vegard's Risc frocessors),

Mikrokontroller AVE. adalah mikrokontroller dengan arsitektur RISC 8
bit, dimana semua instruksi dikemas dalam kode 16 bit (/6 by word) dan
schagian besar instruksi dicksckusi dalam | siklus clock, berbeda dengan instruksi
MCS51 yang dieksekusi dalam 12 siklus clock. Kedua jenis mikrokontroller
tersebut dibedakan oleh perbedaan arsitektur vang dimiliki. AVR berteknologi
RISC (Reduced Instruction Set Computing), sedangkan seri MCS51 berteknologi

CISC (Complex Instruction Set Computing).

Secara umum, mikrokontroller jenis AVR dapat dikelompokkan menjadi 4
kelas, vyaitu keluarga Atiny, keluarga AT905xx, keluarga ATmega. dan
ATBORTFxx. Pada dasarmya masing-masing kelas dibedakan oleh memori,

peripheral, dan fungsinya. Dari segi arsitektur dan instruksi yang dipergunakan,
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mercka bisa dikatakan hampir sama. Berdasarkan uraian diatas maka dalam

penulisan skripsi ini digunakan mikrokontroler A'l mega8535,
2.4.1. Arsitektur ATmega8535

ATmegaB535 adalah mikrokontroller 8 bit berteknologi CMOS yang
berdaya rendah berbasis AVR dengan arsitcktur RISC. Dengan keuntungan
eksekusi mstruksi rata-rata satn siklus clock merupakan pendekatan 1 MIPS
(million  instruction Per Secondy memberikan perancangan sistem  dengan

konsumsi daya optimal versus kecepatan proses.

Inti kombinasi AVR adalah kombinasi instruksi yang beraneka ragam
dengan 32 register (32 general purpose working register). Ke 32 register terschul
langsung dihubungkan ke ALU (drithmetic Logic Unit) melalui dua register
independen, schingga dapal diakses dalam satu instruksi vaitu satu siklus clock.
Hasil dari arsitektur ini lebih efisien sepuluh kali dari mikrokontroler jenis CISC

seperti ATROC xxx atau ATEOSxxx.
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Gamhbar 2.1.

Blok Diagram Arsitekour ATmega8535!"

Mikrokontroller A'Tmega8535 memiliki model arsitcktur harvard, dimana
memori untuk data dan program terpisah, bus untuk program dan bus untuk data
juga terpisah. Dalam arsitektur ATmegal535, seluruh GPR (General Purpose
Register  [32-registerf) terhubung langsung ke ALU idrithmetic Logic
Unit)/procesor. Sehingga eksekusi instruksi lebih cepal. Dalam satu siklus clock
terdapat dua register independen yang dapat diakses oleh satu instruksi. Teknik
vang digunakan adalah jfeich during erecwtion atau memegang sambil

mengerjakan. Hal ini berarti, dua opcran dibaca dari sato register, dilakukan
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eksekusi operasi, dan hasilnya disimpan kembali dalam satu register, semuanya

dilakukan hanya dalam satu siklus clock.

Dari 32 register terdapat enam buah register yang dapat digunakan untuk
pengalamatan tidak langsung 16 bit sebagai register paimter (penunjuk). Register
tersebut memiliki nama khusus, vaitu X, Y. Z. Masing-masing terdiri dari
sepasang register, seperti: X (R27:R26), Y (R29:R2R). dan 7 (R31:R30). ALU
mendukung operasi bit, fungsi aritmetika dan logika antara register dengan

register atau antara register dengan nilai konstan, atau hanya operasi satu register.

Untuk kontrol aliran program disediakan intruksi lompatan bersyarat dan
tak bersyarat, intruksi Call (panggil), dapat ditempatkan di seluruh ruangan
program. Kebanyakan instruksi ATmega®535 mempunyai format 16 bit ward

Setiap alamat memori program mengandung sebush instruksi 16 atau 32 bil.

Selama interupsi dan pemanggilan subrutin, alamat program counter {(PC)
di simpan kedalam Stack. Stack akan efektif diletakkan di SRAM. dan
konsekuensinya ukuran stack dibatasi oleh ukuran SRAM dan penggunaan
SRAM. Scliap pengguna dapal menginisialisasi SP (Stack pointer) dalam rutin
RESEL (sebelum subrutin atau interupsi dieksekusi). Stack pointer SP dapat

ditulis dan di baca dalam ruangan 1/O.
Kapabilitas detail dari ATmega8535 adalah sebagai berikut:

»  Bistem mikroposesor 8 bit berbasis RISC dengan kecepatan

maksimal 16 MHz.
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2.4.2.

#  Kapabilitas memory flush 8 KByte. SRAM sebesar 512 Byte. dan
EEPROM  (Eleciricaily  Erasable  Programmable  Read Oniy
Memory) sebesar 512 Byre.

#  ADC internal dengan fidelitas 10 bit sebanyak 8 channel.

#  Portal komunikasi serial (USART) dengan kecepatan maksimal 2,5
Mhbps.

¥  [Enam pilihan mode sleep dapal digunakan untuk menghemat

penggunaan daya listrik.

Konfigurasi Pin ATmega8535
Konfigurasi pin pada A T'mega8535 adaiah schagai berikut:

1. VCC, merupakan pin yang digunakan scbagai pin masukan catu daya
3.

2. GND, merupakan pin ground.

3. Pon A (PAO..PAT)., merupakan pin I/O dua arah atau dapat juga
digunakan sebagai pin masukan ADC.

4, Por B {PB0..PB7), merupakan pin YO dua arah dan dapat digunakan
sehagai pin fungsi khusus, Timer/Counter. komparator analog, dan
SPL

5. Port C (PCO..PC7). merupakan pin I'C dua arah dan dapat digunakan
sebagrai pin fungsi khusus TWIL komparator analog dan Timer

Oscilator.
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10.

ll;

Port [y (PDO.PIY7), merupakan pin IO doa arah dan dapat
digunakan sebagai pin fungsi khusus komparator analog. intcrupsi
eksternal, dan komunikasi serial.

RESET, merupakan pin  yang digunakan uniuk mereset
mikrokontroller.

XTALI dan XTAL2, merupakan pin yang digunikan sebagai
masukan untuk clock eksternal.

AVCC, merupakan pin yang digunakan sebagai masukan tegangan
ADC.

AREF. merupakan pin yang digunakan sebagai masukan tegangan
referensi ADC.

Masukan dan keluarannya adalah kondisi high (tegangan 3V) dan

kondisi Low {tegangan OV).

[\
TR FBE B
T, FEEL ¢
JNTEAMC R O 3
JQCCHAINL FB2 O

Gambar 2.2.
Konfigurasi pin ATMega8535!"1
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2.4.3. Memori Data dan Memori Program ATmegal535

Ruang pengalamatan memori data dan memori program pada
ATmega8535 di lempatkan secara terpisah. Memori data terbagi menjadi 3
bagian, yang terdiri dari 32 buah register umum, 64 buah register 1/0, dan 512
Byte SRAM Internal. Register-register yang dapat digunakan untuk keperluan

umum menempati space dala pada alamat terbawah $00 sampai $1F.

Gzambar 2.3.
Memori Data ATmega8535!'!

64 alamat berikunya vaitu mulai $20 hingga $5F adalah register-register
khusus untuk menangani /0 dan kontrol terhadap mikrokontroller. Register
tersebul merupakan register yang khusus digunakan untuk mengatur fungsi
terhadap berbagai peripheral mikrokontroller, seperti konwol register,
timer/counter, fungsi-fungsi 1/0) dan sebagainya. Alamat memori berikutnya pada

lokasi $60 sampai $25F digunakan untuk SRAM 512 Bure.
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Memori program yang terletak dalam Flaxh PEROM disusun dalam word
atau 2 Byre karena setiap instruksi lebarnya 16 bit atau 32 bit. Flash PEROM yang
dimiliki AVR ATmega8535 adalah 4 Khyte X16 bit dengan alamat mulai dari
3000 sampai $FFF. AVR ATmega8335 dilengkapi dengan 12 bit Program
Counter (PC) isi Flash dapat dialamati. Selain itu, AVR ATmega8535 jupa
memiliki memori data berupa EEPROM 8 bit sebanyak 512 Bye. Alamal

EEPROM dimulai dari $000 sampai $1FF.

Appbatim Flach Seckan

Bicé Py Serfion

Gambar 2.4,

Memori Program A Tmega8535!"

2.5. Seven Segment

Peralatan oufpet yang biasa digunakan untuk menampilkan bilangan
desimal adalah peraga tujuh segmen (Severn Segmenr Display), vang ditunjukkan
pada gambar 2.5. Seven segmen! tersebut dilabelkan dengan hurut a sampai ¢

yang menyatakan digit desimal dari () sampai 9.
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1 a DPY

2 b a

3 ¢ f b

4 d g

z € ¢ c

f

A . [LEDgn]

Gambar 2.5,

Peraga Seven Segment t6]

Pada dasamya, seven segment merupakan kumpulan dari 7 LED vang
disusun sedemikian rupa sehingga membentuk sebuah angka. Seven segment

dapat di bedakan berdasarkan pin LED yang disatukan, vaitu:

1. Seven Segment Common Anode, Anoda dari semua LED disatukan
sehingga seven segment akan menyala jika commonnya dihubungkan
dengan positif (VCC) dan vang lainnva dihubungkan dengan nol (atau
negatif)

2. Seven Segmemt Common Chatode, Katoda dan semua LED disatukan
sehingga seven segment akan menyala jika commennya dihubungkan
dengan negatif (0 volt) dan pin yang lainnya dihubungkan dengan

positif.
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Display seven segment dapal dibuat dengan beberapa cara. Tiap seven
segmnend terscbut dapat berupa filamen tipis yang berpijar. Jenis peraga ini disebut
peraga pijar (incandescent display), dan sama dengan bola lampu biasa. Peraga
jenis lain adalah wwbung pelepas gas (gus discharge) vang beroperasi pada
tegangan tinggi. Unit ini menghasilkan sinar jingga. Tabung vang berpendar
{fTuorescent) akan menghasilkan sinar hijau bila menyala dan beroperasi pada
tegangan rendah. Dioda pemancar cahaya (LED) merupakan satu peraga seven
segment yang dapat menampilkan beberapa wama kecuali wamma merah. Oleh
karena berupa dioda, LED sensitif terhadap polaritas. Katoda (K) harus
dihubungkan ke negatif (GND) dari catu daya. Anoda (A) harus dihubungkan ke

positif dari catu daya.

2.6. (LED) Lighit Emitiing Diode

Dioda pemancar cahava lighi-emitting diode (LED) merupakan sebuah dioda
yang dapat memancarkan cahaya dengan memanfaatkan adanya penunman elekiron
dari level konduksi ke fevel vatensi yang menimbulkan pelepasan energi dalam bentuk
panas atau cahava. Sebuah elektron yang berperak melintasi sembarang pertemuan PN
akan berperak ke daerah lubang (Aede). Hal ini akan menyebabkan sebuah elekiron
konduksi yang berdekatan turun ke level valensinya, sambil meradiasikan energi.
Dalam dioda dan transistor biasa, yang terbual dari germanium, silikon, atau galium
arsenida.

Arus maju berkisar antara 10 mA sampai dengan 20 mA untuk kecerahan

maksimum. Sebuah resistor akan selalu dihvbungkan seri dengan LED untuk
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membatasi arus sesuai dengan yang dikehendaki. |.ED menggantikan lampu pilot yvang
dulu digunakan schagal penunjuk visual dalam peralatan. Sebuah |ED ditambah
sebuah resistor dapat digunakan dalam sembarang tegangan dari 2 sampai 10 voli. 1LED

mengeunakan arus vang jauh lebih kecil daripada lampu pilot.

(1) (1)

Gambar 2.6.
l.ambang Skematis Dan Contoh Rangkaian Dari LED™




BAB 111

PERANCANGAN ALAT

Pada bab ini akan dibahas tentang perancangan dan pembuatan sistem
pengaturan lampu lalu lintas dilengkapi peralatan celfular sebagai pengendali
beserta prinsip kerja keseluruhan sistem. Perancangan alat dalam sistemn ini terdiri

perancangan perangkat keras (hardware) dan perangkat lunak (soffware).

3.1. Blok Diagram Sistem
Blok diagram sistem pengaturan lampu lalu lintas dilengkapi peralatan

celfular sebagal pengendali vang direncanakan ditunjukkan pada gambar 3.1,

Hp !
: 7- sagmunmt L2 e ‘
| - |
— | &
System ATMEGA 5535 - S |
N
Ronant
g
=
i
Supply 3 x 4 Jalur Lampu
Lampa {
Gumbar 3.1.

Blok diagram sistem
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Fungsi blok diagram

#  Mikrokontroller Almega8535

Berfungsi sebagai pengendali utama sistem alat lampu lalu lintas.

# Lampu lalu lintas

Berfungsi sebagai media penyampai informasi bagi pengguna jalan.

# llandphone M35

Berfungsi sebagai penerima data via sms

¥ Beven segment

Berfungsi sebagai display untuk menampilkan waktu (Counter down).

¥ Driver

Berfungsi sebagai penerima data digital dari mikrokontroller. untuk

mengendalikan seven segment.

¥ Sensor:
Digunakan sebagai pendeteksi terjadinya lampu jika lampu dalam

keadaan mati,

Prinsip Kerja

Pada prinsipnya alat ini bekenja berdasarkan sistem pengontrolan dari
mikrokontroler ATmega8535 sebagai pusat sistem lampu lalu lintas, vang proses
pengolahan data dikendalikan olch hondphone dari dalam kcadaan darurat. Dari
sistem yang akan direncanakan penggunaan via sms sebagai pengontrol data

cksternal sebagai sistem yang bersifat mobile.
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Dalam pengolahan data untuk mengontrol lampu lalu lintas, media
handphone bekerja sebagai inferfoce data luar vio sms dimana data yang diterima
dianggap sebagai perintah untuk mengendalikan sistem lampu lalu lintas,.

Redangkan seven sepment bekerja sebagai tampilan/display untuk durasi waktu.

3.2, Perencanaan Perangkat Kerus (Hurdware)

Perangkat keras yang digunakan dalam sistem ini terdiri dari beberapa
bagian yaitu:

I. Sistem mikrokontroller AVR ATmegaB535.

2. Handphone siemens M35 beserta kabel datanya.

3. Driver seven segment

4, Lampu LED sebagai simulasi lampu lalu lintas

3.2.1 Sistem Mikrokontroller AVR ATmegaB8535

Mikrokontroller tipe ATmegaB535 adalah produksi Atmel yang berbasis
pada arsitektur AVR, yang memiliki arsitektur RISC 8§ bit, dimana semusa
instruksi dikemas dalam kode 16 bit (16 hits word) dan sebagian besar instruksi
dieksekusi dalam | siklus cfock serta dilengkapi dengan CEPROM (Elecerically
Erasable Programmable Read Only Memory) sebesar 512 byte.

Dalam rangkaian sistem ini terdapat komponen yang paling penting yaitu
rangkaian mikrokentroller AVR ATmega8335. Sistem mikrokontroller berfungsi
schagai pengendali utama dan pemroses data antara handphone, lampu lalu lintas
dan driver seven segment. Perencanaan mikrokontroller dapat dilihat pada gambar

3.2
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Gambar J.2.

Sistem mikrokontroller AVRE A'lTmegaR535

Agar sebuah mikrokontroller dapat bekerja sebagai pengontrol, maka kaki-
kaki/port mikrokontroller dihubungkan dalam rangkaian-rangkaian cksternal.

IJalam perancangan ini, port vang digunakan adalah sebagai berikut:

s Port AD dihubungkan dengan driver lampu merah |

o Port Al dihubungkan dengan driver lampo kuning |
s Port A2 dihubungkan dengan driver lampu hijau 1

e Port A3 dihubungkan dengan driver lampu merah 2

s ['ort A4 dihubungkan dengan driver lampu kuning 2

e Port A5 dihubungkan dengan driver lampu hijau 2
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Port A6 dihubungkan dengan driver lampu merah 3

Port A7 dihubunpkan dengan driver lampu kuning 3

Port B7 dihubungkan dengan driver lampu hijau 3

Port B6 dihubungkan dengan driver lampu merah 4

Port B5 dihubungkan dengan driver lampu kuning 4

Port 34 dihubungkan dengan driver lampu hijau 4

Port Bl dihubungkan dengan pull up resistor 4K7 sebagai sensor
supply. Jalur lersebut digunakan sebagai inputan yaitu sensor vang
memantau power supply. Apabila pada jalur port ini tidak berlogika 1
maka sistem akan mengirimkan sms bahwa terjudi pemutusan listrik
PLN ke handphone pengontrol.

Port DO (RXD) digunakan ssbagai serial imma yang dihubungkan
dengan pin rransmiiter ponsel,

Port D1 (TXD) digunakan sebagai serial owtput yang dihubungkan
dengan pin reciever ponsel,

Port D4 dihubungkan dengan port CLR IC 74L5164

Port 15 dihubungkan dengan port CLK 1C 741.5164

Port D6 dihubungkan dengan port B IC 7415164

Port D7 dihubungkan dengan port A [C 745164

Resel digunakan untuk mereset program kontrol mikrokontroller.
XTALI dan XTALZ digunakan sebagai input dan rangkaian osilator
kristal. Rangkaian osilator kristal terdiri dari kristal osilator 11,0592

MHz, kapasitor C| dan C2 yang masing-masing bemnilai 22 pF, akan
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membangkitkan pulsa clock vang menjadi pengperak bagl seluruh
operast internal mikrokontoller.

e VCC dihubungkan denpan tegangan sebesar +5V yang berasal dari
power supply dan baterai.

¢ GND dihubungkan ke ground catu daya.

3.2.2. Antarmuka Komunikasi Serial

Koneksi dengan handphone siemens M35 pada dasarnya digunakan uniuk
dapat berkomunikasi dengan hamdphone, sehingga diperlukan sebuah kabel data
sebagai konektor untuk menghubungkan handphone dengan mikrokontroller.
Konektor handphone siemens M35 dapat dilihat pada gambar 3.3. Tidak semua
pin owut lechubung ke mikrokontroller. telapi hanya pin nomor | {growund), 5

{ Txddata out) dan 6 (Rx/dara in).

i a Fi q g & = = i 1 13 Ia DD

Gambar 3.3.
Konektor Handphone Siemens M350

Untuk penggunaan dari masing-masing pin dati konektor pada gambar

dapat dilihat pada tabel berikut.
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Tabel 3.1.

Pin out Konektor Handphone Siemens M35

Pada perancangan sistem ini rangkaian konekior telepon seluler dengan
sisten pengontrol wama (rangkaian mikrokontroller) ditunjukkan dalam gambar
3.4 pada perancangan ini, pin 5 yanp berfungsi sebagai data out dihubungkan
dengan PDO (RXD), pin 6 vang berfungsi sebapal dala recievedidaia in

dihubungkan pada PD | (TXI)) mikrokontroller, sedangkan pin | dihubungkan ke

ground.

Antarmuka komunikasi serial Mikrokontroller dengan HP

PN NANA FUNEGSE] INODT
i G Groud
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SERVICE barrery cherger
4 lLoaAp Clarging Voltaze Tn
4 RATTERY Bartary e
S | DATAOUT | Dasa semt _ Om
6 |DATAIN Dhata recered In
T P ECEK Recogpunan conwol
acreseadies
A L-DATA Facootnnoilcontre]
| Accessaries
g | AICG Gronud for microphons ]
TS Microphone supw B
H [arm Linndapszalie; e
12 | ALLKs Gronnd  for  eksterual '
spEalisr

Ciambar 3.4,
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3.2.4. Rangkaian Driver Seven Segment

Sistem pengaturan lampu lalu lintas difengkapi peralatan cellular sebagai
pengendali ini menggunakan 2 buah seven segment sebagai dispaly durasi wakiu
nyala lampu lalu lintas. Rangkaian driver sevem segmemt dibentuk dengan
menggunakan | buah IC register geser 741.5164 dan 2 buan IC decoder BCD to

seven segment T4L847.
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(zambar 3.6.

Rangkaian Driver Seven Segment
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3.3. Perencanaan Perangkat Lonak (safiware)

Perangkat lunak dirancang dengan menggunakan bahasa assembly vang
ditulis dengan text editor AVR Studio versi 4. Dengan menggunakan soffware
AVR Studio tersebut pula program sumber assembly di compile menjadi program

objek maupun hexa, kemudian di load ke dalam mikrokontroler menggunakan

soffware porny prog2i0o.

Setiap SMS vang datang akan disimpan di SIM card pada lokasi memori
mailbox dengan mengisi nomor mailbox yang paling rendah terlebih dahulu.
Apabila seluruh lokasi mailbox sudah terisi, maka sms cemier tidak akan
mengirimkan sms ke ponsel sampai tersedianya tempal kosong pada mailbox,
Pada rutin pembacaan sms ini lokasi mailbox nomor 1 disiapkan untuk
menampung sms yang datang, dimana sms tersebut dianggap sebagai perintah
untuk pengendalian lampu lalu lintas. Setelah pembacaan sms  oleh

mikrokontroller selesai, lokasi tersebut dihapus untuk menampung sms yang lain.

Ponsel menerima sms tidak sekedar berupa pesan. tetapi data pesan sms
terscbut merupakan bagian dari serangkaian data-data vang terbentuk saat
pengiriman melalui sms center. Apabila rangkaian data seluruhnya ditampung
oleh mikrokontroller, maka dibutuhkan jumlah lokasi memori RAM yang besar.
Hal iw tidak mungkin dilakukan karena terbalasnyva besar RAM yang dimiliki
oleh mikrokontroler ATmegaB335, yaitu sebesar 512 byte. Dengan demikian,
maka data yang diterima akan langsung digunakan scbagai perintah untuk seting
timer dan setelah itu langsung dihapus sehingga data tidak menumpuk.
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Alur proscs program mikrokontroler secara keseluruhan ditunjukkan pada

diagram alir sebagai berikul:

Gambar 3.8,

Flowcharl Sistem
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BAB1V
PENGUJIAN ALAT

Pada bab ini akan dibahas mengenai pengujian programmable sistem
pengaturan lampu lalu lintas dilengkapi peralatan ceffuler scbagai pengendali
jarak jauh vig sms. Pengujian ini bertujuan untuk menguji apakah alat yang dibuat
tclah dapat bekerja sespai perancangan. Pengujian dilakukan pada perangkat keras

maupun perangkat lunak. Metode pengujian alat adalah sebagai berikut:

1. Pengujian Rangkaian ATmegaR535

2. Pengujian Antarmuka Serial Handphone

3. Pengujian Rangkaian Lampu

4. Pengujian Rangkaian Driver Scven Scgment

5. Penguwjian rangkaian secara keseluruhan

4.1. Pengujian Rangkaian ATmepa8535

A, Tujuan

Untuk mengetahui apakah rangkaian mikrokontroler ATmega8535
dapat berfungsi dengan baik atau tidak.
B. Peralatun yang digunakan

1. Bbwah LED

2. Mikrokontroller AT mega8535.

3. Power supply
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C. Rangkaian pengujian
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Gambar 4.1.

Rangkaian Penpujian ATMepa8535

Langkah-langkah pengujian

I.  Merangkai modul rangkaian seperti pada Gambar 4.1

[+

Memberikan catu daya pada rangkaian dan mengaktifkannya.
3. Memasukkan program pengujian rangkaian mikrokontroler.

4, Mengamati lampu LED.




. DData hasil pengujian

Tabel 4.1.
Hasil Pengujian Rangkaian A'Tmega535

PORTA | LED | LED | LED | LED | LED | LED | LED | LED
(Biner) B 7 6 5 i 3 2 I
%gf: oFF | OFF | OFF | OoFF | OFF | OFF | OFF | OFF
|
”ﬂgg? OFF | OFF | OFF | OFF | OFF | OF¢ | OFF | ON
gg?g OFF | oFF | oFF | orF | oFf | OFF | oN | OFF
g?gg oft | oFf | osF | oFr | oFF | oN | OFF | OFF
':I’ggg OFF | OFF | OFF | OFF | on | oFF | oFF | OFF
0001 N
ofr | OFF | oFF | oN | oFf | orr | orr | oFr
0000
0010 . -
ofF | oFr | oN | oFe | oFt | OFF | OFF | OFF
0000
0100 1 oee | on | oFF | oFr | oFF | oFF | oFF | OFF
0000 .
000\ N | okr | OFF | OFF | OFF | OFF | OFF | OFF
0000
: : : : oN | oN | on | on | oN | on | on | ON

E. Analisis hasil
LED 1 - 8 menyala ketika mikrokontroller diberi masukan high (1)

dan mati ketika diberi masukan low (0).
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F. Kesimpulan
Mikrokontroller sebapgai pengendai utama keseluruhan rangkaian

berfungsi dengan baik.
4.2, Pengujinn Antarmuoka Komunikasi Serial

Interfacing komunikasi serial antara mikrokontroller dengan Aandphone
dihubungkan dengan menggunakan kabel data Aandphone. Kabel data yang ada di
pasaran pada umumnya telah dilengkapi dengan ranpkaian RS5232 vang memang
oleh vendor pembuat kabel data tersebut, bertujuan agar handphone dapat
digunakan untuk fransfer data atau berkomunikasi dengan PC (personal
computer) pada level fegangan RS232. Dengan demikikian, mengingat
mikrokoniroller bekerja dalam level egangan 1'TL (rransistor-transisior logic),
maka disini ada dua solusi yang bisa digunakan agar mikrokoniroller dapat
berkomunikasi dengan handphone, yailu dengan menambahkan rangkaian R5232
pada rangkaian mikrokontroler agar dapat berkomunikasi dalam level tegangan
RS232. atau bisa juga dengan memotong ujung kabel data tersebut agar dapat
berkomunikasi pada level tegangan TTL. Disini penulis menggunakan level

tegangan TTL schingga kabel data terscbul di potong unjungnya.

A. Tujuan

Untuk mengetahui apakah antarmuka serial yang dibangun, telah

bekerja dalam level teganpan TTL.
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Peralatan yang digunakan

l. [lamdphone siemens M35

2, Kabel data handphone siemens M35

3. Mikrokontroller AT mega8535

4. 2 buah multimeter digital tipe DT-830B

3. Power supply

Rangkaian pengujian

Gambar 4.2.
Rangkaian Pengujian Antarmuka Serial

Langkah-langkah pengujian:

1. Merangkai modul rangkaian seperti pada gambar 4.2

2. Menghubungkan rangkalan pada catu dava scbagal sumber
tegangan dan mengaktifkannya.

3. Melakukan inisialisasi serial.
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4. Mengukur nilai tegangan keluaran pada pin Tx dan Rx pada
saal kondisi figh dan fow.
D. Data hasil pengujian

Tahel 4.2.

Hasil Pengujian Antarmuka Serial
Tx Rx
(Volt) (Volt)
Kondisi Aigh

49 49

Kondisi fow

E. Analisis hasil

Pada jalur Tx dan Rx diberikan resisior pull-up sehingga jalur data
bersitat open drain, maka dalam kondisi tidak ada data, jalur tersebut
dalam keadaan high. Dan hasil pengujian didapatkan logika high pada Rx
dan Tx adalah 4.9 Volt dan logika low adalah 0 Volt.
F. Kesimpulan

Keluaran tegangan dari Aorrdphone sesual dengan perencanaan,

bekerja dalam level tegangan TTL.
4.3  Pengujian Rangkaian Lampu
Rangkaian lampu lalu lintas di simulasikan dengan menggunakan lampu

I.ED wama merah, kuning, dan hijau. Rangkaian lampu LED di konfigurasikan
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dengan menggunakan common anode sehingga untuk menyalakan di butubkan

logika low dan logika high untuk mematikan.

A Tujuan
Untuk mengetahui apakah rangkaian lampu telsh dapat bekerja
sesual dengan yang di harapkan yaitu di berikan logika low untuk

mengaktifkan dan diberikan logika high untuk mematikan.

B. Peralatan yang digunakan
1. Mikrokontroller AT megaB535

2. Rangkaian LED

J.  Powersupply 3 Volt

C. Rangkaian pengujian
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Gambar 4.3,

Rangkaian Pengujian Lampu
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Langkah-langkah pengujian :

1.

Merangkai modul rangkaian seperti pada Gambar 4.3

2. Memasukkan program tes lampu
3. Menghubungkan catu daya dengan rangkaian sebagai sumber
tegangan dan mengaktifkannva.
4. Mencatal hasil pengujian ke dalam tabel
D. Data hasil pengnjian
Tabel 4.3,
I lasil Pengujian Rangkaian lampu
PORTA | LED | LED | LED | LED | LED | LED | LED | LED
No
{Binet)} K3 M3 H2 K2 M2 Hl Kl M1
| i : : (l} OFF | OFF | OFF | OFF | OFF | OFF | OFF | ONM
2| g1 | OFF | OFF | OFF | OFF | OFF | OFF | ON | OFF
3| 141 | OFF | OFF | OFF | OFF | OFF | ON | ON | OFF
4| 4| | OFF | OFF | OFF | OFF | ON | OFF | OFF | OFF
5 : H? OFF | OFF | OFF (N QFF | OFF | OFF | OFF
& ”?: OFF | OFF | ON ON QFF | OFF @ OFF | OFF
It i i : o Tk =
7 111 OFF ON OFF | OFF | OFF | OFF | OFF | OFF
0111 —1 = : | |
B LI ON | OFF | OFF | OFF | OFF | OFF | OFF | OFF |
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PORTB LED | LED | LCD | LED |
No - 3 = -
{Biner) 114 K4 M4 H3
1111 -
o - - - - OFF | OFF | OFF | ON
1110
1111 -
10 - - - . OFF | OFF | ON | OFF
1101
L1111 -
11 - - - - OFF | ON | OFF | OFF
1011
12 .;.} : : i ? ; - ON | OFF | OFF | OFF
{ DR Analisis hasil
Pengujian rangkaian lampu secara hardware dilakukan dengan
cara memberikan suatu kondisi Jow ' (0 Folr) dan ‘high’ (5 Volt) pada port
yang tethubung dengan lampu bersangkutan. Dengan melihat tabel hasil
pengujian dapat diketahui bahwa rangkaian lampu telah dapat bekerja
sesuail vang diharapkan yaitu On pada saat diberi logika low, dan Off pada
saat diberi logika high.
F. Kesimpulan
Rangkaian lampu menggunakan konligurasi common anode
schingga dibutuhkan logika low untuk menyalakan dan logika high untuk
mematikan.
4.4. Pengujian Ranpkaian Driver Seven Segment

Seven segment digunakan sebagai display durasi waktu nyala lampu lalu

lintas. Seven segment yang digunakan mempunyai spesifikasi common anode,
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schingga digunakan 1C 74L547 scbapai decoder BCD o seven segment. IC
74LS164 digunakan sebagai register geser SIPO (serial input paralel output)
vang. mengontrol 1C 74L547. Dengan digunakannya register geser dan decoder
BCD to seven segment ini maka hanya dibutuhkan 4 jalur data untuk dapat

mengontrol display seven segment yain CLR, CLE, A dan B.

A, Tujuan
Untuk mengeiashui apakah rangkaian driver seven segment telah
dapat bekerja sesual dengan yang diharapkan yaitu dapat digunakan untuk

menampilkan angka 0-9 pada displeay seven segment.

B. Peralatan yang digunakan
1. Mikrokontroller A'l'mega8535
2. Rangkaian Driver Seven Segment

3. Power supply 5 Volt

C. Rangkaian pengujian
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Gambar 4.4

Rangkaian Pengujian Driver Seven Segment
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Langkah-langkah pengujian :

2,

Merangkai modul rangkaian seperti pada Gambar 4.4
Memasukkan program tes driver seven segment
Menghubungkan catu daya dengan rangkaian sebagai sumber

tegangan dan mengaktifkannya.

4,  Mencatat hasil pengujian ke dalam tabel
D. Data hasil pengujian
Tabel 4.4.
Hasil Pencujian Rangkaian Driver Seven Segment

74151 741547 1 741547 2 !
NI 64 . : . |
“Hmahcdel‘gﬂlsjla}rahcdefgmsj;_layl
| 00 ojojo|O|D|O|1 4] o|oj0|0|0|0]|] 0 J
2| o1 |o|ojojojojo]l 0 tjojolr]1]|1]1 |
3 02 0|0|0|0I0|0]|1 0 GlojL{ojo|1|0 2!
4| o3 [o|ofo|ofofo[1] o |o]|ofolo|t|{1|0] 3
5 04 glojfojejojoll 0 Ljojoj1{L|{O|D 4 |
6 05 {lﬂﬂ{}-t}ﬂl 0 gj1{ojoj1|O|D 5
7 06 ojojololO]a]1 0 tj1{o|ojojo|lo &
8 D7 0lDIDf0OD)O]] 0 0J0jO {111} 7
9 08 oja|o|D|0j0O]|1 0 ojo|0|0|O|0|0O 8
0| 09 o|o|ojo(0j0|l 0 olo|O|1|1}1]]I 9
11 |0 i(fojoj1|1{11 | O|ojoja(o|0|1 0
12 20 ojaj1|jojojL|0 2 ojojojofo|0|l 0
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13 30 0|0(0j0(1|1|0 3 0100|0001 0
4] 40 L{0)@]1]1]10]0 4 0j0j0|0]0|0|1 0
15 50 girjojcj1jojo 5 g|lojojlo|0|0O]1 0
16 60 Ifrjojojc|olo 6 Qlojololo|o]l 0
17 70 ojojoj1 |11 7 0jo(ojoj0|0O]1 0
18| %0 |o|olojo[o|ofol 8 |o[ojojojo[o[l] o
19 90 |o|0o|Oof1|1]|1]1 9 U{}:F{}ﬂl}ﬂl 0
|
E. Analisis hasil
Pengujian rangkalan driver seven segmeni sccara harcdware

dilakukan dengan cara menginmkan data ke 1C T74L5164 sehingga

rangkaian decoder BCD to sevent segment 741,847 mendapatkan inputan

data yang akan di tampilkan pada display veven segment. Dengan melihat

tabel hasil pengujian dapat diketahui bahwa rangkaian driver seven

segmeni dapal bekera sesual vang diharapkan vaitu dapat menampilkan

nilai angka pada seven segment.

F, Kesimpulan

Dengan menggunakan rangkaian driver yeven segment inl maka

dapat menghemat port pada mikrokontroller. Data dikirim secara serial

berurutan satu persatu hingga 8 bit dimulai dari nilai bit yang paling kecil.
45. Pengujian Ranghkaian Kescluruhan

A. Tujuan

Unluk mengetahui apakah keseluruhan rangkaian telah berfungsi
dengan baile
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Peralatan vang digunakan

1. Handphone user terminal

2. Handphone base terminal (sistem)
3. Kabel data

4. Rangkaian keseluruhan sysiem

Blok diagram
! Frim periran
[ kirem sepon
Hp Tipe Seasmbarang —— — _|
Blok Sistem |

Gambar 4.5,

Diagram Blok Pengujian Secara Keseluruhan

Gambar 4.6.

Folo alal kesceluruhan
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Foto alat tampak dari dalam

Langkah-langkah pengujian :

I

Menghubungkan seluruh blok rangkaian menjadi saw sistem
seperti pada Gambar 4.5

Memberikan calu dava sebagai sumber tegangan pada sistem.
Menghubungkan sistem Mikrokontroller dengan Handphone
Memastikan semua bagian telah terchubung dengan benar.
Menggunakan handphone tipe sembarang untuk mengirimkan
perintah sms, dengan format pengiriman perintah 10N, 20N,
3JON, 40N, OFF vntuk perintah normal.

Mengamati apakah sistem dapat bekerja sesuai dengan
perintah sms.

Mencatal ke dalam tabel hasil pengujian,
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(:ambar 4.K.
Foto tampilan jalur | ON Seven segment tidak bekerja

Gambar 4.9.
Foto tampilan jalur 2 ON Seven segment tidak bekerja

Czambar 4.10,

Folo lampilan jalur 3 ON Seven segment tidak bekerja
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Gambar 4.11.

Foto tampilan jalur 4 ON Seven scgment tidak bekega

Gambar 4.12.

Felo lampilan jalur OFF Dilajur | Seven segment bekerja

. Data hasil pengujian

Tabel 4.5
Hasil Pengujian Secara Keseluruhan

No | Perintah SMS Jalur 1 Jalur 2 Jalur 3 Jalur 4
I 1ON Hijau Merah Merah Merah
2 20N Merah Hijau Merah Merah
3 30N Merah Merah Hijau Merah
4 40N Merah Merah Merah Hijau
5 OFF Kembali Normal
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E. Analisis hasil

Sistem merespon ketika ada sms perintah masuk. Jalur yang di
kontrol nyala hijau sedangkan yang lain nyala metah,
F. Kesimpulan

Keseluruhan rangkaian berfungsi dengan baik. Perlu dikirimkan
perintah “OFF" agar jalur kembali normal melanjutkan looping nyala
lampu lalu lintas. Setiap perintah yang dikirim untuk mengaktifkan jalur,
scven segment akan tampil angka 00, sedangkan untuk perintah OFF

lampu akan normal begitu juga dengan tampilan seven scgment.
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5.1.

52

BAB V

PENUTUP

Kesimpulan

Saran

Kesimpulan yang didapat adalah sebagai berikut:

Untuk memastikan sistem komunikasi serial antara telepon celader
dengan mikrokontroller AVR ATmega8535 dapat berfungsi, pin-
pin transmitter dan receiver harus bertegangan logika |.

Dals yang dikirmkan telepon cefuler sebagai tanggapan atas
instruksi yang diterima, dikiim menggunakan format PDU
(Protocol Date Unif) dalam kode ASCIL  Untuk dapat diambil
informasinya diperlukan pengubahan dari kode Hex-Ascii ke kode
Heksa, diteruskan dari kode Heksa ke kode Ascii.

Setiap melakukan pengiriman perintah ON hanya lampu hijau yang
menyala, sesuai dengan jalur yang dipilih. Untuk mengembalikan

dalam kondisi normal dengan mengirim perintah OFF,

Beberapa kekurangan alat ini adalah harus membayar setiap kali

mengirim sms, juga karlu memiliki masa akiif dan kadang sms terlambat

atay malah tidak sampai, masalah ini dapat diatasi dengan menggunakan

kartu yang sejenis, sehingga sms dapat segera sampai.
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include"mB535def.inc”
def  flag ON =R1
def  cdownl=R2

def  cdown2=R3

def  cdown3=R4

def cdownd=R5

def secl =Rb

def  minl =R7

.def hourl =R8

.def  ds7 =R9
def  flag h =R12

def 52 =R13

def Al =R14

def hAH =R25

def  BCD =R24

def  BCDL =R23

def tmp =rl6

def  tabyte =r17

def  rubyte =r13

def  tmp_1 =rlg

equ  folock =11059200

.equ  baud_rate =19200

.equ  ubbr_wvalue =(fclock/(16*baud_rate}}-1

equ timer_value1=0xD5D0

.equ timer_value = Oxffca




equ timer_valuel00 = Oxfbaf

WARIABLE PORT

;PORT A——

.EQU  REDI =0

.EQU  YELLOW1 =1

EQU GREEN1 2

.EQU  RED2Z =3

EQU  YELLOW2 =4

EQU GREEN2 =5

EOU RED3 =6

.EQU  YELLOW3 =7
;PORT B—seeeen
EQU GREENZ3 =0

EOU  RED4 =1
EQU YELLOWA =2

-EOU  GREEN4 =3

EQU SENSOR=4




;SERIAL SHIFT REGISTER
EQU CLR1L =4
EQU CLK1L =5
EQU SR B =6

EQU SR A =7

Jorg Ox0000
rfmp  main
».org Ox00B8

rimp usart_mc

main:

Idi rl6,low(RAMEND)
out SPLrl6

|di r16,high{RAMEND)

out SPH,ri6

Idi r16, 0t
out ddra,rli
out porta,rig

out ddrc.rig
out porte,rie

out ddrb.rie
out portb,ri6

Idi tmp,0b01111111




out ddrd,tmp
Idi tmp,0b11111111
out portd,tmp
rcall  init_usart

rcall delayld

rcall  reset_all

Idi tmp,0

out portc,tmp
tes_lampu:

Icti tmp,0

out porta tmp
out porth,tmp
rcall  delayld

|di tmp,255
out porta,tmp
out porth,tmp
rcall delayld

Idi tmp,0

out porta tmp
out porth, tmp
rcall delayld

idi tmp,255
out porta tmp
out portbh,tmp

rcall

delayld




Idi tmp,0

out portatmp
out portb,tmp
rcall  delayld

[di tmp,255
out porta,tmp
out portb,tmp

rcall  delayld
rcall  cek_sms

ajmp tes_lampu

Hijaul;

|di mp,l

mow flag_h,tmp

[di tmp,49

mov cdownl,tmp
sbi porth, GREEN4
chi porta, GREEN1
chi porta,REDZ
chi porta, RED3
chi portb,RED4
loop_HL:

mov ds7,cdownl
rcall  dis 7

rcall delayld




reall

el sms

dec cdownl

may tmp,cdownl
cpi tmp,1

brne loop H1

mov ds7,cdownl
rcall  dis 7

loop_K1:

chi porta, YELLOW1
chi porta, YELLOW?2
rcall  delayld

rcall  cek_sms

chi porta, YELLOW 1
chi porta,YELLOW2
dec cdownl

mov ds7,.cdownl
reall  dis_7

rcall  delayld

rcall  cek_sms

Hijau2:

Idi tmp.2

mowv flag_htmp

|di tmp,49

mov cdown2,tmp




shi

porta GREEN1

chi porta, GREEN2
chi porta,RED]

chi porta,RED3

chi porth,RED4
loop HZ2:

mov ds7,cdown?
rcall  dis 7

rcall  delayld

rcall cek_sms

dec cdown?2

Moy trp,cdown2
cpi tmp,1

brne  loop_H2

maoy ds?,cdown?
reall  dis 7

loop_KZ:

chi porta, YELLOW2
chi porta, YELLOW3
rcall  delayld

rcall  cek_sms

shi porta, YELLOW2
shi porta, YELLOW3

dec

cdown?




o ds7.cdown?
reall dis 7

rcall  delayld

rcall  cek_sms

Hijau3:

Idi tmp,3

mov flag_h.,tmp
Idi tmp,49

mov cdown3, tmp
shi porta, GREEM2
chi porth,GREEN3
chi porta,RED1
chi porta,REDZ
chi portb,REDA
loop_H3:

mov ds7.cdown3
recall  dis_7

rcall  delayld

rcall  cek sms

dec cdown3

mow tmp,.cdown3
cpl tmp,1

brne loop_H3

mov ds7,cdown3




rcall  dis_7

loap_ K3:
chi porta, YELLOW3
chi porth YELLOW4

reall  delayld

rcall  cek_sms

shi porta, YELLOW3
shi porth, YELLOWWS
dec cdownd

moy ds7 cdownd
reall  dis 7

reall  delayld

rcall cek_sms

Hijau4:

Idi tmp,4

mov flag_h,tmp

|di tmp,42

mov cdownd,imp
shi porth,GREEN3
chi porth, GREEN4
chi porta,RED1
chi porta, RED2

chi porth,RED3




loop H4:

mov ds7,edownd
rcall  dis 7

rcall  delayld

reall  cel_sms

dec cdownd

maoy tmp,cdownd
cpi tmp,1

brne loop_H4

mayv ds?. cdownd
rcall  dis_7

loop K4:

chi porth, YELLOWS
chi porta, YELLOW1
rcall  delayld

reall  cek_sms

shi parth, YELLOW4
shi porta, YELLOW1
dec cdownd

mov ds7 cdownd
rcall  dis 7

rcall delayld

rcall  cek_sms

rimp  Hijaul




cek perintah:

B e Y
]

cek 1 ON:

T Y e s
[

clr r27

Idi 126,560

Idi il low(2*msgl_ON)
Idi zh,high(Z*msgl ON)
adiw  zh:zl,2

Loop 1 ON:

[pm

maov r29,rQ

cpi r29.0

breq ON 1

id tp_ 1%+

cp tmp_1.,10

brne cek_2 ON
adiw  zh:=2l1

Fimp Loop_1 ON

ON_1:
|di tmp,0
mov ds7,tmp

rcall  dis 7




Idi tmp,1

mov flag ON, tmp
rcall  warhing

chi porta,GREEN1
chi porta, REDZ
chi porta, RED3
chi porth, RED4
sal porta,RED]

shi porta,GREEMZ
shi portB GREEN3
shbi portB, GREEN4

;reall  kirim_cmgd

RCALL _report
Loop ON_ON:
reall eek sms
rcall  delayld

rcall  delayld
rcall delayid

rimp Loop_ON_ON

S EEEELEELEL AL R E LS 2k 2]

cek_2_ON:

RS E R LI L LR E R LR L]
’

cle ¥27

|di r26,560




Idi zl low{2*msg2 ON)
Idi zh,high{2*msg2 DN}
adiw  zh:zl,2

Loop_2_ON:

Ipm

mowv 12910

cpi r29,0

breq ONZ

Id tmp 1 x+

cp tmp_1,r0
brne  cek_3_ON

adiw  zh:zl,1

rimp Loop_2_ON

ON2:

Idi tmp,0

mov ds7,1mp

rcall  dis_7

ldi tmp,2

mov flag_ON,tmp
rcall  warning

chi porta,GREEMN2
chi porta, RED1
chi porta, RED3
chi portb,RED4




shi porta,REDZ
shi porta, GREEN1
shi portB,GREENI
sbi portB, GREEN4
mreall  kirim_cmgd

RCALL _report

rimp Loop OMN_ON

ckEFEFERFEFE R RE xR F Ry

cek 3 OM:

Bt ELtELLEELE LR R LER L EELEE
¢

clr
Idi
Idi
Idi

adiw

Loop_

[pm
mov
cpi

breg

cp
brpe

adiw

27

r26,560
Llow(2*msg3 ON)
zh,high[2*msg3 ON)

zh:zl,2

3_ON:

r29,r0

r25,0
ON3

tmp_ 1%+

tmp_1,r0
cek_4 ON

zh:zl,1




rimp  Loop 3 ON

ON3:

Idi tmp,0

Mo ds7.tmp

reall  dis 7

Idi tmp,3

mov flag_ ON,tmp
rcall  warning

chi porth, GREEN3
SBI PORTA,RED3
chi porta, RED1
chi porta, RED2
chi porth,RED4
shi porta,GREEN1
shi porta, GREEN2
sbi portB,GREEN4

srcall kirim_cmgd
RCALL _report

rimp Loop ON_ON

o e e o o o e R e
¥

cek 4 ON:

¥Rk AR koo e ok ok o ok kR R
£

clr r27

i rd6,560




I 7l low(2* msgd_ON)
|di zh high{2*msgd_ON)

adiw  zh:zl,2

Loop_4_ON:

lpim

moy r29,r0

cpi r29,0
breqg ON4

Id tmp_1x#
cp tmp_ 1,10
brne cek OFF

adiw  zh:zl1

rimp  Loop_4_ON

ON4:

|di tmp,0

mow ds7,tmp

reall dis 7

Idi tmp 4

mov flag_OM,tmp
rcall  warning

chi portb, GREENS
5Bl PORTB,RED4
chi porta,RED1

chi porta, RED2




chi porta,RED3

shi porta,GREENI
shi porta,GREENZ
shi portB,GREEN3

creall  kirim_cimpd
RCALL _report

rfmp Loop_OMN_ON

AEEREEE R NP R
'

cek OFF:

e pepreramr e e T 2 S R
L]

clr r27

Idi 126,560

Idi 2l low{2*msg_OFF)
Idi zh, high{2*msg_ OFF)
adiw  zh:zl,2

Loop_OFF.

ipm

moy r29,r0

cpi r23,0

breq OFF1

Id tmp_1,x+

cp tmp_1,r0

brne  kirim_falsel

adiw  zhizl,l




rjmp Loop OFF

OFF1:
maov tmp,flag_ON
cpi tmp, 1

breq  to_hijau
cpi tmp,2
breq to_hijau?
epl tmp,3
breq to_hijau3
cpi tmp,4
breq to_hijaud

RET

kirim_falsel:

ret

to_hijaul:
LI TMP,O
Moy filag ON,TMP

RCALL _report

Idi tmp,5
mow ds7,tmp
rcall  dis_7

loop_to_1:




chi porth, YELLOWA
chi porta, YELLOW1

reall  delayld

shi porth,YELLOW4
shi porta,YELLOW1
dec ds7

reall  dis_7

may tmp,ds?

cpi tmp,D

brne  loop_to_1

rjimp  hijaul

1o_hijaul:

Lol TMP,O

MoV flag_ON,TMP

RCALL _rcport

|ddi tmp,5

mov ds7.tmp

rcall  dis_7

loop to 2:

chi porta, YELLOW2
chi porta, YELLOW1

rcall delayld




chi porta, YELLOW?Z

shi porta, YELLOW1
dec ds7

reall  dis 7

mov trmp,ds?

cpi tmp,D

brne loop_to_2

rjmp  hijau2

to_hijau3:

LD TWP.O

MOY flag_ON,TMP

RCALL _report

Idi tmp,5

mov ds7.tmp

reall  dis_7

loop_to_3:

chi porta, YELLOW?2
chi porta, YELLOW3

rcall delayld
shi porta, YELLOW2
shi porta, YELLOW3

dec ds7




recall dis_7
mov tmp,ds?
cpi tmp,0

brne loop to 3

rimp  hijau3

to_hijaud:

LD TMP,0

MOV flag_ON,TMP
RCALL _report

|di tmp,5

moy ds7.tmp

reall dis_7

loop to_4:

chi porta, YELLOW?3
chi porth, YELLOWS
rcall delayld

shi porta, YELLOW3
shi porth, YELLOWA
dec ds?

rcall dis_7

MoV tmp.ds?

cpi tmp,0




brne
rjmp  hijaud
loop to embuh
rimp  hijaul
warning:

cbi
chi
chi
chi
reall  delayld
shi

shi

shi

shi

ret

msgl ON:
.db
msgZ_ON:
.db
msg3_ON:

.db

loop_to_

embuh

porta YELLOW1
porta, YELLOW2
porta YELLOW3

porth, YELLOW 4

porta, YELLOW1
porta, YELLOW2
porta, YELLOW3

porth, YELLOW4G

"03B1A713",0 ;10N

"03B2A713",0 ;20N

"03R3A713".0 ;30N




msgsd_ON:
db "03R4A7137,0 40N
msg OFF:

db "034FA311°,0 ;OFF

report_lampu:

rcall  kirim_cmgs

Idi zl low{2*msg_OFF)
|di zh,high{2*msg_OFF)
S T1_Of:

Ipm

iy txbyte,r0

cpi txbyte,0

breq Out_T1_Of
reall  usart_t
adiw  zh:zl1

rimp 5_T1_ON

out T1_Of:
rcall  kiriml1A

ret

lampu_mati:




rcall  report_lampu
tunggu_lampu:
shic portd,7

rjmp  tunggu_lampu

reL

delayld:

:shis  portd,?
sreall  lampu_mati

‘RCALL timing loop
reall  cek_time_21

RCALL DELAY1D1

RET

cek_time_21:

mov tmp, hourl
cpi tmp,21

breg  kuning semua

ret

kuning_semua:

rcall  warning

rcall  delayld

mov tmp,hourl

cpi tmp,6

: jika PLN lampu mati, tunggu sampai nyala

: menambahkan nilai waktu, awal inisialisasi

; pada awal nilai waktu telah di isi 06.00.00




brne  kuning_semua

ret

timing_loop:

second:

inc secl
mov tmp,secl
cpi tmp, 60

breq minute

ret

minute:

inc minl
mov tmp,minl
cpi tmp, 60
breq  haur

Tet

hour:

inc hourl
mov tmp,hourl
cpl tmp,24

breqg out_cek

ret

out_cek:




out_T1_ON:

reall  Kkirim1A
rcall  delayld
rcall delayld
rcall  kirim_cmgd
rcall  delayld
reall  delayld
rcall  delayld

ret

kirimlA:
Idi txbyte,S1A
rcall  usart_tx

ret

kirim_cmgs:
Idi zl low(2*msg_cmgs)

Idi zh,high{2*msg_cmgs)

cmgs:

lpm

moy txbyte,r0
cpi txbyte, 0
breq tunggu

rcall usart_tx




adiw zh:zi,1

rmp  CMES

Mmsg_CMmgs:

db "AT+HCMGS=27",13,10,0

F

tunggu

funggu:

rcall  usart_rx

cpi rebyte,'>'
breq  kirim_header

rimp tunggu

:Kirim Header

kirim_header:
Idi 21 low({Z*msgheader)

1di zh,high(2*msgheader)

header:
lpm
mov  txbyterd

cpl txbyte,0




breg  kirim_pesan
rcall usart_tx
adiw zh:zl,1

rjmp  header

msgheader:
.db "(1791 2658050000F00 1000091 265846467744 F40000",0

;.db "07912658050000F001000D91265837376724F50000,0

kirim_pesan:

ret

SUBRUTIMN SET TERIMA SM5

cek_sms:

periksa_sms:

rcall KIRIM_CMGR
mow tmp,Al
cpi tmp,1
bregq pesanterima

ret




pesanterima:

reall usart_mx

rcall  usart_rx

cpi rxbyte,"7’
brne cek_ 0O

Idi trmp,0
loop 07

rcall  usart_rx

cpl tmp.15

breq cek_nomor
inc tmp

rimp  loop_ 07

cek 06:
cpi rxbyte,'6'

brne out_cek SMSC

Idi tmp,0
loop D6:

reall wsart_rx

cpi tmp, 13

breq cek_nomor
inc tmp

rimp loop_06




out_cek_SMSL:

rcall  kirim_crgd

ret

cek_nomork

Idi tmp.0
loop_cek_N:

reall  usart_rx

cpi tmp,21
breg skipwaktu

inc tmp

rimp loop_cek N

cek nomar;

Idi 2l low{2*msg_user)
[di zh high{2*msg_user)
|padperintah:

lpm

Moy r29,m
cpi r29,0
breq skipwaktu

rcall  usart_rx

cp rxbyte,r0
brne  bukanuser

adiw

zhrzl 1

-apakah pembanding sudah nol

:jika sudah lompat ke skip waktu

;cocokkan karakter sms

;jika tidak cocok bukan hp user




rjmp  loadperintah

msg_user:

db "0D91265846467744F40000",0 ;sms terima

bukanuser:

rcall  kirim_cmgd

ret

skipwalktu:

Idi rig, 13
loopskip:

rcall  usart_rx

cpi rln,0

breq end_skip
dec r16

rimp loopskip

end_skip:

rcall usart_rx

cpi rxbyte,'D
breg cek_03

rimp  kirim_false

cek_03:

: kirim AT+CMGD=1

:skip 16 bit data waktu




rcall  usarl_rx
cpi byte,'3’

brne  cek D4

clr r27

Idi r26,560
| tmp,0
Loop_cek03:

rcall  usart_rx

st x+,rebyte
cpi tmp,5

breq to_cek perintah
inc tmp

rimp  loop_cek03

cek_04:
cpi rebyie,'d

brne  kirim_false

clr r2?

Idi r26,560
Idi tmp,0
Loop_cekD4:

rcall  usart_rx

st K+ rxbyte

cpi tmp,?




breq to_cek_perintah
inc tmp

rimp loop_cek04

kirim_false:
reall  kirim_cmgd

ret

to_cek_perintah:
rimp  cek_perintah

ret

H
:KIRIM AT+CMGR=1

KIRIM_CMGR:
Idi 27| low(2*msgemgr)

i zh, high{2*msgcmegr)

CMGR:
[prm
maw txbyte,.rQ

cpi tebyte,0




breq tunggunoll

rcall  usart_t

adiw  zh:zl1
rimp CMGR
MSECMEr:

db "at+CMGR=1",13,10,0

tunggunoll:

loop_skip:

rcall usart_rx

cpi rebyte,'
brne  loop_skip

rcall  usart_rx

rcall usart_rx

cpi rrbyte,'d’

brmne  menuju_data

Idi tmip,0
Smov Al tmp
ret

menuju_data:

reall  usart_rx

cpi rxbyte, 500

13+ml karakter)




brne  menuju_data

rcall  usart_rx

Idi tmp,1
movy Al tmp
ret

KIRIM ATHOMGD=1

kirimn_cmgd:
rcall  delayld
rcall  delayld

reall delayld

di 2l low(2 *msgcmgd)
Idi zh,high{2*msgcmgd)
load10:

Ipm

mov txbyte, r0

cpl txbyte,0

breg tunggu_cmgd
reall  usart_tx
adiw zhzl1

rimp  loadlD

msgocmgd:

.db "at+rcmed=1",13,10,0

:setelah $OD masih ada data satu lagi




tunggu_cmgd:

rcall  wsart_rx

cpi rxbyte, 548
breq kembali_cmgd

rimp  tunggu_cmgd

kembali_cmgd:

di tmp,0
o Al tmp
rcall  delayld

ret

:Subrutin inisialisasi usart

init_tsart:

|eli tmp, high{ubbr_value) ;sef baud rate

out UBRRH,tmp

|cli tmp,low{ubbr_value)

out UBRRL.tmp

Idi trmp, [1<<RXEN} | (1<<TXEN); | {1<<RXCIE) -enable receiver and transmitter
out LICSRB, tmip

|di tmp, [1¢<URSEL) | (3<<UC5Z0)  ;set frame format: Bdata, 1 stop bit

out UCSRC tmp




&

:usart transmit data

usart oo

shis UCSRA UDRE

rimp  usart_ix

out UDR, txbyte

ret

;
;usart receive data

shis LICSRA RXC
rimp  usart_rx

in rxbyte UDR

)

-Subrutin delay Sms

-wait for empty transmit buffer

:Put data into buffer, sends the data

swait for data to be received

:zet and return received data from buffer




out TCNTIH,ri6
Idi r16,LOW{timer_valuelD0O)
out TCNTILI16

Idi r16,0b00000001
1024

out TCCR1B,R16

looptimer3:
in R17,TIFR
shrs ri7, Tovil

rimp looptimer3

Iefi r16,0b00000100
logik 1

out TIFR,r16

ret

r

:Subrutin delay 1d

'
delayldi:

Idi r16,0600000100

out TIMSE,r16

Idi r16,highltimer_valuel)
out TCNTIH,r16

Idi r16, low(timer_valuel}

out TCNTLLri6

:masukkan prescaler utk timer disini

;tunggu sampai timerl overflow flag set

timer 1 overflow flag dinolkan dg beri




Idi ri6,0b00000101
out TCCR1B,rl16
looptimer2:

in r17 TIFR
sbrs  r17,TOV1

rimp looptimer2

Icli r16,0p00000100
out TIFR,rl6
ret

usart_rxc

CBI PCORTE,2

reall  usart_rx

moy tmp,rxbyte
sreall  kirim_karakter
rcall  delayld

reti

seting:

Idi r21,0b10000000
out UCSRAr21

sei

rimp  usart_rxc

kirim_csms:




Ili 2| low{2*msg_csms)

i zh,high{2*msg_csms)
CEMS!

Ipm

mov txbyte,rQ

cpi tibyte, 0

breq tunggus

reall  usart_tx

-rcall  usart_rx ;>>>test loopback
adiw zh:z2l,1

rjmp  CSms

Mmsg_csms:

.dh "AT+CSME=1",13,10.0 {(13+iml karakter)
Jtunggu

tunggus:

rcall  usart_r

cpi rxbyte, 'K’

brne  tunggus

reall usart_rx




reall  usart_rx

- 12—

kirim_cnmi:
|di 2|, low{2¥msg_cnmi)

i zh high{2*msg_cnmi)

cnmi:

Ipm

mov txbyte,r0
cpi txbyte,0

breq TUNEgUSS

reall usart_tx

;reall  usart_rx ;>>>test loopback

adiw zh:zl,1

rjmp  cnmi

msg_cnmi:

.db "AT+CNMI=1,1,0,1,1",13,10,0

Jtunggu

TUNEEUSS:

-{13+jml karakter)




rcall  usart_rx
cpi rxbyte,'K'

brne  tungguss

rcall  usart_rx

reall  usart_rx

ret

dis_7:

moy tmp,ds?

rcall  bin2bed®

out porte,BCD
ret

dis 7 1

mov tmp,ds7

reall bin2bcd®B

Idi tmp,2
S8

to_sipo;

ror BCD

bree  putcharl

shi PORTD,SR_A

Af carry set




s_clock:
chi
shi

dac

brne to_sipo

ret

putcharl:

chi

rimp s _clock

bin2bcdB:
clr

bBCD8 1.
subi
bres
inc

rimp

bBCDE 2
subi
swap
add

ret

FORTD,CLKL
PORTD,CLK1

tmp

PORTD,SR_A

BCD

tmp. 10
bBCDS_2
BCD

BECDE_1

tmp,-10
BCD

BCDtmp

: senda’d

Joop again

:compensate extra subtraction




reset_all:

Idi

Mo

Idi

Moy

moy

moy

maov

moy

maoy

moy

mov

Idi

mov

ret

tmp.1
MH.tmp
trnp,0
Altmp
txbyte, tmp
rubwyte, tmp
sacl tmp
minl,tmp
bed, tmp
bcdl,tmp
ds7.tmp
tmp,b

hourl,tmp




satures

digh-performance, Low-power AVRY 8-bit Microcontroller
dovanced RISC Architecture

— 130 Powerful instructions — Most Single Clock Cycle Execution
— 32 % 8 Genaral Purposa Working Regieters
= Fully Static Oparation
- Up 1o 16 MIPS Throughput at 16 MHz
- Dn-chip 2-gycle Muliiplier
somolatile Program and Data Mamorias
- BK Bytes of In-Sysiem Self-Programmable Flash
Endurancs: 10,000 Wrile/Erase Cycles
— Optional Boot Code Section with Independent Lock Bils
In-Syziem Programming by On-chip Boot Program
True Read-While-Write Dperation
- 512 Bytes EEPROM
Enduranca: 100,000 Writa/Erase Cycles
— H1Z Bytes intemal SHAM
= Programming Leck for Sofiware Security
3pripheral Features
- Two B-bit TimerfCounters with Separate Prescaiers and Compara Modes
— One 16-bh Timer'Gounter with Separate Prescaler, Compam Mode, and Caplure
Mode
— Raal Tima Coumar with Separate Ozcillator
= Four FWM Chaninels
— B-channel, 10-bit ADC
B Single-endad Channels
7 Differsntial Channale for TQFP Package Only
2 Differential Channels with Programmable Gain at 1x, 10x, or 200x for TQFP
Package Only
— Byle-oriented Two-wire Sarial Imerface
— Programmable Serial USART
~ Master/Slave SPI Sarial Inlerface
- Programmable Watchdog Timer with Separate On-chip Osciltator
- On-chip Anzlog Comparator
special Microcontroller Fealures
-~ Power-on Resst and Programmabie Brown-out Detection
~ Intarnail Calibrated AC Oscillater
- External and Intermal Interrupl Sources
= Six Sleep Modes: |dle, ADC Noise Reduciion, Powsr-save, Power-down, Standby
and Extended Standby
O and Packages
= 32 Programmahie VO Lings
- 40-pin PDIP, 44-lead TQFP, 44-iead PLCC, and 44-pad QFNMLF
Dperating Vollages
— 2.7 - 5.5V for ATmega8535L
- 4.5 - 5.5V for ATmega8535
Speed Grades
— -8 MHz for ATmegaB535L
— 0= 18 MHz for ATmapaB535

I )

8-bit AVR"
Microcontroller
with 8K Bytes
In-System
Programmable
Flash

ATmega8535
ATmega8535L

R, SE020G-AVA-040R
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n Configurations Figure 1. Pinout ATmega8535
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The ATmega8535 is a low-power CMOS 8-bit microcontroller based on the AVH
enhanced RISC architecture. By executing instructions in a single clock cycle, the
ATmegaf8535 achieves throughputs approaching 1 MIPS per MHz allowing the system
designer 1o optimize power consumpfion versus processing speed.

Figure 2. Block Diagram
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[90S8535 Compatibility

‘0058535 Compatiblitty
e

AE], =

The AVR core combinas a rich instruction set with 32 general purpose working registers.
All 32 registers are diracty connected to the Arthmetic Logie Unit (ALU), allowing two
independent registars to be accessad in ona singla instruction exacuted in ong clock
cycle. The resulting architecture is more code afficient while achlaving throughputs Up to
ten times faster than conventional CISC microcontrollers.

The ATmegabodb provides the following features; 8K bytes of In-System Programmabis
Flash with Read-While-Write capabllities, 512 bytes EEFROM, 512 bytes SRAM, 32
general purpose IO lines, 32 genseral purposa working registers, three flexible
TimerCounters with compare modes, intemal and external Interrupts, a seral program-
mable USART, a byte oriented Two-wire Sarial Intarface, an B8-channel, 10-bit ADC with
optional differential input stage with programmable galn in TOFP package, a program-
mabile Watchdog Timer with Intemal Oscillator, an SPI seral port, and slx software
selectable powser saving modes. The Idie mode stops the CPU while allowing the
SRAM, Timer/Counters, SPI port, and interrupt system to continue functioning. The
Power-down mode saves the register contents but freezes the Osclilator, disabling all
other chip functions until the next interrupt or Hardware Reset. In Fower-save mode, the
asynchronous timer continues 1o run, allowing the user to maintain a timer base while
the rest of the device iz sleeping. The ADC Noise Reduction mode stops the CPU and
all U modules except asynchronous timer and ADC, to minimize switching noise durlng
ADC conversions. In Standby mode, the crystalesonator Oscillator is running while the
rest of the device is sleeping. This allows very fast start-up combined with low-power
consumption. In Extended Standby mode, both the main Oscillator and the asynchro-
noys timer continue to run,

The device is manufactured using Atmel's high density nonvolatile memory technology.
The On-chip ISP Flash allows the program mamory to be reprogrammed In-System
through an SPI serial interface, by a convantional nonvolatile memory programmear, af
by an On-chip Boot program running on the AVR core. The boot program can use any
Interface to download the application program In the Application Flash memory. Soft-
ware in the Boot Flash section will continue to run while the Application Flash section is
updated, providing true Read-While-Write opsration. By combining an 8-bit RISC CPU
with In-System Self-Programmable Flash on a monolithic chip, the Atmal ATmega8535
i5 a powertul microcontroller that provides a highly fiexible and cost effective solution to
many smbedded control applications.

The ATmegaB535 AVR is supparted with a full suite of program and system develop-
ment tools including: C compllers, macro assemblers, program debugger/simulatars, In-
Girouit Emulaiors, and evaluation kits.

The ATmega8535 provides all the features of the ATI0S8535. In addition, several new
features are added. The ATmegaf53s |z backward compatible with AT2058535 in most
cases. However, some incompatibllities between the two microcontrollers exist. To
solve this problam, an AT2058535 compatibility mode can be selected by programming
the SB535C fuse. ATmegaB8535 is pin compatible with ATI0SA535, and can roplace the
ATODS8535 on current Printed Clrcuit Boards. However, the location of fuse bits and the
slactrical characteristics difers betwean the two dovices.

Programming the S8535C fuse will change the following functionality:

= The timed sequence for changing tha Watchdog Time-out period is disabled. See
"“Timed Ssaquencses for Changing the Configuration of the Walchdog Timear” on page
44 for details.

»  The double buftering of the USART Recsive Register is disabled. See "AVR USART
vs, AVR UART - Compatibility™ on page 144 for detalls.

ATmega8535(L.)  mm———————————————————




s A TMega8535(L)

n Deseriplions

Digital supply voltage.

D Ground.

rt A (PAT..PAD) FPart A serves as the analog fnputs to the A/D Converter.

Fort A also serves as an 8-bit bi-directional VO port, If the A/D Converter |s not used.
Fort pins can provide Intemal pull-up resistors {selected for each bit). The Port A output
buffers have symmedtrical drive characteristics with both high sink and source capability.
When ping PAQ 10 PAT are used as inputs and are externally pulled low, they will source
currant It the intemal pull-up resistors are activated. The Port A pins are tri-stated when
& ragel condition bacomes active, even if the clock is not running.

rt B (PB7..PBD) Fart B Is an 8-bit bi-directional 'O port with intemal pull-up resistors {selected far each
bit), The Por B output bulfers have symmetrical drive characteristics with both high sink
and source capability. As inputs, Port B pins that are extemnally pulled low will source
currant if the pull-up resistors ars activated, The Port B plns are tri-stated when a resat
condition becomes active, even it the clock Is not running.

Part B aleo serves the functions of various special fealures of the ATmegaB535 as listed
on paga 59.

rt G (PGT..PCD) Port C is an &-bit bi-directional I°Q port with intemal pull-up resistors {selected for each
bit), The Port C output buffers have symmetrical drive characteristics with both high sink
and source capabllity. As inputs, Port C pins that aro extemnally pulled low will source
current if the pull-up resistors are activated. The Port C plns ara tri-stated when a reset
condition becomes active, even if the clock is not running.

rt D (PD7..PDD) Part D I an B-bit bi-directional /0 port with intemal pull-up resistors {selected for each
bit). The Port D output buffers have symmetrical drive characteristics with both high sink
and source capability. As inputs, Port D pins that are extemnally pulled low will source
current if the pull-up resistars are activated. The Porl D pins are tri-stated when a reset
condition becomes aslive, even [f the clock is not running.

Part D alse serves the functions of various special featuras of the ATmega8535 as listed
on page 63.

BET Reset input. A low level on this pin for longer than the minimum pulse length will gener-
ate a raset, even If the clock is not running. The minimum pulse length is given in Table
15 on page 36. Shorer pulses are not guaranteed to generate a reset,

ALl Input to the inverting Oscillator amplifier and input to the internal clock operating circult.

AL2 Output from the inverting Oscillator ampiifier.

fcc AVCC is the supply voltage pin for Port A and the A/D Converter. It should be extemally
connected to Ve, even if the ADC is not used. If the ADC is used, it should ba con-
nected to Ve through a low-pass filter.

1EF AREF Is the analog reference pin for the A/D Converter.

AlmEL :

RG-AVR-04A6




AImEL

yout Code This documentation contains simpie code examples that briefly show how to use various
[ Hﬂ'lplES pars of the device. These code examples assume that the part specific header fila is

included before compllation. Be aware that not all C compiler vendors include bit defini-
tiong in the header files and interrupt handling in C Is compliler dependent. Plgase
confim with the C Compiler documentation for more datails,

AT M 2025535 . ) 1500000000 —

2500G-AVA--04/06




s A Tmega8535(L.)

IR CPU Core

roduction

chitectural Overview

This saction discusses the AVR core architecturs In ganaral, Tha maln function of the
CPU core ig 1o ensure correct program execution, The CPU must therefore be able to
accass mamores, perform calculations, control peripherals, and handie interupts.

Figure 3. Block Diagram of the AVR MCU Architecture
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In order to maximize performance and parallelism, the AVR uses a Harvard architecture
- with separate memones and buses for program and data, Instructions in the program
memory are executed with a single level pipelining. While one instruction is being exe-
cuted, the next instruction is pre-tetched from the program memary. This concept
enables instructions to be executed in every clock eycle. The program memory Is In-
Systemn Re-Programmable Flash memary.

The facst-access Registar File contains 32 x B-bit general purpose working registers with
a single clock cycle access time. This allows single-cycle Arithmetic Logle Unit {AI:U}
operation, In a typical ALU operation, t™wo operands are output from the Register File,
the operation |s executed, and the result is stored back in the Register File — in one
clock oycle,
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Six of the 32 registers can be used as three 18-bit indirect address ragister pointars for
Data Space addressing = enahling efficient addrass calculations. One of the thass
address pointers can also be used as an address pointer for look up tables in Flash pro-
gram memory. These added function registers are the 16-bit X-, Y-, and Z-registars,
described later In this sechon

The ALU supports arithmetic and logic operations between registers or between a con-
stant and a reqglster. Single register opsrations can also be executed in the ALU. Afler
an arithmetic operation, the Status Register is updated to reflect information about the
rasult of the oparation,

Program flow is provided by conditional and unconditional jJump and call insiructions,
able o directly addrass the whole address space. Most AVR Instructions have a single
16-bit word format. Every program memory address contains a 16- or 32-bit instruction,

Frogram Flash memory space is divided in two sections, the Boot Program section and
the Application Pragram section. Both sections have dedicated Lock bits for write and
read/write protection, Tha SPM instruction that writes into the Application Flash memory
section must reside in the Boot Program saction.

During interrupts and subroutine calls, the return addrass Program Counter {PC) s
stored on the Stack. The Stack Is effectively allocated In the general data SRAM, and
conseguerntly the Stack size is only limited by the total SAAM size and the usage of the
SRAM. All user programs must Initlalize the SP in the reset routine (before subrautines
or intarrupts are executed). The Stack Pointer SP is read/write accessible in the 1O
space. The data SRAM can easlly be accessed through the five different addressing
modes supportad [n the AVA aerchitecture,

The memory spaces in the AVA architecture are all linear and regular memory maps.

A flexible interrupt module has its control registers in the 1/Q space with an additional
Global Interrupt Enable bit in the Status Register, All Interrupts have a separate interrupt
Yector in the Interrupt Vector table, The interrupts have priority in accordance with their
interrupt Vector position. The lower the Interrupt Vector address, the higher the priority.

The IO memory space contains 64 addresses for CPU peripharal functions as Control
Registers, SPI, and other IO functions. The 1O Memory can be accessed directly, or as
the Data Space locations Tollowing thosa of the Register File, Ox20 - Ox5F.

The high-performance AVR ALU operates in direct connaction with all the 32 ganaeral
purpose working registers. Within a single clock cycle, arthmetic operations batwaen
general purpose registers or between a register and an Immediate are executad. The
ALU oparations are divided into three main categories — arithmetic, logical, and bit-Tunc-
tions. Some implementations of the architecture also provide a powerful multiplier
supporting both signed/unslgned multiplication and fractional format. See the “Instrus-
tion Set” section for a detalled description,
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The Status Register contains information about the result of the most recantly executed
arithmetic instruction. This informalion can be used for altering program flow in order to
perform conditional operations. Note that the Status Register is updated after all ALU
operationg, as specified in the Instruction Set Reference. This will, in many cases,
reamovea the need for using the dedicated compare instructions, resulting in faster and
fhore compact code.

The Stalus Register is not automatically stored when entering an interrupt routing and
restored when retuming from an Interrupt. This must be handled by software.

The AVR Status Register - SREG —is defined as:

Bit 7 & 5 4 3 2 1 o
| i L 5 | ¥ N_] z ] © ] snea

FeadYWrite A AW R AW A AW A AW

initial Valug o o o 0 9 o o g

« Bit 7 - I: Global Interrupt Enable

The Global Interrupt Enable bit must be set for the intarrupts to be enabled. The individ-
ual interrupt enable control is then parformed In separate control registers. If the Global
Interrupt Enable Register is dearad, none of the intermupts are enabled independent of
the individual interrupt anable settings. The 1-bit is cleared by hardware after an interrupt
has occurred, and is set by the RET! Instruction o enable subsegquent interrupts. The I-
bit can alsc be set and cleared by the application with the SEl and CLI instructions, as
descrbed in the instruction set reference.

* Bit6 - T: Bit Copy Storage
The Bit Copy instructions BLD (Bit LoaD) and BST (Bit STore) use the T-bit as source or
destination for the operated bit. A kit from a register in the Register file can be copied

into T by the BST instruction, and a bit in T can be copled inlo a bit in a register in the
Reaqlster Flle by the BLD instruction.

» Blt 5 - H: Half Carry Flag

The Half Camry Flag H indicates a Half Carry in some arithmetic operations. Half carry is
uselul in BCD arthmetic. See the *Instruction Set Description” for detailed information.

* Blt4-S:SilgnBit, S=NEV

The S-bitis alwvays an exclusive or between tha Negative Flag N and the Two's Comple-
rment Overflow Flag V. See the “Instruction Set Description” for detailed information.

* Bit 3 = V: Two’s Complement Cverflow Flag

The Two's Complement Overflow Flag V suppons two's complement arithmetics. Sge
the "Instruction Set Description” for detalled information.

+ Bit2 - N: Negative Flag

The Negative Flag N indicates a negative result in an arithmetic or logic opetation. Ses
the "Instruction Set Description” for detalled information.

« Bit1-2Z: Zero Flag

The Zero Flag 7 indicates a zero result In an arithmetic or logic operation. See the
"Instruction Set Descrpton™ for detailed information,

« BitD-C: Carry Flag

The Gamy Flag G indicates a carry in an arithmetic or loglc operation. See the “Instruc-
tion Set Descrption” for detalled information,
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suppartad by the Ragister Fila:
=  One &-bit gutput operand and one 3-bit result input

= Two 8-bit output oparands and one 8-bit result input

= Two 8-bit cutput operands and one 168-bit result input
+ (ne 16-bit gutput operand and one 16-bit result input

Figurs 4 shows the structure of the 32 general purpose working registers in the CPU.

Figure 4. AVR CPU General Purpose Working Registers
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The Register File s optimized for the AVR Enhanced RISC Instruclion set. In order to
achieve the required perfiormance and flaxibility, the following inputoutput schemes ara

H-regiztar Low Ente
H-ragisier High Byt
M-register Low Byta
¥-regletar High Byte
Zrepaler Low Byte
Lragigiar High Byta

Most of the Instructions operating on the Register File have direct access to all registers,
and most of them are single cycle instructions.

As shown in Figure 4, each ragister Is also assigned a data memory address, mapping
them dirasctly into the first 32 locations of the user Data Space. Although not baing phys-
ically implemented as SRAM locations, this memory organization provides great
fiexibility in access of the ragisters, as the X-, Y-, and Z-pointer Registers can be set 1o
index any register in the file,
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2 X-register, Y-register, and The registers R26..R31 have some added functions to their general purpose usage.

sgister

ack Pointer

These registers are 18-bit address pointers for indiract addressing of the Data Space.
The thraa indiract addrass registers X, Y, and Z are defined as described in Figure 5.

Figure 5. The X-, Y-, and Z-registers
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In the different addressing modes, these address registers have functions ae fixed dis-
placement, automatic incremant, and automatic decrement (See the instruction sat
raferance for detallg).

The Stack is mainly usad for storing temporary data, for storing local variables and ltor
storing retum addresses after intermipts and subroutina calls. The Stack Pointer Regis-
ter always points to the top of the Stack. Note that the Stack is implemented as growing
from higher memory locations to lowar mamory locations. This Implies that a Stack
PUSH command decreases the Stack Pointer.

The Stack Polnter poinis to the data SRAM Stack area where the Subroutine and Intar-
rupt Stacks are located. This Stack space in the data SAAM must be defined by the
program before any subroutine calls are executed or interrupts are snabled. The Stack
Pointer must be set to point above 0xB0. The Stack Pointer is decremeanted by one
when data is pushed onto the Stack with the PUSH instruction, and it is decremented by
two when the returm addrass s pushed onta the Stack with subroutine call or interrupt.
The Stack Peinter is incremented by one when data |s popped from the Stack with the
POF instruction, and It is incremented by two when data is popped from the Stack with
return from subrouting RET or return from interrupt RETI.

The AVR Stack Pointer is implamented as two 8-hit reglsters in the 1O space. The num-
ber of bits actually used is implemsntation dependenl. Note that the data space In some
implemantations of the AVR architecture is so small that only SPL is needed. In this
casea, the SPH Register will not ba present.

Bit 13 14 13 12z 1" 1 8 B
I - - - - SPS SPA SPH
S 5P§ 5PE SPd aP3 P2 EP &P SPL
7 5 E 4 3 ] 1 a
ReadW s RW Ay AW =10 AW R RN A
RAY A AW R RAs R ANy R
Initiml Valse [ i) ] a 1] 1 ] 1
a 0 ] 1] 1] 1] 1] a
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This saction describes the general access iming concepts for instruction execulion. The
AVR CPU is driven by the CPU clock ¢lkgp, diractly ganerated from the selected clock
source for the chip. No Internal clock division is used,

Figure & shows the parallel instructlon fatches and instruction executions enabled by the
Harvard architecture and the fast-access Register File concapt, This is the baslc pipalin-
ing concept 10 obtain up to 1 MIPS per MHz with the comesponding unique results for
functions per cost, functions per clocks, and functions per power-unit,

Figure 6. The Paralle! Instruction Fetches and Instruction Executions
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Figure 7 shows the internal timing concept for the Register file. In a single clock cycls an
AL operation using two registar oparands |s executed, and the result is stored back to
the destinaticn register,

Flgure 7. Single Cycle ALU Operation

T T2 T3 . b |
| : | ;
Sy = N %
CIkCF‘I.I == . . :
Tead Execution Time —— = b ! Py ! e
1 1 1
Register Operands Feich i : r ——
1 1
: !
I i
1 1
; i
] 1

I
ALY Opeation Exacute ] ¥

Resutt Wrile Bagh ————— -
] i

The AVR provides several diferent interrupt sources. Thess interrupts and the separate
Reset Vector each have a separate Program Vactor In the program memory space. All
intarrupts are assigned individual enable bits which must be written logic ona fogethar
with the Global Interrupt Enable bit in the Status Register in order to enable the Internupt.
Dapending an the Program Gounter value, Interrupts may be automatically disabled
whan Boot Lock bits BLBD2 or BLEM 2 are prugrammed. This feature improves software
security. See the section “Memory Programming” on page 235 for details.

The lowest addresses in the program memory space are, by default, defined as the
Reset and [nterrupt Vactors. The complete list of vectors is shown in “Intarrupts™ on
page 45, The list also determines the priority levels of the different intermupts. The lower
thie address, the higher the pricrity level is. RESET has the highest priodty, and next s
INTC — the Extarnal Intarrupt Request 0. Tha Interrupt Vectars can be moved to the start
of tha Boot Flash sectlon by setting the IVSEL bit in the General interrupt Control Regls-
ter (GICR). Refer to “Interrupis” on page 45 for more infarmation. The Reset Vector can

AT M e Qa8 53 51 1)
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also be moved to the start of the Boot Flash section by programming the BOOTRST
Fuse, see “Boot Loader Support — Read-While-Write Salf-Frogramming” on page 222,

When an interrupt occurs, the Global Interrupt Enable |-bit is cleared and alf intarrupts
are disabled. The user software can write logic one to the I-bit to enable nested inter-
rupts. All enabled Interupts can than Interrupt the current Intarrupt routing. The |-bit |5
automatically set when a Return from Interrupt Instruction — RETI — is executed.

There are hasically wo types of interrupts. The first type is triggerad by an event that
sets the interrupt flag. For these Interrupts, the Program Counter is vectored to the
actual Interrupt Vector In order to execute the imterrupt handling routine, and hardware
clears the corresponding intemrupt flag. Interrupt flags can also be cleared by writing &
logic one to the flag bit position{s) 1o be cleared. If an Interrupt condition ocours while the
comesponding interrupt enatle bit is cleared, the interrupt flag will be set and remem-
bered until the interrupt |s enabled, or the Rag is cleared by software. Similarly, if one or
mare Interrupt conditions oceur while the Global Interrupt Enable bit is cleared, the cor-
responding Interrupt flag(s} will be set and remembered untll the Global Interupt Enable
bit iz set, and will then be executed by order of priority,

Tha sacond type of Interrupts will rigger as long as the interrupt condition is present.
These interrupts do not necessarlly have imerrupt flags. If the intermupt condiion disap-
pears bafors the interrupt Is enabled, the interrupt will not be triggered.

When the AVR axits from an interrupt, it will always retum to the main program and axe-
cute one mere instruction befors any pending intarmipt is sarved.

Mote that the Status Raglster is not automatically stored when entering an interrupt rou-
line, nor restored when retuming from an interrupt routine. This must ba handled by
softwara.

When using the CLI instruction to disable interrupls, the interrupts will be immediataly
disabled. Mo interrupt will be executad after the CLI Instruction, even if it occurs simulta-
neously with the CLI instruction. The following example shows how this can be used fo
evold interrupts during the timed EEPROM write sequence.

Assembly Code Example
in ri6 SAREG ; store SREG value
cli ; disable interrupts during timed sequence

sbi EECR, EEMWE | start EEPRCOM write
shi EECR. EEWE
out SREG, ri6 s resfore SREG vale (f-bit)

< Code Example
char cSREG,
cSREG = 3REQ; /~ store SAEG value ¥
i disable inferrupts during fmed sequance
_CLKYy;
EECR [= {1=<EEMWE): /~ sfart EEFROM write
EECR |= {1=<EEWE};
SAEG = cSREG; ™ restore SREG value (I-bif) %




errupt Response Time

When using the SEl insiruetion to enable interrupts, the instruction following SEI will be
executed before any pending interrupts, as shown in this example.

Assembly Code Example
sal | sef global interrupt enable
sleap ;| anfor slegp, wailing for infarrupt
7 noke: will enter slesp betore any pending
; interuptis)
C Code Example
_SENy; /* sat ghobal interrupt enatia
_SLEEP(); ™ anter sieep, waiting for nferrupt %
* note: will enter slaep belore any pending interrupt(s) */

The interrupt execution response for all the enabled AVR interrupts is four clock cyoles
minimurn. After four clock cycles, the Program Vector address for the actual interrupl
handling routing is executed. Durdng this four clock cyele period, the Program Countar is
pushed onto the Stack. The Vector iz normally a jump to the interrupt routine, and this
jump takes thraa clock gyelas. If an Interrupt occcurs during execution of a multi-cycle
Ingtruction, this instruction i completed before the interrupt is served. If an Intarrupt
occurs when the MCU is In sleep mode, the Interrupt execution response time is
increased by four clock cycles. This Increase comes in addition to the start-up time from
thie salected sleep mode.

A return from an interrupt handling routine takes four clock ¢ycles. During thase four
clock eycles, the Program Counter (two byles) is popped back from the Stack, the Stack
Paolnter is incremented by two, and tha [-bit n SREG 1= sat.

ATmegaB535(L) ——
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This section describes the different memories in the ATmegaB535. The AVR architec-
ture has two main memory spacas, the Data Memory and the Program Memory space,
In addition, the ATmegaB535 features an EEPROM Memory for data storage. All three
memaory spaces ane linear and regular.

The ATmegaBs3b contains 8K bytes On-chip In-System Reprogrammable Flash mem-
orny for program storage. Since all AVR instructions are 16 or 32 bits wide, the Flash is
organized as 4K x 18. For software security, the Flash Program memory space is
divided into two sections, Boot Program section and Application Program section.

The Flash memory hag an andurance of at least 10,000 write/eraze cycles. The
ATmega8535 Program Countar (PC) |5 12 hits wide, thus addressing the 4K pragram
memory locations. The operation of Boot Program section and assoclated Boot Lock
bits for software protection are described in detail in "Boat Loader Support — Read-
While-Write Self-Programming” on page 222. *Memery Programming” on page 235 con-
tains a detalled description on Flash Programming in SP| or Paratlel Programming
maoda,

Constant tables can be allocated within the antlre program memory address space (see
the LPM = Load Program Memory Instruction deseription).

Timing diagrams for Instruction fetch and execution are presented in “Instruction Execu-
tion Timing” on page 12,

Figure 8. Program Memory Map
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Figure @ shows how the ATmegass35 SRAM Memory is erganized.

The 808 Data Memary locations address the Register File, the VO Memory, and the
intarnal data SRAM. The first 96 locations address the Register File and 1/O Memory,
and the next 512 locations address the internal data SRAM.

The five different addrassing modes for the data memory cover. Direct, Indiract with Dis-
placement, Indirect, Indirect with Pre-decrement, and Indirect with Post-increment. In
the Register File, registers R26 to A31 feature the indirect addressing pointer registers.

The direct addressing reaches the entire data space.

The Indirect with Displacement mode reaches 63 addrass |ocations fram the base
addrass given by the Y- or Z-register.

When using register Indinect addressing modes with autamatic pre-decrament and post-
increment, the address registers X, ¥, and Z are decremented or incremantad.

The 32 general purpose working registers, 64 /0 Registers, and the 512 bytes of inter-
nal data SRAM in the ATmega8535 are all accessible through all these addressing
macdes, The Registar File is described in “Genseral Purpose Reglster File™ on page 10.

Figura 9. Data Memory Map
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ta Memory Access Times This section describes the general access timing concepts for intemal memory access.
The internal data SRAM access is performed in two clkgey cycles as described in Figure
10.

Figure 10. On-<chip Data SRAM Access Cycles
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PROM Data Memory The ATmegaB535 contains §12 bytes of data EEPRCM memory. It iz organized as a
saparate data spacs, in which single bytas can be read and written. The EEPROM hag
an endurance of a: least 100,000 write/erase cycles. The access between the EEPROM
and tha CPU is descrined in the following. specifying the EEPROM Address Hepisters,
the EEPROM Data Register, and the EEPROM Control Ragister.

“Memaory Programming" on page 235 comaing a detailed description on EEPROM Pro-
gramming in SP1 or Parallel Progtamming made.

PROM Read/Write Access  The EEPROM Access Reglsters are accessible In the Y0 space.

The write access ime for the EEPROM is given in Table 1. & seli-iming function, how-
aver, lats the user software detect when the next byte can be written. If the user code
contains instructians that wiite the EEPROM, some precautions must be taken. in
heavily iltered power supplies, Vec is likely to rise or fall lowly on Power-up/down. This
causes the device, for some period of time, to run at a voltage lower than specified a5
minlmumm for the clock frequency used, seo “Praveanting EEPROM Corruption” on page
21 for details on how to avoid problems in these situations.

In order to pravent unintentional EEPROM writes, a specific write procedure must be fol-
lowed. Rofer to the description of the EEPROM Coniral Reglster for detalls on this.

When the EEPROM is read, the CPU is halted for faur clock cycles before the next
instruction is executed. When the EEPROM ig writtan, the CPU is halted for two clock
cyetes belore the next instruction is exscuted.

#E 17
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s EEPROM Address
glster - EEARH and EEARL

s EEPROM Data Register -
DR

s EEPAOM Control Register
‘ECR

3
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¥ % X ¥ ¥ X

+ Bis 15..9 - Res; Reserved Bits

Thess bits are reserved bits in the ATmegaB535 and will always read as 7ero.
« Bite 8..0 - EEARS..0: EEPROM Address

The EEPROM Address Registers — EEARH and EEARL specify the EEPROM address
in the 512 bytas EEPROM space. The EEPROM data bytes are addressed linearly

between 0 and 511. The Initial value of EEAR is undefined. A proper value must be writ-
ten befors the EEPROM may be accessed.

Bil 7 & B 4 & 2 1 o
= | 1 1 | 1 e

RAeadiynm AW R AW RAY A AW RAN =1

Witial Value i) ] 0 o o 4] a o

» Bits 7..0 - EEDR7..0: EEPROM Data

For the EEPROM write operation, the EEDR Register contains the data to be written 10
the EEPROM in the addrass given by the EEAR Register. For the EEPROM read oper-
ation, the EEDR contains the data read out from the EEPROM at the address given by
EEAR.

Bh 7 5 5 2 3 2 3 0

= 1 =1 =_1 = [} CEEMwE | EEWE | EEAE | EECA
FleadWrite A g R ] — AW BwW AW
Al Valu o ¢ o 0 o o X 0

= Bits 7..4 - Res: Reserved Bits

These bits are reserved bits in the ATmegad53s and will always read a5 Zem,
« Bit 3— EERIE: EEPROM Ready interrupt Enable

Writing EERIE to one enables the EEPROM Ready Interrupt if the I-bit In SREG is set.
Writing EERIE to zero disables the interrupt. The EEPROM Ready intarrupt generates a
constant Intarmupt when EEWE is cleared.

+ Bit2- EEMWE: EEPROM Master Write Enable

The EEMWE bit determines whether setting EEWE to one causes the EEPROM to be
writtan. When EEMWE is set, setting EEWE within four clock cycles will write data to the
EEFROM at the selected address If EEMWE is zero, setting EEWE will have no affect,
When EEMWE has been written to one by software, hardwara clears the bit to zero after
tour clock cydles, See the description of the EEWE bit for an EEPROM write procedura.

+ Bit1- EEWE: EEPROM Write Enable

The EEPROM Write Enable Signal EEWE |s the write strobe to the EERPROM, When
address and data are correctly set up, the EEWE bit must be writtan to one 1o write the

ATmega8535(L) e ——————
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value inte the EEPROM. The EEMWE bit must be written to one bofore a logical one is
written to EEWE, otherwise no EEPROM write takes place. The following procedure
should be followed when writing the EEPROM {the order of steps 3 and 4 Is not
sssantial):

Wait untl EEWE becomes Zero.

Wait until SPMEN in SPMCHR becomes zerg.

Write new EEPROM address to EEAR (optional).

\Write new EEPROM data to EEDR (optional).

Write a logical one to the EEMWE bit while writing a zero to EEWE in EECR.

6. Within four clock cycles after setting EEMWE, write a logical ona to EEWE.

The EEPROM can not be programmed during a CPU write o the Flash memory. The
software must check that the Flash programming is completed before initiating & new
EEPROM write. Step 2 is only relevant if the saftware contains a Boot Loader allowing
the CPU to program the Flash, If the Flash is never updated by the CPU), step 2 can be
omitted. See "Boot Loader Support = Read-While-Write Self-Programming” on page 222
tar detalls about Boot programming.

L L

Caution: An interrupt between step S and step 6 will make the write cycle fail, since the
EEPROM Master Write Enable will time-olit. if an interrupt routineg accessing the
EEPROM is Interrupting another EEPROM aceess, the EEAR or EEDR Register will be
modified, causing the interrupted EEPROM access 1o tall. It is recommended to have
the Global Interrupt Flag clearad during all the steps to avold these problams.

\When the write access time has glapsed, the EEWE bit is cleared by hardware. The
user softwars ¢an poll this bit and wajt for a zero before writlng the naxt byta, When
EEWE has been set, the CPU s halted for two cycles bafore the nexi Instruction is
axacuted.

. Bit0- EERE: EEPROM Read Enable

The EEPROM Read Enable Signal EERE is the read strobe to the EEPROM. When the
corract address is set up In the EEAR Register, the EERE bit must ba written to & logic
one to trigger the EEPROM read. The EEPROM read access takes one instruction, and
the requested data is avallable immediately. When the EEFROM is read, the CPU |5
hattad for four cycles before the next instruction is exacuted.

The user should poll the EEWE bit belore starting the read operation. If a wnite operation
is in pregress, it is naither possible to read the EEPROM, nor to change the EEAR
Register.

The calibratad Oscillator 18 used 1o time the EEPROM accessas. Table 1 lists the typical
prograrming time for EEF ROM access from the CPU.

Table 1. EEPROM Programiming Time

Number of Calibratad ' VP
Symbol RC Dscillator Cycles'” Programming Time
| EEPROM Writs (from CPU) B448 ! 8.4 ms

Mote: 1. Uses ' MHz clack, indepandent ot CHSEL Fuse settings.
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The tollowing code examples show one assembly and one G function for writing to the
EEPROM. The examples assume that intemupts are controlled (s.g,, by disabling intar-
rupts globally) so that no interrupts will goour during execution of these functions. The
axamples also assume that no Flash Boot Leader is present in the software. If such
code |s present, the EEPROM write function must also wait for any ongoing SFM gom-
mand to finish.

assambly Code Example —|
[ EEPROM_write

; Wait for completion of previous write

sbic EECR,EEWE

rimp EEFROM write

1 Set up address {r18:r17} in address regisiar
oul EEAAH, A8

out EEARL, T17

: Whita data (18 te Data Regisler

out EEDR 6

: White fogical one o EEMWE

sbl EECREEMWE

+ Siart eaprom wiite by setting EEWE

shi EECR EEWE

ret

G Code Example
vold EEPROM_writs{unsigned int uiAddress, unsigned char ucData)

£
I Wail for completion of previcus writa *f
while(EEGR & (1<<EEWE}}

/* Set up Address and Daia Registers ™/
EEAR = uiAddress;

EECE = ucData;

 Wite logleal ane o EEMWE i3

EECH l= {1<<EEMWE];

/* Start seprom weite by setling EEWE
EECH |= {1<<EEWE);

ATmegaB8535(L) ———
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The next code examples show assembly and C functions for reading the EEPROM. The
examples assuma that interrupts are controllad so that no interrupts will oceur during
oxecution of these functions.

Asszembly Code Example

EEPROM_read,
; Wit for complation of previoug wils
sbic EECR,EEWE
rimp EEFRON_read
: Sat up addrass (r18:r17) in Address Redister
oul EEARH, r18
oul EEARL r17
; Start eeprom raad by writing EERE
shi EECR.EERE
| Bead dafa frorm Dala Register
in 8 EEDR
et

C Code Exampla

unsigned char EEPROM_read(unsigned in uiAddress)

{
£ Wait for completion of previous wrile W
whils(EECR & (12<EEWE))

 Set up Address Registar ™
EEAR = uiAddress;
M Starf eaprom read by writig EERE °/
EECR I= [1=<=EERE);
/* Return data from Data Register ¥/
return EEDH;

}

PROM Write During Power- When entering Power-down slesp moda while an EEFROM write operation is active, fhe

wn Sleep Moda EEPROM write oparation will continue, and will complete before the write access time
has passed. However, when the write operation is completed, the Oscillator continuas
running, and as a consequence, the device does not enter Power-down entiraly. It is
therefore recommerded to verify that the EEPROM write operation Is completed before
entering Power-down.

eventing EEPROM During pariods of low V.., the EEFROM data can be corrupted because the su pply wolt-

wruption age is too low for the CPU and the EEPROM to operata properly. These issues are the
same as for board lavel systems using EEPROM and the same design solutions should
be applied.

An EEPROM data corruption can be caused by two situations when the voltage is too
low. First, a regular write sequence to the EEPROM requires a minimum voltage 1o
operate correctly, Secondly, the CPU hteelf can execute instructions incorrectly, if the
supply voltage is too low.

—m 3 |
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EEFROM data corruption can easily be avoided by following this design
recommendation:

Keep the AVR RESET active (low) during periods of insufficient power supphy volt-
age. This ¢an be done by enabling the internal Brown-out Detector (BOD), (f the
dotection level of the intemal BOD doas not mateh the nasdad detaction fevel, an
external low V.. Resel Protection circult can be used. If a reset occurs while a write
oparation is in progress, tha write oparation will be complated provided that the
power supply voltage is sufficient.

The O space definiticn of the ATmegaB535 is shown in page 297.

All ATmegads3s 110s and perpharals ara placed in the YO space. The 1O locations are
accessed by the IN and QUT instructlons, transferming data between the 32 genseral pur-
pose working registers and the /O space. VO Registers within the address range Ox00 -
0x1F are direclly bit-accessible using the SBI and CBI instructions. in these registers,
the value of single bits can be checked by using the SBIS and SBIC instructions, Refar
to the instruction set zectlon for more details. Whan using the /O specific commands IN
and OUT, the VO addresses 0x00 - 0x3F must be used, When addrassing I/0 Ragistars
as data space using LD and 8T instructions, 020 must be added to these addresses.

For compatibility with future devices, reservad bits should be written 1o zero if accessed.
Resarved 'O memory addresses should never be written.

Some of the status flags are cleared by writing a logical one to them. Note that the CBI
and SBl instructions will operate on all bits in the /O Register, wtiting a ene back into
any flag read as set, thus clearing the flag. The CBI and SBI Instructions work wilh reg-

isters 0x00 to OMIF only,
The /0 and perpherals control registers ara explained in later sections.

:  ATmegaB535(L) m—————
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Figure 11 prasents tha principal clock systams in the AVR and their distribution, Al of
the clocks need not ke active at a given time. In order to reduce power consumption, the
clocks to medules not being used can be halted by using different sleep modes, as
described In “Power Management and Sleep Modes" on page 31. The clock systems
are detailed balow.

Figure 11. Clock Distribution
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The CPU clock is routed to parts of the system concermed with operation of the AVR
care. Examples of sich modules are the General Purpose Reglster File, the Status Reg-
ister and the data memary holding the Stack Pointer. Halting the CPU dlock inhibits the
core from performing general cperations and calculations.

The IO clock is used by the majority of the /O modules, like Timar'Countars, SPI, and
USART. The I/Q clock is also used by the External interrupt module, but note that some
extamnal interrupts are detected by asynchronous logic, allowing such internipts to be
datected aven if the 1/0 clock is halted. Alsa note that address recognition in the TW|
modute i caried out asynchronously when clk,g Is halted, enabling TW| address recep-
tion in all sleep modas.

The Flash clock controls operation of the Flash interface. The Flash clock is usually
active simultaneously with the CPU dlock.

s AT(TEL 2
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The Asynchronous Timar clock allows the Asynchronous Timer/Counter to be clocked
directly from an extemal 32 kHz clock crystal. The dedicated clock domain allows using
this Timer/Countar a5 a real-time countar aven whan the device is in sleep mode,

The ADGC s provided with a dedicated clogk domain, This allows halting the GPU and
VO clocks in order to reduce nolse generated by digital clreuitry, This gives more accu-
rate ADC conversion resulls.

The device has tha following clock source opttons, selectable by Flash Fuse bits as
shown below. The clock from the selected source is input to the AVR clock generator,
and routad to the appropriate modules.

Table 2. Device Clocking Options Select!

Device Clocking Optlon CKSEL3.0
External Crystal'Ceramic Reasonator 1111 -1010
Extarnal Low-frequancy Crystal 1001
External RG Oscillator 1000 - 01
Calibrated Internal AC Oscillator 0100 - D
External Clock Q000

Motes 1. Forall fuses “1™ means unprogrammed while *0° means programmed,

The various choices for sach clocking option is given in the following sections. When the
CPU wakes up fram Power-down or Power-save, the selected clock source is used to
time the start-up, #nsurng stable Oscillator operation before Instruction execution starts,
When the CPLU starts from Reset, there is as an additional delay allowing the power to
reach a stable leval bafore commancing normal operation, The Watchdog Oscillator is
used for timing this real-time part of the start-up time. The number of WDT Oscillator
cyoles used for each time-aut is shown in Table 3. The frequency of the Watchdog Oscil-
lator is voitage dependent as shown In "ATmega8535 Typical Characteristics —
Preliminary Data” on page 26<.

Tabla 3. Number of Watchdog Oscillator Cycles

Typ Time-oul (Ve = 5.0V) Typ Time-out (Ve =3.0V) Number of Cycles
4.1 ms . 4.3 ms 4K {4 056)
86 ma E 69 ms i 64K (65,536)

The device |s shipped with CKSEL = "0001" and SUT = "10", The default clock source
satting s therefore the Internal RC Osclllator with longest startup time. This default set-
ting ensures that all users can make their desired clock source selting using an In-
System or Parallal Programmer.

XTAL1 and XTAL2 are input and output, respactively, of an inverting ampiifier which can
be configured for use as an On-chip Oscillator, as shown In Figure 12. Either a quar2
crystal or a ceramic resenator may be used, The CKOPT Fuse selects between two dif-
feront oscillator amplifier modes. When CKOPT is programmed, the Oscillator outpu
will ascillate will a full rall-to-rail swing on the output. This mode is suitable when operal-
ing In a very noisy environmant or when the cutput from XTAL2 drives a second cluck
buttar. This mode has a wide frequency range. When CKOPT is unprogrammed, the
Oscillator has a smaller output swing. This reduces power consumption considerably,

ATmegaB 535 L)  mmm—————
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Thiz mode has a |Imited frequancy range and it can not ba usad to driva othar clock
buifars:

For resonators, the maximum frequency is & MHz with CKOPT unprogrammed and
16 MHz with GKOPT programmed. G1 and C2 should always be equal for both crystals
and resonators, The optimal value of the capacitors depends on the crystal or esanator
in use, the amount of stray capacitance, and the slectromagnsetic noise of the environ-
ment. Some initial guldelines for choosing capacitors for use with crystals are given in
Table 4. For ceramic resonators, the capacitor values given by the manulacturer should
be used,

Figure 12. Crystal Ogcillator Connections

31 I XTALZ

..J?_%L__. XTAL1
l GMND

The Oscillator can operate in three different modes, each cptimized for a specifie fre-
quency range. The operating mode Is selectad by the fuses CKEEL3..1 as shown In
Tabla 4.

Table 4. Crystal QOscillator Operating Modes

Frequency Range!'! | Recommended Rangs for Capacilors
CKOPT | CKSEL3.A1 (MHZ) C1 and C2 for Usa with Cryatals (pF)
1 101 04-0.9 -
1 110 09-30 12-22
1 1 30-80 12 .22
0 o1, 110, 111 1.0=-16.0 12-22

Motes: 1. The frequency ranges are preliminary values,
2 This option should not be used with crystals, only with ceramic resonators.

G- AVA-0408




AmEE

The CKSELD fuse together with the SUT1..0 Fuses select the start-up fimes as shown In

Tabla 5.

Table 5. Start-up Times for the CGrystal Oscillator Clock Selection

Start-up Time from | Additional Delay |
Power-down and from Raset |
CKSELD | 8UTT.0 | Power-save (Vee= 5.0V) | Recommended Usage
0 o0 | 258 CK 4.1 ms | Ceramic resonator, fast
| rEsing power
0 0| 268 Ci( 85 ms Ceramic resonator,
| slowly rising powsr
0 10 1K Cria - Ceramic resonator, BOD
anzblad
0 LA 1K Gl 4.1 ms Caramic resonatar, tast
rising power
1 o0 1K CR# 65 me Caramic resonatar,
glowly rising power |
1 o1 16K CK - Crystal Oscillator, 80D
anabled
1 10 16K CK 4.1 ms Crystal Oscillator, fast
riging power
1 11 166 CK 65 ms Cryetal Oscillator, glowly
rising power
Motes: 1. These optiong should only be used when not operating cloge to the masimum fre-
quency of the device, and only if frequency stability at start-up is nGl important for the
application, These oplions are not sultable for crystals,
2. These options are intended for use with ceramic resonators and will ansure fre-

quency stability at start-up. They can also be used with crystals whan not operating
clpse to the maximum regquancy of the device, and if frequency stability at start-up is
not importent for the application,

ATmega8535(L) m————
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Table 7. Extemal AC Osclllator Operating Modes

CKEEL3.0 Fraquency Rangs (MHz}
o0 =09
|10 09-30
0114 3.0-8.0
1000 80-120

When this Oscillator is selected, start-up times are detemmined by the SUT fuses as
shown in Table 8.

Table 8. Start-up Times for the External RC Oscillator Clock Selection

Start-up Tima from | Additisnal Delay
Powsr-down and from Resat
SUT1.0 Power-save {Vop = 5.0V) Recommended Usage
o0 18 CK - BOD enabled
o 18 GK 4.1 ms Fast rising power
1D 18 CK ﬁ@ ma Slewly rising power
11 B ¥ 4.1 m= Fast rismg power or BOD enabled

Mote: 1. This optien should not be used when operating close to the maximum frequency of
the device,

The callbrated internal RC Oscillator provides a fixed 1.0, 2.0, 4.0, or 8.0 MHz clock. All
fraquancles are nominal values at 5V and 25°C. This clock may be selected as the sys-
tam clock by programming the CKSEL Fuses as shown In Table 9. If selected, it will
operate with no external components. The CKOPT Fuse should always be unpro-
grammed when using this clock option. During Reset, hardware loads the calibration
byte inte the OSCCAL Register and thereby automatically calibrates the RC Osclllator,
Al 5Y, 25°C and 1.0 MHz Oscillator frequency selscted, this calibration gives a fra-
guency within + 3% of the nominal frequency. Using run-time calibration mathods as
described in application notes available at www.atmel.com/avr it is possible to achlave
+1% accuraecy at any given V. and Temperature. When this Oscillator is used as the
chip elock, the Watchdog Oscillator will still be used for the Watchdog Timer and far the
Reset Time-out. For more information on the pre-programmed calibration value, ses the
saction "Calibration Byte” on page 237,

Table 9. Internal Calibrated RC Oscillator Operating Modes

CKSEL3..0 Nominal Frequency (MHz)
oooi 1.0
oo 2.0
o011 4.0
00 a0

Note: 1. The davice is shipped with this option selected,

When this Osclllator is selected, gtart-up times are determined by the SUT Fuses as
shown in Table 10. XTAL1 and XTAL2 should be left unconnected (NC),

ATmegad535(L) m————————
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Tabile 10. Starl-up Times for the Internal Galibrated RC Osclllater Clock Selection

Start-up Time from Power- | Additional Delay from :
SUT1.0 down and Power-save Ressl (Vo =5.0V) | Recommended Usage
oo 6 CK e | BOD enabled
o1 G CK 4.1ms | Fast rising power
1 6CK 65 ms | Slowly rising power
11 Raserved
Mote: 1. The device i shipped with this option salected.
Bit 7 G 5 4 3 2 1 0
CALT | GALE | GALS | GaLas | caLd ' cALz | €Al | calo | oscoal
Readirie R R AW AW AU AW RN W
Irvtlin] Wl Dhervice Spmeilic: Callbration Yalue

» Bits7..0- CAL7..0: Oscillator Calibration Valus

Writing tho calibration byte to this address will trim the Intamal Oscillator to remove pro-
cess varations from the Oscillator fraquency. During Resat, the 1 MHzZ callbration value
which is located In the signature row high byte (address Ox00) is automatically loaded
into the OSCCAL Register, If the intemal RC is used at other frequencies, the calibration
values must be loaded manually. This can be done by first reading the signature row by
a programmer, and then store the callbration values in the Flash or EEPROM. Then the
value can be read by software and loaded into the OSCCAL Register.

When OSCCAL is zero, 1he lowest available frequency is chosan. Writing non-zero val-
Les 1o this register will increase the frequency of the Internal Cisclllator. Writing 0xFF to
the register gives the highast available frequency, The calibrated Oscillator is used to
time EEFROM and Flash access. IT EEFROM or Flash is written, do not calibrate to
more than 10% above the nominal frequency. Otherwise, the EEPROM or Flash write
may fail, Note that the Oscillator Is intended for calibration to 1.0, 2.0, 4.0, or 8.0 MHz.
Tuning to other values is not guaranteed, as indicated In Tabla 11.

Table 11. Intamal RC Oscillator Frequancy Range.

Min Frequency in Percentage of | Max Frequency In Percentage of
OSCCAL Value Nominal Frequency (%) MNominal Frequency (%)
0x00 a0 ) 100
B [x¥F . 75 - 150
0xFF 100 200

A
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To drive the device from an external clock source, XTALT should be driven as shown In
Figure 14. To run the device on an external clock, the CKSEL Fuses must ba pra-
grammiad to “0000", By programming the CKOPT Fuse, the user can enable an intemal
36 pF capacitor between XTALT and GND.

Figure 14. External Clock Drive Configuration

MC ———|  XTALZ2
EXTERMNAL
CLOCK ——1 #TAL1
SIGNAL

When this clock source is selected, start-up times are determined by the SUT Fuses as
shown in Table 12

Table 12, Siart-up Times for the External Clock Selection

Slari-up Time from Power- | Addifional Dalay from
SUT1.0 dowr and Power-gsave Ressl (Vo = 5.0V) Recommended Usags
1] 6CK — BOD enabled
01 8 CK 4.1 ma Fast rising power
10 6 CK 65 ms Slowly r'rsirrg-; power
11 - Reserved

When applying an extemal clogk, [t Is required to avoid sudden changes in the applied
clock frequency to ensure stable operation of the MCU, A vartation In frequency of more
than 2% from one clock cycle ta the next can lead to unpredictable behavior. It is
required to ensure that the MCU is kept In Reset during such changes in the clock
frequency.

For AVR microcontroliers with TimerCounter Oscillator pins (TOSC1 and TOSC2), the
crystal is connected directly between the pins. No external capacitors are needed. The
Oscillator is optimized for use with a 32.768 kHz watch crystal. Applying an extemnal
clock source to TOSC is not recommanded.

ATmegaB8535(L)  m————
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U Control Reglster -
UCR

Sleep modes enable the application to shut down unused modules in the MCL, thereby
saving power. The AVR provides various siesp modes allowing the user to failor the
power consumption to the application's reguirements.

To enter any of the six slaep modes, the SE bit in MCUCR must be written to loglc one
and a SLEEP instruection must be executed. The SM2, SM1, and SMO bits 0 tha
MCUCR Hegister salect which sleep mode ([dle, ADC Noise Reduction, Powar-down,
Power-save, Standby, or Extended Standby) will be activated by the SLEEP instruction.
See Table 13 for a summary. If an enablad Intermupt occurs while the MCLU Is In 2 sleep
made, the MGU wakes up. The MCLU is then halled for four cycles in addilien to the
start-up ime, it executes the intermupt rowtineg, and resumes execution from the Instruc-
tion following SLEEP. The contents of the Reglster File and SHAM are unaltered when
the device wakes up from sleep. If a Resat occurs during sleep mode, the MCU wakes
up and execules from the Reset Vector,

Figure 11 on page 23 presents the diffarant clock systems n tha ATmega8535, and
their distribution. The flgure is helpful In selecting an appropriate sleep mode.

The MGU Control Registar contains contral bits for power management,

Bh 7 & & 4 3 a 1 1]
SMz 5E ETL SM0 | BCH | 18010 | 19C01 | sced | Mcuce
Aot FLAY W RN =] FLW AW AW B
Imitial WFalue a a i) [i] 1] Q 4] o
+ Bits 7, 5, 4 — 5M2..0: Sleep Mode Select BHs 2, 1, and 0
These bits select betwean the six available sleap modes as shown In Table 13,
Table 13. Sleep Mode Selact
SM2 SM SMo Sleep Mode
0 0 Idle
0 1 ADC Noisa Reduction
0 1 J Power-down |
B ] 1 1 Power-save -
1 0 0 Reszorvad
1 0 1 Resarved
1 i ] Standby'™ -
1 i K Extended Standby
Maote: 1. Standby mode and Extended Standby mode are only available with external crystals
or resonators.

+ Bit 6 — SE: Sleep Enable

Thea SE bit must be written to loglc one 10 make the MCU entar the slesp mode when the
SLEEP Instruction is executed, To avoid the MCU entaring the sleep mode unless it is
the programmers purpose, it is recommended to write the Slesp Enable (SE) bit to one
just betare the execution of the SLEEP Instruction and to clear It Immediately aftar wak-

ing up-

=== ‘IiEEl 3
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When the SM2..0 bits are written 1o 000, the SLEEP instruction makes the MCU anter
Idle mode, stopping the CPU but allowing SPI, USART, Analog Comparator, ADC, Two-
wire Sarial intarface, Timer/Counters, Watchdog, and the interrupt system to conlinue
operating. This sleep mode basically halte ol and ¢l 4, while allowing the other
clocks to rin.

|dle mode enables the MCLU to wake up from extemal triggered interrupts as well as
intarnal ones like the Timer Overfiow and USART Transmit Complete interrupts. If
wake-up from the Analog Comparator interrupt is not required, the Analog Comparator
can be powered down by setting the ADC bit in the Analog Cormparator Control and Sta-
tue registar — ACSR, This will reduce powar consumption In Idle mode. If the ADC is
enabled, a conversion stars automatically whan this mode s entared.

When the SM2..0 bits are written to 001, the SLEEP instruction makes the MCLU antar
ADC Noise Reduction maods, stopping the CFU but allowing the ADC, the External Inter-
rupts, the Two-wire Seral Interface address watch, Timer/Counter2 and the Watchdog
to continue oparating (If enabled). This sleep mode basically halts clky, Clkap. and cli-
ELABH: whila ﬂ"ﬂ'ﬂ'lng the other clocks to run,

This improves the nolse environment for the ADC, enabling higher resolution measure-
ments. If the ADC is enabled, a conversion starts automatically when this mode is
entered. Apart from the ADC Convarsion Complete intarrupt, only an External Reset, a
Watchdog Reset, a Brown-out Resset, a Two-wire Serizl Interface address match inter-
rupt, a Timer/Counter2 interrupt, an SPM/EEPROM ready interrupt, an external leval
Interrupt on INTO or INT1, or an external interrupt on INT2 can wake up the MCU from
ADC Noize Reduction mode.

Whan the SM2..0 bits are writtan to 010, the SLEEP instruction makes tha MCL antar
Power-down mode. In this mode, the Extarnal Oscillator is stopped, while the External
Interrupts, the Two-wire Serial Interface address watch, and the Waichdog continue
operating {if enabled). Only an External Reset, a Watchdog Reset, a Brown-oul Resel, a
Two-wire Sedal Interface address match interrupt, an external level Interrupt on INTO or
INT1, or an extemnal interrupt on INT2 can wake up the MCU, This sleep mode basically
halts all generated clocks, allowing operation of asynchronous madules only.

Mote that if 2 level triggered interupt is used for wake-up from Power-down mode, the
changed level must be held for some time to wake up the MCU. Refer to "Extermnal Inter-
rupts” on page &7 for details.

When waking up from Power-down mode, there is a delay from the wake-up condition
pocurs until the wake-up becomes effective. This allows the clock to restart and become
stable after having been stopped, The wake-up period |s defined by the same CKSEL
fuses that define the Reszet Time-cut period, as described in "Clock Sources™ on page
24,

When the SM2..0 bits are written to 011, the SLEEP instruction makes the MCU enter
Power-save mode, This mode is identical to Power-down, with one exception:

If Timar/Counter2 is clocked asynchronously, i.e., the AS2 bit in ASSH is sal,
Timar/Counter2 will run during sieep. The device can wake up from aither Timer Over-
flow or Output Compare event from Timer/Counter2 if the corresponding
Timar'Counter? interrupt enable bits are set in TIMSK, and the Globa! Interrupt Enable
bitin SREG |5 set.

If the asynchronous tmet |s NOT clocked asynchronously, Power-down mode s racom-
mended instead of Power-save mode because the contents of the registers in the

ATMEegaB535( L.)  mm————————————————
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indby Mode

tended Standby Mode

asynchronous timer should be considered undefined after wake-up in Powsr-save mode
it AS2 is 0.

This sleep mode basically halts all clocks except clk,ey, allowing opamtion only of asyn-
chronous modiules, Including TimerCounter2 if clocked asynchronously.

When the SM2..0 bits are 110 and an extarnal crystaliresonator ¢lock option (s selected,
the SLEEP instruction makes the MCLU antar Standiby mode. This mode is identical to
Power-down with the exception that the Oscillator is kept running. From Standby modea,
the device wakes up 0 six clock cycles.

When the SM2.0 bits are 111 and an axtarnal crystal/rasanator clock option is selectad,
the SLEEP instructicn makes the MCU enter Extended Standby made. This mode s
identical to Power-save mode with the exception thal the Oscillator is kept running.
From Extended Standby mode, the device wakes up in six clock cycles.

le 14, Active Clogk Domalng and Wake-up Sources in the Different Sleep Modes.

Active Clock domalna Osclliators | YWake up sources
hain | |
Clock Timer | INTZ2 Wi SPMY .

sgp Sowse | Osc | INT: | Address | Timer | EEPROM | D | Other |
ade Glkopy | Ehpasy | olkig | cupe  Clkegy | Enabled | Enabled | INTO | Makh | 2 Ready |C | VO |
e R 1K x | x | x| x | x . |x]| % |
0 . E
Ase X X b4 S <O T *® X
wduction ' | ]
i | W3 x|
W R
s ®xa b A X X X
Ve . ,
angboy!!! ! ¥ i3 X
dended : 2

ay | X X X X X xt |
es 1. External Crystal or resonator selecied as clock source

2, If AS2 bitin ASSF ia sat

3. Only INTZ or level interrupt INT 1 and INTD
e m 33
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There are sevaral issues to consider when trying to minimize the power consumption in
an AVR controlled system. In general, sleap modes should be used as much as possi-
bleg, and the sleep maode should be selected so that as few as possible of the devicg's
functions are operating. All functions not neaded should ba disabled. In particular, the
following modules may need special considaration whan trying to achieve the lowest
possible power consumption.

If enabled, the ADC will be enabled in all sleep modes. To save power, the ADC should
be dizabled before entering any sleep mode, When the ADC |s tumed off and on again,
the next conversian will be an extended convarsion. Refer to “"Analog-to-Digital Con-
verter” on page 204 for detalls on ADC operation.

When entering Idle mode. the Analog Comparator should be disabled if not used. When
entering A0C Molze Reduction mode, the Analog Comparator should be disabled. In the
other sleep modes, the Analog Comparaior is automatically disabled. Howewver, if the
Analog Comparator |5 set up to use the Internal Voltage Reference as input, the Analog
Comparatar should be disabled in all slesp modes. Otherwise, the Internal Voltage Ref-
arence will be enabled, independent of sleep mode. Refer to "Analog Comparater” on
page 201 for details on how to configure the Analog Comparator,

If the Brown-out Detector is not nesdad In the application, this medule should be tumed
off. If the Brown-out Detector is enabled by the BODEN Fuse, it will be enabled In all
sleep modes, and hence, always consume power. In the deeper sleep modes, this will
contribute significantly to the total current cansumption. Fefer to “Brown-out Detection”
on page 38 for detalls on how to configurs the Brown-out Datector.

The Intemal Voltage Reference will be snabled when needed by the Brown-out Detac-
tor, the Analog Cotnparalor or the ADC. If these modules are disabled as described in
the sections above, the intemal voltage reference will be disabled and [t will not be con-
suming power. When tumed on again, the user must allow the reference 1o start up
before the output Is used. If the reference |s kept on in sleep mode, the output can be
used immediately. Refer to “Internal Yoltage Reference” on page 40 for details on the
start-up time.

It the Watchdog Timer iz not needed in the application, this module should be wmed off.
If the Watchdog Timer |5 enabled, it will be enabled in all sleep modes, and hence,
always consume powar. [n the deeper sleap modes, this will contribute significantly to
tha total current consumption, Refer to “Waichdog Timer™ on page 40 for details on how
to configure the Watchdog Timer.

When entaring a sleep mode, all port pins should be configured to use minimum power.
The most important thing Is then to ensure that no ping drive resistive loads. In sleep
modes whare both the /O clock {clk,g) and the ADC clock {clk,pe) are stoppad, the
Input buffers of the device will be disabled. This ensures that no power is constimed by
the input logic when not needed. In soma cases, the input logic Is needed for detecting
wake-up canditions, and it will then be enabled. Refer tu the section *Digital Input
Enable and Skeep Modes’ on pags 54 for details on which pins are enabled. If the input
buffer is enabled and the input signal I left floating or have an analeg signal level close
o Vorf2, the input buffer will use excessive power.

ATMeq 8535 L)  m—————
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During Reset, all Y0 Registers are set to their initial valuss, and the program starls exs-
sution from the Reset Vecotor. The instruction placed at the Reset Veetor must be an
RJMP instruction to the reset handling routine. If the program never enables an interrupt
sourca, the Interrupt Vectors are not used, and regular program code can be placed at
these locations. This is also the case if the Resat Vactor is in the Application sectian
while the Interrupt Vectors are in the Boot section or vige versa. The circuit diagram in
Figure 15 shows the reset logic. Table 15 delines the electrical parameters of the reset
circultry.

The WO ports of the AVR are immediately reset to their initial stale when a reset sounce
goes active. This does not require any clock source to be running.

Attar all reset sources have gone inactive, a delay counter is invokad, stretching the
intarnal reset. This allows the power to reach a stable level before nomal oparation
starts. The time-out perlod of the delay counter is defined by the user through the
CKSEL Fuses. The different selections for the delay period are presented in "Clock
Sources” on page 24,

The ATmegaB535 has four sources of Resat:

*  Power-on Fesetl. The MGU is reset when the supply voltags Is below the Power-on
Reset threshold (Vear)

s External Aeset. The MCU |s reset whan a low level is present on the RESET pin for
longer than the minimum pulss length.

»  Watchdog Raset. The MCU is reset whan the Watchdog Timer period expires and
the Watchdag Is enabiad.

»  Brown-out Reset. The MCU is reset when the supply voltage V.. is below the
Brown-out Reset threshold (V) and the Brown-out Detector is enabled.




ATmEL

Figure 15. Reset Logle
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Table 15. Roset Characteristics
Symbol | Parametar cCondition | Min™" | Typ!" | Max!" | Units
[
Power-on Feset Thrashald { 14 5y v
% Voltage {rising} ] ! i
i Power-on Reset Thrashold { 13 23 v
Voltage (falling)! ! ,
BESET Pin Threshold
Vst Vo 0.2 0.8 v
3 Minimum pulse width on
et | BESET Pin 15 ps
Browr-out Reset Threshold BODLEVYEL =1 25 ET_ 2.9 v
Vaor | Voliage™ BODLEVEL=0 | 36 | 40 | 42
Minimum kow voliage period | BODLEVEL =1 He
tame | for Brown-out Detection SOMLEVEL = D 5 e
Brown-out Detector q mv
Viver hysteresis Y

Motes: 1, Values are guidslines only.

2. The Power-on Reset will not work unless the supply voltage has been below Vagy

(falling).

AT M© Q853 5/( L) o
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3. Vgor may be below nomingl minimum opersting voltage for some dewices. For
devices where this |3 the case. the device 15 tested down 10 Yee = Yoy during the
production test. This guarantees that a Brown-out Reset will ocour before Vo drops
to a voliage where corect operation of the microcontroller is no longer guarantaad.
The test |5 parformed using BODLEVEL = 1 for ATmegaB5350 and BODLEVEL = 0
tor ATmegaB535. BODLEVEL =1 is noi applicable for ATmega&535.

ser-on Reset A Power-on Reset {FOR) pulse is generatad by an On-chip detection circult. Tha detac-
tion level is dafined in Table 16. The POR is activated whenever V. Is below the
dataction leval. The POR clroult can be used to trigper the Start-up Feseat, as well as to
datact a failure in supply voltage.
A Power-on Reset (POR) circuit ensures that the device is reset from Power-on. Reach-
Ing the Power-on Reset threshold voltage invokes the delay counter, which determines

how lang the device is kepl in RESET after V¢ rise. The RESET signal is activated
again, without any delay, when V.. decreases below the deteation level.

Flgure 16. MCU Start-up, RESET Tied 10 Vee
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An External Reset is generated by a low level on the RESET pin. Raget pulses longer
than the minimum pulse width (see Tabla 15) will genarate a reset, evan if the clock s
not running. Shorter oulses are not guarantesd to generate a reset. When the applled
signal reaches the Resst Threshold Vollage — Vger on Its posltive edge, the delay
countar starts the MCU after the Time-out period tyayy Nas explred.

Flgure 18. External Reset During Operatlan
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ATmsgaR535 has an On-chip Brown-out Detection (BOD) circuit for monitoring the Vee
iaval during operation by companng It to a fixed wrigger level. The trigger leve| for the
BOD can be selected by the fuse BODLEVEL to be 2.7V (BODLEVEL unprogrammed),
or 4.0V (BODLEVEL programmed). The trigger level has a hysteresis to ensure spike
frae Brown-out Detection. The hysteresis on the detection level should be interprated as
VBGT+ = vBﬂJT + "'-I"H-,.-s-r"E and UBGT— = ‘U'Bm = VHTE«;JE.

Tha BOD cirguit can be enabled/disabled by the fuse BODEN. When the BOD is
enabled (BODEN programmed), and V- decreases to a value below the trigger leval
(Vaer. in Figure 18}, the Brown-cut Reset is immediately activated. When Ve increases
ahove the trigger level Vg7, In Figure 18), the delay counter starts the MCU after the
time-out period tyom has expired.

The BOD circuit will only detect a drop In V¢ If the vollage stays below the trigger level
for longer than tgap given in Table 15.

Figure 18, Brown-out Reset During Operation
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chdog Reset When the Watchdog times out, it will generate a short reset pulse of one CK cyele dura-
tion. On the falling edge of this pulsa, the delay timer starts counting the Time-out period
oy Refar to page 40 for details on oparation of the Watchdog Timer,

Figure 20. Watchdog Reset Durng Cperation

Yo s
RESET
WOT —#, #— 1 CK Cycle
TIME.CHIT I'l
i
(IR}
1] I‘q_ t
RESET | TouE
TIME-OLT :
INTERMAL
RESET ==
U Control and Status The MCU Contral and Status Registar provides information on which reset source
jistar - MCLUICSR caused an MCU Reset.
Bit ki ] 5 4 ] 2 1 o
[ = 1w | = | = |mnr|aanr|mr|_|mnr MCUCER
PressiWrie A R R Rw Ry RSN RAM B
Initial Walus 4] 1] Q Sea Blit Desarpton

+ Bit3- WDRF: Watchdog Reset Flag

This bit is sat It a Walehdog Reset occurs. The bit Is reset by a Power-on Reset, or by
writing & loglc zero to the flag.

« Bit2- BORF: Brown-out Reset Flag

This bit is st it a Brown-out Reset occurs. The bl is reset by a Power-on Reset, or by
writing a logic zero to the flag.

+ Bit1- EXTRF: External Reset Flag

Thig bit is =at [f an External Reset occurs. The bit is reset by a Power-on Reset, or by
writing & logic zaro 1o the flag.

+ Bit0- PORF: Powear-on Resst Flag

This bit iz =ot If a Power-on Resat occurs, The bit is reset only by writing a loglc zero lo
the fag.

To make use of the Resst Flags to [dentify a reset condition, the user should read and
then reset the MCUCSR as early as possible in the program, If the register is cleared
before anather reset ocours, the source of the reset can be found by examining the
Reset Flags.

P e M 30
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itchdog Timer

ATmegaB535 features an internal bandgap reference. This reference is used for Brown-
out Detaction, and it can be used as an Input to the Anelog Comparator or tha ADC, The
2 58V referance to the ADC e generated from the intemal bandgap reference.

The voltage reference has a start-up time that may influence the way it should be used.
The start-up time is given in Table 16. To save power, the referenca is not always wmed
an. The reference is on during the followlng situations:

1. When the BOD is enabled (by programming the BODEN Fuss),

2. When the bandgap refarence is connected to the Analog Comparator (by setting
the ACBG bit in ACSR).

3. When tha ADC |5 enabled.

Thus, when the BOD Is not enabled, after setting the ACBGQ bit or enabling the ADC, the

user must always allow the reference to start up before the output from the Analog Com-

parator or ADC is usad, To reduce powsr consumption in Power-down mode, the usar

can avoid the threa conditions above to ensure that the reference is tumed off befare

entering Powear-down mode.

Table 16, Internal Yoltage Reference Characteristics!!

Symbol | Parametar Min | Typ | Max | Uniis
Vao Bandgap relerence votiage 1458 | 123 | 1.35 ¥
tpg Bandgap reference start-up time 40 70 ps
by Bandgap raferance curment consumption 10 i | WA

Mote: 1. Walues are guidelines only.

The Watchdog Timer is clocked from a separate On-chip Osclllator which runs at
1 MHz. This is tha typical value at V. = 5V. See characterization data for typical valuss
at other V. levels. By controlling the Watchdog Timer prescaler, the Watchdog Resst
interval can be adjusted as shown In Tahle 18 on page 42. The WDR — Watchdog Reset
— instruction resets the Watchdog Timer. The Watchdog Timer Is also reset when itls
disabled and when a Chip Reset ocours. Eight different clock cycle periods can be
selected to determine the reset perod, If the reset period expires without another
Watchdog Reset, the ATmegaB535 resets and executes from the Reset Vector. For tim-
Ing details on the Watchdog Reset, refer to page 39.

To pravant unintenticnal disabling of the Watchdog or unintentional change of Time-out
poriod, three differert safety levels are selectad by the Fuses 58535C and WDOTON as
shown in Table 17. Safety level 0 corresponds to the setting in AT2058535. There is no
rastriction on enabling the WDT in any of the salety levals.

SE02C—AV F-D4H05
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tchdeg Timer Control

jister - WDTCR

Table 17. WDT Configuration as a Funclion of the Fuse Settings of M103C and

WDTON
How to
Safety | WDTlinitial | Howto Disable | Change
S8535C WDTON Level | State the WDT Time-out
Urnprogrammed | Unprogrammed 1 Dizahted Timed Timad
BECLENCE SEOUENCE
Unpromammed | Procgrammed 2 Enablad Always enabled | Timed
sequUence
Pragrammad Unprogrammed o Dizabled Timed Mo
SECUENCE restriction
Programmed Programmed 2 Enablad Abways enabled | Timed
i seguence
Figure 21. Walchdog Timar
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« Bits 7..5 - Res: Reserved Bits

These bits are reserved bits in the ATmegads35 and will always read as zero.
» Bit4 - WDCE: Watchdog Change Enable

This bit must be sat when the WDE bit is written 10 logle zero. Otherwise, the Walchdag
will not be disabled. Once writlen to one, hardware will clear this bit afler four ¢lock
cycles. Refer to the description of the WDE bit fur a Watchdog disable procedure. In
Safety Level 1 and 2, this bit must also be set when changing the prescaler bits. See
*Timed Sequences for Changing the Configuration of the Watehdog Timer” on page 44,

= Bit 3 - WDE: Watchdog Enable

When the WDE is writtan to logic one, the Watchdog Timer is enabled, and if the WDE is
written to logic zero, the Watchdog Timer function is disabled. WDE can only be cleared

e AVNNEL
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If tha WDCE bit has leglc level one. To disable an enabled Watchdog Timer, the follow-

ing procadure must ba followed:

1. Inthe same operation, write a logic one to WDCE and WDE. A logic one must be
written to WDE even though It is set to one befare the disable operation starts.

2. Within the next four clock cycles, write a loglc 0 to WDE. This disables the
watchdog,

In safaty level 2, it is not possible to disable the Watchdog Timar, even with the algo-

rithm described above. See "Timed Sequences for Changing the Configuration of the

Watchdog Timer” on page 44,

- Bits 2..0 - WDP2, WDP1, WDP0: Watchdog Timer Prescaler 2, 1, and 0

The WDP2, WDP1, and WDPQ bits determine the Watchdog Timer prescaling whan the
Watchdog Timer is enabled. The different prescaling values and their comesponding

Timaout Pariods are shown |n Table 18,

Table 18. Watchdog Timar Prescale Select”

Number of WOT | Typlcal Time-out | Typical Time-out

WDP2 | WDPY | WDPU | Oscillator Cycles | &t Voo = 3.0 al Voo = 5.0V

0 0 | 18K(16.384) | 171 ms 18.3 ms

0 1| a3k (32768} | 34.3ms 325 ms
D 1 0 | oeK(e55%) |  ea5ms 85 ms

D 1 1| 128K (131,072) 0.14 & 013s

1 0 0 | o58K(262,144) | 0.27 s 02635

1 0 1| 512K (524.288) | 0558 052s

1 1 0 | 1,024K (1,048,576) | 11s 108

1 E 1| 2,048K (2,087,152) | 223 218

Mote: 1. Values are guidalings only.
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The following code example shows one assembly and one C function for turming off the
WDT. The example assumes that interrupts are controlled (e.g., by disabling interrupts
globally) so that no interrupts will oceur during execution of thesa funetions.

Assembly Code Example

WDT_off:
; Raset WDT
wdr
; Wiite fogical one ta WOCE and WDE
in i@, WOTCH
orl 118, {1==WDCE)|[1==WDE}
oul WDTCR, rig
; Turm off WOT
Idi 18, (D=<WDOE)
out WODTCE, g
rat

C Code Example

void WDT_ofi{void)
{
M Resef WOT ¥
_WEBR{}
{* Write logical ovie te WDCE and WDE™
WOTCH = (1=<WDCE) | (1=<WDE);
7 Tum off WOT =/
WDTCE = Oxi00;
t
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errupts

arrupt Vectors in
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This section describes the specifics af the Interrupt handling as perfarmed In
ATmegadb35. For a general explanation of the AVR interrupt handling, refer to “Resel
and Interrupt Handling™ on page 12,

Table 19. Reset and Interrupt Yectors

Vector Program
No. Addreas™ | Source Intarrupi Definitlon
1 D00 | RESET External Pin, Fowsr-on Reset, Brown-out Reset
and Walchdog Reset
2 Ow00 INTD External Interrupt Regquest 0
3 (02 INT1 External Intarmupt Reguest 1
4 0<003 | TIMER2 COMP | Timar/Counter2 Gompare Match -
5 0x004 | TMERZOVFE | TimarCounter2 Overflow T
8 005 TIMER1 CAFT Timar'Countar] Capune Event
7 0x006 | TIMER! COMPA | Timer'Gounter! Compare Match A
8 | ox007 | TIMERY COMPB | TimerCounter! Compare Metch B
9 0x008 | TIMER1 OVF TimerGounter! Ovarflow
10 0x008 | TIMERO OVF Timer/Counterd Overflaw - _‘
11 DX00A | SPI, STC Serial Tranefer Complete i
12 OX00B | USART, RXG USART, Rx Complete
12 Ox00C | USART,UDRE | USART Daia Flegister Empty
14 | 0x00D | USART,TXC | USART, Tx Compiata
15 | owoE | ADG ADG Gonversion Gomplete o
16 Ox0DE | EE_RDY EEPROM Heady B
17 Ox010 | ANA COMP Analog Cormparator
18 ox011 | Wi Two-wire Sarlal Interface B
19 Oxp12 | INT2 External Intarrupt Request 2
20 0x012 | TIMERD COMP | Timer'Counterd Compare Match
21 Ox014 SPM_ROY Store Program Memory Ready

Notes: 1. When the BOOTRST Fuse is programmed, the device will jump 1o the Boot Loader
address &t reset, see "Boot Loader Support — Read-While-Write Self-Programming”
on page 222,
2. When the IVSEL bit in GICR is sét, Interrugt Vesiors will ba moved to the start of the
Boot Flash section, The address of sach Interrupt Vector will then be the addrass in
this table added to the start address of tha Boot Flash section,

Table 20 shows reset and Intarrupt Vectors placement for the various combinations of
BOOTRST and IVSEL settings. If the program never enables an interrupt source, the
Intsrrupt Wectars are not used, and regular program code can be placed at these loca-
tions. This is also the case T the Feset Vector is in the Application section while the
Intermupt Vectars are in the Boot section or vice versa.

ATMEL ﬁ
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Table 20. Reset and Interrupt Veciors Placement

BOOTRET" | IVSEL | Reset Address Interrupt Vactors Start Address
. 1 0 Ox0000 Dx000
) 1 1 00000 Boaot Fleset-#.ddress + O30
1] Boot Reset Address (000
Boot Reset Address Boot Resat Address + Ox0001

Mote: 1. The Boot Reset Address is shown in Table 83 on page 233, For the BOOTRST Fuse
“1" means unprogrammed while “0" means prograumirmed,

The most typical and general pregram setup for the Reset and Interrupt Vector
Addresses in ATmegalsas is:

Addresslabels Code Comments

0000 mp RESET : Resat Handler

000 fmp EXT_INTD ; IRQO Handlar

Ox0C2 imp  EXT_INT1 ; IRG1 Handler

(003 g TIME_COMP : Timer2 Compare Handler
Ohe00d fmp TIMZ OWE  Timer2 Chardiow Handier
Ow0CS gmp  TIM1_CAPT ; Timerl Captura Handler
(06 e TIMA_COMPA  ; Timerl Compare A Handiar
0x0CT mp  TIM1_COMPE Timer Compare B Handler
Ox(0E fmp  TiM1_OVF ; Timerd Overflow Handier
Ox002 fmp  TIMO_OWF ; Timer Crvediow Handier
Ox0A Amp  SPI_STC 5P Tranafar Complate Handier
=008 fmp USART_RXC  :USART RX Complete Handler
Ox00C rimp  USART_UDRE  ; UDR Empty Handler

Ox0D jmp USART_TXC ;USART TX Complete Handler
OxDDE qmp ADC ; ADC Conversion Complete Handlar
Ox00F jmp EE_RDY 1 EEFROM Ready Handler
Ox010 e ANA_COMP ; Anglog Comparator Handler
Ux011 jmp  TWSI ; Two-wire Senal Interfage Handler
Oxoiz mp EXT_INT2 ; IRGE Handler

ox013 fjmp TIMO_COMP ' Timerd Compare Handler

One014 gmp  SPM_RDY ; Store Program Mamory Ready Handber

L]

Ox015 RESET:  Idi r18 high{RAMEND] ; Mam program start

w16 owt  SPH.r16 , St Stack Pointer to top of RAM
Ox(17 Il r16, low({RAMEND)

Ox1B ot SPLr16

Q19 sed ; Enabla intemupts

D020 <S> WEx

Whan the BOOTRST Fuse i unprogrammed, the Boot section size set 1o 2K bytes and
the IVSEL bit in the GICR Regqister is set bafore any interrupts are enabled, the most
typleal and general program setup for the Reset end Interrupt Vector Addresses is:

ATMEgaB5 35 L)  mmm——————
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Addresslabeds
Ox000 RESET:
o1
D2
O3
D0
QoS

.org 0xC01
0O
0xC02

OxC14

Code Comments

Idi 16, high{RAMEND) . Maln program start

ot SPH 8 ; Get Stack Pointer to op of RAM
idi 16 low(RAMEND)

ot  SPLri6

el , Enable interrupts

cinste> xx

nmp  EXT_INTO ; IR Handlar

fimp EXT_INTY

T IR Handler

1

mmp SPM_ROY ; Stora Program Memony Ready Handler

When the BOOTRST Fuse is programmed and the Beot section size set to 2K bytes, the
most typlcal and general program setup for the Reset and Intarrupt Vector Addresses is:

AddressLabals
org 0001
Coe00Ad

Ox 002

O

Lorg 0xC00
OxCOORESET:

=G0t
OwCo2
OxCO3
OG04
OxC0S

Coda Comments

rimp  EXT_INTOD ; IRCQO Handler

nmp EXT_INT ; IACH Handler

tmp  SPM_RDY : Store Pregram Memory Ready Handler

idi  r16,high(RAMEND) ; Main program start

out SPHrG ; Set Stack Pointer to top of AAM
i 16 low{RAMEND)

ot SPL.ME

sei : Enabla intarnpts

<instrs o0

When the BOOTRST Fuse is programmead, the Boot section size set to 2K bytas and the
IVSEL bit in the GICR Register is set before any Interrupts are enabled, the most typical
and general program setup for the Reset and Interrupt Vector Addresses is:

ArddressLlabels

org BxCno
0xC00
0w

OxCo2
g

OxC15RESET:
feilenl
On17
OxGe
OxC19
0uC20

EG-AVR-0405

Code Commants

fmp RESET ; Resat handler

qmp EXT_INTQ : IR0 Handlar

dmp EXT_INTI CIRCH Handlar

fmp SPM_RDY ; Store Program Memory Ready Handler

I r16,high{RAMEND] ;Main program start

out SPHr8 St Stack Poinder 1o top of RAM
Il ri6 low({FAMEND)

put SPLrE

E2=1] ; Enable interrupts

<ingirs KK

AT :




fing Interrupts Between
fication and Boot Space

ieral Interrupt Control
ister = GICR

T

The Ganaral Intarrupt Control Register controls the placemeant of the Interrupt Vector
tabla.

Bi T B 5 4 3 2 1 ]
|'Tﬁ1|m|u?z|-|-|-|msa1_||mam

Rzsdidie RAAW AN R 3] R 2] AW A

Irltiad W e L] 1] 0 4] a [¥] 2 ]

« Bit 1 =IV¥SEL: Intenrupt Vector Select

When the IVSEL bil is clearad {zero), the Interrupt Yectors are placed at the start of the
Flash memory. When this bit is set {one), the Interrupt Vectors are moved to the bagin-
ning of the Boot Loader section of the Flash. The actual address of the start of the Boot
Flash section is datarmined by the BOOTSZ Fuses. Refer 1o the section “Boot Loadar
Support — Read-While-Write Self-Programming’ on page 222 for details. To avold unin-
tentional changes of Interrupt Vactor tables, a special write procedure must be followed
to change the IVSEL bit:

1.  Writa the Intarrupt Vectar Change Enable (IWVCE) bit to one.
2. Within four cycles, write the desired value to IVSEL while writing & 2ere to IVCE.

Interrupts will automatically be disabled while this sequence is executed. Interrupts are

disabled in the cycle IVCE iz 2at, and they remain dizabled until after the instruction fol-

lowing the write to IVSEL. If IVSEL is not written, interrupts remain disabled for four
cycles. The I-bitin the Status Register is unaffected by the automatic disabling.

Mate:  If Interrupt Vectors are placed in the Boot Loader section and Boot Lock bit BLBO2 s pro-
grammed, inermupts are disabled while executing from the Applcation seclien. If
Interupt Vectors are placed in the Application section and Boot Lock bil BLE12 is pro-
gramed, interrupts are disabled whils executing from the Boot Loader section. Refer fo
the section "Hoot Loader Support — Read-While-Write Seli-Programming” on page 222
for details on Boot Lock bits.

= Bit 0 - IVCE: Interrupt Vector Change Enable

The IVCE bit must be written to logic one to enable change of the IVSEL bit IVCE s
cleared by hardware four cycles after it is written or when IVBEL is written, Selting the
IVGE bit will disable imerrupts, as explained In the IVSEL description above. See Code
Exampie below,

ATMEga8535( L)  mmm—————————
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Assembly Code Example
Mene_interrugts:
; Enable change of inferrupl vectors
idi ri8, (1=<'YCE)
out GICH, 16
: Move interupts fo hoot Flash section
idi 16, (1=<IVSEL)
out GICR, r16
ret
| C Code Example
viold Mowve_interupte(void)
{
* Enable change of inferrupl vactors */
GICR = (1<<IVCE);
[/ Move intermupts to boot Flash seclion ™/
GICR = [1<<P/3EL),
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All AVR ports have true Read-Modify-Write functionality when used as general digital
/O ports. This means that the direction of one port pin can be changed without uninten-
tiohally changing the direction of any other pin with the 5Bl and CBI instructians. The
same applies whan changing drive valus (if configurad as output) or anabling/dlsabling
of pull-up resistars (if configured as Input). Each autput buffer has symmetrical drive
characteristics with both high sink and source capability. The pin driver is strong enough
to drive LED displays directly. All port pins have Individually selectable pull-up resistors
with a supply-voltage invarant rasistance. All /O pins have protection diodes to both
Ver and Ground as indicated in Figure 22. Refer to “Electrical Charactenistics” on page
253 for a complete |ist of parameters.

Figure 22, VO Pin Equivalert Schamatic

Frn =

See Figure
"General Digital 110" for
DCetalls

Gpin I
All registers and bit referances in this section are written in genaral form. A lower case
“¥" represants the numbaring letter for the por, and a lower case “n” represents the bit
number. However, when using the register or bit defines In a program, the precise form
must be used. For exampls, PORTES for bit no, 3 In Port B, here documented generally
as PORTxn. The physical |/O Ragisters and bit locations are listed In “Register Daserip-
ton for I/O-Ports™ on page 65,

Three 'O memory address |ocations are allocated for sach port, one each for tha Data
Register - PORTY, Data Direction Register= DDAx, and the Port Input Pins — PINx. The
Port Input Pins IfO location is read only, while the Data Feglster and the Data Direction
Register are readiwrite. In addition, the Pull-up Disable — PUD bit in SFIQR disables the
pull-up function for aill pins in all ports when set.

Using the IO port as General Digital 10 is describad in “Ports a5 Genetal Digital IfO" on
page 51. Most port ping are multiplexed with alternate functions for the peripharal fea-
tures on tha device. How each alternate function interfaras with the port pin is describad
in "Alternate Port Functions” on page 56. Refer o the Individual module sections far a
full description of the alternate functions.

Mote that enabling the alternata function of some of the port pins does nat affect the use
of the ather pins in the port as general digital 1O,

ATmega8535(L) m——————————————
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ts as General Digital

nflguring the Pin

The ports are bi-directional VO ports with optional Internal pull-ups. Figure 23 shows a
functional description of ane K¥O=port pin, here generically called Pxn.

Figure 23. General Digital /O™

Lo -

o
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o
L il S

1
]
DATA BUS

——  SIEEP —— FiRx
5 . |

SYNCHROMIZER

—— — — —— P
o a—H;.
LS

alk ooy

W 'WRITE DDFx

PLED: PI.H_E P DISABLE Rl REAL DDAx

SIFEP:  BLEEP CONTROL WP 'n.*\l'HII'E]:.Cr 5131

olk ! 0 CLOCK FiFa: REALD » AEGISTER
APx: READ POHTx MM

(L}

Mote: 1. WP, WDx, RFx, RPx, and ROx are commen |o all ping within the same port. ok,
SLEEF and PUD are commaon to all ports,

Each port pin consists of three register bits: DDxn, PORTxn, and PiNxn. As shown in
"Hegister Dascription for I/0-Ponts™ on page 65, the DDxn bits are accessad at the
DDRx /0 address, the PORTxn bits at the PORTx /O address, and the PINxn bits at
the PINx 110 address.

The DDxn bit In the DDRx Register selects the direction of this pin. If DDxn is written
lngic one, Pxn Is corfigured as an output pin. |f DD¥n |s written logic zero, Pxn Is config-
ured as an fnput pin.

It PORTxn is witten a logic one when the pin is configurad as an input pin, the pull-ug
resistor is activated. To switch the pull-up resistor off, PORTxn has to be written loglc
zaro or the pin has to be configured as an output pin. The port pins are fri-stated whan g
reset condition becomes active, even if no clocks are running.

If PORTxn Is written & logic one when the pin is configured as an output pin, the port pin
is driven high {one}. If PORTxn Is written a logic zero when the pinis configured as an
output pin, the pert pin is driven low (zero).

When switching batwean tri-state ({DDxn, PORTxN) = Ob00) and output high ((DDxn,
PORTxn} = 0b11), an intermediate state with either pull-up enabled ({0Dxn, PORTxN} =

—m 51
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Ob01) ar output low ({DDxn, PORTXn} = 0b10) must occur. Normally, the pull-up
enabled state is fully acceptable, as a high-impedant snviranmant will not notice tha dif-
ference betwoan a strong high driver and & pull-up. If this is not the case, the PUD bit In
the SFICH Register can be set to disable all pull-ups in all ports.

Switching between input with pull-up and culput low generates the same problem. The
user must use sither the tri-state {{DDxn, PORTxn} = 0b00) or the output high state
{{DDOxn, PORTxn} = 0b10) as an intermediate step.

Table 21 summarizes the control signals for the pin value.

Tahie 21. Port Pin Configurations

]

PUD ]
DDxn | PORTxn | (in SFIOA) | 1O Pull-up | Comment
0 0 X | Input No | Tristate (Hi-Z)

Pxn will source current i ext, pulled
I npiet Yasg low.

1
i Inpurt i 9] Tri-state (Hi-Z)

1

L et ]

o
1

o X Output | No | Output Low (Sink)
X

| Output | No | Output High (Source)

Indepandent of the setting of Data Direction bit DDxn, the port pin can be read through
the PINxn Register bit. As shown in Figure 23, the PINxn Reglster bit and the preceding
latch constitute a synchronizer. This 1s needed to avold metastability if the physical pin
changes value near the edge of the intemal clock, but it also introduces a delay. Figure
24 shows a Iming diagram of the synchronization when reading an extemally applied
pin value. The maximum and minimum propagation delays are denoted b 15, 8Nd
respactively.

Figure 24, Synchronization when Reading an Externally Applied Pin Value

SYSTEM CLK __ | | [ |
INSTRUCTIONS _ X xz:x A )a( inel7, PiNe X

SYNG LATCH S 7
PiNxn
r7 ﬂxﬂﬂ N onFF
e oo, o

Consider the clock pariod starting shortly after the first falling edge of the system clock.
The lateh is closed when the clock is low, and goas transparent when the clock [s high,
as indicated by the shaded ragion of the “SYNC LATCH" signal. The signal valus 1]
lstched when the system clock goes low. It is clocked inte the PiNxn Register at the suc-

ATMega8535 (L) mmm—————————
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ceeding positive clock edge, As indicated by the two arrows t; ., and L ., 2 single
signal transition cn the pin will be delayed between ¥ and 1% system clock period
depending upon the time of assertion.

When reading back a software assigned pin value, a ngp instruction must be inserted as
indicated in Figure 25, The ouf instruction sets the *SYNGC LATCH" signal at the positive
edge of the clock. In this case, the delay t., through the synchronizer is one system
clock perod.

Figure 25, Synchronization when Reading e Scftware Assigned Pin Value

SYSTEMCLK | | | I |

r16 i i

INSTRUCTIONS X siromerie (o X mememe X

S¥YMC LATCH

PIMNxn

17 000 K OxFF
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Tha following code sxample shows how to 2et part B pins 0 and 1 high, 2 and 3 low, and
define the port pins from 4 to 7 ag input with pull-ups assigned to port pins 6 and 7. The
resulting pin values are read back again, but as praviously discussed, a mop Instruction
is included o be able to read back the value recently assigned o some of the pins.

Assembly Coda Example!!

; Defing putkups snd sat owtpuls high

; Define directions for port pins

Idi  r18,{1<<PB7){1<<PBE)I{1<<PE1}{(1==PBQ)

Idi 117 {1 =<D0B3{1 <<DDBE2)|(1<<DDB1){1<<DDB0)
out PORTE MG

ot DDRBNAT

: Ingart nop for synchronization

nop

; Read port pins

in r1G,FING

C Code Example

unsigned chari;

M Dedfine pull-ups and set owlpuis igh

F Dafine directions for port pins *f

FORTE = (1=<PB7)i(1 <<FBE) 1<<PB1)I{1<<PBO};
DDRE = {1=<D0RJ)[({1z=DOB2)1 < DDB1)I{1=<D0B0);
i* Insert nop for synchronization®!

_MOP();

* Aead port pins *f

i=PINB:

Mote: 1. For the assembly program, two temporary ragisters are used to minimize the time
from pull-ups gre sot on pins 0, 1, 6, and 7, until the direction bits are cormectly sat,
dafining bits 2 and 3 &3 low and redsfining bits 0 and 1 &5 strong high drivers,

As shown in Figure 23, the digital input signal can be clamped to graund at the input of
the Schmitt Trigger. The signal denoted SLEEP in the figurs, Is set by the MCU sleap
controller in Power-down modsa, Power-save mods, Standby mode, and Extended
Standby mode to aveid high power consumption if some input signais are left flioating, or
have an analog signal leval close to Vo/2.

SLEEF is overridden for port pins enabled as External Interrupt pins. If the External
Inerrupt Request is not enablad, SLEEP |s active also for these pins. SLEEP is also
ovarridden by vardous othar altemmate tunctions as deseribed in “Alternate Port Fune-
tions” on page 56.

I a logic high level (“ona™ |s present on an Asynchronoue External Interrupt pin config-
ured as “interrupt on Rising Edge, Falling Edga, or Any Logic Ghangs on Pin” while the
axternal interrupt is nof enabled, the corresponding External Interrupt Flag will be set

ATMeGaB535/( L)  mm——————————
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when resuming from the above mentioned sleep modes, as the clamping in these slegp
modes produces the requestad logic changa.

onnected pins if some pins are unused, it is recommended to ensure that these pins have a definad
level, Even though maost of the digital Inputs are disabled In the deep sleep modes as
described above, Aoating Inputs should be avoided to reduce current consumptian In all
other modes where the digital Inputs are enabled (Reset, Active mode and Idle mode).

The simplest method to ensure a defined level of an unused pin, |5 to enable the Internal
pull-tp. In this case, the pull-up will be disabled during reset. If low power consumption
during reset is Imporant, it Is recommended to Use an extemal pull-up or pull-down.
Connecting unused pins directly to V ez or GND is not recommaeanded, since this may
cause axcessive currents it the pin is accidentally configurad as an output.

AE-AVR-0405
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srnate Port Functions Mast port pins have altemate functions in addition 1o being general digital 1/0s. Figure
26 shows how the port pin control signals from the simplified Flgure 23 can be overrid-
dan by altarmate functions. The averriding signals may not be present in all port plng, but
the figure serves as a generic description applicable to all port pins in the AVR micro-
controdler family.

Figure 26. Alternate Port Functions!"
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- i Al
FUOESR:  Fan PULLASS CVERRDE ENARLE ) FLLLUP CISAELE
FUCWKr:  Fun PULL-UP O ERRIDE WA LLE ‘e WHITE DOAx
DDDEwn:  Ewn DUSA THEECTION OWERFEDE ENABLE il REAL DoHx
DB Pan [ATA THEFETION TAVERAIDE VALLE e REAL PDAT: REGIETER
PO Prn POSITVALLIE DVERSIDE ENABLE W WHITE PCATY
PATOen B PORT VAL LIE DVERFIDE WALLE F: REAL PORT: FRy
[HEOExn: #tan DIGITAL INPUT-ENAELE DMERFEDE ENABLE i, PO CLOCK
PIFes Fen DOMAL INPFUTEMNAELE DWERRICE VALLE Diam: LG TAL INPUT PRI n QN PORTY
BLEEF:  ELEEP COMTRAOL ]CHn: APAL O3 [\PLITADUTIPUIT FiMon ON PORTY

Mate: 1. WPx, WDx, FBx, APx, and RCx are commaon %0 all ping within the sames port, clk.,
=i FEP. and PUD are commen toall ports. All other signals ane unique for each pin,
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Table 22 summarizes the function of the overriding signals. The pin and port indexes
from Figure 26 are nat shown [0 the succeading tables. The overriding signals are gen-
arated intamally in the modules having the altemate function.

Table 22, Generic Dascription of Overriding Signals for Altemate Functions

Signal
Mame Full Name Description
PUCE | Pullup Override If thizs signal is set, the pull-up enable | controllad by the PLICK
Enabio signal. If this signal is cleared, the pull-up is enablad when
{DDxn, FORTxn, FUD} = 0bM0.
PLCNY | Pulkup Qwverride If PUOE is =set, the pull-up is enabled/disabled when PUOY is
Value selfslesrad, regardless of the eatting of the DDxn, PORTHR,
and PLID Register bits.
DDOE | Data Direction It this signal is s, the Qutput Driver Enable is controlled by the
| Overide Enable OO0V signal. If this signal is cleared, the Cutpul driver is
i enabled by the DOxn Register bit,
oocy E Data Direction If DDOE is 3et, the Guiput Driver is enabled/dsabled when
Crvarride Value DOV is saticleared, regardiess of the setting ol the DOxn
:' Fegister bit, -
PVWOE | Port Value If thiz signald 15 set and the Output Driver is enabled, the port
| Overrida Enable | value is controlled by the PVOV signal. IF PYOE is cleared, and
I the Cutput Driver is enabled, the port Vialue is controlied by tha
[ PORTxN Repgisier bit.
PVOV | Port Value I PYOE Is sel, the port value is set to POV, regardless of the
{ Qverride Value setting of the PORTxn Ragistar bit, )
DIEOE i Drigital Inpus If this bit iz set, the Digital Input Enable is controllad by the
i Enable Cverride DIECV signal. If this signal |s cleaned, the Digital Input Enable
| Enable is determined by MCU-state (Normal mode, sleep modes).
DIEGV E Digital Input If DIEOE is set, the Digital Input is enablad/disabled when
|| Enable Override DIECY is selfcleared, regardless of the MCL state (Normal
| Valua mode, sleep modeas), B
oi ' Digital Input This is the Digital Input to atternate functions. In the figure, the
signal is connectad to the output of the schmitt trigger but
belore the gynchronizer. Unbess the Digial Input is uzed as a
clock source, the module with the aternate function will use itg
{ oM synehromizer.
AlCH Analog This s the Analtg Input'Cutput idirom altemnate functions, The
Inputicutput signal s connected directly to the pad, and can be used bi-
directionally.

The followlng subsections shortly describe the alternate functians for each port, and
ralate the overriding signals to the alternate function. Refar to the aiternate function

description for furthar dataijls.
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Bit 7
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= Bit2 - PUD: Pull-up disable

When this bit is written to one, the pull-ups in the /0 ports are disabled even if the DD
and PORTxn Reglsters are configured to enable the pull-ups ({DDxn, PORTxN} = 0b01),
See “Configuring the Pin” on page 51 for more details about this feature.

E] 3
R Eih
o 1]

o
RAY AN
a 2

Port A has an alternate function as analog input for the ADC as shown in Table 23. If
some Port A pine are configured as outputs, it is essential that these do nol switch when
a2 conversion is in prograss. This might corrupt the rasult of the conversion.

Table 23. Port A Pins Altermate Functions

Port Pin Alternata Funciion
FAT | ADCT (ADC input channel 7)
FAG i ADCE (ADC input-::ha.nnal &)
PAS | ADCS (ADC input channel 5)
PAG | ADC4 (ADG inputchamnel 4)
FAG | ADC3(ADC input channeld)
Pa2 | ADC2 (ADC input channel 2) .
PA1 | ADG1 (ADC input channel 1)
] PAO | ADCO (ADG input channel D)

Table 24 and Table 25 relate the altemate functions of Port A to the everriding signals
shown in Figure 26 on page 58.

Table 24. Overriding Signals for Altemate Functlons In PA7 .PA4

Signal Name

PATIADCT

PAGIADCE

PAS/ADCS

PA4/ADCA

PLIOE

PLCY

DDCE

—

DOOV

PVDE

PN

DIECE

DIEOY

olo|lo| oo |o|lojda

glalalagljlea|jla|la|o

T
o|lolo|lo ola|lo!lse

oo |la|lo|e|oc || o

Al

ADCE INPUT

| ADCT INPUT

| ADCS INPUT

ADC4 INPUT
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Table 25. Overriding Signats for Alternate Functions in PAS..PAD
Signal Name PASIADCI | PA2/ADC2 PAT/ADCA PAKYADCO
PUCE [
PUCY
DoOE
Doay
PVOE
PVON
DIEQE
DIEQY &
DI = - = -

Al ADC3 INPUT ADCZ INPUT ADCY INPUT ADCO INPUT

Lo B I e T e T o N o T I Y O
oo o alolo | oo
n'_!:l a|lo|lolo cr.c:
GIID =] II;““'L;_Q L R

mate Functlons Of Port 8 The Pon B pins with altemate funclions are shown In Table 26,

Tahla 26. Port B Pins Alternate Funclions
Port Pin Alternale Functions

PB7 SCK (SPI Bus Serial Clock) ]
PB8 MISO (SP! Bus Master Input/Slave Output)

P85 MOS! (SPI Bus Master OutputiStave nput) -

PB4 | 55 (5P| Siave Select Input)

AIM1 {Analog Comparator Negative Input)

BE3 OCO (Timer/Counter Dutput Compare Maich Cutput)
e AIMG (Analog Comparator Positive Input)
IMT2 {External Interrupt 2 Input)
PRI T1 (MimerCountar! Extemal Counter Input)
PED T (Timer'Counterd Extemal Counter inpul)
HCK [USART External Clock InputiCutput)

The altemate pin configuration is as follows:
* SCK-PortB, Bit7

SCK: Master Clock output, Slave Clock input pin for SPI channel. When the 5P| is
enabled as a Slave, this pin is configured as an input regardiess of the setfing of DDE7,
When the SPI Is enabled as a Master, the data direction of this pin is controlled by
DDB7. When the pin is forced by the SPI to be an input, the pull-up can still ba con-
trolled by the PORTBT bit.

+ MISO - Port B, Bit 6

MISC: Master Data Input, Slave Data output pin for SPI channel. When tha 5P is
enabled ag a Master, this pin |s configured as an Input regardless of the setting of
CODB6. When the SPI is enabled as a Slave, the data directlon of this pin is controlled by
DDB6. Whan the pin is foreed by the 5P| to be an input, the pull-up can still be con-
trolled by the PORTES bit.

ATMEL so
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* MOSI-PortB, Bit 5

MOSI: SP1 Master Data output, Slave Data input for SPI channel. When the SPI s
enabled as a Slave, thls pin |5 configured as an Input regardiass of the setting of DDBS.
When the S5Fl is enabled as a Master, the data direction of this pin |s controiled by
DDBS. Whan the pin is lorced by the SPI to be an inpul, the pull-up can still be con-
trofled by the PORTES bit.

« 55-Port B, Bit 4

55: Slave Select input. When the SPI is senabled as & Slave, this pin is configured as an
input regardiess of the setting of DDB4. As a Slave, the 5Pl is activated when this pinis
driven low. Whan the SPl is enabled as a Master, the data direction of this pin I con-
trolled by DOB4. When the pin is forced by the 5P to be an input, the pull-up can stlll be
controlled by the PORTBE4 bit,

* AIN1/OCOD - Port B, Bit 3

AlM1, Analog Comparator Megative inpul. Configurs the port pin as input with the Inter-
nal pull-up switched off to avoid the digital port function from interfering with the function
of the Analog Comparator.

CCO, Cutput Compare Match output: The PB3 pin can sarve as an external output for
the TimerGountard Compare Match. The PB3 pin has to be configured a5 an outpu
{DDB3 set (one)) to serve this unction. The OCD pin is also the cutput pin for the PWIM
rmode timer function.

+ AINO/INTZ - Port B, Bit 2

AIND, Analog Comparator Posltive Input. Genfigure the port pin as input with the intemal
pull-up switched off to avoid the digital port function from interfering with the function of
the Analog Comparator.

INT2, External Interrupt Sourca 2: The PB2 pin can serve as an external Iintarrupl
source to the MCLL.

« T1-Port B, Bit1
T1, TimarCountarl Counter Source.
« TOWXCK —Port B, Bit0

TO, Timer/Counterd Counter Source.

XCHK, USART External Glock. The Dala Direction Register {DDBQ) eontrols whether the
clock iz output (DDBO set) or input (DDBO cleared). The XCK pin is active only whan the
USART operates in synchronous mods.

Table 27 and Table 26 relate the alternate functions of Port B to the overriding signals
shown In Figure 26 on pags 56. SPI MSTR INPUT and SPI SLAVE OUTPUT constitute
the MISO signal, whils MOSI Is divided Into SPI MSTR CUTPUT and SPI SLAVE
INPUT.

AT MG A8 535 L) s
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'mate Functions of Port C

Table 27. Overriding Signals for Altemnate Functions in PE7..PB4

f&?m":j | PR7ISCK PBEMISO PBSMOSI PBA/SS
PUOE | SPE=MSTR | SPE-MSTR ' SPE«MSTR SPE « MSTR
FUQV | POFTB?-PUD | PORTEE - FUD | PORTES - FUD PORTB4 » PUD
DDOE | SPE=NSTR SPEsMSTR | SPE«NISTR SPE« WMSTH
DDV | 0 o o
PVOE | SPE-MSTR | SPE-MSTR | SPE-MSTR 0
PVOV | SCKOUTPUT | SPISLAVE QUTPUT | SPI MSTROUTFUT | D
DIECE | 0 o 0 s |
DIEQW [ a i 0 a ]
Dl SCKINPUT | SPIMSTRINPUT | SPISLAVEINPUT | SPISS
AC | - - - =

Table 28. Overriding Signals for Altemate Functions in PB3. PRO
Signal
Name | PBIOCO/AINY | PB2/INT2/AING PB1/T1 PBOTAXCK
PUCE |0 0 0 0
PUOV |0 0 0 o
DDOE | 0 0 0 a
Doov | 0 0 q 0
PVOE | OCOENABLE | O 0 UMSEL 2
PVOV | OCo 0 0 XCK QUTPUT
DIEOE INTZENABLE | @ 0
DIEOY ‘ [ 1 lo 0
DI E INTZ INPUT | T1 INPUT XCK INPUT/ TO

| iNpUT

A0 | ANTINPUT | AINOINPUT Z g e

The Port C pins with altermate functions are shown in Table 29.

Table 28. Port C Pins Allermnata Functions

Port Pin Alternate Function
PC7 | TOSC2 (Timer Oscillator Pin 2)
PCG TOSCA (Timer Cecillator Pin 1)
PG SDA (Two-wire Serial Bus Data InputiOutput Line)
PCO SCL (Two-wire Serlal Bus Clock Line)

The altemate pin configuration is as follows:

« TOSC2-Port G, Bit7

HE-AVA-DH0G
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TOSC2, Timer Oscillator pin 2: When the AS2 bit in ASSH |2 261 {one) 10 enable asyn-
chronous clocking of Timern/Countar2, pin PCT is dizconnected from the port, and
becomes the inverting output of the Osclllator amplifier. In this mode, a crystal Osclilator
Is connectad o this pin, and the pin can not be used as an KO pin.

* TOSC1-PortC, Bit6

TOSC1. Timer Osclliator pin 1: When the AS2 bit in ASSH i= set (one) 1o enable asyn-
chronous clocking of Timer/Counter2, pin PCE Is disconnected from the port, and
becomes the Input of the inverting Csclllator amptifier. In this mode, a crystal Oscillator
is connected to this pin, and the pin can not be used as an 110 pin,

= SDA - Port C, Bit 1

SDA. Two-wire Serlal Interface Data: When the TWEN bit in TWCR is set {(one] to
enable the Two-wire Saral Interface, pin PC1 Is disconnected from the port and
becomes the Serlal Data /O pin for the Two-wire Sarial Interface. In thiz mode, there s
a spike filter on the pin to suppress spikes shorter than 50 ns on the input signal, and the
pin l& driven by an open drain driver with slew-rate limitation. When this pin is used by
the Two-wire Serial Interface, the pull-up can stlll be controllad by the PORTCT bit.

* SCL—-PortC, Bit 0

SCL, Two-wirs Serial Intarface Clock: When tha TWEN bit In TWCR is set {ong) to
gnabie the Two-wire Sarial Interface, pin PCO is disconnected from the port and
bacomes the Serial Clock 11O pin for the Two-wire Serial Interface. In this mode, thera is
a spike filtler on the pin to suppress spikes shorter than 50 ns on the input signal, and the
pln is driven by an open drain driver with slew-rate limitatlon. When this pin (s used by
the Two-wire Saral Interface, the pull-up can still be controlled by the PORTCO bit.

Table 30 and Table 31 relate the alternate functions of Port C to the overriding signals
shown in Figurs 28 cn page 56.

Table 30. Overriding Signals for Alternate Functions in PC7..PCE

Signal Name PCHTOSC2 PCAMOSEC

PUOE AS2 AS2

PUOV o _ o

DDOE AS2 AS2 _

opov |o ' ol
PVOE D B

PVOV 0 _

DIEOE AS2 - AS2

DIEQY o ' 0 -

Dl - T = i
AID | Tic20SCOUTPUT T2 OSC INPUT




Table 31. Overriding Signals for Altemate Functions in PC1..PCOY
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Signal Name PC1/SDA PCO/SCL

FUDE TWEN TWERM

PLOV POATC1 - PUD PORTGO - PUD

DDOE TWEN TWEN

DDOV SDA_OUT SCL_OUT

PVOE | Twen TWEN

PVOV 0 o

DIEQE 0 D
DIEOV 0 0 -_
o = = -

AIO SDA INPUT SGL INPUT a

Mote: 1. When emabled, the Two-wire Serial interface enables slew-rate conrols on the output
ping PCO and PC1, This is not shown in the figure. In addition, spike filters ane con-
nected betwaen the AID outputs shown in the port figure and the digital logic of the
TWI module,

rngte Functions of Port D The Port D pins with altemate functions are shown in Table 32,

Tahle 32. Pant D Pins Altemate Funclions

Port Fin Alternsts Function
PC7 QG2 (TimerCounter2 Quipiet Compare Match Output)
PDAE ICP1 (TimerCountar? Input Captura Fin} e
PD5 OG1A (Timer/Counter! Output Compare A Match Cutput) Y
PD4 OC1B (TimerCounter! Output Compare B Mateh Cutput)
PDA IMNT1 (External Imterrupt T Input)
PD2 INTO (External Interrugt O Input) N
PO TXD (USART Output Pin}
POD RXD (USART Input Fin)

Tha altemate pin configuration iz as follows:

= OC2Z-PortD, Bit7

002, Timer/Counter2 Output Compare Match cutput: The PD7 pin can serve as an
external output for the Timer/Counter2 Output Compare. The pin has to be configurad
as an output (DDD7 set (one)) to serve this function. The OC2 pin is also the output pin
for the PWM moda timer function.

= |CP1 - Port D, Bit &

ICP1 — Input Capture Pin: The PDB pin can act as an Input Capture pin for
Timar/Counteri.

« DC1A-Port D, Bits

QC1A, Output Compars Maich A output: The PD5 pin can serva as an external output
for the TimerCounter! Output Compare A. The pin has to be configured as an output

ATNEL .
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(DDDE zet {one)) to serve this function, The OC1A pin is aleo the output pin for the
PWh mode timer function.

= OC1B —Port D, Bit 4

OC1B, Output Compare Match B output: Tha PD4 pin can serve as an external oulput
for the Timar/Countar1 Output Compare B. The pin has to be configured as an output
{DOD4 et {one)) to =erve this furction. The QCAB pin is also the output pin for the
P mode timer function.

= [NTY -Port D, Bit 3

INT1, External Interrupt Scurce 1: Tha PD32 pin can sarve as an extamal Intarmupt
source.

= |NTO - Port D, Bit 2

INTO, External Interrupt Source 0: The PD2 pin can serve as an external Interrupt
Source.

« TXD-Poart D, Bit 1

TXD, Transmit Data (Data output pin for the USART). When the USART Transmitier is
enabled, this pin is configured as an output regardiass of the value of DDDA.

« A¥D -Port D, BitD

RXD, Recelve Data (Data input pin for the USART). When the USART Receiver is
onabled this pin is configured as an input regardless of the value of DDDO. When the

USART forees this pin to be an input, the pull-up can still be controlled by the PORTDO
bit,

Table 33 and Table 34 relate the altemate functions of Port [ to the overdding signals
shown in Figure 26 on page 56.

Tahie 33. Owemding Signals for Atternate Functions PD7. P04

Signal Name | PD7/0C2 PDG/CP1 | PDSIOC1A PDA/OCIE
PUCE 0 0 ‘0 | o i
PLOV 0 0 0 Lo )
DDOE o 0 0 i)

DDOV D 0 D ‘0

PVOE OCZEMABLE | 0 OCIAENABLE | OG1B ENABLE
Pvov oce 0 OC1A octB

DIEOE 0 0 |

DIEQV o 0 i .

DI = ICP1 INPUT | - =

AID = = | - o

ATmega8535(L.)  mum————————————
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jister Description for
Ports

A Data Reglster - PORTA

' A Data Directlon Register
JRA

t A Input Pins Address —
A

t B Data Register - PORTB

t B Data Direction Reglster
DRB

AG-AVF-0405

Table 34. Overrding Signals for Alternate Funetions in PD3..PDO

Signal Mame PDYINTI PD2ANTD PO/TXD PDORXD
PUCE 0 1] TKEN RXEN
- 2
PUOV 0 |0 |0 POATDO » FUD
DDOE 0 o | TXEN RXEN
DDOV 0 0 |1 o
PVOE 0 0 | TXEN 0
PYOV 0 0 | TXD 0
DIEOE | INT1ENABLE | INTOENABLE | 0 0
H 'I T -
DIEOY | 1 E 0
Bl | INT1 INPUT INTO INPUT = RXD
AIO f— - - _
Bit T G 5 4 3 2 1 Q
PORTAT PORTAS PFONTAS FORTA4 PORTAI PORTAZ PRORETAY POATAD PORTA
ResciWilie AW AW AW AW AW R R R
Initlsl Value i 1] i) o 4] i o i]
Bit T g 5 X ] 2 1 o
DDA7 | DDAG | ODAS | DDA4 | DDAZ | DDAZ | DDA1 | DDAD | DDRA
FeadWite  PW  aW AW AW AW AW AW AW
Inftlel Value 0 i) a a L n o 0
Bt T 2 5 4 3 2 1 1]
| PiHAT | PINAE | PINAS [ FiNAZ | PINAZ | PINAZ | PINA1 | PINAD | Alka
ReadWrits A R ) El B A R A
Inital Value WA A o Nk NiA N NiA NeA
B 7 & LS 4 a & 1 a
FORTET | POATRE | POATES | PORTEM | PORTED | POATEZ m FORTH
ReadWritn AW R o =T AW T A
Imikin WA he 1] 0 il a o ¥ a L]
Bit 7 ] 8 4 3 2 1 L]
DDB7 | DOB6 | 0OBs | DDB4 ODRE
ReadWrte  ROW AW AW W AW A AW AW
Inrtial Walus 0 a o 4] o a Q o

AIMEL "
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B Input Pins Address -

3 Bi T [ 5_ ¢ 3 2 1 o
| PINBT | PMBE j PiNBs { PiNBES | PFiNE3 | PiNG2 | PikE1 | PikBO | PiNE

ReadiWa =] =] =] =] E] B [=] 5]

Initial Valua Win NA MR MR MiA B A W&

C Data Register - PORTC

Bit ¥ & 5 4 3 2 1 o
| Pomtc7 | PoICs | PORTCS | PORTCA | PORTCY | PORTCZ | PORTCY | PORTCO | PORTE
FeadWite  RW e AW RW R R AW RN
intdal Value o o o o o o o o
C Data Direction Register
IRC Bit T B 5 4 3 2 1 o
| oocr | ooce | bocs | oboca | bocs | boca | DDci | DDCO | DDRC
Readitrie R AN AW R AW AW RV R
Imiflad Value Q o ] 1§ O J 2 1]

G Input Pins Address -
LY Bit il

i T ] 5 4 i o 1
| PINC7 | PINCB | PINCS | PINCA | PRNC3 | PINCZ | PINCT | FINCD | FiNC
A A ) H A A A

FraadiWrie H
Inlilal Vehe (S (e M, M ) hii P M
. D Data Register - PORTD
Bit 7 ] ] 4 8 2 1 ]
[FORID? | PORTDN | PORTDS | FORTOA | FORTDD | FORTDR | FORTDY | FOWIDR | POATD
Frandrie A R P P R AW R AW
Iitiad Viaslue: a o o [ [} 0 2 o
:D Data Direction Reglater
IRD Bit 7 ;] & 4 3 2 1 ]
DDO7 | DODS | ODES | DOG4 | DOD3 | GOD2 | DDOW | ooDO | OODRD
FeadWriie A AW E.'W Eh'_'u'.l' R AN A Fri
Iritial Vol o o a a & a o ]
t D Input Pins Address —
D Bif 7 b -3 _4 3 z 1 ]
[TFWo7 | PiNoe | Pinos | PikGa | PiGs | MNDa2 | PINCT | PINDO | PiND
FraadiWris R A R A R R E] A
Imifliial W MiA ML L) e bl MAA MiA L)

AT M©G28'5:3 5 L) s
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ernal Interrupts

J Control Register -
JCR

s ATNEL
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The Extarnal Interrupts are triggered by thie INTO, INT1, and INTZ2 pins. Observe that, if
enabled, the Interrupts will trigger even if the INT0..2 pins are configured as outpuls.
Thizs featurs provides a way of generaling a software interrupt. The External Interrupts
can be triggered by & faling ar rising edge or a low level (INT2 is only an edge triggered
interrupt). This is set up ag indicated in the gpecification for the MCU Control Hegister =
MCUCR and MCU Control and Status Reglster — MCUCSR. When the External inter-
rupt is enabled and is configured as level triggered (only INTOANTI), the interrupt will
trigger as long as the pin is held low. Note that recognition of faliing or rising edge [nter-
rupts on INTO and INTH requires the presence of an WO clock, described in “Clock
Systems and thelr Distribution” on page 22. Low level interrupts on INTO/AINT1 and the
edge Interrupt on INT2 are delected asynchronously. This implies that these Interrupts
san be used for waking the part also from slesp modses other than |die mode. The /O
clock is halted in all sleap modes except ldle mode.

Note that if a leve! tnggered interrupt is used for wake-up from Fower-down mode, the
changed level must be held for some time to wake up the MCU. This makes the MCU
|ess senshtive to nolse. The changed level is sampled twice by the Watchdog Oscillator
clock, The period of the Watchdog Oscillator is 1 ys (nominal) at 5.0V and 25°C, The
frequsncy of the Watchdog Oscillator is voltage dependent as shown in “Electrical Char-
acterstics” ah page 253. The MCU will waks up it the Input has the required level during
this sampling or if It is held until the end of the start-up time. The stan-up time is dafined
by the SUT Fuses as described in "Systemn Clock and Clock Optiens” on pape 23. If the
lavel is samplad twice by the Watchdog Osclllator clock but disappears before the end
of the start-up time, the MCU will still wake up, but no interrupt will be generated. The
raguired level must be held long encugh for the MCU to complete the wake up to trigger
the leve! Interrupt.

The MCU Control Register contains control bits for interrupt sense control and general
MCU functions.

Bl 7 L 5 4 3 2 1 i

SWI ] S | oW1 | oW | BCiT | e | /ooi | Feow ] Mcuch
Head'Writa Ry A AW AW R R A R
Initlal Velug a [+ ] Q ] 4] a o

« BIt3,2-1SC11,1SC10: Interrupt Sense Control 1 Bit 1 and BR O

The Extemnal Intarrupt 1 is activated by the extemal pin INT1 if the SREG J-bit and ths
corresponding interrupt mask in the GICR are set. The level and edges on the extarnal
INT1 pin that activate the internipt are defined in Table 35. The value on the INT1 pin is
samplad before detecting edges. It edge or togale interupt s selectad, pulses that last
longer than one clock period will genarate an interrupt. Shorter pulses are not guaran-
teed to generale an interrupt. If low level interrupt is selected, the low level must be held
uritil the completion of the currently executing instruction to generate an intarrupt.

Table 35, |ntarrupt 1 Sense Control

I5C11 ISC10 | Description
0 o The low leval of INT1 generates an intarrupt request. -
1 .ﬁ.n-y Ingical change on |f~?T1 ganar;ma an interrupt request _
1 0 | The falling sdge of INT1 genarates an interrupt request.
1 g The riging adge of INT1 generates an inte.r;l.;pt request. -

= Bit1,0-ISC01, ISCO0: interrupt Sense Control 0 Bit 1 and B0




| Control and Status
later - MCUCSR

ieral Intermipt Control
jister — GICR

AImEL

The External Interrupt 0 is activated by the external pin INTO If the SREG |-flag and the
corresponding interrupt mask are sat. The level and edges on the extemnal INTD pin that
activate the interrupt are defined in Table 36. The value on the INTO pin is sampled
before detecting edges. H edge or togole intarrupt s selected, pulses that last longer
than one clock percd will genarate an Interrupt. Shorar pulses are not guarantesd to
generata an interrupt, If low level interrupt is selected, the low level must be held until
the completion of the currently execuling instruction to generate an interrupt.

Table 36. Interrupt O Sense Cantrol

ISC01 | ISGOD | Description
] 0 Tha low leval of INTO genarates an intarrupt requast.
1] 1 Amy lngical changa on INTD generates an interrupt request:
1 1] The faling edge of INTO genarales an intamupt request.
1 1 The riglng edge of INTD ganeratas an intarrupt requaest.
Bit 7 B 5 4 3 2 1 a
I - | w2 | = [ = [ WORF m1mjmﬁr|mcucsﬂ
Reaciwrite AW RAV A W W W AW AW
Iniial Walue a o a Zoa Bit Deaciption

= BHI 6 - ISC2: Interrupt Sense Control 2

The asynchronous Extemal Interrupt 2 is activated by the extamal pin INT2 If the SREG
I-bit and the corresponding Intermapt mask in GIGA are set, I 1SC2 is written 1o zero, a
falling edge on INTZ actlvates the interrupt. If ISC2 is written to one, a rising edge on
INTZ activates the interrupt. Edges on INT2 are registered asynchronously. Pulses on
INTZ wider than the minimum pulse width given in Table 37 will genarate an Interrupt.
Shorter pulses are not guarantsed to generate an interrupt. When changing the 1SC2
bit, an intermupt can cocur. Tharefore, itis recommended to first disable INT2 by clearing
its Interrupt Enabla bit in the GICR Register. Then, the ISC2 bit can ba changed. Finally,
the INT2 Interrupt Flag should be cleared by writing a togical one to its Interrupt Flag bit
{INTFZ} in the GIFR Register before the Interrupt Is re-snabled.

Table 37. Asynchronous Extarnal Interrupt Characteristics

Symbal | Parameter mMin Typ | Max | Units
Minimum pulse width for asynchronous extemal £n
T ; ns
interrupt i

Bt 7

§ =) 2
W | WE | - - ] -] WEEL | WcE | oica
FreadWrie A AW Lo A A [E] P R
Initial Value o a o o ¥} o [t} a

« Bit 7 - INT1: External Interrupt Request 1 Enable

When the INT1 bit Is set {one) and the |-bit in the Status Register (SREG) is set {one),
the extarnal pin interrupt is enabled. The Interrupt Sense Control1 bits 1/0 (18C11 and
ISC10) in the MCU General Gontrol Register (MCUCR) define whether the external
Interrupt is activated an the rising andfor falling edge of the INT1 pin or level sensed.
Activity on the pin will cause an interrupt request even if INT1 |s configured as an output.

ATmega8535(L) L
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eral Interrupt Flag
Ister — GIFR

The corresponding interrupt of External Interrupt Request 1 is exescuted from the INTH
Interrupl Vector.

= Bit 6 — INTO: External Interrupt Request 0 Enable

When the INTO bit is set (one) and the |-bit in the Status Register (SREG) is set (one),
the external pin interrupt iz enabled. The Interrupt Sense ControlD bits 140 (1SC01 and
ISC00) in the MCU General Control Register (MCUCR) define whether the axtarnal
intarrupt is activated on rising and/or falling edge of the INTO pin or level sensed. Activity
on the pin will cause an intemupt request even It INTQ |2 configured as an output. The
corresponding intermupt of External Intermupt Request O is exscutad from the INTO Inter-
rupt Vector,

+ Bit5-=INT2: External Interrupt Reguest 2 Enable

When the INT2 blt is set {one) and the I-bit In the Status Fegister (SREG) is set (one),
the external pin interrupt Is enabled. The Interrupt Sense Conirol2 bit (ISCZ) in the MCL
Control and Status Reglster (MCUCSRA) defines whathar the external interrupt is acti-
vatad an the rising or falling edge of the INT2 pin. Activity on the pin will cause an
Interrupt request even if INT2 is configured as an outpul. The corresponding Interrupt of
Extornal Interrupt Request 2 is executed from the INT2 Interrupt Vectar.

i1 T & B 4 3 2 1 0
DEEEEEELCE T e e e

Raad\Write R A Fw A ] R R A

Inftial Walua 4] 0 a o o a 1] Q

* Bit7—INTF1: External Interrupt Flag 1

When an edge or logic change on the INT1 pin triggers an interrupt request, INTF1
becomes set {one). If the I-bit in SREG and the INT1 bit in GICH are set (ong), the MCL
will jJurnp to the corresponding Interrupt Vector. The flag is cleared when the Interrupt
routine is exscuted. Altematively, the flag can be cleared by writing a logical cna fo It
Thig flag iz always cleared when INT1 is configurad as a level intarrupt.

+ Bit 6 — INTFD: External interrupt Flag 0

When an edge or logie change on the INTO pin triggers an interrupt requast, INTFQ
becomes sat (enae). If the 1-bit in SREG and tha INTD bit In GICGR are set {one), the MCU
will jump to tha corresponding Interrupt Vector. The flag Is cleared when the interrupt
routine is executed, Altematively, the flag can be cleared by writing a logical one to L.
This flag is always cleared when INTO is canfigurad as a level interrupt.

» Bit & — INTF2: External Interrupt Flag 2

\When an event on the INT2 pin triggers an interrupt request, INTF2 becomes set {one),
If the 1-bit In SREG and the INT2 bit in GICR are set {one), the MCLU will jump to the cor-
respanding Interrupt Vector, The flag is cleared when the interrupt routine is executed.
Altammatively, the flag can be cleared by writing a logical one to it. Note that whan enter-
ing some sleep modes with the INT2 interrupt disabled, the input buffer on this pin will
be disabled. This may cause a logic change in intarnal signals which will set the INTF2
Flag. See *Digital Input Enable and Sleap Modas” on page 54 for more information.

—m 58
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Timer/Counterl is a general purpose, single channel, 8-bil Timer/Counter module. The
main features ares.

s Single Channal Countar

* Clear Timer on Compara Maitch (Auto Relpad)

Gllich-free, Phase Comect Pulse Width Modulator [PYWh}

* Frequancy Genarator

* Extarnal Evant Counter

* 10-bit Clock Prescaler

* Owerflow and Compare Match Interrupt Sources (TOV0 and OCFO}

A simplified block diagram of the 8-bit Timar/Caunter |5 shown In Figure 27. For the
actual plagement of VO pins, refer to “Pinout ATmegaB535" on page 2, CPU accessible
YO Registers, including 'O bits and I/O pins, are shown In bold. The device-specific 'O
Register and bit locations are listed In the *B-bit Timen'Counter Register Description” on

page B2

Figure 27, 8-bit Timar/Counter Block Diagram
A

TOVn
— = {hne e,
Clock Selacd
Edps L
[ : Detecior n
0] { From Prescaler )
|
o
= — . OCn
g (e Fe.)
Wawakorm
b—
Ganamation ocn

The Timer/Countsr (TCNTO) and Quiput Compare Reglster (OCRQ) are 8-bit registers.
Interrupt request (abbreviated to Int.Req. in the figure) signals are all visible in the Timer
Interrupt Flag Register (TIFA). All interrupts are individually masked with the Timer
Interrupt Mask Register (TIMSK). TIFR and TIMSK are not shown in the figure since
these registars are shared by other timer units.

The TimerCounter can ha clocked intemaily, via the prescaler, or by an extarmal clock
source on the TO pin. The Clock Select logic block controls which clock source and edge
the Timer/Counter uses to increment (or decrament) ts value. The Timer/Counter is
inactive when no clock source |5 selected. The output from the Clock Select logic is
referred to as tha timer clock (clkg).

ATMegad535(L.)  mmm—————————————
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The double buffered Output Compare Repister (OCRO) is compared with the
TimarCounter value ar all times, The result of the compare can be used by the Wave-
form Generator to generata a PWM or varlable frequency oUtput on the Cutput Gompare
pin {OC0). See “Cutput Gompare Unit" on page 72. for delalls. The Compare Match
evant will also set the Compare Flag (OGFO) which can be used to generate an output
cimpars Interrupt reguest.

ritlons Many register and bit refarences in this document are written in general form. A lower
case 'n" replaces the Timar/Counter number, in this case 0. However, when using lhe
ragister or bit defines in a program, the precise form must be used, i.e., TCNTO for
accessing Timer/Counterd counter value and so on.

The definitions in Table 38 are also used exlensively throughout the document.

Tabie 38. Definitions
BOTTOM | The counter reaches the BOTTOM whean It becomes Ox00.
MaX The counter reaches ts MAXimum when it becomes DxFF (decimal 255).

TOP The zountar reaches the TOP whan it becomes aqual 1o the highes!
value in the count sequance. Tha TOP valua can ba assigned to be the
fixed value OxFF (MAX) or the value storad In the OCRO Hegister. Tha
assignment is dependent on the mode of operation.

ier/Counter Clock The Timer/Counter can be clocked by an intemal or an extemal clock source. The clogk
irees source |s selected by the Clock Select logic which Is controlled by the clock select
{C502:0) bits located in the Timer/Counter Contrel Register (TCCRO). For details on
clock sources and prescaler, see "Timer/CounterD and Timer/Counter1 Proscalers™ on

page 86,

unter Unit The main part of the 8-bit Timer/Counter is the programmable bi-directional countar unit.
Figure 28 shows a block diagram of the counter and its surroundings.

Figura 28. Counter Unit Block Diagram

TOWn
DATA BUS [ ki)

; [ Clock Saloct

count i Edeger = Tn
chear "T"‘Tn L
TCHNTR bl Confral Logc |
g —————— ey
| From Prescaler )

Signal description (internel signals):
count Incrament or decrement TONTO by 1.
directlon  Select batween incrament and decrement,
clear Clear TCNTO {set all bits bo zero).
cllcr,, Timer/Counter clock, referred to as olky, in the following.

—‘ 71
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top Signalize that TCNTD has reached maximum value,
bottom Signalize that TCNTO has reached minimum value (2ero).

Depending of the mode of operation used, the counter is cleared, incremented, or dec-
remented at each timer clock (Clkp,). clkm can be generated from an extemal or internal
clock source, selected by the Clock Salect bits (CS02:0). When no clock source is
selected (CS502:0 = 0} the timer |s stoppad. However, the TCNTO value can be accessed
by the CPU, regardiess of whether clky, is present or not. A CPU write overrides {has
pricrity ovar} all countar clear or count oparations.

The counting sequance is detarmined by the setting of the WGMO1 and WGMOO bits
located in the Timer/Gounter Control Registar (TCCRO). There are close connections
hetween how the counter behaves (counts) and how wavelorms are ganerated on the
cutput compare ouwtput OG0, For more details about advanced counting sequences and
waveform generation, see *Modes of Operation” on page 75,

The Timer/Counter Overflow Flag {TOVD) is set according to the mode of operation
selected by the WGMO1:0 bits. TOVO can be used for generaling a CPU interrupt.

The 8-bit comparatar continuously compares TCONTD with the Output Compare Registet
(OCRO). Whenever TCNTO aquals CCRO, the comparator signals a match. A match will
set the Output Compare Flag (OCF0) at the naxt timer clock eycle. If enabled (OCIED =
1 and Global Interrupt Flag in SREG is sal), tha Qutput Compare Flag generates an out-
put compare interrupt. The OCFO Flag is automalically cleared when the interrupt is
executed. Altematlvely, the OCFO Flag can be cleared by software by writing a logical
one to its 170 bit location. The Waveform Generator uses the match signal to generate
an output according to aperating mode set by the WGEMGO1:0 bits and Compare Qutput
mode {COM01:0} bits. The max and bottom signals are used by the Waveform Genera-
tat for handling the special cases of the extroma values n some modes of operation
(Sga “Modas of Oparation” on page 75.).

Figure 28 shows a block diagram of the autpur compare unit.

Figure 28. Output Compare Unit, Block Dagram

t DATA BUS I i
OCEn TCMTn
| = {a-hit Comparater ) |
OCEn (IntReg.)
e R
Y

L LR
BOMDM __pt  Waveform Generator |l gen
FOCH

WGMA1:0 COMRn1:0
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¢ Qutput Compare

ipare Match Blocking by
TO Write

1g the Output Comparea

The OCRO Register is double buffered when using any of the Pulse Width Medulation
(PWM) modes, For the normal and Clear Timer on Compare (CTC) modes of operation,
the doubls buffering Is disabled. The double buffering synchronizes the update of the
QCRO Compare Fegister ta alther top or bottom of the counting sequence. The synchro-
nization prevents the occurrence of odd-length, non-symmetrical PWM pulses, thereby
making the output glitch-fres.

The OCRO Reglster access may seem complex, but this Is not the case. When the dou-
ble buffering is enabled, the CPU has access to the OCRO Buffer Register, and if double
butfering is disabled the CPU will access the OCRG directly.

In nan-PWM waveform generation modes, the mateh output of the comparator can be
fareed by writing & ona to the Force Output Compare (FOGD) bit. Farcing Compara
Match will nat set the OCFO Flag or reload/clear the timer, but the OCO pin will be
updated as it a real Compare Match had occurred {the COMO1:0 bits settings define
whethear the QCQO pin is set, cleared or toggled).

All CPU write operations to the TCNTO Register will block any Compare Match that
sceur In the next timer clack cycls, aven when the timer |e stopped. This featura aliows
OCRO to be Initlalized to the same value as TONTO without triggering an interrupt when
the TimerCounter clock is anabilad.

Since writing TCNTO In any mode of operation will block all compare matches for one
timer clock cycle, there are risks involved when changing TCNTO when using the output
compare channel, Independently of whether the Timer/Counter is running or not. If the
valus writter to TCNTO equals the OCRO value, the Compare Match will ba missed,
resulting in incorrect waveform generation. Similarly, do not write the TCNTO valua
equal to BOTTOM when the counter is down-counting.

The setup of the OCO should be performed before setting the Data Direclion Ragister for
the port pin to output. The easiest way of setting the GCO value Is to use the force output
compare (FOCO) strobe bits in hormal mode, The OCO Register keeps its value even
when changing between Waveform Generation modes.

Be awara that the COMO01:0 bits are not double buffered together with the compars
value. Changing the COMO1:0 bits will take effect immediately.

EE—————=e——————— m!L. 73
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mpara Output Mode and
veform Generation
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The Compare Cutput mods (COMO1.0) bits have two lunctions, The Waveform Genera-
tor uses the COMD1:Q bits for defining the Output Compare (OCD) state at the next
Compare Mateh. Also, the COMO1:0 bite control the OCO pin output gource. Figure 30
shows a simplified schematic of the logic affected by tha COMD1:0 bit satting. The /O
Registers, 110 bits, and 1/0 pins in the figure are shown I bold. Only the pans of the
general IO Part Control Registers (DDA and PORT) that are affected by the COMO1:0
bitz are shown. When referring to the OGO siate, the relerence |s for the internal QGO
Registar, not the OC0 pin. If & System Reset occur, the OCO Feglster is reset to "0".

Figure 30, Compare Match Output Unit, Schematic

=

COMn1 ———j
COMO Wavatarm D O
eoce | Generator
% 21 [66n
OCn " Pin
&
l = 0
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of 1|
o POAT
=
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(=} 8 D 0 i
B
Y DDR
le.c,

The genaral /O port function is ovarriddan by the Output Compare (OCO0} from the
waveform genarator if aither of the COMO1:0 bits are get. However, the OCO pin dirsc-
tion (input or output) is still controlled by the Data Direction Register (DDA for the port
pin. The Data Diraction Asgister bit far the OGO pin (DDR_OGCO) must be set as output
before the OGO value I3 visible on the pin. The port override function is independent of
the Wavefomm Generation mode.

The design of the output compare pin logic allows initialization of the OCQ state bafore
the output is enabled. Note thal soma COMO1:0 bit settings are reserved for certain
modes of operation. See *8-bit Timer/Counter Register Description” on page 82.

The Waveform Genarator usas the COMO1:0 bits differently In nomal, CTC, and PYWM
modes. For all modes, setting the COMO1:0 = 0 tells the Waveform Generator that no
actlon an the OCO Register is to be performed on the next Compare Match. For com-
pare outpul actlons in the non-PWM modes refer o Table 40 on page 83. For fast PWM
mode, refer to Table 41 on page 83, and for phase correct PWM rofer to Table 42 on
page 83,

A change of the COMO1:0 bits state will have effect at the first Compara Maich after the

hits are wiitten. For non-PyWIi modes, the action can be forced 1o have immediate effect
by using the FOCQ strobe bits.

ATmegaB535(L) m—————
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les of Operation The mode of operation, |.e., the behavior of the Timer'Counter and the putput compare
pins, is defined by the combination of the Waveform Generation mode (WGMO01:0) and
Compare Dutput mode (COMO1:0) bits. The Compare Output mode bits do not affect
the counting sequance, whlia tha Wavelorm Generation made bitg do. The COMO1:0
bits contral whether the PWM output genarated should be Inverted or not (inverted or
non-nverted PYWM). For non-PWh modes the COMO1 0 bits control whether the output
should be set, cleared, or toggled at a Compare Match (See “Compare Match Output
Unit" on page 74.),

For detalled timing information refer to Figure 34, Figure 35, Figure 36, and Figurs 37 in
"TimarCounter Timing Diagrams™ on page 79.

nal Mode The simplest mode of operation is the Mormal moda (WGMO1:0 = 0). In this mode tha
counting direction is always up {ncramenting), and no counter clear is performed. The
countar simply overruns when it passes its maximum 8-bit value (TOP = 0xFF) and then
restarts from the bottom {0x00). In hormal operation the Timer/'Counter Owvarflow Flag
{TOVO) will be set in the same timer clock cycle as the TCNTO bacomes zero. The TOVD
Flag in this case behaves llke a ninth bit, except that itis only set, not cleared. However,
combinad with the Timer Overflow interrupt that automatically clears the TOVA Flag, the
timar resolutlan can be increased by softwara, There ara no speclal cases o consider in
the normal mode, a new counter value can be writtan anytims.

The cutput compare unit can be used to generate Interrupts at some given time, Using
the output compare o generate waveforms in Normal mode is not recommended, since
this will eccupy tao much of the CPU time.

r Timer on Compare In Clear Timer on Compare or CTC mode WGMO01:0 = 2), the OCRO Registeris used to

h (CTC) Maoda manipulate the counter resolution. In CTC mode the counter is cleared to zero when the
eountar value (TCNTD) matches the OCRO. The OCRO defines the top value for the
counter, hence also its resolution. This mode allows greater control of the Compare
Match output frequency. It also simpifies the operation of counting extemal events.

The timing diagram for the CTC mode is shown in Figure 31, The counter value
(TCNTG) increases until a Compare Match occurs between TCNTO and OCRO, and then
counter {TCNTC) |5 clearad.

Figure 31. CTC Made, Timing Diagram
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An interupt can ba generated sach time the counter value reaches the TOF value by
using the OCF0 Flag. If the interrupt is enabled, the interrupt handier routine can be
used for updating the TOP valug. However, changing TOP to a valua close to BOTTOM

ATmEL m

-AVR-04T5




PWM Mode
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when the counter is running with none or a low prascaler valua must ba dona with care
sinee the CTC mode does not have the double buffering feature, If the new value writtan
to OCRO is lower than the cumrent value of TGNTO, the counter will miss the Compare
Match. The counter will then have 1o count to its maximum value (0xFF) and wrap
around starting at Cx00 before the Compare Match can oceur,

For generating a waveform output in CTC modea, the OCO output can be set 1o toggle its
logical level on each Compars Match by setting the Compare Cutput mede bits to toggle
mode (COMO1:0 = 1). The OCO valus will not ba visible on the port pin unless the data
direction for the pin is set to output. The waveform generated will have a maximum fra-
quency of fgag = o _uo/2 when OCRO Is set to zero (0x00). The waveform frequency is
defined by the following egquation:

- Tew_io

YO0 T 3UN (14 0CRy)

The "N"varlable represenis the prescals factor (1, 8, 64, 256, or 1024).

As for the nermal mode of operation, the TOVO Flag is set in the same timer clock cycle
that the counter counts from MAX to 0x00.

The fast Pulse Width Modulation or fast PWM mode (WEMO1:0 = 3} prowvides a high fre-
quency PWM wavetorm generation option. Tha fast PWM diffars from the cther PWM
option by its single-slope aperation. The counter counts from BOTTOM to MAX then
restarts from BOTTOM. In nen-inverting Compara Cutput moda, the Output Compare
{OCD0) is cleared on the Compare Match between TCNTO and OCRO, and set at BOT-
TOM. In inverting Compare Qutput mode, the output is set on Compare Match and
clearad at BOTTOM. Due to the single-siope operation, the operating frequency of the
fast PWM mode can be twice as high as the phase correct PWM mode that use dual-
slope operation. This high frequency makes the fast PWM mode well suited for powar
regulation, rectification, and DAC applications. High frequency allows physically small
gized axtemnal components (coils, capacitors), and tharefore reduces total systom cost,

In fast PWM mode, the counter is incramented until the counter value matches the MAX
valua. Tha countar is then clearad at the following timer cleck cycle. The timing diagram
for tha fast PWM mode is shown in Figure 32, The TCNTO value is in the timing dlagram
shown as a histogram for lllustrating the single-siope operation. The diagram Includes
non-nverted and Invertad PWM outputs. The small horizontal line marks on the TCNTO
slopes represent compare matchas belween OCRO and TCNTO.

ATIME G553 5 L) 00—
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Flgure 32. Fast PWM Mode, Timing Diagram
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The Timer/Counter Overflow Flag (TOWVQ) Is set each time the counter reaches MAX, If
the interrupt is enabled, the interrupt handler routine can be used for updating the com-
pare value.

In fast PWM mede, the compare unit allows generation of PWM waveforms on the OCO
pir. Setting the COMO1:0 bits to two will produce a non-inverted PWM and an Inverted
PWM output can be generated by setting the COMD1:Q (o three (See Table 41 on page
83). The actual OGO value will only be visible an the port pin if the data direction for the
port pin is set as cutput. The PWM waveform Is generated by setting {or clearing) the
0OC0 Register at the Compare Match betwean OCR0 and TCNTO, and clearing {or sot-
ting) the OCO Register at the timer clock cycle the counter is clearad (changes from
MAX 1o BOTTOM).

The PWM frequency for the output can be caleulated by the following eguatian:
B Ja o
JCaPWM Ty esg

The "N" variable represants the prescals factor (1, 8, 64, 256, or 1024),

The exireme values for the OCRO Register represents special cases whan generating a
PUWM wavatorm output in the fast PWM mode, If the OCRO Is set equal to BOTTOM, the
output will be a narrow spike for each MAX+1 timer clock cycle. Selting the OCRO egual
to MAX, will result in a constantly high or low output {depending on the polarity of the out-
put set by the COMD1:0 bits).

A frequency (with 509% duty cycla) waveform output in tast PWM mods can be achleved
by setting OCO to toggle its logical level on each Compare Match (COMO1:0 = 1). The
waveiorm genaratad will have a maximum fraquancy of foe, = T4, /2 whan OCRO s
set to zero. This feature is similar to the OCO toggle in CTC mods, except the double
bufter teature of the output compare unit [s enabled in the fast PWM mode.
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The phasza corract PWM moda (WGMO1:0 = 1) provides a high resolution phase correct
PWM waveform ganaration option. The phase cormact PWM mode is based on a dual-
slope operation. The counter counts repeatedly from BOTTOM to MAX and then from
MAX to BOTTOM. In non-Inverting Compare Output mode, the Output Gompare (DG0)
Is cleared on the Compare Match between TGNTO and QCRD while up-counting, and
set on the Compare Match while down-counting. Ininverting Quiput Compare mede, the
operafion is inverted. The dual-slope operation has lower maximum operation freque ney
than single slope operation. However, due to the symmetric feature of the dual-slops
PWM modes, these modes are prefermad for motor control applications.

The PWM regolution for the phase correct PWM mode is fixed to eight bits. In phase
correct PWh mode the counter is incremented until the counter value matches MAX,
When the counter reaches MAX, it changes the count direction. The TGNTO value will
be equal to MAX for one timer clock cycle. The timing diagram for the phase correct
PWM meode is shown on Figure 33, The TCNTO value Is in the timing diagram shown as
a histogram for (llustrating the dual-slope operation. The diagram includes non-invertsd
and invarted PWM outputs. The small horlzontal line marks on the TCNTD slopes repre-
sent compare matches between OCR0 and TCNTO.

Figure 33. Fhase Cormact PWM Mode. Timing Diagram
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The Timer/Counter Overllow Flag (TOVO]} is set each time the counter reaches BOT-
TOM. The intarrupt flag can be used to generate an Interrupt each time the counter
reaches the BOTTOM valua.

In phasa earrect PWW mode, the compare unit allows generation of FWM waveforms on
the QCO pin. Setting the COMO1:0 bits to two will produce a non-inverted PWM. An
inverted PWM output can be generated by setling the COMO1:0 to three (See Table 42
on page 83). The actual OCY value will only ba visible on the port pin if the data direction
for the port pin is sat as output. The PWM waveform is generated by clearing {or setting)
the G0 Register at the Compare Match between OCRO and TONTO when the counter
incremeants, and setiing {or clearing) the OGO Raglstar at Compare Match between

ATIME G853 5 L) — e —

502G AVR-OLDS




Eessssss———————————ssssssm A TMega8535(L)

ner/Counter Timing
agrams

=

Ga-AWF-04408

OCRO and TCNTO when the couniter decrements. The PWM frequency for the output
when using phase cormect PWM can be caleulated by the following equation:

Feik 1o
focnpcrmr = 3 810

Tha "A" variable reprasents the prescale factor (1, 8, 64, 256, or 1024).

The extreme values for the OCRO Register represent epacial cases when generating 2
PWM waveform output in the phase correct PWM mode. It the OCHO is set egual to
BOTTOM, tha cutplet will ba continuously low and It sa1 equal to MAXY the output will be
continuously high for non-Invered PWi mode. For inverted PWM the output will have
the opposite logic values.

AT the very start of period 2 in Figure 33 OCn has a transltion from high to low even
though thers is no Compare Match. The point of this transition |s 1o guarantea symmetry
around BOTTOM. There are two cases that glve a transitlon without Compare Match,

*  DCRY changes its value from MAX, like in Figure 33, When the QCRO0 value is MAX
the OCn pin velue |s the same as the result of a dewn-counting Compare Match. To
ensure symmatry around BOTTOM the OCn valus at MAX must correspond to the
result of an up-counting Compare Match.

*  The timer starts counting from a value higher than the one in QCRO, and for that
reason misses the Compare Malch and hence the OCn change that would have
happenad on the way up.

The Timer/Counter is a synchronous design and the timar clock (clkey,) is therefors
shown as a clock enable signal in the following figures. The figures include information
on when interrupt flags are set. Figure 34 contains timing data for basic Timer/Counter
operation. The figure shows the count sequence cigse to the MAX value in all modes
other than phase correct PYWM moda,

Figure 34. TimerCounter Timing Diagram, no Prescaling
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Figure 35 shows the same timing data, but with the prescaler enabled.
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Figure 35. Timer/Counter Timing Diagram, with Prescaler (f,, o/8)
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Figure 36 shows the setting of OCFD in all modes sxcept CTC mode,

Figure 36. Timer/Counter Timing Diagram, Setting ol OCFO, with Prescaler {f, ,/8)
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Flgure 37 shows the setting of OCF0 and the dearing of TCNTO in CTC mode.
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Figure 37. Timer/Counter Timing DMagram, Clear Timer en Compare Match Maode, with
Prescaler (f, ~8)
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= Bit 7 - FOCO: Force Output Compare

The FOCO bitis only active when the WGEMOO bit specifles a non-PWM mode. However,
for ensuring compatibility with future davices, this bit must be sst 1o zera when TCCRO s
written when operating in PWM mode. When writing a loglcal one to the FOCO bit, an
immediate Compare Match is forced on the Waveform Generation unit, Thie OCO output
is changed according to its COMO1 .0 bits setting. Note that the FOCO bit is implemented
as a strobe. Therefore It Is the value present in the COMO1:0 bits that determines the
affact of the forced compare.

A FOCD strobe will not generate any intarrupt, nor will 1t clear the timer in CTC mode
using OCRO as TOP.

The FOGO bit is always read as zero,
= Bit 6, 3 - WGMO1:0: Waveform Generation Mode

These bits conirol the counting sequence of the counter, the source for the maximum
(TOP) counter value, and what type of waveform peneration to be used. Modes of oper-
ation supported by the Timer/Counter unit are: Nomal moede, Clear Timer on Compare
Match (CTC) mode, and two types of Pulse Width Modulation (PWM) modes, See Table
29 and "Modes of Operation” on page 75.

Table 39. Waveform Generation Mode Bit Description'"!

WGMD1 WGMOG | Timer/Gounter Mods | Update of | TOVO Flag
Mode | (CTCO) (PWMOD) | of Operation TOP | OCRO Sal on
1] a 0 Mormal xFF | immediate | MAX
1 a 1 PWM, Phase Correct | OxFF | TOP EDTI'CIM
2 1 ) crc | OCRO | Immediate MAX E
a | 4 Fast P\ | 0xFF | TOP MAX

Mote: 1. The CTCO and PWMO bit definition names are now obsolete, Use the WGEMO1.0 def-
inltions. However, the lunctionality and lecation of these bits are compatible with
pravious varsions of the Timer,

+ Bit 5:4 — GOMO1:0: Compare Match Output Mode

These bits cantrol the Output Compare pin (QG0) behavior. If one or both of the
COMO1:0 bits are set, the OCD output ovemides the normal port functionality of the 1O
pin it is connected to. Howaver, note that the Data Direction Register (DDR) bit corra-
gponding to the OCO pin must be set in order to enabla tha output driver.
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When OGO is connected to the pin, the function of the COMO1 D bits depends on the
WGMD1:0 bit setting. Table 40 shows the COMO1:0 bit functionality when the WGMQ1:0
bits are set to a normal or CTC mode (non-PYWM).

Table 40. Compara Output Mode, non-PWM Moda

comt COMOO | Description
a Normal port operation, OCD disconnected.
1 Toggle OCO on Compare Match
1 1] Clear OCO on Compara Makeh
+ |1 | Set0C0 on Compars Match
Table 41 shows the COMO1:0 bit tunctionality when the WGEMO1:0 bits are set to fast
PWH mode.
Table 41. Compare Qutput Mode, Fast PWM Modett
COMO1 | COMOO | Description
0 0 Mormal port oparation, OGO disconnected, -
a 1 Resarvad
B 0| Clear OGO on Compare Maich, set OCD at TOP 7
1 . 1 Set OCD on Compare Match, clear OG0 at TOP >

Mote: 1. A special cage oocurs when OCRO equals TOP and COMO1 is sel. In this case, the
Compare Match is ignored, but the sot or clear is dons at TOP. See “Fast Py
Mode™ on page 76 for more details.

Table 42 shows the COMO1:0 bit functionality when the WGMO1:0 bits are set to phasa
correct PWM mode.

Table 42. Compare Output Mode, Phase Correct PWM Made'"!

GOMO1 | COMOD | Description
0 Normal port operation, OGO disconnected.
1 Fesaned
1 0 Clear DCO on Compare Mateh when up-counting. Set 0G0 on Compare
Mateh whan down-counting. |
1 1 Sat OG0 on Compare Match when up-eounting. Clear OCO on Compare
Natch when down-counting.

Mote: 1. A special case occurs when OCAD enuals TOP and COMO is set. fn this case, the
Compare Mateh is ignored, but the set or claar is done at TOF Ses "Phase Comact
PN Made™ on page 78 for more details,

————— I | L 83
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Each half period of the extsrnal clock applled must be longer than one system clock
cycle to ensure correct sampling. The extemal ¢lock must ba guaranteed 10 have less
than half the system clock frequency (feqcu < fa_uof@) given a 50/50% duty cycla. Since
the edge detector uses sampling, the maximum frequency of an extemnal clodk it can
detact is hall the sampling frequency (Nyquist sampling theorem). However, due to vari-
ation of the system clock frequency and duty cycle caused by Oscillator source (crystal,
resonatar, and capacitors) tolerances, it s recommended that maximum frequency of an
extemnal clock source is less than 4 o/2.5.

An exlernal clock source ¢an not be prescaled.

Figure 38, Prescaler for Timer/Counter0 and Timer/Counter "
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Mote: 1. The synchronization logic on the input pins (T1/T0) is shown in Figure 38.

Special Function IO Register -
SFIOR Bi !
. A0
Readinile R RmY H " R Ay RAN RAN
Initial Vaue & 4] a o Q ] a} o
* Bit 0 — PSA10; Prescaler Reset Timer/Counterl and Timer/Countard
When this bit Is written to one, the Timer/Counter1 and Timer/Counter0 prescaler will be
reset. The bit will be clearsd by hardware after the operation is performed. Wiiting a
zero to this bit will have ne effect. Note that Timer/Gountar1 and Timer'CounterD share
the same prescaler and a resst of this prascaler will affect both timers. This bit wil
always be read as zar.
— m a7
ﬂ'
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16-bit The 16-bit TimerfCounter unit allows accurate program execution timing (event man-
i agement), wave generation, and signal timing measurement. The main features ara:

Timer/Counter1 » True 16-bit Design {Le., Allows 15-bit PWM)

Two Independent Output Compare Unita

Doubia Butfered Output Compare Registers

Ona Input Capture Unit

Input Capiure Holse Canceler

Clear Timer on Compare Maich (Auto Reload)

Gilltch-free, Phasa Correct Pulse Width Modulator {PWM}

Variable PWM Period

Frequency Generator

External Event Counter

Four Independent Interrupt Sources (TOV1, DCF1A, OCFiB, and IGF1)

Overview Most register and bit references In this sectlon are written in general form. A lower case
“n" replaces the Timer/Counter number, and a lower case "x" replaces the Output Com-
pars unit channel. However, when using the register or bit defines in a program, tha
precise form must be used, .., TCNT1 for accessing Timer/Counter1 countar value
and so on,

A simplified block diagram of the 16-bit Timer/Counter is shown in Figure 40. For the
actual placemenrt of /O pins, refer to "Pinout ATmegag535" on page 2. GPU accessible

IO Registers, including /O bits and KO pins, are shown in bold. The device-specific 110
Register and bit locations ars listed In the “16-bit Timer/Counter Register Description”

on page 109,

g3 ATMEQa8 53 5(|L.)  m——————
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Figure 40. 16-bit Timer/Counter Block Diagram!"
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Mota: 1. Hefer o Figure 1 on page 2, Table 26 on page B9 and Table 32 on page 63 for
TimeriZounter! pin placerment and description.

The Timer'Counter (TCNT1), Oulput Compare Registers (OCR1A/B), and Input Capture
Aegister (ICR1) are all 16-bit regislers. Special procedures must be followed when
accessing the 168-bil registars. These procedures are described in tha section "Access-
ing 16-bit Registers” on page 91. The TimerCounter Control Aegisters (TCCR1AB) are
8-bit ragisters and have no CPU access restrictions. Interrupt requests {abbreviated to
Int.Req. in the figure) signals are all visible in the Timer interrupt Flag Register {TIFR).
All interrupts ara individually masked with the Timer Interrupt Mask Register {TIMSK].
TIFR and TIMSK ars not shown In the figure since these registers are shared by other
tirmar units.

The Timat/Counter can be clocked intermally, via the prescaler, or by an extamal clock
gourca on the T1 pin. The Clock Salect logic block controls which Ciock source and adge
the Timer/Counter uses to increment (or decrement) Its value. The Timer/Counter is
inactive when no clock source is selectad, The output from the Clock Select logic is
referred to as the timer clock {clky).

The double buffered Cutput Compara Registers (OCR1A/B) are compared with the
Timer/Counter value at all times. The result of the compare can be used by 1ha

-




Definitions

Compatibility

Wavaform Generator to generate a PWM or variable fraguency cutput on the Qutput
Compare Pin (OC1A/B). See "Output Compare Units™ on page 87. The Compars Match
avent will also sat the Compam Match Flag (OCF1AB) which can be used to generate
an autput compare interrupt request.

The Input Capture RAsegister can capture the Timer/Counter value at a given extarnal
{edge triggered) event on seither the Input Capture Pin (ICP1) or on the Analog Compar-
ator pins {See "Analog Comparator” on page 201.) The Input Capture unit includes a
digital filtering unit (Noise Canceler) for reducing the chance of capturing noise spikee.

The TOFP value, or maximum TimerCounter value, can in some modes of operation ba
defined by either the OCR1A Registar, the ICR1 Registar, or by a get of fixed values.
When using OCHR1A as TOP vaiue in a PWM mode, the OCR1A Register can not be
used for generating a PWM output. However, the TOP value will, in this case, be doublg
buffered allowing the TOF value o be changed in run time. |1 a fixed TOP value is
required, the ICR1 Reglster can be used as an alternative, freeing the OCR1A to be
used as PWM output,

The following definitions are used extensively throughout the documeant

Tahle 44. Definitions
BOTTOM | The counter reaches the BOTTOM when it becomas OxDOD0.

A The counter reaches its MAXimum when It becomes OxFFFF {decimal
B5535).
TOP The counter reaches the TOP when it becomes equel to the highest

value in the count sequence, The TOP value can be assigned to be one
E of the fixed values: OxD0FF, 0x01FF, or 0x03FF, or o the value stored in f

the OCR1A or ICR1 Registar. The assignment |s dependent of the mode E
| of operation. ,

The 16-bit Timer/Counter has been updated and improved fram previous versions of the

16-bit AVR Timer/Counter. This 16-bit Timer/Counter is fully compatible with tha earller

version regarding:

= Al 18-bit Timer/Counter related I/O Register address locatlons, including Timer
Interrupt Registers,

s Bit locadons inside all 16-blt Tmer'Gountar Aeglsters, including Timer Interrupt
HRedglsiers.

+  Intermupt Vactors.

Tha following control bits have changed names, but have the same functionality and

register location:

= PWM10is changed to WGM10.

= PWM11is changed to WGM11.

s CTCA Is changed to WGM12.

The following bits are added to the 16-bit Timar/Counter Control Ragisters:
s  FOC1A and FOC1B are added to TGCR1A.
»  WGMI13 is added to TCCR1B.

The 16-hit Timer'Counter has imprevaments that will atfect the compatbility in some
special casas.
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Accessing 16-bit The TCNT1, OCR1A/B, and ICR1 are 16-bit reglsters that can be accessed by the AVR
Registers CPU via the 8-bit data bus. The 16-bit register must be byte accessed using two read or
write cperations. Each 18-bit imer has a singla 8-bit register for temporary storing of the
high byte of the 16-bit access. The same temporary register Is shared between all 16-bit
registers within each 186-bit timer. Accessing the low byte triggers the 16-bit read or write
operation. When the low byte of a 16-bit registar is written by the CPU, the high byte
stored In the temporary register, and the low byte written are both copled Into the 16-bit
register in the same clock cycle. When the low byte of a 16-bit register is read by the
CPU, the high byte of the 16-bit register is copied into the temporary register in the
same clock cycle as the low byle is read.
Mot all 16-bit accesses uses the temporary ragister for the high byte. Rsading the
QOCR1AMB 16-bit registers does not involva Lsing tha temporary register.
To do a 16-bit write, the high byte must be written before the jow byts. For a 16-bit read,
ihe fow byte must be read before the Mgh byta.
The following code examples show how to access the 16-bit Timer Registers assuming
that no interrupts updats the temporary register. The sama principle can be used directly
far accessing the OCR1A/B and ICR1 Registers. Note that when using "C", the compilar
handles the 16-bit access,
Aszsembly Code Examplest!
| Sat TCNTY fo Qx0T EF
Idi 7 0xd1
Idi rM160xFF
ol TONTAH,M7
oul TCHT1L.1G
 Read TCNT1 into 117118
in r18,TCNTIL
in 7. TONTIH
C Code Examples''!
unsigned int |;
* Sat TONTT to OxQ1FF Y
TCMNT1 = 0x1FF;
i* Read TCNTT into i~/
i=TCNT1 L
Mole: 1. 3ee"About Code Examples” on page B,
The assembly coda example retums the TCNT1 value in the r17:r18 register pair.
It is important to notice that accessing 16-bit registers are atomic operations. [f an Inter-
rupt ocours between the two instructions accessing the 16-bit register, and the interrupt
code updates the temporary register by accessing the same or any other of the 16-bit
Timer Registers, then tha result of the access outside the interrupt will ba corrupted.
Therefore, when both the main code and the interrupt code update the temporary regis-
ter, the main code must disable the interrupts during the 18-bit access.
j=————————— = e =———— m 91
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The following code examples show how to do an atomic read of the TCNT1 Reglstar
contants. Reading any of the OCR1A/B or ICA1 Registers can be done by using the
same principla.

Assembly Coda Example'!)

TIM6_FeadTCNTT:
. Save Global Inferrupt Flag
in riBESREG
, Disabie interrupts
cil
cHead TCNT1 into 1 F:r1g
in 6 TCNTIL
in M7, TCNTIH
. Rastore Glohal inferrupt Flag
oul SREG 18
et

| G Code Exampla™

unsigned Int TIM16_ReadTCNT1{ vold }
{

unsigned char Sreg,

unsigned Int i;

™ Save Global Intermupt Flag °f

srag = SHEG;

* Dizable intarrupis %/

_CLI):

* Aead TONTT it i ~f

| =TONTT;

{* Rastore Giobal Inferrupt Flag ™

SREG = sreq;

raturn i;

Mote:

1. See'Ahout Code Examples” on page 6.

The assembly code axample retums the TCNT1 value in the r17:r18 register pair.
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The following eode examples show how to do an atomle write ¢f the TCNT1 Registar
contents. Writing any of tha OCR1A/B or ICR1 Begisters can be done by usirg tha
samea princioka.

Assembly Code Example!”

TIMTE_Write TGNT1;
. Save Giobal Interrupt Flag
in r1B,5REG
1 Dizable inferrupts
= ||
. St TONTT tor17:riG
out TOCNTIH M7
out TCMTIL M6
\ Rastare Global Interrupt Flag
put SREG.rA8
ret

C Code Example'"

void TIM16 Write TCNT1( unsigned Int i)
{
unsigned char sreg;
f* Save Global interrup Flag *f
sreg = SHEG;
I* Disabfe interrupts *f
_CLI),
* Set TONTT toi*!
TONMTI=i;
" Restore Globa! interrupt Flag *f
SREG = srag,

hote: 1. See “About Code Examples” on page 6.

The assembly code example requires that the r17:r16 ragister pair contains the value to
be written to TCNT1.

Re-uging the Temporary High I writing to more than one 16-bit register where the high byte |s the same for all registers

Byta Reglster written, then the high byte only needs to be written ance. However, note that the same
rule of atormic operation described praviously also applies in this case.
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The TimerfCounter can be clocked by an intemal or an external cock sounce. The clock
spurce is selected by the Clock Select logic which is controlled by the Clock Selact
(C812:0) bits located in the Timer/Counter Control Register B (TCCR1B). For details on
clock sources and prescalar, see “Timer/Gounterd and Timer'Countert Prescalers” on
page 8.

The main par of the 16-bit Timer/Counter is the programmable 16-bit bi-directional
counter unit Figure 41 shows a block diagram of the counter and its surroundings.

Figure 41, Counter Unit Block Diagram
DATA BUS gosm -
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| TEwe o ;
* o -
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| | L : ot Lope Sail

FEHTn {16 bt Courtar} Eiecien

Tmr rm'l'rl:mr

==

& &

Signal description (internal signals):
Count Incrernent or decrement TCHNTT by 1.
Direction Select between incrament and decrement.

Clear Claar TCNT1 (set all bits 1o zero).
Clkyy Timer/Counter clock.
TOP Signallze that TCNT1 has reached maximum valus.

BOTTOM Signalize that TCNT1 has reached minimum value (zerp).

The 16-bit countar is mapped into two 8-bit /O memaory |locations: Counder High
{TCNT1H) containing the upper eight bits of the countar, and Coumter Low (TCNTTL)
containing tha lowar eight bits. The TGNT1H Register can only be Indirectly accessed
by the GPU. When the CPU does an access to the TCNT1H 1O location, the GPU
accesses the high byte temporary register (TEMP). The temparary rsgister is updated
with the TCNT1H value when the TCNT1L is read, and TCNT1H Is updated with the
ternporary ragister value when TCNTIL Is written, This allows the CPL o read or write
the entire 16-bit countar value within one clock cycle via the 8-blt data bus. It is impor-
tant to notice that there ara spacial cases of writing to the TCNT1 Register when tha
counter is counting that will give unpradictable results. The special cases are described
in the sactichs whara thay are of imporance.

Depending on the mods of opseration used, the counter is cleared, Incremented, or dec-
remented at each Timer Clock (clkr). The clkr, can be generated from an external or
Intemnal clock source, selected by the Clock Sefect bits (CS12:0). When no clock source
ls selected (CS12:0 = 0) the timer is stopped. Howsever, the TCNT1 value can be
accessaed by the CPU, Independent of whether clk;, is present or not. A CPU write over-
rides (has priority over} all counter clear or count opsrations.

Tha counting sequence s determined by the setting of the Waveform Generation mode
bits (WGM13:0) located in the TimerCounter Control Registers A and B (TCCR1A and
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Input Capture Unit
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TCCR1B), There ars close connactions betwasn how the counter behaves (counts) and
how waveforms ara generated on the Output Compare outputs OC1x. For more details
about advanced counting sequences and waveform generation, see "Modes of Opera-
tion" on page 100,

The Timer/Counter Ovarflow Flag (TOV1) Is set according 1o the modae of operation
selected by the WGM13:0 bits. TOV1 can be used for generating a CPU interrupt.

The Timer/Counier incorporates an Input Capture unit that can caplure extermnal events
and give them a fime-stamp indicating time of occurrence. The external signal indicating
an event, or multiple events, can be applied via the ICP1 pin or alternatively, via the
analog comparator unit. The time-stamps can then be used to calculate frequency, duty-
cycle, and other features of the signal applied. Alternatively the time-stamps can be
used for creating a log of the avents.

The Input Capture unit is ilustrated by the block diagram shown in Figure 42. The ala-
mente of tha block diagram that are not directly a part of the Input Capture unit are gray
shaded. The emall “n” in register and bit names (ndicates the Timer/Counter number,

Figure 42. Input Capture Linit Block Diagram
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When a change of the loglc level {an event) cccurs on the Inpui Capture pin (SR,
altarnatively on the Analoyg Comparator output (ACO), and this change confirms to the
setting of the edge detector, a capture will be triggered. When a capture is friggerad, the
16-bit valug of the countar (TCNT1) is written to the Input Capture Register (ICR1). The
Input Capture Flag (ICF1) is set at the sama systern clock as the TCNT1 value Is copied
into ICR1 Register. If enabled (TICIE1 = 1), the Input Gapture Flag generates an Input
Capture interrupt. The ICF1 Flag ls automatically cleared when the [nterrupt is executed,
Altematively the ICF1 Flag can be cleared by software by writing & loglcal one 1 its 1O
bit bocation.

Reading the 16-bit value in the Inpuf Capture Register (ICR1) is dona by lirst reading the
low byta {ICR1L) and then the high byte (ICR1H). When the low byte is read the high
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byte is copled Into the high byte temporary register (TEMP). When the CPU reads the
ICR1H /O location it will access the TEMP Hegister.

The ICR1 Register can only be written when using a Waveform Generation maode that
utllizes the ICR1 Register for defining the counter's TOP value. In these cases the
Waveform Generalion mode (WGM13:0} bits must be set before the TOP value can bs
written to the ICR1 Reglster. When writing the ICR1 Register the high byte must be writ-
ten to the ICA1H VO location betore the low byte is written to ICRIL.

For mare information an how to access the 16-bit reglstars, refar to "Accessing 16-bit
Fegisters™ on page 91,

The main trigger source for the input Capture unit is the fnpur Capture pin (ICP1).
TimerfCountari can aitematively use the Analog Comparator output as trigger source
for tha Input Captura unit. The Analog Comparator is selected as trigger saurce by set-
ting the Anaieg Comparator Input Capiure (ACIC) bitin the Analog Comparator Control
and Status Register (ACSR). Be aware that changing trigger source can trigger a cap-
ture. The Input Capture Flag must therefare be cleared after the change.

Both the input Captura pin (ICP1) and the Analog Comparator output (ACO) inputs are
samplad uging the same technigue as the T1 pin (Figure 38 on page B6). The edoe
daetector is also identical, Howewver, when the noise cangeler is enabled, additional logic
is inserted before the edge detector, which increases the delay by four system clock
cycles. Note that the input of the noise canceler and edge detector is always enabled
unless the Timer/Counter |s set in a Wavelarm Generation mods that uges ICR1 to
define TOP.

An Input Capture can be triggared by software by controlling the port of the ICF1 pin.

The noise cancelsr improves nolse Immunity by using a simple digital filtering scheme.
The noise canceler input is monitored over four samples, and all four must be equal for
changing the output that, in tum, is used by the edge detectar.

The noise canceler Is enabled by seatting the fnput Capture Noise Canceler {ICNC1) bit
In Fimer/Counter Control Register B (TCCR1B). When enabled, the noise canceler
Introduces additional four systern clock cycles of delay from a change applied to the
InpLt, to the update of the ICR1 Register. The noise canceler uses the system clock and
Iz therefore not affected by the prescaler.

The main challenge when using the Input Capture unit Is to assign enough processor
capacity for handling the incoming svents, The time between two events is critical, If the
processor has not read the capturad value in the ICR1 Register before the next event
occurs, the ICR1 will be overwritten with a new value. [n this case tha result of the cap-
ture will be incorract.

Whan using the Input Capture interrupt, the ICR1 Register should be read as early in the
intamupt handler routing as possible, Even though the Input Gapture interrupt has rela-
tively high priority, the maximum Interrupt respanse time Is dependent on the maximum
number of clock cycles it takes to handle any of the other Interrupt requests.

Using the Input Capture unit in any mode of operation when the TOP value {resclution)
ls actively changed during operation, Is not recommendaed.

Messurement of an external signal’s duty cycle requires that the trigger edge Is changed
after each capture. Changing the edge sensing must be done as eary as possible after
the ICR1 Register has been read. After a change of the edge, the Input Capturs Flag
{ICF1) must be cleared by software (writing a legical one ta the /O bit location). For
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measuring frequancy only, the cleating of the 1CH1 Flag 15 not required (if an interrupt
handlar is usad).

The 16-bit comparator continucusly comparss TCNT1 with the Oulput Compare Regls-
tor {OCR1x%). H TCNT aqualse OCR1x the comparator signels a match, A match will st
the Output Compare Flag (OCF1x) at the next timer clock cycle. If enabled (OCIE1x =
1), the Output Compare Flag ganerates an output compare interrupt. The OCFix Flag is
automatically cleared when the intarrupt Is axecuted. Allamatively the OCFix Flag can
be cleared by software by writing a logical one to its VO bit location, The Wavetorm Gen-
grator wses the match signal to generate an cutput according to operating mode set by
the Waveferm Generation mode (WGM13:0) bits and Compare Output mode
{COM1x1:0) bits. The TOP and BOTTOM signals are used by the Waveform Generator
for handling the special cases of the extreme values In some modes of operation, (See
"Modes of Operation” on page 100.)

A special feature of output compare unit A allows it to dafine the Timer/Gountar TOP
value (i.e., counter resolution). In addition to the countar resclution, the TOP value
delines the period time for waveiorms generated by the Waveform Generatar,

Figure 43 shows a block diagram of the outpul compars unit. The small "n” in the regis-
ter and bit names indicates the device number {n = 1 for Timer/Countert), and the "
Indicatas output compare unit (A/B). The elements of the block diagram that are not
directly a part of the output compare unit are gray shadad,

Figure 43. Cufput Compare Unit, Block Diagram
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The OCR1x Register is double buffered when using any of the twelve Pulse Width Mod-
ulatiorr (PWM) modes, For the Normal and Clear Timer on Compare (CTC) modes of
operation, the double bulfering is disabled. The double buffering synchronizes the
update of the OCR1x Compare Register to either TOP aor BOTTOM of the counting
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sequence, The synchronization prevents the ccourrence of odd-length, non-symmetrical
PWM pulses, thereby making the output glitch-free.

Thae OCR1x Register access may seem complax, but this |5 not the case. When the
double bufferng Is enabled, the CPU has access 1o the OCR1x Buffer Register, end if
double buffering is disabled the CPU will access the OCR1x directly, The content of the
OCR1x (Buffer or Compare) Reglster is only changed by a write operation (tha
Timer/Counter does not update this register autoratically as does the TCNT1- and
|ICR1 Register). Theratora OCR1x% is not read via the high byte temporary register
{TEMP). Howevar, it is & good practice to read the low byte first as with accessing other
16-bit registars. Writing the OCH 1x Ragisters must be done viz the TEMP Register
since tha compare of all 16 bits is done continuously. The high byte (OCH1xH) has 1 be
writtan first. When the high byte /O location s written by the CPU, the TEMF Registar
will be updated by the valug writlen. Then when the low byte (OCR1xL) is written to the
lower eight Lits, the high byte will be copied into the upper B-bits of either the OCR1x
Buffer or OCR1x Compare Register In the same systern clock cycla.

For mora information of how to access the 16-bit registars refer to "Accessing 18-bit
Registers” on page 91,

In non-PWM waveform generation modes, the match output of the comparator can ba
forced by writing & one to the Force Cuiput Compare (FOC1x) bil. Farcng Gompara
Match will not set the QCF1x Flag or reload/clear the timer, but the OC1ix pin will be
updated as if a real Compare Match had cccurred {the COM11:0 bits settings define
whather the OC1x pin is set, cleared or toggled).

All CPU writes to the TCNT1 Reglster will block any Compare Malch that occurs In the
next timer clock oycle, avan whan tha timer is stopped. This feature allows OCR1x ‘o be
initialized toc the same value as TCNT1 without triggering an interrupt when the
Timer/Gounter clock is enabled.

Since writing TCNT1 in any mode of operation will block all compare matches for one
timer clock cycle, there are rizks Invalved when changing TCNT1 whan using any of the
output compare channals, indspandent of whether the Timer/Counter is running or not.
If the value written to TCNT1 eguals the OCR1x value, the Compare Match will ba
missed, resulting in incorract waveform generation. Do not write the TGNT1 equal 1o
TOP in PWM modes with varlable TOP values. The Compare Match for the TOP will be
lgnored and the counter will continue t 0xFFEF. Similarly, do not write the TCNT1 value
equal to BOTTOM when the counter is down-counting.

The satup of the OC1x should be performad before setting the Data Direction Registar
for the port pin to output. The easisst way of saetting the OC 1x valus is to use the Force
Output Compare (FOC1x) strobe bits in Mormal mode. The OC1x Ragister keaps its
value even when changing between Waveform Genaration mades.

Be aware that the GOM1x1:0 bits are not double buffered together with the compars
value, Changing the COM1x1:0 bits will take effect immediately.
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The Cormpare Quiput Mode (COM1x1:0) bits have two functions. The waveform genera-
tor uses the COM1x1:0 bits for defining the Cutput Compare (OC1x) state at the next
Compare Match. Secondly the COM1x1:0 bits control the OC1x pin output sourcs, Fig-
ure 44 shows a simplified schematic of the logic affected by the COM1x1:0 bit salting,
The VO Registers, 1O bits, and 110 pins in the figure are shown in bold. Only the parts of
the general I/O port Control Registers (DDA and PORT) that are affected by the
COM1x1:0 bits are shown, Whan refeming to the OC1x slate, the reference is for the
intemal OC1x Register, not the OC1x pin. It & System Reset occurs, the OC1x Registar
Is ressat 1o “0F.

Flgure 44. Compare Match Qutput Unit, Schematic
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The general IO port function Is overridden by the Cutput Compare (OC1x) from the
waveform generator if either of the COM1x1:0 bits are sel. However, the OC1x pin
direction {Input or output) is still controlled by the Data Diraction Ragister (DDR) for the
port pin. The Data Direction Regisier bit for the OC1x pin (DDA_OC1x) must be sat as
autput before the OC1x value Is vigible on the pin. The port ovarride function is generally
independant of the Waveform Generation mode, but thera are some exceptions. Rafer
to Table 45, Table 46 and Table 47 for details.

The design of the output compare pin logic allows initialization of the OC1x state before
the output is enabled. Note that some COM1ix1.0 bit settings are reserved for cenain
modes of operation, See “16-bit Timer/Countor Register Description” on page 108.

The COM1x1:0 bits have no effect an the input Capture unit.

The Wavefarm Generator usas the COM1x1:0 bits differantly In Nomal, CTC, and PWh
modes. For all modes, setting the COM1x1:0 = 0 tells the Waveform Generator that no
action on the OG1x Register is to be parformed on the next Compare Match. For com-
pare output actions in the non-PWM modes refer to Table 45 on page 108. For fast
PWM mode refer to Table 46 on page 110, and for phase correct and phase and fre-
guency correct PWM refer to Table 47 on page 110.
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Figure 45. CTC Modse, Timing Diagram
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An Interrupt can be generated each tima the counter value reaches the TOP value by
gither using the OCF1A or ICF1 Flag according to the register used to define the TOP
value. If the interrupt is enabled, the interrupt handler routine can be used for updating
the TOP value. However, changing the TOP to a value close to BOTTOM when the
counter Is running with a low or na prescaler value must be done with care since the
CTC mode daes not have the double buffaring feature. If the new valus written to
OCHE1A or ICR1 Is lower than the current value of TCNT1, the counter will miss the
Compare Match, The counter will then have to count to its maximum value (OxFFFF)
and wrap around starting at 0x0000 before the Compare Match can occur. In many
cases this feature is not desirable. An altemative will then be to use the fast PWM mode
using OCR1A for defining TOP (WGM13:0 = 15} since the OQCR1A then will be double
buttared,

Far generating & waveform output in CTC mode, the OC1A output can be set to toggls
Its legical level on each Compare Maich by setting the compare output mede bits to tog-
gle mode (COM1A1:0 = 1). The OC1A value will not be visible on the port pin unless tha
data direction for the pin is set to output (DDR_OC1A = 1). The wavetorm generated will
have a maximum fraquency of fae, = T /2 when QCR1A is set to zero (0x0000). The
waveform frequency is detined by the following equation:

P Few_iio

Qind 3. N {1 + OCRRA)

The N variable represents the prescaler factor (1, B, 84, 256, or 1024).

As for the Nommal mode of operation, the TOV1 Flag Is setin the same timer clock cycle
that tha counter counts from MAX to 0x0000,

Fast PWM Mode The fast Puise Width Moduiation or fast PWM mode (WGM13:0 =5, 6, 7, 14, or 15} pro-
vides a high frequency PWM waveform generation option, The fast PWM differs from
the other PWM options by its single-slope operation. The counter counts from BOTTOM
to TOP then restarts from BOTTOM. In non-inverting Compara Output mode, the Qutput
Cormpare (OC1x) Is set on the Compare Match between TCNT1 and OCR1x, and
eleared at TOP. In inverting Gompare Output mode output is clearad on Compare Match
and set at TOF. Due to the single-slope operation, the operating frequency of the fast
PWHM mods can be twice as high as the phase comect and phase and frequancy correct
PWM modes that use dual-slope operation. This high fraquency makes the fast PWM
miode wel| sulted for power regulation, rectification, and DAC applications. High fre-

SRS e ‘ EL 101
DEQG-AY RS 3




ATmEE

guency allows physically small slzed externzl companents {coils, capacitors), hancea
reducing fotal system cost,

The PWM resolution for fast PWM can be fived to 8-, 8-, or 10-bit, or defined by either
ICR1 or OCA1A. The minimum resolution allowed is 2-bit {ICR1 or OCR1A set to
Ox0003), and the maximum resclution Is 16-bit (IGR1 or OCR1A set to MAX). The PYWM
resolution cen be calculated in bits by using the following equatior:
_ logirdd +1)
Rppyng = g (3)

In fast PWM mode the counter |s incremented until the counter value matches either
one of the fixed values Ox00FF, 0x01FF, or 0x03FF (WGM12:0 = 5, 6, or 7), the value in
ICR1 (WEM13:0 = 14), or the value in OCR1A (WGM13:0 = 15). Tha counter is then
cleared at the following timer dock cycle, Tha timing diagram for the fast PWM mods is
shown in Figure 46. The figure shows fast PWM mode when OCR1A or ICRY lsusedto
defina TOP. The TCNT1 value is in the timing diagram shown as a histogram for illus-
trating the gingle-siope oparation. The diagram Includas non-inverted and inverted PWM
autputs. Tha small horizontal line marks on the TGNT1 slopes represent compare
matches between OGCR1x and TCNT1. The OC1x Interrupt Flag will be set when a Com-
pare Match occurs.

Figure 46. Fast PWM Mode, Timing Diagram
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The Timer/Countar Overflow Flag (TOV1) |s set each time the counter reaches TOP. In
addition the DC1A or IGF1 Flag is set at the same timer clock cycle as TOV1 is set
when either OCR1A or ICR1 is used for defining the TOP value. If one of the interrupts
are snabled, the interrupt handler routine can be used for updating the TOP and com-
pare values.

When changing the TOP value the program must snsure that the new TOP valua ]
higher ar equal to the value of all of the compare registers. If the TOP value is lower
than any of the compare registers, a Compara Match will never occur between the
TCNT1 and the OCR1x, Note that when using fixed TOP values the unused bits are
masked to zaro when any of tha OCR1x Reglsters are written.

The procedure for updating IGA1 differs from updating OCR1A when used for defining
the TOF value. The ICR1 Register Is not double buffered. This means that |f ICR1 =
changed to a low value when the counter is running with a low or none prescaler valus,
there Is a risk that the new ICR1 value writtan Is lower than the current value of TGNTI,
The result will then be that the counter will miss the Compare Match af the TOF value.
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The counter will then have to count to the MAX value [0xFFFF) and wrap around start-
ing at 0x0000 before the Compare Match can occur. The OCR1A Register howevar, is
double buffered. This feature allows the OGR1A I/O location to be written anytima,
When the OCR1A VO Iocation is written the value written will be put into the OCR1A
Buffer Register. The OCR1A Compare Register will then be updaled with the valug In
the Buffer Register at the next imer clock cycle the TCNT1 matches TOP. The update s
done at the same timer clock cydle as the TCNT1 is ¢learad and the TOV1 Flagis set.

Using the ICR1 Register for defining TOP works well when using fixed TOP values. By
using ICR1, the OCR1A Register Is free to be used for generating a PWM cutput on
0OC1A. However, If the base PWM frequency is actively changed (by changing the TOP
value), using the OCR1A as TOP is clearly a better choice dus to its double buffer
featune.

In fast PWM mode, the compare units allow generation of PWM waveforms on the
OC1x pins. Setting the COM1x1:0 bits to two will produce a non-mverted PWM and an
invertad PWM output can be generated by setting the COM1x1.0 to three (See Table 46
on page 110). The actual OC1x value will only be visible on the port pin if the data direc-
tion for the port pin is set as output (DDR_OC1x}. Tha PWM waveiorm is generated by
satting (or clearing) the OC1x Register at the Compare Match batwaen OGR1x and
TCNTH, and clearing {or setting) the OC1x Register at the tmer clock cycle the counter
ls claared {changas from TOP to BOTTOM).

The PWM frequency for the output can be calculated by the following equation:

3 _ _ Joum
-'G{':I'JIPH:"M h" {1 4 Tﬂf"'_}

The “N" variable represents the prescaler divider {1, 8, 64, 256, or 1024).

The extrems values for the OCR1x Register represents specisl cases when generating
& PWM waveform output in the fast PWM mode. If the OCR1x Is set equal to BOTTOM
(0x0000) the output will be a narrow spike for each TOP+1 timer clock cycle. Setting the
QCR1x aqual to TOP will result in a constant high ar low output (depending on the polar-
Ity of the output set by the COM1x1:0 bits).

A frequency {with 50% duty cycle) wavetorm output In fast Fwi mode can be achleved
by setting OC1A to toggle its logical level on each Compare Match (COM1AT:0=1).
This applies only if OCR1A Is used to define the TOF value {WGM13:0 = 15}, The wave-
form generated will have & maximum frequency of foca = fuy_of2 when OCR1A s setto
zero {0x0000). This feature is similar to the OC1A toggle in CTC mode, except the dou-
ble buffer feature of the cutpul compare unit is enabled In the fast PWM mode.

The phase correct Pulse Width Moduiation or phase correct PWM mode
(WEM13:0 = 1,2, 3, 10, or 11) provides a high resolutlon phase cormect PWM wavetorm
generation aption. The phase correct PWM mode is, ke the phase and freguency cor-
rect PWM mode, basad on a dual-slope operation. The counter counts repaatedly from
BOTTOM (0x0000) to TOP and then from TOP to BOTTOM. In non-invarting Compare
Cutput mode, the Qutput Compare (OC1x) is cleared on the Compare Match between
TCNT1 and OCR1x while up-counting and set on the Compare Match while down-
counting. I inverting Output Compare made, the opseration Is inverted. The dual-slops
operation hag lowar maximum operation frequency than single slops operation. How-
aver, due to the symmetric feature of the dual-slops PWM modes, these modes are
prafarrad for motor control applications.

The PWM resolution for the phase cormect PWM mode can be fixed to 8-, 8-, or 10-bit, or
defined by sither ICA1 or QCR1A, The minimum resolution allowad s 2-bit (ICR1 or
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COCR1A set 10 0x0002), and the maximum resolution is 16-bit (ICR1 or OCR1A set to
MAX). The PWM resolution can be calculated in bits by using the following equation:

_ log(ToP+1)
RF‘FFWM - IUQ(E}

In phase correct PWM mode, the counter is incremented until the counter value
matchas aither one of the fixed values Ox00FF, Ox01FF, or Dx03FF (WGM13:0=1.2, ar
3}, the value in ICA1 (WGM13:0 = 10}, or the value in OCR1A (WGM120 = 11). The
counter has then reachad the TOP and changes the count direction. The TONT1 valus
will ba equal to TOP for one timer clock cycle. The timing diagram for the phase correct
PWH moda is shown on Figure 47. The figure shows phase correct PWM mode when
OCR1A or ICR1 is usad to define TOP. The TCNT1 valua is in the timing diagram
shown as a histogram for illustrating the dual-slope operation. The diagram includes
non-nverted and Inverted PWM outputs. The small horizontal line marks on the TCNT1
slopes represent compare matches betwesan OCR1x and TCNT1. The OC1x Intermupt
Flag will be set when a Compare Match cccurs.

Figure 47. Phase Corracl PWM Made, Timing Diagram
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The TimerCounter Ovarfiow Flag (TOV1) I& set each time the counter reacnes BOT-
TOM. When either OCR1A or IGR1 is used for defining the TOP value, the OCiAor
ICF1 Flag is set accordingly at the same timer clock cycle as the OCR1x Registars are
updated with the double bufter value {at TOP), The interrupt flags can be used o gener-
ate an Interrupt each time the counter reaches the TOP ar BOTTOM value.

When changing the TOP value, the program must ensure that the new TOP value is
higher or equal to the value of all of the compare registers. If the TOP valua is lower
than any of the compare registers, a Compare Match will never ocour between the
TCNT1 and the OCR1x. Note that when using fixed TOP values, the unused bits are
masked to zero when any of the OCR 1x Ragisters are written. As the third parod shown
in Figure 47 lllustrates, changing the TOP actively while the Timer/Counter is runaing in
the phase comect mode can result in an unsymmetrical cutput. The reason for this can
be found in the time of update of the OCR1x Register. Since the OCR1x update occurs
al TOP, the PWM period starts and ends at TOP. This implies that the length of the fali-
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ing slope is determined by the previcus TOP value, while the length of the rising slope is
determined by the new TOP value. When these two values differ the two slupes of the
period will differ in langth. The difference in length gives the unsymmetrical result on the
oUtpuE.

It |s recommendad to use the phase and frequency correct mode instead of the phase
correct mode when changing the TOP value while the Timer/Counter is running. When
using a stalic TOP value, there are practically no differsnces between the two modes of
oparation,

In phase correct PWM mode, the compare units allow generation of PWM waveforms on
the OC1x pins. Setting the COM1x1:0 bits to two will produce a non-imarted PWM and
an inverted PWM output can be generated by satting the COM1x1:0 to three (See Table
47 on page 110). The actual OC1x value will only be visible on the port pin If the data
direction for the port pin Is set as output {DDR_QOC1x). The PWM waveform |s gener-
ated by setting (or clearing) the OC1x Register at the Compare Match betwesn OCR1x
and TCNT1 when the counter increments, and clearing (or setting) the OC1x Ragister at
Compare Match between OCR1x and TCNT1 when ths counter decrements. The PWM
frequency for the output when using phase correct PWM can be calculated by the fiod-
lowing equation:

p _ Jekuio
TocuarCres = 5N, TOP

The "M varable represants the prescaler divider (1, 8, 64, 256, or 1024).

The extreme values for the OCA1x Register reprasent special cases when generating a
PWM waveform output in the phase correct PWM mode. If the OCRIx is set equal to
BOTTOM the output will be continuously low and if get equal to TOP the output will be
continuously high for non-inverted PWM mode, For nverted PYWM the output will have
the opposite logic values. If OCR1A is used to define the TOP valua (WGM13:0 = 11)
and COM1A1:0 = 1, the OGC1A output will toggle with a 50% duty cycle.

The phase and frequency correct Pulse Width Modulation, or phase and frequency cor-
rect PWM mode (WGM13:0 = 8 or 9) provides a high resolution phase and frequency
carrect PWM wavetorm generation option. The phase and freguancy correct PYWA
mode |s, like the phase correct PWM mode, based on a dual-siope operation. The
gounter counts repaatedly from BOTTOM (0x0000) fo TOP and then from TOP to BOT-
TOM. In non-inverting Compara Output mode, the Output Cempare (QC1x) is clearad
on the Gompare Match between TCNT1 and OGR1x while up-counting, and set on the
Campare Match while down-counting. In Inverting Compare Output mede, the operation
is Inverted. The dual-slope operation gives a lower maximum cperation frequency com-
pared to the single-slope operation. However, due ta the symmetric feature of the dual-
slape PWM modes, these modes are preferred for motor control applications.

The maln differance betwaen the phase correct and the phase and frequency correct
PWM mode is the time the OCR1x Register is updated by the OCH1x Buffer Register,
{see Figure 47 and Figure 48},

The PWM resolution for the phase and frequency correct PWM made can be defined by
gither IGR1 or OCR1A. The minlmum resclution allowed is 2-bit (ICR1 or OCR1A set to
0x0003), and the maximum resolution is 16-bit (ICR1 or OCR1A set to MAX). The PWM
resolution In bits can be calculated using the following equation:

logi TR + 1
Rppepwu = -g%nw;j
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In phase and frequency correct PWM moda the counter is ineremented until the counter
value rmatches sither the value in ICR1 {(WGM13:0 = 8), or the value in OCR1A
{WGM13:0 = 9). The counter has then reached the TOP and changes the count direc-
tion, The TCNT1 value will ba squal to TOP for one timer clock cycle. The timing
diagram tor the phase correct and frequency cormect PWM mode ks shown in Figure 48
The figure shows phase and frequency correct PWM mode when OCR1A or ICR1 is
used to define TOP, The TCNT1 value is in the timing diagram shown as & histegram for
lllustrating the dual-slope operation. The diagram includes nen-inverted and inverted
PWM outputs. The small horizontal line marks on the TCNT1 slopas reprasent compare
matches between OCR1x and TCNT1. The OC1x interrupt Flag will ba set when a Com-
para Match ocours.,

Figure 48. Phase and Frequency Correct PWM Mede, Timing Diagram
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The Timer/Caunter Overflow Flag (TOV1) is set at the same timer clock cycle as the
OCR1x Hegistars are updated with the double buffar value (at BOTTCM). When either
GCR1A or ICR1 is used for datining the TOP value, the OC1A or ICF1 Fiag set when
TCNT1 has reached TOP. The interrupt flags can then be used to generate an intermupt
each time the counter reaches the TOP or BOTTOM value.

When changing the TOP value the program must ensure thal 1he new TOP valus is
higher or equal to the value of all of the compare registers. If the TOP value is lower
than any of the compare registars, a Compare Match will nevar ocour batwean tha
TGNT1 and the DCR1x.

As Figure 48 shows the output generated is, in contrast 1o the phase correct mode, sym-
metrical in all periods. Since the OCR1x Registers are updated at BOTTOM, the length
af the nsing and the falling slopes will always be equal. This gives symmetrical output
pulses and he frequency is, therstore, comect.

Using the ICR1 Register for defining TOP works wall when using fixed TOP values. By
using ICR1, the OCR1A Register I= free to be used for generating a PWM output on
OC1A. However, il the base PWM frequency is actively changed by changing the TOF
value, using the OCR1A as TOP ig clearly a better choice due to its double suffer
faature,
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Timer/Counter Timing
Diagrams

In phase and frequency correct PWM mode, the compare units allow generation of
PWM waveforms on the OC1x pins, Setting the COM1x1:0 bits to two will produce a
non-invertad PWM and an inverted PWM output can be generated by satting the
COM1x1:0 ta three (see Table 47 on page 110). The actual OC1x value will only be vis-
ible on the part pin it the data direction for the port pin is set as output (DDR_OC1x). The
PW waveform s generatad by setting (or clearing) the OC1x Register at the Compara
Match between OCR1x and TCNT1 when the counter ingrements, and clearing {or set-
ting) the OC1x Reglster at Compare Match between OCR1x and TCNT1 when the
counter decrements. The PWM frequency for the output when using phase and fra-
guency correct PWM can be calculated by the foliowing equation:

_ fexao
Jocaserci®M = 5. TOP

The “N" variable represents the prescaler divider (1, 8, 64, 266, or 1024).

The extreme values for the OCR1x Register raprasents special cases when generating
a PWM waveform output in the phase correct PWM mode. If the OCR1x is set equal to
BOTTOM tha output will be continuously low and if set equal to TOP, the oulput will be
set to high for non-inverted PWM mode. For Inverted PWM, the output will have the
opposite logle values. If OCR1A is used o define the TOP valus {(WGM13:0 = 9) and
COM1A1:0 =1, the OC1A output will toggle with a 50% duty cycle.

The TimerCounter is a synchronous design and the timer clock (clkyy) is therafore
shown as a clock enable signal in the following figures. The figures include information
on whan interrupt flags are set, and when the OCR1x Register |s updated with the
OCR1x buffer value {only for modes utilizing double buffering). Figure 48 shows a timing
dlagram for the setting of OCF1x.

Figure 49. TimerCounter Timing Diagram, Setting of OCFix. no FPrescaling
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Figure 50 shows the same timing data, but with the prescaler enabled.
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Figure 51 shows the count sequence close 1o TOP in various mades. When using phase
and frequency correct PWM mode, the OCR1x Register is updated al BOTTOM. The
timing diagrams will be the same, but TOP should be replaced by BOTTOM, TOP-1 by
BOTTOM+1 and so on. The same renaming applies for modes that set the TOV1 Flag

at BOTTOM,

Figure 51. Timer/Counter Timing Diagram, no Prescaling
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Figure 52 shows the same timing data. but with the prescaler enabled,
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16-bit Timer/Counter
Register Description

Timer/Counter1 Control
Registar A - TCCR1A

Figure 52, Timer/Counter Timing Diagram, with Prescaler {1, /8]
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» Bit 7:6 - GOM1A1:0: Compare Output Mode for Channel A
« Bt 5:4 ~ COM1B1:0: Compare QOutput Mode for Channel B

The COM1{A1:0 and COM1B1:0 contral the Output Compare pins (OC1A and OC1B
respectively) behavior. |f one or both of the COM1IAT0 bils are written to one, the OC1A
output overrides the normal port functionality of the 11O pin it Is connected to. If one or
both of the GOM1B1:0 bit are written to one, the OC1B output overrides the normmal port
tunctionality of the /O pin itis connected to. However, note that the Data Diraction Aeg-
ister (DDA bit corresponding to the OC14 or OC18B pin must ba sat in arder to gnable
the output driver.

Whan the OC14 or DC1B is connected to the pin, the function of the COM1x1:0 bits is
dependent of tha WGM12:0 bits setting. Table 45 shows the COM1 x1:0 bit functionality
when the WGM13:0 bits are sel 1o a nommal or 8 CTC mode {non-PWM).

Table 45, Compare Output Moda, non-FWM
COM1A1/ | COMTAD/

COMiB1 | COM1BO | Description
i Normal port operation, OC1AOCT B disconneched.
1] 1 Togake Dﬁ'ih"ﬁﬁ?ﬂ on Compare Maich, s
1 o Clear OC1 A.-’élm B on Compare Match .isat output bo low leual).
1 1 Set DC1A/OCTE on Compare Match r‘sa{‘numm to high level]

T me W= — “IE!I’ 108

2E020-ANR -040E




AIMEL

Table 46 shows the COM1x1:0 bit functionality when the WGM13:0 bits are set to the
fast PWM mode.

Table 46. Compare Output Mode, Fast PWMT'!

COM1AY | COMIADS
COMiB1 | COMiBD | Description

o a Normal port operation, OCG1AQC B disconnacted.

o i i WEMI3:0 = 15: Toggle OC1A on Compare Metch, OC1B
! disconrected (normal port operation). For all other WEM1 satiings,
| normal port operation OC1A/OCT B disconnected.

1 0 Clear DC1A/OC1B on Compara Match, set OC1A/OCTE at TOR

1 1 Set DC1AOCTE on Compare Match, clear OC1A/0C18 at TOR

Mote: 1. A special case occurs when OCR1AIGCR1B equals TOF and COMIA1/COM1B1 ia
sat, In this case the Compare Maich is ignored, but the sel ur clear is done at TOP,
Seg "Fast PWh Mode® on page 101 for more details,

Table 47 shows the COM1x1:0 bit functionality when the WGM13:0 bits are sat to tha
phase correct or the phase and frequency correct, PWM mode.

Tahle{ -]t-?. Gompars Output Mode, Phasa Correct and Phase and Frequeney Corract
P

COMHAT | COM1ADY
COM1IB1 | COMIB0 | Description

0 0 Mormal part operation, OC1 A/OC1 B disconnected,

I 1 WGEMA3:0 = 8 or 14: Toggle OC1A on Compzare Match, OCG18
disconnected (normal port operation), For all other WGEM1 sellings,
normal port operation, OC1A/QCIB disconnestad,

1 Q Ciear OC1ADC1B on Compare Match whan up-counting, Sat
OC1AQCTE on Compare Match when down-courting.
1 1 Sat OC1 AOS1B on Compare Mateh when up-counting. Chaar

0C1A/0CTE on Compars Match when down-counting.

Note: 1, A special case occurs when OCR1A/DCRIEB aquals TOP and COMIAT/COMIBT is
est. Saa "Phase Correct PWM Mode™ on pege 103, for more datais.

= Bit 3 - FOC1A: Force Output Compare for Channel A
* Blt 2 - FOC1B: Force Qutput Compare for Channel B

The EGC1A/FOCTB bits are only active whan the WGEM13:0 bits specify a non-PWM
mode. However, far ensuring compatibility with future deviees, thess bits must be set to
zero when TCCR1A Is written when operating in a PWM mode. When writing & {ogical
ane to the FOC1A/FOC1E bit, an immediate Compara Match is forced on the waveform
generation unit. The OC1A/OC1B output is changed according to its COM1%1.0 bits set-
ting. Note that the FQG1A/FOC1B bits are implemented as strobes. Therefore It is the
value present in the COM1x1:0 bits that determine the effect of the forced compare.

A FOC1A/FOG1B strobs will not generate any inferrupt nor will it clear the timer in Clear
Tirner on Compare Match {CTC) mode using OCR1A as TOP.

The FOC1AFOCTB bits are always read as zero.
= Bit 1:0 - WQM11:0: Waveform Generation Mode

10 ATMEQa8535 (L)  mmm————————————
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Combined with the WGM13:2 bits found in the TCCR1B Register, these bits control the
counting sequence of the counter, the source for maximum (TOP) counter valus. and
what type of waveform generation to be used, see Table 48. Modes of operation
supported by the Timer/Counter unit are: Normal mode {counter), Clear Timer an
Compare Match (CTC) mode, and three types of Puise Width Modulation {PWM)

modes. Sea "Modes of Operation” on page 104.

Table 48, Waveform Genaration Mods Bit Deseription'

| WGM12 | WGM11 | WGMI10 | TimerCounter Mode of Update of | TOV1 Flag
Mode | WGM13 | (CTC1) | (PWMIT) | (PWM10) | Operation | Top | OCRixat | Seton

o 0 0 0 0 Norml | OWFFFF | Immediate | MAX

1 0 0 0 1 PYWI, Phiase Gorredt, B-bit 0x00FF | TOP BOTTOM |

2 0 0 1 0 P\, Phase Correct, 9-bit 0:01FF | TOP BOTTOM |
3 0 0 1 1 PWM, Phase Correct, 10-hit O0xG3FF | TOP | BOTTOM

a 0 1 o ¢ |crte ' OCRIA | Immediate | MAX

5 0 1 0 1 Fast PWM, 8-bit DXOOFF | TOP TOP

8 | 0 1 1 0 | FastPWM, 8-bit | oxotFF | TOP TOP

7 0 1 1 1 Fast PWM, 10-bit | ox0oFF | TOP TOP

B 1 a 0 0 PWHM, Phase and Fragquency

Corrsct ICR1 | BOTTOM | BOTTOM
9 : 0 0 1 PWM, Phase and Fraquency
Corract OCR1A | BOTTOM BOTTOM

10 1 1 0 | PWM, Phasa Corect licr1 | ToP BDTI‘EJM_:

11 1 |0 1 1 PWM, Phase Correct | ocRiA | TOP BOTTCM

12 1 1 0 4] cTS [CH1 lrnmadiata fid A

13 1 1 0 1 Reserved . . -

14 1 1 i 0 | FastPwWM CR1 | TOP [ ToP
|15 1 1 1 1 Fast PWM OCR1A | TOP | ToP
Mote: 1. The CTC1 and PAWM11:0 bit definition names are obsolete. Usa the WGEMIZD definitions. However, the tundlionality and

ARG -AYR-0L05

loeation of these bits are compatible with previous varsions of the Smer.

i

111




Timer/Counteri Control
Register B - TCCR1B
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Bl T ] G 4 3 2 1 o

[GHey | ICEeT |- | Wais | Wewia | csiz | osii | €sio | reoma
AeadiWdie RAY AW R RAN AW AW RAN W
Inilial Value [ Q 1] a o (] o 4]

« Bit 7 — ICNCT: Input Capture Nolse Cancelar

Setting this bit {to one) activates the Input Capture Noise Canceler. When the Noise
Caneceler is activated, the Input from the Input Capture Pin (ICP1) |s filtered. The filter
function requires four successive equal valued samples of the ICF1 pin for changing its
output. The Input Capiure Is therefore delayed by four oscillator cycles when the noise
canceler is enabled.

» Bit 6 - ICES1: Input Capture Edge Select
This bit selects which edge on the Input Capture Pin (ICP1) |s used to trigger a capture

event. When the ICES1 bit is written to zero, a falling (negative) edge is used as trigger,
and when the ICES1 bit is written to one, & rising {positive) edge will trigger the caplture.

When & capture is triggered according to the ICES1 setting, the counter value is copled
into the Input Capture Register (ICR1). The event will also set the Input Capture Flag
(ICF1), and this can be used to cause an Input Capture Interrupt, If this Interrupt is
anabled,

Whan the ICR1 Is used as TOP value (see descripiion of the WGM13:0 bits located in
the TCCR1A and the TGCA1B Ragister), the ICP1 is disconnected, and consequently,
the Input Caplure function is disabled.

* Bit5 - Reserved Bit

This bit Is reserved for future use. For ensuring compatibility with future devices, this bit
must be written to zere whan TCCR1B is writter.

v Bit 4:3 - WGM13:2; Waveform Generation Mode

See TCCR1A Register description.
« BH 2:0- C512:0: Clock Select

The thres Clock Select bits selact the clock source to be used by the Timer/Counter, see
Figure 48 and Figure 50.

Table 49. Clock Selact Bit Description

C812 | £S11 | CS10 | Description
o o 0 Mo clock source {Timer/Counter stopped),
0 o 1 clkyg/1 (Mo prescaling)
1] 1 0] clwa {From prescaler)
0 1 1| clkg/B4 (From prescater) i
1 0 Q tlky266 (From prescalar) |
1 | o 1| elkg/1024 (From presceler)
1 1 1] Extermnal clock source on T1 pin. Clock on felling adgea. ]
1 1 1 External clock sourca on T1 pin. Clock on rising edge.

If external pin modes are used for the Timar/Counter1, transitions on the T1 pin will
clock the counter even if the pin is configured as an output. This feature allows software
control of the counting.
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Timer/Counter! — TCNT1H
and TCNTIL

Cutput Compare Register 1 A
- OCR1AH and OCR1AL

Output Compare Reglster 1 B
- OCR1BH and OCR1BL

Input Captura Register1—
ICA1TH and ICR1L

Bit 7 & 5 4 3 i i o
L
TENTI[15:8] TEHTIH
T R
TCHTI[7: TENTIL
Rrasdinrta R AW AW P BT W AW T
inhlal Yalue a4 ) o o o o a a

The two Timer/Counter /0 locations (TCNT1H and TCNT1L, combinad TCNT1) give
direct access, hoth for read and for write operations, to the Timer/Counter unit 16-bit
cotnter. To ensure that both the high and low bytes are read and written simultanegusly
when the CPL accesses thesae registers, the access is performed using an 8-bit tempo-
rary high byte register (TEMF), This temparary register is shared by all the other 16-bit
reglsters. See "Accessing 16-bit Registers™ on page 91.

Modifying the counter (TCNT1) while the counter is running introduces a risk of missing
a Compam Match between TCNT1 and one of the OCR1x Registars.

Writing to the TCNT1 Register blocks {remaoves) the Compare Match on the following
timer clock for all compare units.

B 7 & & A 3 2 1 o
DCRIAL 5:8] OCR1AH
OCRIA[T /] QCRIAL

Readwwe AW R AW AW AW W AW A

|pitEal Wakie o 1} (4] 2 i} 2 4 [

i 7 8 5 4 3 2 1 o
OCRIB(156] DERIBH
DCRIBT0] OCR1BL

FroadANrim AW o, T AW T T T TR Y] R

Invitisl Valus ¢ ) 0 0 o 5 C 0

The Qutput Compare Registers contain a 18-bit value that Is continuously compared
with the counter value (TGNT1). A match can be used to generate an oulput compare
interrupt, or to generate & wavaform output on the OC1x pin,

The QOulput Compare Registers are 16-bit in size. To ensure that both the high and low
bytes are written simultaneously whan the CPLU writes ta these registers, the access s
perfiotmed using an B-bit temporary high byte register (TEMP). This temporary register
& shared by all the other 16-bit registers. See "Accessing 16-bit Hegisters™ on page 91.

Bit 7 | L 4 3 2 1 a
WCRA[15:8] IC31H
ICR1TT:0] IGRIL
e . AR
RezadiWrite AW R A AW W Ay A A
Initial Valua Q Q il o a L a Q

The Input Capture is updated with the counter (TCNT1) value sach time an event oocurs
on the ICP1 pin (or optionally on the Analog Comparater output for Timer/Counter1).
The Input Capture can be used for defining the counter TOP valua.

The Input Capture Register is 16-bit In size. To ensura that both the high and low bytes
ara read simultansously whan the CPU accesses thesa reglsters, the access |s per-
formed using an 8-bit temporary high byte register (TEMP). This temporary register is
shared by all the other 16-bit registers. See “Accessing 16-bit Registers” on page 91,
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Timer/Counter Interrupt Mask
Register — TIMSK™"

7 8 5 4 3 z 1 o

] E1 | OCIE1A | OCIETE | TCIE! [TOCIED | NOMEGT] TIMEK
FleadWrite AW AW AW RW AW RW AW
Initlel Vahue 0 o o o o 5 6 o

Mote: 1. This register contains intemrupt control bits for several Timer'Counters, but only
Timert bits are desorined in this section. The emaining bits are described i their
respective timer sections.

» Bit5 - TICIE1: Timer/Counterl, Input Capture interrupt Enable

When this bit is written 1o one and the I-flag in the Status Register |s set (inlerpts glo-
bally enabled), the Timer/Counter1 Input Capture interrupt is enabled. The
coresponding Interrupt Vector (see “interrupts™ on page 45} is executed when the |CF1
Flag, located In TIFR, is set.

« Bit4 - OCIE1A: Timer/Counter, Output Compare A Match Interrupt Enable

When this bit is written to one and the I-flag in the Status Regicter is set (interrupts glo-
bally enabled), the Timer/Counter! output compare A match interrupt is enabled. The
corresponding Interrupt Vector (gee ‘Interrupts”™ on page 45) is exacuted whean the
OCF1 A Flag, located in TIFR, is sat.

« Bit 3 - OCIE18: Timer/Counterl, Output Compare B Match Interrupt Enable

Whan this bit is written to orie and the |-flag in the Status Register is set (interrupts glo-
bally enabled), the Timar/Counter1 output compare B match interrupt is enabled. The
corresponding Interrupt Vector (see “Interrupts™ on page 45) Is axacuted when the
OCF1B Flag, located in TIFR, is sst.

» Bit 2 — TOIE1: Timer/Counterl, Overflow Interrupt Enable

Whan this bit is written to one and the |-flag In the Status Register s set (interrupts glo-
bally enabled), the Timer/Counter1 overflow interrupt is enabled. The carfesponding
Interrupt Vector (see “Interrupts” on paga 45) is executed when the TOV Flag, located
in TIFA, is set.
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Timer/Counter Interrupt Flag

Register — TIFRL"

5 4 3 2
[Tl IcF1 | OCFiA | OGRiD | ToW1 | OGRGL] ¥eNO ] TIFR
RW AW AW AW AW AW AW
invifial alue 5] a i a & il i} 4]

Mote: 1. This ragister containg flag bite for several TimenCounters, but only Timer1 bits ans
described in this section. The ramaining bits are dascribed in their respactive timar
sactions.

= Bit 5 —ICF1: Timer/Gounterl, input Capture Flag
This flag is set when a capture event occurs on the ICP1 pin, When the input Capture

Reglster (ICR1) is set by the WGM13:0 to be used as tha TOP value, the ICF1 Flag is
set when the counter reaches the TOP valug.

ICE1 Is automatically cleared when the Input Capture Interrupt Vector is executed. Alter-
nativaly, ICF1 can be cleared by writing a logic ane 1o its oit location.

« Bit4 - OCFiA: Timer/Counteri, Qutput Compare A Match Flag

This fiag is sat in the timer clock cycle after the counter (TCNT1) value maiches the Out-
put Compare Register A (OCH1A).

Note that a Forced Output Gompare (FOC1A) strobe will not set the OGF1A Flag.
OCF1A Is automatically cleared when the Output Compare Match A Interrupt Vector is
executed. Allematively, OCF1A can be cleared by writing a logic one ta its bit location,

= Bit 3 - OCF18: Timer/Counteri, Output Compare B Match Flag

This flag is set In the timer clock cycle after the counter (TGNTH) value matches the Oul-
put Compare Register B (OCR1B).

Note that a Forced Qutput Compare {FOC1B) stroba will not set the OCF1B Flag.
OCF1B Is automatically cleared when the Qutput Compare Match B Interrupt Vector |s
axecuted. Atematively, OCF1B can be clearad by writing a logic one to irs bit location.
» Bit 2 - TOV1: Timer/Counter1, Overfiow Flag

The setting of this flag is dependent of the WGM13:0 bits setting. In normal and CTC

modes, tha TOV1 Flag Is set when the timer overllows. Refer to Table 48 on page 111
for the TOV1 Flag behavior when using another WGM13:0 bit setting.

TOV1 is automatically cleared when the Timer/Counter1 Overflow Interrupt Vector is
exscuted. Alternatively, TOV1 can be cleared by writing a logic one to its bit location.
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8-bit Timer/Counter2 Timer/Counter2 Is a general purpose, single channel, B-bit Timer/Gounter modula. The
H main featuras ara:
with PWM and * Single Channel Counter
+ Clear Timer on Compare Match (Auto Reloa
Asynchronous o)
Glitch-free, Phase Correct Pulse Width Modulator (PWM)
Operation FradlnG Baiirater
10-bit Clock Prescaler
Overflow and Compare Maich Interrupi Sources (TOV2 and OCF32)
Allows Clocking from Extarnal 32 kHz Watch Crystal Independent of the VO Clock

-

L I

Overview A simplified block diagram of the 8-bit Timer/Counter is shown in Figure 53, For the
actual placement of 1/O pins, refer to "Pinout ATmegaB535" on page 2. CPU accessible
I¥O Registers, including 1/O bits and VO ping, are shown In bold. The device-specific /O
Register and bit locations are |isted in the “8-bit TimerCountar Register Description” on

page 127,
Figure 53. 8-bit TimerGounter Block Diagram
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Force Output Compare

Compare Match Blocking by
TENT2 Write

Using the Output Compare
Unit

ATmega8535(L)

Figure 556. Qutput Compare Unit, Block Diagram
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The OCR2 Register is double bultered when using any of the pulse width modulation
{(PWM) modes. For the normal and Clear Timer on Compare (CTC) modes of operation,
the double buffering is disabled. The doubls buffering synchronizes the update of the
QCH2 Compare Register to either top or bottom of the counting sequence. The synchro-
nization pravents the occurrence of odd-length, non-symmetrical PWM pulses, thareby
making tha output glitch-ras.

The QCR2 Reglster access may seem complex, but this Is not the case. When the dou-
ble bulfering is enabled, the CPU has access to the OCR2 Buffer Reglster, and if double
buffering is dizabled the CPU will access the OCR2 dirsctly.

In non-PWM wavaetarm generation modes, the match output of the comparator can be
forcad by writing a one to the Force Qutput Compare (FOC2) bit. Forcing Compare
Match will not set the OCF2 Flag or reload/clear tha timer, but the OC2 pin will be
updated as if & real Compare Match had occurred (the COMZ21:0 bits settings define
whether the QG2 pin is sel, cleared or toggled).

All CPU write operations to the TCNT2 Register will block any Compare Match that
ocouts in the next timer clock cycle, even whan the timer Is stopped. This feature allows
COCR2 to be initialized to the same value as TCNT2 without triggering an interrupt when
tha Timer/Countar clock is enabled.

Since writing TCNT2 in any mode of operation will block all compare matches for one
timer clock cycle, there are risks Involved when changlng TCNTZ when using the output
compare channel, iIndependently of whether the Timer/Counter is running or not. If the
valug written to TCNT2 equals the OCR2 value, the Compara Malch will be missed,
rasulting In incorrect waveform generation. Similardy, do not write the TCNT2 value
equal to BOTTOM when tha counter Is down-counting.

The setup af the OC2 should be performed before setting the Data Direction Registar lor
the port pin 1o output. The saslest way of setting the OC2 value is to use the force output
compare (FOGC2) strobe bit In Normal mode. The QC2 Register keeps ifs value even
when changing between Waveform Generation modes.
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Compare Match Output
Unit

Compsare Qutput Made and
Waveform Generation

Be aware that tha COM21:0 bits are not double buffered together with the compare
value. Changing the COM21:0 bits will take effect immediataly.

The Compare Output mode (COM21:0} bits have two functions. The Wavefarn Genera-
tor uzes the COM21:0 bite for defining the Output Compare (OC2) stale at the next
Compare Malch. Also, the COM21:0 bits control the OC2 pin output source. Figure 56
shows a simplified schamatic of tha logle affected by tha COM21:0 bit setting. Tha 1/D
Registers, /O bits, and YO pins in the flgure ara shown in bold, Only the parts of the
genaral D port control registers (DDA and PORT) that are affected by the COWM21:0
kits are shown. When refarring to the OC2 state, the referenca is for the internal QG2
Regizstar, not the OC2 pin.

Figure 56. Compara Match Qutput Unit, Schamatic
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The general /O port function Is averridden by the Output Compare (DC2} fram the
waveiorm ganarator if either of the COME1:0 bits are set. Howevar, the OG2 pin direc-
tion {input or output) is still controlled by the Date Directlon Register {(CDA) for the port
pin. The Data Direction Reglster bit for the OC2 pin (DDAR_OC2) must be set as output
before the OC2 value Is visible on the pin. The port cverride funclion is independent of
the Waveform Generation mode.

The design of the output compara pin logic allows initiglization of the OCZ sfate betore
the cutput s enabled. Mote that some COMZ21:0 bit setlings are reserved tar cartaln
modes of operation, Sesa “8-bit Timer/Counter Reqister Description” on page 127.

The Waveform Generator usaes the COM21:0 bits differently In normal, CTG, and PWHM
modes. For all modes, setting the COM21:0 = 0 tells the waveform generator that no
action on the OC2 Register is to be performed on the next Compare Match. For com-
pare output actions in the non-PWM modes refer to Table 52 on page 128, For fast
PWM moda, refer to Table 53 on page 128, and for phase correct PWM refer to Table
54 on page 129,
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Modes of Operation

Normal Mode

Clear Timer on Compare
Match (CTC) Mode

250G -AVA-05

A change of the COM21:0 bits state will take effect at the first Compare Match after the
bits are written. For non-PWWM modes, the action can be forcad to have an immeadiate
effect by using the FOC2 strobe bits.

The mads of operation {i.2., the behavior of tha Timer/Countar and the Output Compare
pins} is defined by the combination of the Waveform Generation mode (WGM21:0) and
Compare OQutput mode (COM21:0) bits. The Compare Output mode bits do not affact
the counting sequence, while the Waveform Generation mode hits do. The GOM21:0
bits control whether the PWM cutput gensrated should be inverted ar not (inverted or
nan-inverted PWM). For non-PWM modes the GOM21:0 bits control whether the output
should be set, cleared, or toggled at 2 Compare Match {See "Compare Match Qulput
Urit® on page 120.).

For detailed timing information rafer to "Timer/Counter Timing Diagrams™ on pags 125.

Tha simplest mode ot cperation is the Normmal mode (WGME1:0 = Q). In this moda the
counting direction Is always up (incrementing), and no counter clear is performad. The
counter simply overruns when It passes its maximum B-bit value (TOP = 0xFF) and then
rastarts from the bottorn {0x00). In normal cperation the Timer/Counter Overflow Flag
(TOV2) will be set In the same timer clogk cycle as the TCNTZ becomes zero. The
TOVE Flag in this case behaves lika a ninth bil, except that |t is only set, not cleared,
Howeavar, combined with the timer overflow Interrupt that automatically clears the TOWV2
Flag, the timer resoluion can be increased by software. Thete are no special casas to
consider in the normal mode, &8 new counter valua can be written anytime.

The output compare unit can be used to generate intermupts at some given time, Using
the output compare to generate waveforms In Normal mode is not recommended, since
this will cccupy too much of the CPU time.

In Clear Timar on Compare or CTC mode {WGM21:0 = 2), the OCH2 Registar is used to
manipulate the counter resolution. In CTC mode, the counter is clearad ta zer when the
counter value (TCNT2) matches the OCR2. The OCRZ defines the top value for the
gounter, hence also its resolution, This mode aliows greater control of the Comparg
Match output frequency. It also simplifies the operation of counting exiemnal events,

The timing diagram for the CTC mods is shown in Figure 57. The counter value
{TCNT2) increases until a Compare Match ocours between TCNT2 and QCR2, and then
countar (TCNT2) is clearad.

Figure 57. CTC Mode, Timing Diagram
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Fast PWM Mode

AlmEL

An interrupt can be generated each tima the counter value raachas tha TOP value by
using the OCF2 Flag. If the interrupt is enabled, the intarrupt handlar routine can ba
used for updating the TOF value. However, changing the TOF o & value close to BOT-
TOM when the counter s running with none or a low prescaler value must be done with
care since the CTC mode does not have the double buffering festure. If the new value
written to OCR2 |s lower than the current value of TCNT2, the counter will miss the
Compara Match, The counter will then have to count to its maximum value (0xFF) and
wrap around starting at 0x00 befare the Compare Match can ocour,

For generating a waveform output in CTC mode, the OC2 output can be set to toggle its
logical level on-each Compara Match by seltting the Compare Output mode bits to toggle
mode (COM21:0 = 1). The QC2 value will not be visible on the port pin unless the data
direction for the pin is set to cutpul. The waveform generated will have a maximum fre-
guency of foes = /2 when OCR2 is set to zero {0x00). The waveform frequency s
defined by the following equation:
for = Jew_vo
OCn = 2. N-(1+0CRn)

The "N variable represents the prescale factor (1, 8, 32, 64, 128, 256, or 1024).

As for the Momal mode of operation, the TOW2 Flag is set In the same timer clock cycle
that the counter counts from MAX to Ox00.

The fast Pulse Width Modulation or fast PWM mode (WGM21:0 = 3) provides a high fra-
guency PWM waveform genaration option. The fast PWM differs from the other PWM
option by its single-slope operatian. The counter counts from BOTTOM 1o MAX then
restarts from BOTTOM. In nondnverting Gompare Output mode, the Output Compare
(0C2) is cleared on the Compare Match betwsen TCNT2 and OCR2, and sef at BOT-
TOM. In inverting Compare Output modes, the output is set on Compare Match and
clearad at BOTTOM. Due to the single-slope opetation, the operaling fragquency of the
fast PWM mods can be twice as high as the phase correct PWM mode that uses dual-
slope operation. This high frequency makas tha fast PWM maode well suited for powear
regulation, rectification, and DAC applications. High frequency allows physically small
sized extemal components (coils, capachors), and therefore reduces total system cost.

In fast PWM mode, the counter is incremented until the counter value matches the MAX
value. The counter is then cleared at the following timer clock cycle. The timing diagram
for the fast PWM mode Is shown in Figurs 58. The TCNT2 value is in the timing diagram
shown as a histogram for lllustrating the singls-slope oparation. The diagram includes
non-inverted and inverted PWM outputs. The small horizontal line marks on the TCNTZ
slopes represent compara matches between OCHZ and TCNTZ.
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Figure 58. Fazt PWM Mode, Timing Diagram
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The TimerCounter Cverflow Flag (TOV2) is set each time the counter reaches MAX, It
the Interrupt Is enabled, the Interrupt handler routine can be used for updating the com-
pare valug,

In fast PWM mode, the compare unit aliows generation of PWM waveforms on the OC2
pin. Satting the COMZ21:0 bits to two will produce a non-invened PWM and an invertad
PWM output can be generated by setting the COM21:0 to three (See Table 53 on page
128). The actual OG2 value will anly be visible on the port pin If the data direction for the
port pin |s sel as output. The PWM wavelerm Is generated by setting (or clearing) the
OC2 Reglster at the Compare Match between OCR2 and TCNTZ2, and clearing {or sel-
ting) the OC2 Register at the timer clock sycle the counter Is cleared (changas from
MAX to BOTTOM).

Tha PWH fraquency for the output can be calculated by tha followlng equation:

y _ Je o
SCRERNM T N a5g

etz oo oo L | OCRN Updats and
; i i | T Internpt Fiag Set
B

P E—

(SN 10 = 2)

The “M" variable reptesants the prascals factor (1, 8, 32, 84, 128, 258, or 1024).

The exireme values for the OCR2 Register represent special cases when generating a
PWIM waveform output in the fast PWM mode. If the OCRZ is set aqual to BOTTOM, the
output will be a narmow spike for each MAX+1 timer clock cycle. Setting the OCHZ equal
to MAX will result In a constantly high or low outpul (depending on the polarnity of the out-
put set by the GOM21.0 bits.)

A frequency {with 50% duty cycle) wavalomn output in fast PWM mode can be achieved
by setting OC2 1o toggle its |ogical level on sach Compare Match (COM21:0 = 1), The
wavelorm generated will have a maximum frequency of i, =, o/2 whan OCRZ |s set
to zem. This feature is similar to the OG2 toggle in CTC mode, except the double buffer
feature of the output compare unit s enabled In the fast PWiM mode.
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Phage Correct PWM Mode
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The Phase Comrect PWM mode {(WGM21:0 = 1) provides & high resolution phase correct
PWM waveaform generation option. The phasa correst PWM mode is based on a dual-
slope operation. The counter counts repeatedly from BOTTOM to MAX and then from
MAX to BOTTOM. In non-inverting Compare Output mode, the Qutput Compare {OC2)
Is cleared on the Compars Match between TCNT2 and OCR2 while up-counting, and
set on the Compare Match while down-counting. In inverting cutput comparmn medes, the
operation is inverted. The dual-slope operation has lower maximum cperation frequency
than single slope cperation. However, due to the symmetric feature of the dual-slope
PWM modes, these modes are prefarred for motor control applications.

The PWM resolution for the phasge corrget PWM mode |2 fixed to eight bitz. In phasa
correct PWM mode the countar is incramentad until the counter value matches MAX.
Whean the counter reaches MAX, it changas tha count dirsction, The TCNTZ2 values wil
be equal to MAX for one timer clock cycle, The timing dlagram for the phase correct
PWM mode is shown on Figure 59, The TCNTZ value Is in the timing diagram shown as
a histogram for lllustrating the dual-slope operation. The diagram includes non-inverted
and Inverted PWM outputs. The emall horizontal line marke on the TCNT2 slopes repre-
sent compare matches between OCR2 and TCNT2,

Figure 59. Fhase Correct PWh Mode, Timing Diagram
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The Timer/Counter Overflow Flag {TOV2) is st each time the counter reaches BOT-
TOM. The Interrupt Fiag can be used to generate ap interrupt each time the countar
reaches the BOTTOM value.

In phasa comact PWM mode, the compare unit allows generation of PWM waveforms on
the OC2 pin, Setting the COM21:0 bits to two will produce a nen-inverted PWM. An
inverted PWM output can be generated by setting the COM21.0 1o three {See Table 54
on page 129), The actual OC2 value wil only be visible on the port pin if the data direc-
tion for the port pin is set as output. The PWM waveform is generated by clearing (or
setting) the OC2 Register at the Compare Maich between OCR2 and TCNT2 when the
counter Inerements, and setting (or clearing) the OC2 Raegister at Compare Match
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Timer/Counter Timing
Diagrams
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betwean OCR2 and TCNTZ when the counter decrements. The PWM freguency for the
output when using phase correct PWM can be caleulated by the following eguation:

J" . i ='M
(M nPOCPRA N-E10

The “N' variable represants the prescale factor (1, B, 32, 84, 128, 255, or 1024).

The extrame values for the OCR2 Register represent special cases whan genarating s
PWM wavetform output in the phase correct PWM mode. If the OCR2 is set aqual to
BOTTOM, the ouiput will be continuously low and if set equal o MAX the output will be
continuously high for non-inverted PWM mode. For inverted PWM the output will have
the opposite logic values.

At the very start of paried 2 In Flgure 58 OCn has a tranaition from high to low sven
though there is na Compare Match. The polnt of this transition is to guarantee symmetry
around BOTTOM. There are two cases that give a transltion without Compare Match.

= OCR2 changes its value from MAX, like In Figure 59, When the OCH2 value is MAX
the OCn pin value is the samae as the result of a down-counting Compare Matzh. To
ensure symmatry around BOTTOM the OCn value at MAX must correspond 1o the
result of an up-counting Compare Match.

= The timer starts counting from a value higher than the one in OCRZ, and for that
reason misses the Compare Match and hence the OCn change that would have
happanad on the way up.

The following figures show the Timer/Counter In Synchronous mode, and the Timer
Clock {clkyy) is therefore shown as a clock enable signal. In Asynchronous mode, clk,g
should be replaced by the Timer/Counter Osclllator clock. The figures include informa-
tion on when interrupt flags are set. Figure 60 contains timing data for basic
TimarnCounter aparation. The figure shows the count sequence close to the MAX value
in all modes other than phase comact PWh mode.

Figure 60. TimerCGounter Timing Diagram, no Prescaling
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Figure 61 shows tha same timing data, but with the prescaler enabled.
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Figure 61. Timer/Counter Timing Diagram, with Prescaler {f, ,/8)
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Figure 62 shows the setting of OCF2 in all modes except CTC mode.

Figure 62, Timer/Counter Timing Diagram, Setting of OCF2, with Prascalar (f,, o/8)
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Figure 63 shows the setting of OCF2 and the clearing of TCNT2 in CTC moda.
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8-bit Timer/Counter
Register Description

TimearfCounter Control
Register - TCCR2
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Figure £3. Timer/Counter Timing Diagram, Clear Timar on Compare Match Mode, with
Prascaler {f, ,o/B)
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= Bit 7— FOC2: Force Qutput Compare

The FOC2 bit is only active when tha WGM hits spacity a non-PWk mode. However, for
ensurng compatibility with future devices, this bit must be set to zero when TGCRZ is
writlen when operating In PWM mode. When writing a logical one 1o the FOCZ bit, an
Immediate Compare Match is forced on the Wavetanm Generatlen unit. The OC2 output
ls changed according 1o its COM21:0 bits setting. Note that the FOC2 bit Is implemented
as a strobe. Therefors it is the value presaent in the COM21:0 bits that determines the
effect of the forced compare.

A FOCZ stroba will not generate any interrupt, nor will it claar the tmar in CTC mode
using OCR2 as TOF.

The FOC2 bit Is always read as zero.
= Bit &, 3 - WGM21:0: Waveform Genearation Mode

Thesa bits contral the counting sequence of the countar, the source for the maximum
(TOP) counter value, and what type of wavefarm generation to be used. Modes of oper-
ation suppored by the Timer'Counter unit are: Normal mode, Clear Timer on Compare
Match {CTC) mode, and two types of Pulse Width Modulation (PWM) modes. Sec Table
51 and "Modes of Operafion” on page 121.
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Table 51. Wavetorm Generation Mode Bit Description!”

WGM21 | WGM20 | Timer/Counter Mods Update of | TOVZ Flag
Mode | (CTC2) | (PWM2) | of Operation TOP | OCR2 Seton
0 1] 0 Normeal (xFF Immediate | MAX
1 0 1 PWM, Phase Correct | OxFF | TOP BOTTOM
1 o |cTC OCR2 | Immediats | MAX
1 | 1| FastPwM GFF | TOP MAX

Note: 1. The CTC2 and PWM2 bit definiion namas are now ghsolats. Use the WGM21:0 det-
inifions. Howswer, the functionality and location of these bits are compatible with
pravious varsions ol the timear.

= Bit 5:4 — COM21:0: Compare Match Output Mode

These bits contral the Output Compare pin (QOC2) behavicr. |f one ar both of the
COM21:0 bits are =et, the OG2 output overrides the nommal port functionality of the 1O
pin it is connecied to. Howsever, note that the Data Direction Registar (DDR) bit corre-
sponding to OC2 pin must be setin order to enable the output drlver.

When OC2 is connected to the pin, the function of the COM21:0 bits depends on the
WGEM21:0 bit sefting. Table 52 shows the COM21:0 bit functionality when tha WGM21:0
bits are set to a Normal or CTC mode (non-PAi).

Table 52. Compars Dutput Mode, non-PWM Mode

coM21 COM26 | Description
0 0 Mormal port operation, OC2 disconnected.
0 1 : Toggle OC2 on Compare Match,
1 (1] | Clear OC2 on Comgara Maitch. =
1 1 Sat 002 on Compare Match, -
Table 53 shows the COM21:0 bit tunctlonallty when the WGM21:0 bits are sat 1o last
PWH mode.
Table 53. Compare Output Mode, Fast PWM Mode!"
COM21 | COM20 Description
0 1] MNormal port operation, OCG2 disconnected.
o 1 Reserved
1 0 | Clear OC2 on Compare \atch, set OC2 at TOP
1 1 | Sat ©C2 on Compare Match, clear QG2 sl TOF,

Note: 1. A special case occurs when OCR2 equals TOP and COME1 [s set. In this case, the
Compare Match is ignored, but the set or clear |5 done at TOR. See "Fast PWM
Meode" on page 122 for more detaiks.
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Table 54 shows the COM21:0 bit functionality when the WGM21:0 bits are set to phase
correct PWM mode.

Table 54, Compare Output Mode, Phase Correct PWM Mode'!

COM21 | COM20 | Description
0 0 Mormal port oparation, OCZ disconneciad,
0 1 Heserved
1 ] Clear OC2 on Compare Malch when up-counting, Sel OC2 on Compara
Match when down-counting.
1 i Sat G2 on Compara Match when up=counting. Clear 0C2 on Compare
Match when down-counting.

Mate: 1, A special case occurs when OCR2 squals TOP and COMR21 is set. In this case, the
Compare Match i3 ignared, but tha set or clear is dona at TOR See "Phase Comrect
PYWh Mode™ on page 124 for more datails,

= Bit 2:0- CS522:0: Clock Sslect
The three clock select bits select the clock source o be used by the TimerCounter, see
Table 55.
Table 55. Clock Sslact Bit Dascription
L] cs21 C520 Description
o Mo clock source (TimerCounter Etnppgft!.
clkraefiMo prescaling)
clkrag/8 (From prescaler)
clkrag/32 (From prescaler)
Clierss/B4 [From prescaler)
Clkpe/128 (From prescaler)
clky 5256 (From prascaler)
clkros 1024 (From prascaler)

—_
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Timer/Counter Regiater -

TCNT?2 Bi 7 & 5 4 a 2 " 5
| TCNT{7:0] — ] o

Feacdiirle FLA AW T, T FLW AW P ]
IFitial Vakie ) 0 ) 0 o o 0 0

Thea TimerCounter Register gives direct access, both for read and write operations, to
the TimerCounter unit B=bit countar. Wrlttng to the TCNTZ Register blocks {removes)
the Compare Match on the following timer clock, Moditying the counter (TCNT2) while
the counter is running, Introduces a risk of missing a Compare Match between TCNT2
and tha OCAZ Register.
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Output Compare Register -
OCR2

Asynchronous Operation
of the Timer/Counter

Asynchronous Status
Register - ASSR

ANE] =

Bit 7 f 5 “ a 2 1 a

| OCR2T:0] | ocAe
Freark'Wrile =11 = =LY AW [=Th]] Py Aan Rt
lestial Wihost a a a a a a o ]

The Qutput Compara Raegister contains an B8-bit value that is continuously compared
with the counter value (TCNT2). A match can be used o genarate an output compare
[mterrupt, of 10 generate a waveform output on the OC2 pin.

Bd ri =] ] 4 3 2 1 4]

e I e L MG e
RaadWriie A R A R RAN A R [=]
Inltfal Wahua i} 4] L] q 0 1 0 o

= Bit 3 = AS2: Azynchronous Timer/Counter2

When AS2 Is written to zero, Timar/Counterz is clocked from the VO clock, clkyg. When
ASZ is written 1o one, TimenCountar2 is clocked from a crystal Oscillator connected to
the Timer Osclllator! (TOSCH) pin. When the value of AS2 Is changed, the contants of
TCNT2, OQCR2, and TCCR2 might be cormupted,

« Bit 2 - TCN2UB: Timer/Counter2 Update Busy

When Timer/Counter2 operates asynchronously and TCNTZ is written, this bit becomes
sat, When TCNT2 has been updatad from the temporary storage regisier, this bit |8
cleared by hardware. A logleal zero |n this bit indicates that TCNT2 is razady to be
updated with a new value.

» Bit 1 - OCR2UB: Output Compare Register 2 Update Busy

When Timer/Counter2 cperales asynchronously and OCR2 is written, this bit bacomes
set. Whan OCR2 has been updated from the temporary storage register, this bit Is
cleared by hardware. A logical 2zero In this bit indicates that OCH2 is ready ta be

updatad with a new value.
» Bit 0 — TCA2UB: Timer/Counter Control Reglster 2 Updats Busy

Whaen Timer/Counter2 ocperates asynchronously and TCCH2 is written, this bit becomes
set, Whan TCCR2 has been updated from the temporary storage register, this bit Is
cleared by harcware. A logical zero In thig bit Indicates that TCCR2 is ready to be
updated with a new valus.

I a write is performed to any of the three Timer/Counter2 Registers while |ts update
busy flag is set, the updated value might get corrupted and cause an unintentional inter-
rupt to cocur.

The mechanisms for reading TCNTZ2, OCR2, and TCCRZ are difterant. When reading
TCHNT2, the actual timer value is read. When reading OCR2 or TGCR2, the value in the
tamporary storage register is read.
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Aszynchronous Operation of When TimerCounter2 operates asynchronously, some considerations must be taken.

Times/Counter2 = Warning: When switching betwean asynchronous and synchronous clocking of
Timer/Counter2, the timer registars TCNT2, OCR2, and TCCR2 might be corruptad.
A safe procedurs for switching clock soures is:

1. Disable the Timer/Counter2 Interrupts by clearing OGIE2 and TOIE2.
2 Select clock source by setling AS2 as appropriate.

3. Whnte new values to TCNT2, OCR2, and TCCR2.
4,

To switch to asynchronous operation: Wait for TCNZUB, OCRZUB, and
TCR2UE.

§. Clear the Timar/Countar2 Intermupt Flags.
6. Enable interrupts, if needed.

= The Osclllator is optimized for use with 8 32.768 kHz watch crystal. Applying an
axternal clodk to the TOSCH pin may result In incorrect TimerCounter2 oparation.
The CPU main clock frequency must be more than four times the oscillator
freguancy.

= When wriling to one of the registers TOCNT2, OCR2, or TCCR2, the value is
transfemred to & temporary register, and latched after two positive edges on TOSC1.
The user should not write a new valus before the contenis of the temporary register
have bean transfarrad to ite destination. Each of the three mentioned registars hava
their individual temporary register, which means that, 8.g., writing to TCNTZ doas
not disurh an OCR2 write in progress. To detect that a transfar to the destinatlon
register has taken place, the Asynchronous Status Register = ASSR - as been
implemented.

*  When entering Power-save or Extanded Standby mode after having written to
TCNTZ2, OCR2, or TCGR2, the user must wah untll the writtan register has basen
updated If Timer/Counter2 is used to wake up the device. Otherwise, the MCU will
enter sleep mode belore the changes are effective. This Is partlculardy important if
the Output Compare 2 interrupt is used to wake up the device, since the output
compare function is disabled during writing to OCR2 or TCNT2. I the write cycle is
not finished, and the MCU enters sleep mode before the OCH2UB bit returns to
rarg, the deviee will never receive a2 Compare Match interrupt, and the MGU will not
wake Up.

* I Timer/Counter2 |s used to wahke the device up from Power-save or Extended
Standiy mode, precautions must be taken I the user wants to re-enter one of these
rmodes: The interrupt logic neads one TOSCA1 cycle to be reset. If the fima between
wake-up and re-entering sleep mode is less than one TOSCY cycle, the interrupt will
not occur, and the device will tall to wake up. If the user is in doubt whether the time
before re-antering Power-save or Extended Standby mode is sufficient, the following
algorithm can be used to ensure that one TOSC1 cycle has elapsed:

1. Write a value to TCCR2Z, TONTZ, or OCRZ,
2. Wait untll the corresponding Update Busy Flag in ASSR returns to zero.
3. Enter Power-save or Extendad Standby mode.

*  When the asynchronous operation s selected, the 32.768 kHz Oscillator for
Timer'Counter2 is always running, except in Power-dawn and Standby modes, After
a Power-up Haesst or wake-up from Power-down or Standby mode, the user should
be aware of the fact that this Qscillator might take as long as one second to stabilize.
The user is advized to wait for at least one second before using Timer/Countar2
after Power-up or wake-up from Power-down or Standby mode. The conterts of all
Timer/Countar2 Registers must be considared lost after a wake-up from Fower-
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TimerfCounter Interrupt Mask

Register — TIMSK

AIMEL

down or Standby mode due to unslable clock signal upon start-up, no matter
whether the Dscillator is in use or a clock signal is applied to the TOSC1 pin.

Descriplion of wake-up from Power-save or Extended Standby mode when the timer
iz clocked asynchronously: When the interrupt condition is met, the wake up
process is startad on the following cyele of the timer elock, that s, the timar is
always advanced by at least one before the procassor can read the counter valus.
Aftar wake-up, the MCL is hatied for four cycles, it executes the intemupt routing,
and resumes execution from the instruction following SLEEP.

Reading of the TCNTZ Registor shortly after wake-up from Power-save may give an
incorrect result. Since TCNT2 Is docked on the asynchronous TOSC dock, reading
TCNTZ must ba done through a ragistar synchronized 1o the intarnal WO clock
domain. Synchronization takes place for every fsing TOSCA edge. When waking up
from Power-save mode, and the /O clock {clks) again becomes active, TONT2 will
read as the previous value {before entering sleep) until the next rising TOSC1 edge.
The phase of the TOEC clock after waking up from Power-save mode is essentially
unpredictable, as it depends on the wake-up time. The recommended procedura for
reading TCNT2 is thus as follows:

1. Write any value to either of the registers OCR2 or TCCRZ,
2. Wait for the comesponding Update Busy Flag to be clearsd.
3. Read TCNT2.

Cuwrng asynchronous operation, the synchronization of the interrupt flags for the
asynchronous timer takes three processer oycles plus one timer cycle. The timer is
therefore advanced by at least ona befors the processor can read the imer value
causing the setting of the Interrupt Flag. The cuiput compare pinis changed on the
timerclock and is not synchronized to the procassar clock.

Bi 7 B ] 4 3 2 1 Q

[Goiez | owa | Vo1 | OCIEVA | OCIEE | TOWET | OOED | TORS ] TSk
RaadMinie AW R R AN R RAN AW A
Irifind Wadue: 0 1} Q o ] ] L] Q

= Bit 7 — OCIE2;: Timer/Counter2 Output Compare Match Interrupt Enable

When the OCIE2 bit is written to one and the I-bit in the Status Register is set {one), the
Timet/Counter2 Compare Match interrupt is enabled. The corresponding interrupt is
executed if a Compare Match in TimerCounter2 occurs {i.e., when the OCF2 bitis setin
the Timer/Counter Interrupt Flag Register — TIFR).

= Bit 6 — TOIE2: Timer/Counter2 Overflow Interrupt Enable

When the TOIE2 bit is written to one and the 1-bit in the Status Register is sal (one), the
Timar/Counter2 Ovarflow interrupt is enabled. The corresponding interrupt is executed it
an ovarflow In Timer/Counter? occurs (i.e:, whan tha TOWVZ2 bit is set in the
TimerCounter Interrupt Flag Registar = TIFR).
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Timer/Countar Intarrupt Flag
Register — TIFR

Timer/Counter Prescaler

bk A AT b T

Bt 7 B 5 4 3 2 1 a
[ocez | Tova | 1GF1 | OCFIA | OCFiB | TON | OGF0 | Towo | TIFR

RleadAVta RW AW AW AW RW AW RW  RW

Irvitial Wabua i} o [i] ] o il a o

= Bit 7 - OCF2: Qutput Compare Flag 2

The OCF2 bit is set (one) when a Compare Match cccurs between the TimerCounter2
and the data in DCR2 = Output Compars Register 2. OCF2 |s cleared by hardware
when executing the corresponding interrupt handling veclor. Alternatively, OCF2 is
cleared by writing & logle one to the flag. When the I-bit in SREG, OCIE2
{Timer/Counter® Compare Match interrupt enable), and OCF2 are set (one}, the
Timer/Countar2 Compare Match Interrupt is executed.

= Bit 6 — TOVZ: Timer/Counter2 Overflow Flag

The TOV2 bitis set (one) when an overflow occurs in Timer/Counter2, TOV2 is cleared
by hardware wheh axecuting the corresponding interrupt handling vector, Alternativaly,
TOV2 [z clearad by writing a logic one to the flag. When the SREG I-bit, TOIE2
{Timar/Counter2 Overflow Interrupt Enable), and TOV2 are sat (one), the
TimerCounter2 Overflow interrupt is exscuted. In PWM mode, this bit Is set whan
Timer'Counter? changes counting direction at Ox00,

Figure 64. Prescaler for Timer/Countar2
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TIMERACOUNTERE CLOGK SOURCE
ik

The clock source for Timer/Counter2 is named clkpg. clkgs is, by default, connected o
the main system /O clock ¢l By satting the AS2 bit in ASSR, Timer/Counter2 is asyn-
chronously clocked from the TOSC1 pin. This enables use of Timer/Counter2 as a Real
Tirne Counter (RTC). When ASZ2 is set, pins TOSC1 and TOSC2 are disconnectad from
Port . A erystal can then be connected batween the TOSC1 and TOSCZ pins 10 serve
as an indapendant clock source for Timer/Gounter2, The Oscillator is optimized for use
with & 32.768 kHz crystal. Applying an external ¢lock source to TOSGC1 |5 not
recommendead.

For Timer/Counter2, the poasible prescaled selections are: clky,/8, Clky,gf32, clky 564,
Clkyae!128, clkyes/256, and clky,g/1024. Additionally, clkeg as well as 0 (stop) may be
selected. Setling the PSR2 bit in SFIOR resets the prescaler. This allows tha usar 1o
operate with a predictable prescaler.
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Speclal Function 10 Register—
SFIOR il 7 8 5 ] 3 z 1 1]
— — —
[Aom=2 | AoTes | ADTS0 | - | ACWME | PUD | PSRz | PSR | SFoR
FrasdfWrite Fiw AW AW R RAW R A AN
Iriisd Valus o i o Q 0 t a a

* Bit 1 - PSR2: Prescaler Reset TimerfCounter2

Whan this bit iz writtan to ona, the Timer/Counter2 prescaler will be reset. The bit will be
clearsd by hardware after the opseration Is parormed. Writing & zero o this bit will have
no effect. This bil will always be read as zero If TimenCounter2 is clocked by the intemal
CFU clock, If this bit Is written when Timer/Counter2 is operating in asynchronous
meda, the bit will remain one until the prescaler has beean reset.
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Serlal Peripheral
interface - SPI

The Serial Penpheral Interface {SP1) sllows high-speesd synchronous data transter
between the ATmegaB535 and peripheral devices or between several AVA devices,
The ATmegaB535 SPI includes the following features:

+ Full Duplax, Threa-wire Synchronous Data Transfer

* Wtasier or Slave Oparation

LSE First or MSE First Date Transfer

Seven Programmable Bit Rales

End of Transmission Interrupi Flag

Write Collision Flag Protection

Wake-up from ldle Mode

Double Speed [CKf2) Master SPI Mode

Figure 65. SPI Block Diagram'"
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Mote: 1. Refer to Figure 1 on page 2, and Tabde 26 on pags 59 lor SPI pin placement.

The Interconnection betwesn Master and Slave CPUs with SPI Is shown In Figure 66.
The system consists of two Shift Registers, and a Master clock generator. The SPI Mas-
ter initiates the communication cycle when pulling low the Slave Select 55 pin of the
desired Slave. Master and Slave prepars the data to be sent in their respactive Shift
Registers, and the Master generates the required clock pulses on tha SCK line to inter-
change data. Data is always shifted from Mastar to Slave on the Master Out — Slave in,
MOSI, ling, and from Slave to Master on the Master In — Slave Out, MISO, line, After
gach data packel, the Master will synchronize the Slave by pulling high the Slave Select,
55, line.

When configured as a Master, the SP! interface has no automatic control of the SS line.
This must be handled by user software befors communication can start. When this s
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done, writing a byte to the SP| Data Register stants the SPI Clock Generator, and tha
hardwara shifts the eight bits into the Slava, After shifting ona byte, the SP1 clock genar-
ator stops, setting the end of Tranemission Flag (SPIF). If the SPI Intermupt Enabla bit
{SPIE) in the SPCR Register is set. an Interrupt |5 requested. The Master may continue
to shift the next byte by writing it into SPOR, or signal the end of packet by pulling high
the Slave Select, S5 ling. The last incoming byte will be kept in the buffer register for
later use,

When configured as a Slave, the SPI interface will remain sleaping with MISO tri-stated
as long as the 55 pin is driven high. In this state, software may update the contents of
the SPl Data Register, SPDR, but the data will not be shifted out by incoming clock
prizas on the SCK pin until the S5 pin is driven low. As one byte has been completely
shitted, the end of Transmission Flag, SPIF |5 set. If the SPI Interrupt Enable bit, SPIE,
in the SPCR Reglster is set, an Interupt is raquested. The Slave may continue to place
new data ta be sent inte SPDR before reading the incoming data, The last incoming byte
will be kept In the buffer register for later use.

Figure 66. SP| Master-Slave Interconnaction

' ' LAVE LSB
MSB  MASTER LsB st SO, MSB g 8
’— B BIT SHIFT REGISTER : : B BIT SHIFT REGISTER 4-’
' 1 F Y
» & . MOS! MDSl; -
: i SHIFT
i , ENABLE
SPI P BCK SCK,
CLOCK GENERATOR [ % = =

e F

The system is single bufferad in the transmit direction and double buffered in the receive
direction. This means that bytes to be transmitted cannot ba written to the SP| Data
Reqgistar before the antire shift cyele is completed. When recelving data, however, a
received character must be read from the SPI Data Register before the next character
has been completely shifled in. Otherwisa, the first byte is lost,

In SPI Slave mode, the contrel logic will sample the incoming signal of the SCK pin. To
ensure correct sampling of the clock signal, the frequency of the SPI clock should naver
exceed {4

Whan the SPl is enabled, tha data direction of the MOSI, MISO, SCK, and 55 pins is
overridden acconding to Table 56. For more details on automatic port overides, refer (o
“Alternate Port Functions™ on page 56,

Table 58. SPI Pin Overridest™

Fim Diraction, Master SPI Direction, Slave SPI
MCS User Dedined Input
hAEEC Input User Dafined
SCK | User Defined Inpul I
55 User Defined Input

Mowe: 1. See "Allemate Functions Of Port B on page 59 lor a detalled description of how to
dafing the direction of the user detined 5Pl pins.
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The fellowing code examples show how to inltialize the SPI as a Master and how to per-
form a simple transmission. DDR_SPI in the examples must be replaced by the actual
Data Direction Registar controlling the 2PI ping. DO_MOS!, DD_MISO and DD_SCHK
must be replaced by the actual data direction bits for these pins. For example, i MOS! s
placed on pin PES. replage DO MOS! with D0BS, and DDR_SPL with DDRB.

Assembly Code Example'"

SPI_Masterinil:
: Sar MOSH and SCK output, all others input
Il 17 {1==DD_MOSIi{1=<DD_SCK)
oul DDR_SPIAMT
: Enable SPI, Master, sol clock rate icdd16
i r17.(1==SPE){1==MSTR]|{1=<SPRO)
cul SPCAM7
el

SP|_MasztarTransmit:
i Starl trensmission of data (r16)
oul SPDRA6

Wait Transmit:
: Wait for fransmission complete
sbhis SPSRSPIF
rimp Wait_Tranzmit
rel

C Code Exampla'"

vold SPI_Masterinit{void)

{
/* Set MOSI and SCK output, all others input */
DDRA_SPI = (1<<0D_MOSI)I(1<<DD_SCKY;
f* Engble SP1, Mastar, 5et clock rata ick/16 "/
SPCR = {1<<SPE)I(1<MSTR)I{1<<SPRO);

}

void SPI_MasterTransmit{char cData)
{
/7 Start tranamission */
SPODR = cData;
£ Wait for ransmission complete '/
while(![SPER & (1<<SPIF})

Mete: 1. See “About Code Examples” on page 6.
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The following code sxamples show how to initialize the 5P| as a Slave and how o per-

form a simpla recaption.

Assembly Code Exampla'’!

SFl_Siavelnit:
1 Set MISO output, aif others input
Idi 17 [1<<DD_MISO)
out DDR_SPILAT
; Enable SPI
Idi  ri7.(1=<5PE)
out SPCR.AT
red

SP_SlaveRecohe:
; Wait for reception complate
shis SFSR.SPIF
rjmp SPI_SlaveReceive
; Read received data and raturn
in riG6,5P0R
ret

C Code Example')

void SPI_Slevalnt{veld)
{
* Set MISO oulpul, all others input */
DCA_SPI = (1=<DD_MISCH);
f* Enabde SPI Y
SPCR = (1=<S8PE),
}

char SF SlaveRaceive(vold)

{
/* Wait for reception complals */
whila{l{SPSR & (1=<SPIF)})
/" Retum Datz Register */
return SPDR;

Mole: 1. Bea“"About Code Examples™ on page 8.
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S8 Pin Functionality

Slave Made

Master Mode

5P| Control Register - SPCR

2ERE AV RS

When the SFI is configured as a Slave, the Slave Select (55) pin is always input. When
55 is held low, the SPI is actlvated, and MISO becomes an output if configured so by
the user. All other pins are inputs, When SS is driven high, all ping are inputs, and the
5Pl is passive, which means that it will not receive Incoming data. Nola that the 5P|
loglc will be reset once the S5 pin is driven high.

The 88 pin is uselul for packet'byte synchronization to keep the Slave bit counter syn-
chronous with the Master clock generater. When the S5 pin Is driven high, the SP| Slave
will immediately reset the send and receive |ogie, and drop any partially received data In
tha Shift Register.

When tha 5P! is configured as a Master (MSTR in SPCR is set), the usercan detarmine
the direction of the S5 pin.

If §5 is configured as an output, the pin Is a general cutput pin which does not affect the
SP| system, Typically, the pin will be driving the S5 pin of the SP! Slave.

If 5 is configured as an input, it must be held high to ensure Master SPI operation. If

thie S5 pin is driven low by peripheral circultry when the SPI is configured as a Master

with tha B8 pin defined as an input, the SPI system intarprats this as another Master

gelacting the 5P| as & Slave and starting to send data to it. To avaold bus contention, the

SPI system takes the following actions:

1. The MSTR bit in SPCH ls cleared and the SPI system becomes a Slave. As a
result of the SP| becoming 8 Slave, the MOS1 and SCK pins become inputs.

2. The SPIF Flag in EPSR is set, and if the SPI Interrupt Is anablad, and the 1-bit in
SREG is sat, the Intarrupt routine will be executed.

Thus, when interrupt-driven SP| transmigsion is used in Master mode, and thera exlsts a
possibility that 55 is driven low, the interrupt should always check that the MSTR bit Is
still set. If the MSTR bt has been cleared by a Slave Select, it musl be sat by the user o
re-anable SPl Master mode.

Bt T B 5 q 3 2 1 o

EPE | SFE | DORD | WSin | CPOL | CPAA | sem | sPRD ] sPoR
Aaadiite Fw AW AW W R RN A Tl
Initial Yalua ] ] i) 1] 4 aQ [+] a

= Bit 7 - SPIE: SPI Interrupt Enable

Thig bit causes the SPI interrupt to be executed if SPIF bit in the SP5R Register is set
and ths If tha Global Interrupt Enabla bit in SREG is setl.

= Bit 8 — SPE: SPl Enable

When tha SPE hit is writlen to one, the SPI s enabled. This bit must be set to enable
any SPI operations.
« Bit5 - DORD: Data Order

Whan tha DOBD bit is written to one, the LSE of the data word 2 transmitted first.

Whan the DORD bit is writtan to zero, tha MSE of the data word s transmitted first.
= Bit 4 - MSTR: Master/Siave Salact

This bit selects Master SPI mode when written to one, and Slave SPI mode when writien
logic zero. If 55 is configured as an input and Is driven low while MSTR is set, METR will
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be cleared, and SPIF in SPSA will becomsa sat. The user wil then have te et MSTH 1o
re-anable 5Pl Master mode.

* Bit 3 = CPOL: Clock Polarity

Whan thiz bit i writtan o one, SCK iz high when idle. When CPOL Is written to zero,
SCK iz low whan idle. Refer to Figure 67 and Figure 68 for an example. The CPOL funec-
tionality is summarnzed below:

Table 57. CPOL Functionality

CPOL Leading Edge Trailing Edge
] Hising Falling
1 Falling Rising

= Bit 2 - CPHA: Clock Phase

The seftings of the Clock Phase bit (CPHA) datermine it data is sampled on the ieading
ifirst) or trailing (last) edge of SCK. Refer to Flgure 67 and Figure 68 for an example.
The CPOL functionality is summarized below;

Table 58. CPHA Functionality

CPHA Leacing Edge Trailing Edge
D Sample e Setup
1 Setup | Sampie

« Bitz 1, 0 —-SPR1, SPRO: 5P| Clock Rate Select 1 and 0

These twa bits control the SCK rate of the device configured as a Master. SPR1 and
SPRO have no effect on the Slave. The relationship between SCK and the Oscillator
Clock frequency 1.,;is shown in the following table:

Table 59. Relationship between SCK and the Oscillator Frequency

5PIZX SPR1 SPRO 3CK Frequency

i} S

1 {16
0 foa/B4
1 fosel 128
0 feef2
1

0

1

= | |O ||

foee®
f,. /a2
foed64

—_

et L=HE— N Rl el =R
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5P| Status Register - SPER

SPI Data Register - SPDR

2502 G-AVR-0408

Bil 7 8 B 4 3 2 1 @
FIwese [ - [ - [ - T - T - Tww] seen

ReadAVia A R A A [=] [=] B =1

Il Vaim a Q [ Q o a o] ]

* Bit 7 — SPIF: SP1 Interrupt Flag

When a seral transfer is complete, the SPIF Flag is set. An interrupt is generated if
SPIE in SPCR is set and global interrupts ara enablad, If 55 Is an input and Is driven low
when the SPI Is In Master mode, this will also set the SPIF Flag. SPIF Is clearad by
hardware when executing the corresponding |mterrupt handiing vector. Alternatively, the
SPIF bit is cleared by first reading the SP1 Status Register with SPIF set, then accessing
the SPI Data Reglster (SPDA).

« Bit 8- WCOL: Write COLIlision flag
The WCOL bit is set if the SPI Data Reglster (SPDR) Is written during a data transfer.

The WCOL bit (and the SPIF bit) are clearad by first reading the SPI Status Register
with WCOL get, and then accessing the SPI Data Register.

= Bit5..1 — Res: Reserved Blts

These bits are reserved bits in the ATmegaB535 and will always read as zero,

* Bit 0 — SPIZX: Double 5Pl Speed Bit

When this bit is written logic one the SPI speed [SCK Frequency) will be doubled when
the P ts in Master mode (see Table 59). This means that the minimum SCHK period will
be two CPU clock periods. When the 5Pl is configured as Slave, the SPI is only guaran-
teed to work ai 1,4 orlowar.

The SPi Interface on the ATmegaB535 is also used for program mamory and EEFROM
downlpading or uploading. See page 248 for Senal Frogramming and verification.

Bit 7 [ ] 4 3 2 1 ]

MsE | | | | | | | Lse | seoR
ReadWnta R AW AN AW RANM AW R R
Intial Yalue L X X X X o s X Unefined

The SP! Data Register 15 a read/write register used for data transter between the Fegis-
ter File and the SPI Shift Reglster. Writing to the reglster initiates data transmission.
Reading the register causes the Shift Register receive bufler to be read.
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Data Modes

12 ATmega8535(L)
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There are four combinations of 8CK phase and polarity with respect o serial data,
which are determined by control bits CPHA and CPOL. The SPI data Wranstar formats
are shown in Figure 67 and Figure B8. Data bits are shifted out and latched in on oppo-
site adges of the SCK signal, ensuring sufficient ime for data signals to stabilize. This is

cleary seen by summarzing Table 57 and Table 58, as done below:

Table 60. CPOL Funclionality

Leading Edga Trailing Edige 5P Mode
CPOL=0, CPHA=D Sample (Rising) Setup (Falling)
CPOL=0, CPHA=1 Setup (Rising) Sample (Falling)
CPOL=1, CFHA=D Sample (Faling) Setup (Rising)
CPOL=1, CPHA=1 Setup (Falling) Sample (Rising)

Figure 67. SPi Transfer Format with CPHA =0
[ SCK (CPOL = D)
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Figure 68. SPI Transfer Format with CPHA = 1
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The Univarsal Synchronous and Asynchronous sarial Receiver and Transmitter
{USAFIT} is a highly flexible serial communication device, The main features are:

* Full Duplex Operation (Independent Saral Recalve and Tranamil Registars)
» Asynchronous of Synchronous Oparation

& & & & & % W a w9

Master or Slave Clocked Synchronous Operation
High Resciution Bawd Rate Ganerator

Supporis Serial Framas with 5, 6, 7, 8, or 9 Data Biis and 1 or 2 Stop Bits
Odd or Even Parity Generation and Parity Check Supporied by Hardware
Cata OverRun Detection
Framing Error Detection
Moise Fitering Includes False Start Bit Detection and Digital Low Pass Filler

Three Separate Interrupts on TX Compieta, TK Data Register Empty and RX Complste
Mulli-processor Communication Mode

Double Speed Asynchronous Communicaiion Mode

A simplified block diagram of the USART Transmitter la shown in Figure 89, CPU acces-
sible 110 Registers and IO pins are shown in bold.

Figure 69. USART Block Diagram!"
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Refar ‘o Figure 1 on page 2, Table 34 on page 85, and Teble 28 on page 61 for

LISART pin placameant.

ATme

143




AVR USART vs. AVR UART -
Compatibility

Clock Generation

AmEL

The dashed boxes in the block diagram separate the three main parts of the USART
{listed from the top): Clock Generator, Transmitter and Heceiver. Control registers are
shared by all units. The clock generation logic consists of synchronization logic for exter-
nal clock input used by synchronous slave operation, and the baud rate generator. The
ACK (Transter Clock) pin is only used by Synchronous Transfar mode. The Transmitter
consists of & single write buffer, a sarial Shift Register, Parity Genermtor and control
logic for handling different serial frame formats. The write buffer allows a continuous
transfer of data without any delay between frames. The Recelver is the most complex
part of the USART module due 1o iis clock and data recovery units. The recovery units
are uged for agynchronous data reception. In addition to the recovery units, the Receiver
includes a Parity Checker, control [ogic, a Shift Register and a twa laeval receiva buffar
{UDR). The Receiver supports the same frame formats as the Transmitter, and can
detect frame error, data overrun and parity srrors.

The USART is fully compatible with the AVR UART regarding:
= Bt locations inslde all USART Reagisters

« Baud Rate Gensration

«  Transmitter Operation

= Transmit Buffar Functionality

s« Recalver Operation

Howewver, the receive buffering has hwo improvemems that will affect the compatibility in

some spacial cases:

s A second buffer register has been added. The two buffer registers operate as a
gircular FIFO buffer. Therefore the UDR must only be read onca for aach incoming
datal More important is the fact that the Error Flags (FE and DOR}) and the ninth
data bit (RXB&) are buffered with the data in the receive bulfer. Therefore the status
bits must always be read before the UDR Register is read. Ctherwise the emor
status will be lost since the buffer state is lost.

s Tha Fecelver Shift Register can now act as a thind buffer level. This Is done by
allowing the recelved data to remain in the serial Shift Reglster (see Figure €9) if the
buffer registers are full, until 2 new start bit is detected. The USART is therefora
more resistant to Data OverRun (DOR} error conditions.

The following control bits have changed name, but have same functionality and register
lecation:

=  (GHA9is changed to UCSZ2

* (OH s changed to DOR

The clock generation logic generates the base clock for the Transmitter and Receiver.
The USART supports four modes of clock oparation: Normal asynehronous, Double
Speed asynchronous, Master synchronous and Slave synchronous mode. The UMSEL
bit in USAHRT Gontrol and Status Register C {(UCSAC) selects between asynchronous
and synchronous operation. Double Speed {asynchronous made only) is controlled by
the U2X found in the UCSRA Register, When using Synchroncus mode (UMSEL = 1),
the Data Direction Reglster for the XCK pin (DDR_XCK) controls whather the clock
source is imermal {Mastar mode) or axternal {Slave mode). The XCK pin is only active
whan using synchronous mode.

Figure 70 shows a block diagram of the clock generation logio.




Internal Clock Generation -
The Baud Rate Generator
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Figure 70. Clock Generation Logic, Block Diagram
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Signal descriplion:
txclk Transmitter clock (Intemal Signal).
rxclk Heceiver base clock (Internal Signal).
xckli  Input from XCK pin {Internal Signal). Used for synchronous slave operation.

xeko Clock output to XCK pin (Intemal Signaf). Used for synchronous master
cparation.

fose  XTAL pin frequency {System Clock).

Internal clock genaration is used for the asynchronpus and the synchronous master
modes of operation. The description in this section refars ta Figure 70,

The USART Baud Rate Register (UBRR) and the down-counter connectad to it function
as a programmable prescaler or baud rate generator. The down-countar, running at sys-
tem clock {fosc), 1 loaded with the UBRR value each time the counter has counted
down to zero or when the UERRL Register is written_ A clock is generated each time tha
counter reaches zero. This clock is the baud rate genarator clock output
{= foscf{UBRRA4+1)). The Transmtter divides the baud rate generator clock output by 2,
8, or 16 depending on mode. The baud rate generator ocutput Is used directly by the
raceivers clock and data recovery units. However, the recovery units use a siata
machine that uses 2, 8, or 16 states depending on mode sai by the stale of the UMSEL,
U2X and DDR_XCK bits.

Table &1 contains equations for calculating tha baud rate {in bits per second) and for
calculating the UIBRR value for each mode of aparation using an intemally generated
clock source.
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Double Speed Operation
(UzX)

External Clock

Table §1. Eguations for Caleulating Baud Rate Register Setting

Equation for Calculating Equation for Cafculating
Operating Mode Baud Ree'" UBRHA value
Asynchronous Mormal Moge .
{U2X = 0) | Baup = —.fosc | yprr - _Josc__
16(LBRR +1) 1GRALID
Asynehronous Doubls Speed Forern Fogn
Mode (U2X = 1 BAUD = = 2OC__ | pBRR = =L __
} AUP = gere+ ) | UPRE S gpaun
I
Synchronous Master Mode . | e
BAtD = . JOSC UBRR = J05C__
2(UBRR + 1) 2RAUD

Mote: 1. The beud ratais defined fo be the transter rate in bit per zecond (bps).
BAUD Baud rate (in bits per second, bps)
fose  System Oscillator clock frequency
UBERR Contents of the UBRRH and UBRRKL Ragistars, {0 - 4095)

Some examples of UBAR values for some systern clock frequencies are found in Table
69 (ses page 168).

The transfer rate can be doubled by setting the U2X bit in UCSRA, Setting this bit only
has effect for the asynchronous opsration. Set this bit to zero when using synchronous
operation.

Setting this bit will raduce the divisor of the baud rate divider from 18 to 8, effectively
doubling the transfar rata for asynchronous communication. Note however that the
Raceiver will in this case only usa half the number of samples {reduced from 16 to 8) for
data sampling and clock recovery, and therefare a more accurale baud rate setting and
system clock are reguired whan this mode is used. For the Transmitter, there are no
downsides.

Extemal clocking is used by the synchronous slave modes of operation. The description
it this section refers to Figure 70 for details.

Extemal clock input from the XCK pin is sampled by a synchronization mgistar to mini-
mize the chance of meta-stability. The output from the synchronlzation register must
then pass through an edge detector before it can be used by the Transmitter and
Recelver, This process introduces a two CPU clock peried delay and therefore the max-
Imum extermnal XCK clock frequency is imlted by the following equation:

fosc

fyox <4

Mote that f... depends on the stability of the system clock source, It is therefore recom-
mended to add some margin to avold possible loss of data due o frequency varations,




s A TMega8535(L)

Synchronous Clock Operation When Synchronous mode is used (UMSEL = 1), the XCK pin will be used as aithar dock

Frame Formais

input {Slave) or clock output (Master). The dependency between the clock edges and
data sampling or data changa is the sama. Tha basic principle is that dafa input (on
RxD) is sampled at the opposite XCK clock adge of the edge the data output (TxD) is
changed.

Figure 71. Synchronous Mede XCK Timing

UCPOL =1 K 5 ! ‘ i ) 1 ! Y

RD { TxD X 'hX X X

= Sample

UCPOL=0  XCK /_\_@_\__/_\J

RxD  TxD X EX X X

Sampie

The UCPOL bit UCRSC selects which XCHK clock edga is used for data sampling and
which is used for data change. As Figure 71 shows, when UCPOL |s zero the data will
be changed at rising XCK edge and samplad at falling XCK adge. If UCPOL is s&t, the
data will be changed at falling XCK adge and sampled at rising XCK edge.

A serial frame is defined to be one character of data bits with synchranization bits (stant
and siop bits), and optionally a parity bit for ermor checking. The USART accepts all 30
combinations of the following as valid frame formats:

= 1 siart bit

* 5,67 8 or 9data bits

= noeven or odd parity bit

« 1 or2stop bits

A frame starts with The start bit followed by the least significant data bit. Then the next
data bits, up to a total of nine, are succeeding, ending with the most significant bit. |1
enabled, the parity bit is insered after the data bits, before the stop bits. When a com-
plete frame is transmitted, It can be directly followed by & new frams, or the

communication line can be set to an idle (high) state. Figure 72 llustrates the possible
combinations of the frame formats. Bits Inside brackets are optional.

Figure 72. Frams Formats

| (=111

N|
I

0000000000t

St Start bit, always low.
i(n) Drata bits (O to 8).
F Parity bit, Can be odd or even,
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Parity Bit Calculation

USART Initialization

A

Sp Stop bit, always high.

IDLE Mo transfers on the communication line (RxD or Tx0). An IDLE line miist ba
high.

The frame format used by the USART is set by the UCSZ2:0, UPM1.0 and USBS biis In
UCSAB and UCSRC. The Receiver and Transmilter use the same setting. Note that
changing the setting of any of these bits will corrupt all engoing commumication for both
the Racelver and Transmitter.

The USART Charactar SiZe (UCSZ2:0) bits select the number of data bits in the frame.
The USART Parity mode {UPM1:0) bits enable and set the typa of parity bit. The selec-
tian betwaen one or twa stap bits is done by the USART Stop Bit Selest (USBS) bit. The
Receiver lghores the second stop bit An FE (Frame Error) will therefore only be
detected In the cases where the first stop bit is zero.

The parity bit is calculated by doing an exclusive-or of all the data bits. f odd parity |3
used, the result of the exclusive or is Inverted. The relation between the parity bit and
data bits is as follows:;

'Pewu = dn_1$---@d39d2$d1mdﬂ$ﬂ
'Prhf.rf = d?j_'l $---$d3@d2$[11 ®dﬂ$1

P.... Parlty bit using even parity
P,y Parity bit using odd parity
d, Data bit n of the character

If used, the parity bit iz located between the |ast dala bit and first stop bit of a serial
frama.

The USART has to be initialized before any communication can take place. The initial-
ization process normally consists of getting the baud rate, setting frame format and
enabling the Transmitter or the Recelver dapending on Ihe usage. For interrupt driven
USART operation, the Global Interrupt Flag should be cleared (and interrupts globally
disabled) when doing tha initializatlon.

Before daolng a re-initialization with a changed baud rate or frame formalt, be sure that
there are ne ongolng transmissions during the perod the registers are changed. Tha
TXC Flag can be used to check that the Transmitter has completed all transfers and the
RXC Fiag can be usad to check that thers are no unread data In the recaive buffer. Note
that the TXC Flag musi be cleared before each transmission (before UDR is wnitten) if it

Iz usad for this purpose.
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The following simple USART initlalization code examples show one assembly and one
G function that are equal In functionality. The examples assume asynchronous opara-
tion using polling (no interrupts enabled} and a fixed frame format. The baud rate is
given as a function parameter, For the assembly code, the baud rate parameier is
assumed to be stored in the r17:r16 registers. When the function writes 1o the UCSRG
Register, the URSEL bit (MSB) must be set due to the sharing of 'O location by UBRRH
and UCSRC,

Assembly Code Examplet!)

LISART_Init:
| Sof Dauwd rate
ol UBRAH. N7
oult UBRAL, r16
' Enable Recaiver and Transmitter
ldl A8, (1<<RAXEN}I{1=<TXEN)
ouf UCSHBri6
; Set frame formal: Sdata, 2siop bit
Idi M6 (1 =<URSELII(1«<USBS)(3<<UCSZD)
out UCSRC.6
rat

C Code Example'"

#define FOSC 1643200// Clock Speed
#define BAOD 8800

#define MYUBRE FOSOSLE/BATD-1

vodd mein| wodd |

i

USART INIT { MYUBER |:

}

vaid UIART Tnib| vosigoed int bhaud |
{

i* Set baud rate =f

1IRRAH (unaigned char; (ubrr=>8);
TUBERAL = (uneigned char)ubrr:

/% Epable ‘receiver aod transmitber )
UCSRE = [1=<REEN) | [l<<TxEN) ;

/* Set frams format: fdata, Zstop bit */
UCERC = {1=<USES) | [3<<OCSED) ;

1

i

Mote: 1. See "About Cods Examplas® on paga G.

More advanced initisfization routines can be maca that include frame format as parame-
tars, dizable Interrupts and so on. However, many applications use a fixed setting of the
baud and control registers, and for these types of applications the inltialization code can
b placed directly in the main routine or be combined with inltialization code for other I/O
maodules.
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Data Transmission — The The USART Transmitter is enabled by satting the Transmit Enable {TXEN) bit in the

USART Transmitter

Sending Frames with51t0 8
Data Bits

UCSRB Ragister. When the Transmitter is enabled, the normal port operation of the
T«D pin Is ovemiddan by the USART and giver the functlon as the Transmitter's serial
output. The baud rate, mode of aparation and frame format must be set up once before
doing any transmissions. If synchronous oparation is Lsad, the clock on the XCK pin will
be overridden ahd used as transmission clock.

A data transmission is initiated by leading the transmit buffer with the data to be trans-
mitted. The CPU can load the transmit buffer by wrlting to the UDR /O location. The
buffered data in the transmit bufler will be moved 1o the Shift Register when the Shift
Register is ready to send a new frame. The Shilt Baglster is loaded with new data if it |s
in idie atate (na ongoing transmission) or immediately after the last stop bit of the previ-
ous frame is transmitted. When the Shift Register is loaded with new data, It will transfar
one complete frame at the rate given by the baud regisier, U2X bit or by XCK depending
on mode of operation.

The following code examples show a simple USART transmit function based on polling
of the Data Register Empty (UDAE) Flag. When using frames with |ess than eight bits,
the most significant bits written to the LUDR are ignared. The USART has to be Initlalized
betore the funclion can be used. For the assembly code, the data to be sant is assumed
to be stored in registar H16.

Assembly Code Examplei™

USART_Transmit:
1 Wart for ermply transmit buffar
ghis UCSRALDRE
rimp USART_Transmit
i Put data (r16) into buffer, send’s the daia

out UDRME
ret
G Gode Example’"

void USART_Transmit{ unsigned char data )
i

I Wi for ampty ransmit buffer *f

while { { UCSRA & (1<<UDRE)}) )

* Puf data into buffer, sends the data */
UDR = data;

Maote: 1. See “About Cods Examples”™ on page 6.

The function simply waits for the transmit buffer to be empty by checking the UDRE
Flag, before lcading it with new data to be transmitted. If the Data Reglster Empty inter-
rupt |s utilized, the Interrupt routine writes the data inte the buffer.

150 ATMEQAB S35 1L.) o
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Sending Framea with  Data
Bits

Transmittar Flags and
[ntervipts

502G -ANR-005

If 8-bit characters are used (UCSZ = 7), the ninth bit must be written to tha TXES bit In
UCSRBE before the low byte of the character is written to UDR. The following code
examples show & transmit function that handies 8-bit characters. For tha assembly
code, the data to be sent is assumed 1o be stored in registers R17T:H16.

Assembly Code Example!

USART_Trensmit:
; Wit for emply transmit butfer
shis UCSRAA UDRE
rimp USART_Transmit
i Cogry Sin bit from r17 to TXBA
bl UCSRAB, TXBS
sbrc r17.0
shi UCSRB,TXES
1 Put LS8 data {r16)] info buffer, sends the data
oul UDR,M6
rat

C Code Examplat!

void USART _Transmit] unsignad int data )
{

I+ Wail for grply transmit buffer ™/

whike [ | UCSRA & (1<<UDRE})} |

i* Gopy 9th bit to TXB8 5/
UCSRB &= ~(1<TXB8);
if { data & 00100 )
UCSRB |= (1<<TXB8);
I* Put data infe buffer, sends the data */
UDR = data;

MNote: 1. These transmil functions are written to be gensral functions. They can be optimized i
the contents of the UCERE is static. (For example, only the TXES bit of the UCSRB
Register Is usad after Initializaton )

The ninth bit can be used for Indicating an address frame when using multi processor
communication mode or for other protocal handling as for example synchronization.

The USART Transmitter has twa flags that indicata its stata: USART Data Raglster
Empty (LDRE) and Transmit Complate {TXC). Both Hags can be used for generating
Imerrupts.

The Data Register Empty (UDRE) Flag indicates whether the transmit buffer is ready to
recelve new data. This bit is set when the transmit buffer is emnpty, and clearsd when the
transmit buffer contains data to be transmitied that has not yet besn moved into the Shift
Ragistar. For compatibility with future devices, always writa this bit to zero when writing
the UCSRA Register.

When the Data Register Empty Interrupt Enable (UDRIE) tit in UCSRB is written to ona,
the USART Data Reglster Empty Interrupt will be execuied as long as UDRE is set (pro-
vided that global interrupts are enabled), UDRE is cleared by writing UDR. When
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Parity Genersator

Disabling the Transmitter

AIMEL

interrupt-driven data transmission is used, the Data Raglister Empty imtsrrupt routine
must gither write new data to UDR In ordar 1o clear UDRE or disable the Data Register
Empty interrupt, otherwise a new intarrupt will cccur onge the intarrupt routine

lerminatgs.

The Transmit Complele {TXC) Flag bit is set o one when the entire frame in the transmit
Shift Register has been shifted out and there are no new data curently present in the
transmit buffer. The TXC Flag bit is automatically cleared when a transmit complete
interrupt is executed, or it can be cleared by writing & one to [ts bit location. The TXC
Flag Is ussful In half-duplex communigation Interfaces (like the RS-485 standard), where
a transmitting application must enter receive mode and free the cormmmunication bus
Immaeadiataly aftar completing the transmission,

When the Transmit Cempete Interrupt Enable (TXCIE] bit In UCSEE |s set, the USART
Transmit Complete Interrupt will be executed when the TXC Flag becomes set (pro-
vided that global interrupts are enabled). When the transmit complete interrupt is used,
the interrupt handling routine does not have to clear the TXC Flag, this is done automat-
ically when the interrupt is executad.

Tha parity genarator caloulates the parity bit for the seral frame data. When parity bit is
enabled {UPM1 = 1), the Transmitter Gontrol Logic inserts the parity bit between the last
data bit and the first stop bit of the frama that is sent.

The disabling of the Transmitter (setting the TXEN to zero) will not bacome effective
untll engoing and pending transmissions are complated (i.e., whan the transmit Shift
Reglstar and Transmit Buffer Register do not contain data to be transmitted). When dis-
abled, the Transmitter will no longar ovarrida the TxD pin.
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Data Reception — The
USART Receiver

Recelving Frames with 5to B
Data Bits

The USART Recaiver iz enabled by writing the Receive Enable (RXEN) bit in the
UCSRHE Register to one, When the Receiver is enabled, the normal pin operation of tha
RxD pin is overmidden by the USART and given the functicn as the Receiver's serial
input. The baud rata, mode of oparation and frame format must be set up once before
any serial recaption can be donea. If synchronous operation is used, the clock on the
HCK pin will ba used as a transfer clock.

The Receiver starts data reception when it detects a valld star bit. Each bit that follows
the start bit will be sampled at the baud rate or XCK clock, and shitted into the Raceive
Shift Register until the first stop bit of a frame is received. A second stop bit will be
ignored by the Heeelver. When the first stop bit is recelved, {i.a., 2 completa sedal frame
is presant in the receive Shift Register, ine contents of the Shift Register will be moved
into the receive buffer. The receive buffer can then be read by reading the UDR 110
location.

The fallowlng code example shows a simple USART receive function based on polling
af the Receive Complete (AXC) Flag. When using frames with less than sight bits the
most significant bits of the data read from the UDR will be masked to zem, The USART
has to be initalized before the function can be usad.

Assambly Code Examplet”

USART _Racaiva:
1 Wit for dafa io be received
ashis UCSRA, RXC
rmp USART_Receive
. Gl and refurn received data from Duffer

In r16, UDR
ret
C Code Example'"

unsigned char USART _Receive( void )
{
[ WaH for daiz fo ba received ™f
while { {UCSRA & (1<<AXC)) )
M Get and return received data from ouffer
return UDR;

Mote: 1. See*About Code Examples™ on page 6.

The function simply waits for data to be presant in the receive buffer by checking the
RXC Flag, before reading the buffer and retuming the value.
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Receiving Frames with 9 Data  |f 9-bit charaeters are used (UCSZ=7) the ninth bit must be read from the RXBB bit in

Bits

154

UCGSRE before reading the low bits from the UDR. This rule applies 1o the FE, DOR,
and PE Status Flags as wall. Read status from UCSRA, then data from UDR. Reading
the UDR I/O location will change the state of the recelve buffer FIFCG and consaquantly
the TXBS, FE, DOR, and PE bits, which all are stored In the FIFO, will change.

The following code example shows a simple USART receive furiction that handles both
9-bit characters and the status bits,

Assembly Code Example'™

USART _Receive;
i Wait for data fo be received
shis UCSRA, RXC
rimp USAFRT HRecaive
i Gt status and Sth b, hen oaia from buffer
in riB, LCERA
in 7, UCSRE
in 6, UDR
3 i ermon; returm -1
andl r18,(1<<FE)(1<<DOR)I{1=<=PE)
breq LUSART_RecoaMoEmror
Idi 17, HIGH{-1}
idi 18, LOW(-1)
USART _RecemveMoEmor;
; Filter the Bth bit, then retum

fsr 17
andi 17, 0x07
red

C Code Examplel"

unsigned Int USART_Recelve( void )
{
unelgnad char status, resh, resl;
[ Wait for data fo be recened *f
while { HUCSRA & (1=<AXCY) )
M Get status and S bif, then data *f
i from buffar *f
status = USERA,
resh = UCSRE,
rasl = UDR;
™ if geraw, reture =177
It | statis & {T=<FE}|{1<<DOR)I{1==PE) )
return -1,
i Fiter the St bit, then return */
resh = (resh == 1) & 0x01;
refurn ({resh << 8) | resl);
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Raceive Compete Flag and
Interrupt

Receiver Error Flags

Parity Checker

BISE-AVR-040S

Mete: 1. See“About Code Examples® on pags B.

The recelve function example reads all the /O Registers into the Fegister File before
any computation is dong. This gives an optimal receive buffer utilization since the buffer
lecation read will be free to accept new data as early as possibla,

The USART Receiver has one flag that indicates the receiver state.

The Racelve Complats (RXC) Flag indicates if there are unread data present in the
racaiva buffer, This flag is one when unread data exist in the receive bufter and zero
whan tha receive bufter is emply {i.e., does not contain any unread data). if the Receiver
Is disabled (RXEN = 0), the receive buffer will be flushed and consequently the RXC bit
will become zen.

When the FHeceive Complate Interrupt Enable (RXCIE) in UCSRB is set, the USART
Recsive Complets Interrupt will be executed as leng as the RXC Flag is set (provided
that global interrupte are enablad). When interrupt-driven data reception is used, the
receive complete routine must read the received data from UDR in order to clear the
RXC Flag, otherwise a new interrupt will cocur once the internupt routine terminates.

The USART Receiver has three Eror Flags: Frame Emor (FE), Data OwerRun (DOR)
and Parity Ermmor {PE}. All can be accessed by reading USSRA. Commaon for the arror
flags is that they are located in the receive bulfer togather with the frame for which they
indicate the ermar status. Due to the buffering ot the error Hlags, the WCSRA must be
read bafore the recalve buflar (LUDR), since reading the UDR VO location changes the
buffer read location. Ancther aquality for the arror flags is that they can not be altered by
software doing & write to the fag location. Howevear, all flags must be sat 0 zaro when
the UCSHA is written for upward compatibility of future USART implementations. Nona
of the error flags can generate interrupls.

The Frame Error (FE) Flag indicates the state of the first stop bit of the next readable
frame stored in the receive buffer. The FE Flag is zero when the stop bit was comractly
read {as ane}, and the FE Flag will be ane when the stop bit was incorrect (zero), This
flag can be used for detecting out-of-syne conditions, detecting break conditions and
protocal handling. The FE Flag is not affected by the setting of the USBS bit in UCSRC
since the Recalvar ignores all, except for the first, stop bits. For compatibility with futura
devices, always set this bit to zero when writing to UCSRA,

The Data OverRun {DOR) Flag indicates data loss due to a Receiver Buffer full condi-
tion. A Data OverRun occurs when the receive buffer is full {two characters), it iz a new
charactar waiting in the receive Shift Register, and a new start bit is detected. If the
DOR Flag is sot there was one or morse serial frame lost betwean the frame last read
from UDR, and the next frame read from UDR. For compatibility with future devices,
always writa this bit to zaro whan writing ta UCSRA. The DOR Flag Is cleared when the
frame received was successfully moved from the Shift Reglster to the receive bulfer.

The Farlty Emor (PE) Flag indicates that the next frame in the recaive buffer had a Parity
Error when recelved. If parity check is not enabled the PE bit will always be read zero,
For compatibility with future devices, always sat this bit to zero when writing to UCSRA.
For more details see “Parity Bil Calculation” on page 148 and “Parity Checker” on page
185,

The Farity Checker is active whan the high USART Parity mode (UPM1) blt is set. The
type of Party Check to be parformed {odd or aven) is selected by the UPMO bit. When
enabled, the Parity Checker calculates the parity of the data bits in ingorming frames and
compares the result with the parity bit from the serial frame. The result of the chack is
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Flushing the Recelve Buffer

Asynchronous Data
Reception

Asynchronous Clock
Recovery
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stored in the raceive buffar together with the recelved data and stop bits. Tha Parfty
Error {PE) Flag can then be read by software to check if the frame had a Parity Error.

The PE hit Is set if the next character that can be read from the recelve buffer had a par-
Ity error when recelved and the parity checking was enabled at that point (UPM1 = 1),
This bit is valid until the receive butfer {UDR) is read.

In contrast to tha Transmitter, disabling of the Receiver will be immediate. Data from
ongoing receptions will therafore be lost. When disabled (i.e., the RXEN is set to zero)
the Receiver will no longer override the nomal function of the AxD porl pin. Tha receiver
buffer FIFD will be flushed when the Receiver is disabled. Remaining data in the buffar
will be lost

The recelver buffer FIFD will be flushed when the Receiver is disabled, i.e., the buffar
will be emptied of its contents. Unread data will be lost. If the buffer has to be flushed
during normal operation, due to for instance an error condition, read the UDR I/C loca-
tion until the RXC Flag iz cleared. Tha following code example shows how to flush the
receive buffer,

Assembly Code Example!"

USART_Flush:
ghis UCSHA, AXC
ret
in 16, UDR
rimp USART Flush

€ Code Example'”

void USART_Flush{ void )

[
unsigned char dummy,;
while { UCSRA & (1<<AXC) ) dummy = VDA,

}
Mote: 1. Ses“About Code Examples™ on page 8.

The USARAT includes a dlock recovery and a data recovery unit for handling asynchro-
nous data reception. The clock recovery logie Is used for synchronizing the internally
genarated baud rate clock to the incoming asynchronous serial frames at the RxD pin.
The data recovery logic samples and low pass filters aach incoming bit, themby imprau-
ing the noise immunity of the Recelver. The asynchronous reception operational range
depends on the accuracy of the internal baud rate clock, the rate of the incoming
frames, and the frame size in number of bits,

The clock recovery logle synchronizes intemal clock to the incoming sedal frameas. Fig-
ure 73 illustrates the sampling process of the start bit of an incoming frame. The sample
rate Is 16 timas the baud rate for normal mede, and eight times the baud rate for double
gpoed mode. The horizontal amows illustrate tha synchronlzation varaton due to the
sampling process. Note the larger time varlation when using the Double Speed moda
{U2X = 1) of operation. Samples denoted zero are samples done when the RxD line is
idle {i.e., no communication activity).

156 ATmegass3s5(L) me————
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Asynchronous Data Recovery
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Figure 73. Start Bt Sampling
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VWhen the clock recovery logic detects a high (icle) to low {star) transition on the RxD
line, the starn bit detection seguence is initiated, Let sample 1 denote the first zerc-sam-
pie as shown in the figure. The clock recovery logic then uses samples 8, 9, and 10 for
normal made, and samples 4, 5, and & for Double Speed mode (indicated with sample
numbers inslde boxes on the figure), to decide if a valid start bit is received. If two or
maora of these three samples have logical high levals (the majority wins}), the star bit is
rejected as a noisa spike and the Receiver staris ooking for the next high to low-transi-
tion, It however, a valid start bit is detected, the clock recovery logic is synchronized and
the data recovery can begin. The synchronization process is repeated for each start bit.

When the receiver clock is synchronizad to the start bit, the data recovery ¢an begin,
The data recovery unit uses a state machina that has 16 states for each bit in normal
mode and eight states for each kit In Double Speed mode. Figure 74 shows the sam-
pling of the data bits and the parity bit. Each of the samples is given 2 number that is
agual to the state of the recovery unit.

Figure 74. Sampling of Data and Parity Bit
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The declsion of the lagle level of the recsived bit is taken by doing a majority voling of
the logic value 1o the three samples in the center of tha received bit. The center sampies
are emphasizad on the figure by having the sample number Inside boxas. The majority
vating process is done as follows: If two or all three samples have high levels, the
received bt is registered 1o be a logic 1. If two or all three samples have low levels, the
recelved bit Is registered to be a logic 0. This majority voting process acts as a low pass
filter for the incoming signal on the RxD pin. The recovery process s then repeated until
a complete frame (s received. Including the first stop bit. Note that the Receiver only
uzes the first stop bit of a frame.

Figure 75 shows the sampling of the stop bit and tha earliest possible baginning of the
start bit of tha naxt frama,
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Figure 75. Stop Bit Sampling and Next Stari Bit Sampling
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The same majority voting is done to the stop bit s done for the other bits in the frame. If
the stop bit is registered to have a logic 0 value, the Frame Error (FE) Flag will be set,

A new high to low transition indicating the start bit of 8 new frame can come right aftar
the last of the bils ueed for majority voting. For Normal Speed mode, the first low level
sample can be at paint marked (A) in Figure 75. For Double Speed mode the first low
level must be delayad to (B). {C) marks a stop bit of full length. The early start bit detec-
tion influences the operational range of the Receiver.

The operational range of the Receiver Is dependent on the mismatch batween the
recelved bit rate and the Internally generated baud rate. If the Transmitter is sending
frames at too fast or too slow bit rates, or the internally generated baud rate of the
Recsiver does nol have a similar (see Tabla 62) base frequency, the Recaivar will not
be able to synchronize the frames to the stari bit.

Tha following equations can be used o calculate the ratio of the incoming daia rate and
Internal recetver baud rate.

0. = (DS R, = _AD+2)S
slow = §_1+ 118+ 8, fart = (D +1)5 + 5y

B Sum of character size and parity size {D = 5 to 10 bit).

= Samples per bit. 5 = 16 for Mormal Speed mode and S = 8 for Double Spesd
moda,

S:  First sample number used for majority voting. Sg = B lor Normal Spead and 5, = 4
far Double Speed mode.

S, Middle sample number used for mejority voting. Sy, = 9 lor Normal Speed and
Sy = 5 for Double Speed mode.

Ry I8 the ratio of the slowest incoming data rate that can be accepted in relation to the
receiver baud rate. F,, is the ratio of tha fastest incoming data rate that can be
accapted in relation to the Receiver baud rate.

Tahle 62 and Table 63 list the maximum receiver baud rate smor that can be tolerated.
Mote that normal speed mode has higher ioleration of baud rate varations.

156 ATmegaBs35(L) m———————

EEEE-AV 0405




s A TMEga8535(L)

Table 62. Recommended Maximum Recetver Baud Rate Error for Nommal Speed Meode

(U2X =0}

D Max Total Recommended Max

# (Data+Parity BlT) | R, (%) | Rig, (%) Error (%) Receiver Error (%)
5 9320 | 108.67 +6.67/-6.8 +3.0
8 g412 | 10879 | +579/6.88 +25
7 | o481 | 10541 | 4511548 |  s20
B 9536 | 10458 | +4.58-4.54 +2.0
9 95.41 10414 | 44144419 +15
10 96.17 103.78 +3.78/383 | £15

Table 63. Recommendad Maximum Receiver Baud Rate Error for Double Speed Mode

(U2X = 1)
D Max Toizl Recommented Max
# (Data+Parity BH) | Rygy (%) | Ry (%) |  Error %) Receiver Error {26}
& 9412 | 10566 | +5.66/-5.88 £25
5 9492 | 10492 | +4.92-5.08 £20
7 9552 | 10435 | 4350448 1.5
8 9600 | 10380 | +3.0/4.00 +15
9 | se3s | 10353 | 4358861 +15
10 | 9s70 | 10823 +3.23/.3.90 £10

The recommendations of the maximum receiver baud rate error was made under tha
assumptlon that the Receiver and Transmitter equally divides the maximum total error,

There are two possible sources for the receivers baud rate error. The receiver's sysfam
clock (XTAL) will always have soma minar instabllity over the supply voltage ranpge and
the tlemperature range. When using a crystal to generate the systemn clock, this is rarsly
& problem, but tor @ resonator the system clock may differ maore than 2% depending of
the resonators tolerance. The second source for the armor is more controllable. The baud
rate generator can not always do an exact division of the system frequency to gat the
baud rate wanted. In this case an UBRR value that gives an acceptable low emor can be
used if possible.
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Multi-processor
Communication Mode

Using MPCM

Setting the Multi-processor Communication Mode (MPGM) bit In UCSRA enables a fil-
taring function of incoming frarmes received by the USART Recelver, Frames that do not
contain address information will be ignored and not put into the recsive buffer. This
effectively reducss the number of incoming frames that has to be handled by the CPU,
in a systern with multiple MCLs that communicate via the same serial bus. The Trans-
mitter is unaffectad by the MPCM setting, but has 1o be used differently when it is a pan
of a system utlizing the Multi-processar Communication Mode.

If the Receiver is set up to recelve frames that contain five to eight dara bits, then the
first stop bit indicates if the frame contains data or address information. If the Recelver s
set up for frames with nine data bits, then the ninth bit (RXBS) is used for identifying
address and data frames. When the frame type bit {the first stop or the ninth bit) is one,
the frame contains an address. When the frame typa bit is zaro the frame is a data
frame.

The Multi-processor Communication Mode anables several slave MCUz to recelve dats
from a Master MICL). This is done by flrst decoding an address frame 1o find out which
MCU has besn addressed. If a particular Slave MCU has been addressed, it will receive
the following data frames as normal, while the other Slave MCUs will ignore the
recaived frames untll ancther address frame (s recaived.

For an MCU to act as a Master MCLU. it can use a 8-bit character frame farmat
(UCSZ = 7). The ninth bit (TXB8&) must ba st when an address frame (TXBS8 = 1) or
cleared when a data frame (TXB = 0} |z baing transmitted. The Slave MCLs must, in thig
case, be set to use 3 9-bit character frame format.

The following procedure should be used to exchange data in Multi-processor Communi-
cation Mode:
1. All Slave MCUs are in Multi-processor Communication Mode (MPCM in LCSHA
is set).
2. The Master MCU sands an address frame, and all slaves receive and read this
frame. in the Slavae MCUs, the RXC Flag in UCSHA will be sat as normal.

3, Each Slave MCU reads the UDR Register and datermines if it has besan
selected. If so, it clears the MPCM bit in UCSRA, othamwise it wails for the next
address byte and keeps the MPCM satting,

4, The addressed MCU will recelve all data frames until a new address frame is
recaived. The other Slave MCUs, which still have the MPCM bit set, will ignore
the data frames.

5. When the last data frame is received by the addressed MCU, the addressed
MCLU sets the MPCM bit and waits for a new address frame fiom Master, The
process then repeats from 2.

Lising any of the 5- to B-bit character frame formats is possible, but impractical since the
Receiver must change betwaan using n and n+1 character framea formats. This makes
full-duplex operation difflcult since the Transmitter and Receiver uses the same charac-
ter size setting. If 5- to 8-bit character frames are used, the Transmitter must be sat 1o
use two stop bit {USBS = 1) since the first stop bit is used for indicating the frame type,

Do not use Head-Modify-Write instructions (SEI and CBI) to sat or clear the MPCM bit.
The MPCM bit shares the same /O location as the TXC Flag and this might accidentally
ba cleared when using SBI or CBI instructions.
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Read Access

JSART Register
Description

JSART I/O Data Reglster —
JDR

m

Doing a read access to the UBRRH or the UCSRAC Registar is 8 more complex opera-
tion. However, in most applications, it is rarely necessary to read any of these registers.

The read access s controlled by a timad sequence. Reading the 1O location once
raturns the UBRRH Register contents. If the register location was read in previous sys-
tern clock cycle, reading the reqglsier in the current clock cycle will return the UCSRO
contents. Note that the timed sequence for reading the UGSAG |5 an atomic oparation,
Interrupts must therefore be controlled {e.g.. by disabling interrupts globally) during the
read cperation.

The following cods sxample shows how to read the UCSRC RAegister contants.

Assambly Code Example'!
LISART_ReadUCSRC:
: Baad UCSHC
In rig UBRRH
In g UCSRC
rat

C Code Example'"!

unsigned char USART_ReadUCSRC{ void )
{

unzigned char ucsrnc;

I~ Read UCSRC™/

ucerc = UBRRH;

uegre = UCSRC,

return ucsTe,

Mote: 1. See “About Code Examples” on page .
The assembly code example retums the UCSRC value in r16.

Reading the UBRRAH contents Is not an atomic operation and therefora it can be read as
an ardinary register, as long as the previous Instruction did not access the register
location.

Bit 7 B B 4 2 2 1 0
RABLT] UDA {Read)
TRBIT 0] UDA (Writn)
Read/Writs AW AW A ET E AW AW R
Inisd Valua 8 i o @ £ il a o

The USART Transmit Data Buffer Reglster and USART Receive Data Buffer Raegisters
shara the same VO addrass refarred to as USART Data Register or UDR. The Transmit
Data Buffer Register {TXB) will be the destination for data written o the UDR Reglster
location. Reading the UDR Register location will return the contents of the Receive Data
Buffer Register (RXB),
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USART Control and Status
Register A — UCSRA
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For 5-, 8-, or 7-bit characters the upper unused bits will be ignored by the Transmitter
and set to ram by the Receivar.

The transmit buffer can only be written when the UDRAE Flag in the UCSAA Aepgister is
set. Data written ta UDR when the UDRE Flag is not set, will be ignored by the USART
Transmitter. When data is written to the transmit buffer, and the Transmitter is enabled,
the Transmitter will load the data into the transmit Shift Register when the Shift Register
I empty. Then the data will be serally fransmitted on the TxD pin,

The raceive bulfar consists of a two-lovel FIFD. The FIFO will changes ite state whenevar
the receiva buffer is accessed. Due to this behavior of the receive buffer, do not use
Read-Modify-Write Instructions {SBl and CBI) on this location. Ba carshl whan using hit
test Instructions (SBIC and SBIS), since these also will change the state of the FIFO.

Bt i & 5 4 3 2 1 0

RXC TAG UDRE FE DOR PE UZX MPCM UCS5RA
FeadVWits A AAv A R H H R AW
Iinitia’ Yelue 1] 4] 1 a i ] i i Q

= Bit 7 - RXC: USART Recelve Complete

This flag bit iz set whan there are unread data in the receive butfer and cleared whan tha
raceive buffer iz empty {i.e., does not contain any unread data). If the Heceiver is dis-
ablad, the recaiva butfer will be flushad and consaquently the RXC bit will becomea zara:
The AXGC Flag can be used to generate a Recelve Gomplate intermupt (see description of
the AXCIE bit).

+ Bit & - TXC: USART Tranamit Complate

This flag bit is set when the entire frame in the transmit Shift Register has bean shifted
out and there are no new data curmently present in the transmit buffer (UDR). The TAC
Flag bit is automatically cleared when a Transmit Complate interrupt is executed, orit
can be cleared by writing a one to its bit lecation. The THC Flag can generate a Transmit
Completa interrupt (see description of the TRCIE bit).

= Bit 5— UDRE: USART Data Aegister Empty

The UDRE Flag Indicates if the transmit buffer (UDR) is ready to receive new data. If
UDRE Is one, the buffer s empty, and therefore ready to be written. The UDRE Flag can
generate a Data Reglater Empty interrupt (see deseription of the UDRIE bit).

LIDRE I sat after a reset to indicata that the Transmitter s ready.

= Bit 4 - FE: Frame Error

This bit Is sat if the next charactsr in the recelve buffer had & Frame Error when
received. For example, when the first stop bit of the next character in the receive buffer

is zero, This bit is valid until the receive buffar (UDR) |= read. The FE bit is zero whan
tha stop bit of recelved data is one. Always sat this bit to 2ero when writing to UGSRA.

= Bit 3 - DOR: Data OverAun
This bit is set if a data overrun condition is daetected. A Data OverRun occurs when the
receive buffer s full (ftwo characters), it is a naw character walting In the recelve Shift

Register, and a new start bit |s detected. This bit is valid until the receive buffer (UDR) is
read. Always set this bit to zero when writing o UCSRA.

= Bit 2 - PE: Parity Error

This bit is set if the naxt character in the receive buffer had a Parity Error when recensad
and the parity checking was enabled at that point (UPM1 = 1}. This bit ts valid until the
receive bufler (UDR) is read. Always set this bit to zero when wriling 1o UCSHA.
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« Bit1 - U2X: Double the USART Tranamission Speed

This bit only has effect for the asynchronous operation. Write this bil to zero when using
EYNohronous operaton.

Writing this bit to one will reduce the divisor of the baud rate divider from 16 to 8 effec-
tively doubling the transfer rate for asynchronous communication,

* Bit 0 - MPCM: Muiti-processor Communication Mode

This bit enables the Multl-processor Communlcation mode. When the MPCM bit is wrlt-
ten to one, all the incoming frames recelved by the USART Receiver that do not comtain
address information will be ignored. The Transmitter is unaffected by the MPCM satting,
For more detailed information ses "Multi-processor Communication Mode™ on pags 160.

Bh T L] 5 4 3 2 1 1]

AXCIE | THGIE | UDRIE | AXEW | TXEW | UCSzz | Aies | WxBa | UCSAB
Read/Wiite AW RW AW AW RW R A AW
initisd Yalue 0 o 0 0 o o o a

= Bit 7 - RXCIE: RX Complete Interrupt Enable

Writing this bit to one enables internupt on the RXC Flag, A USART Racelve Complete
interrupt will be generated only If the RXCIE bil Is written to ong, the Global Interrupt
Flag in SREG is written to one and the RXC bit in UCSRA is set.

+ Bit6— TACIE: TX Complete Interrupt Enable

Writing this bit 1o one enables Interrupt on the TXC Flag. A USART Transmit Complets
interrupt will be generated only if the TXCIE bit Is written to one, the Global Interrupt
Flag in SREG is written to one and the TXC bit in UCSRA [s set.

* Blt 5- UDRIE: USART Data Reglster Empty Interrupt Enable

Writing this bit to one enables intermupt on the UDRE Flag. A Data Register Empty inter-
rupt will be generated only if the UDRIE bit iz writlen to one, the Global Interrupt Flag in
SREG is written to ana and the UDRE kit in UCSRA is set.

* Bit 4 - RXEMN: Receiver Enable

Writing this bit o one enables the USART Receiver. The Raceiver will overtide nomal
port operation for the RxD pin when enabled. Disabling the Receiver will flush the
raceive buffer invalidating the FE, DOR, and PE Flags.

* Bit 3 - TXEN: Transmitter Enable

Writinigg this bit to one enables the USART Transmitter. The Transmitter will override nor-
mal port aperation far the TxD pin when enabled. The digabling of the Transmitter
{writing TXEN ta zero) will not become effective until ongoing and pending transmile-
sions are completed, {i.e., when the transmit Shift Registar and transmit Buffar Reglster
do not contain data to be transmitted). Whean disabled, the Transmitter will no longer
override the TxD port.

« Bit 2 - UCSZ2: Character Size

The LUCSZ2 hita combined with the UCSZ1:0 bit in UCSHC sets the number of data bits
{Character Size) in a frame the Receiver and Transmitter use,

= Bit 1 — RXBE: Receive Data Bit 8

RXB& is the ninth data bit of the recelved chamcter when opserating with serlal frames
with nine data bits. Must be read before reading the low bits from UDH.

+« Bit 0— TXB8: Transmit Data Bit B

s ATmegads35(L) me——————————
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USART Contral and Status
Register C - UCSRC'™
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TXEB is the ninth data bit in the character to be transmitted when operating with serial
frames with nine data bits. Must be written before writing tha low bits to UDR,

B 7 & 5 1 3 2 1 0
[URSEC [ UMSEL | UPNT | UPMo | Usas | Ucszi | Ucszo | UCROL ] ucsRe

FlaadWte AW RW AW AW AW AW AW RW

Initial Vel 1 a o 3 0 1 1 0

Mote: 1. The UCSRC Register sharas the same /0 pcation as the UBRRH Feglster, Ses the
"Aceessing UBRRHUCERC Registers® on page 161 section which describas now to
access this register,

= Bit 7 - URSEL: Reglater Select

Thig bit selects betwaen accessing the UCSRC or the UBRRH Reogister. It is read as

one when reading UCSRC. The URSEL must be one whan writing the UCSRC.

« Bits - UMSEL: USART Mode Select
Thiz bit selects betwean asynchronaus and synchronous mode of oparation.

Table 64. UMSEL Bit Settings

UMSEL | Mode
1] Asynehronous Operation
1 Synchronous Operation
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¢ Bit 5:4 - UPM1:0: Parity Mode

These bits anabla and sat typa of parity generation and check. If enabled, the Transmit-
ter will automatically generate and sand the parity of the transmitted data bits within
sach frame. The Receiver will generate a parity value for the Incoming data and com-
pare it to the UPMQ sstting. I a mismatch 1s delected, the PE Flag in UGSRA will bs sat.

Table 65. UPM Bits Sattings

UPMi UPMO Parity Mode
0 0 Disabled
0 1 Reserved ]
1 . E.'I'. Enaﬂﬂﬁ. E';f!n Parity
| Enabled, Odd Parity a

= Bit 3 - USBS; Stop Bit Select

This bit selects the number of stop bits to be inserted by the Transmitter. The Receiver

ignores this setting.

Table 66. USBS Bit Settings

usBes ! Stop Bit(s)
0 1=hit
1 2-bil

* Bit 2:1 - UCSZ1:0: Character Slze

The UCSZ1:0 bits combined with the UCSZ2 bit In UCSRE sets the number of dala bils
{character size] in a frame the Recelver and Transmittar uss.

Table 67, UCSZ Bits Settings

ucszz ucszi UCSZa Characier Size
] ] 5-bit
1] k 1 E-Dit
) 1 a T-bit
...... i} 1 1 B-hit -
1 _ -D 1} Resarvad
1 1] : .1 : Reservad
1 1 B a Resarwad
1 - 1 - 1 8-bit

* Bit 0 - UCFOL: Clock Polarity

ATmegad535(L) me——
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USART Baud Rate Registers -
UBRRL and UBRRH!"

SO2E-AV RS

This bit iz used for Synchronous mode only. Write this bit o zaro when asynchrenous
mode is used. The UCPOL bit sets tha relationship between data output change and
data input sampla, and the synchronous clock (XCK),

Table 68, UCPOL Bit Settings

Transmittad Data Changead Racaivad Data Sampled |
UCPOL (Output of TxD Pin) (Input on RxD Pin)
1) Rising XCK Edge ] Falling XCK Edge
1 Falling XCK Edge | Rising XCK Edge
Blt 15 4 13 12 11 10 g 8
JueseL | - | - | - UBAR]11:8] UBRAH
| UBRRA[T:a] UBRAL
7 ] 5 4 E] 2 1 [1]
AaadWidta R R A R R Ry AW RAY
Fw RAY RW RN AW R W RN
Initial Yalua a Q & ¢ ] ol 4] o
a a ¥ g i 0 Q i}

Mote: 1. The UBRRH Register shares the same 110 focation as the UCSRC Register, See the
"Acceesing UBRRH/UCSRC Registers™ on page 181 section which describes how 1o
access this register.

= Bit 15 - URSEL: Register Select

This bit selects between accessing the UBRRH or the UCSRC Hegister. It is read as
zerp when reading UBARRH. The URSEL must be zero when writing the UBRRH,

= Bit 14:12 — Aeserved Bits

Thess bitz are resarved for future use. For compatibility with fulure devices, these bit
must be written to zem when UBHRH is written.

« BE11:0—UBRA11:0: USART Baud Hate Register

Thig iz a 12-bil register which containg the USART Baud Rate. The UBRRH contains the
four most significant bits, and the UBRBEL cantaing the eight least significant bits of the
USART baud rate. Ongoing transmissions by the Transmitler and Recehver will be cor-

rupted if the baud rate is changed. Writing UBRRAL will trigger an immediate updats of
tha baud rata prescaler.
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Setting
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For standard crystal and resonator frequencies, the most commonly used baud rates for
asynchronous oparation can be generated by using the UBRR eeitings in Table 89,
UBHR values which yield an actual baud rate differing less than 0.5% from the target
baud rate, are boid in the table. Higher error ratings are acceptable, but the Recabver will
have less nolse resistance when the ermor ratings are high, aspeciaily tor large saral
frames (see "Asynchronous Operational Range” on page 158). The error values are cal-
culated using the following equation;

rBaudHata
Error%] = | Bau;“:::“m_ﬂ- 100%
Table 69. Examples of UBRR Settings for Commonly Used Osclllator Frequencies
f..o = 1.0000 MHz ... = 1.8432 MHz f,. = 2.0000 MHz
o | =0 UzX =1 U2X=0 U2X =1 Uzx=0 |  uX=1
(bps) |UBRR | Emor | UBRR |Error | UBAR | Emor | UBRR | Eror | UBRR | Error | UBRR | Errer
2400 25 0.2% B1 0.2% 47 0.0% a5 0.0% 51 0.2% 1063 02%
4800 i2 E 0.2% 26 0.2% 23 0.0% 47 0.0% { 25 0.2% 51 0.2%
9R00 ) .' -7.0% 1z 0.2% 11 0.0% 23 0.0% 12 0.2% 25 o029
144K 3 | 85% 8 -3.5% 7 0.0% 15 0.0% | 8 a5% | 18 | 21%
18.2k 2 B.5% (=] -7.0% 5 00% 11 0.0% & -FiAs 12 0.29%
28 8k 1 B.E% 3 8 5% 3 0.0% { 7 0.0% 3 B.5% B | 3. 5%
38 4k 1 186% @ 2 85% | 2 0.0% 5 0.0% 2 85% 6 | -T0%
57.6k o B.5% 1 85% | 1 .08 3 0.0% 1 85% 3 85%
768k - - 1 =1H. 6% I 1 =25 0% 2 0.0% 1 I -1B.6% 2 8.5%
152 | - . o |85% | o | o0o% 1 00% | o ] 8.5% 1 8.5%
o304k | - S = = = = o 0.0% = =
260k = - 5 S -~ . > g s | = o | oo%
Max {1 625 kbps 125 kbps 115.2 kbps 230.4 kbps 125 kbps 250 kbps

UBRR =0, Error = 0.0%
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Table 70. Examples of UBRR Settings for Commonly Used Osclliator Frequencles (Continued)

100 = 3.6664 MHz ' f,,c = 4.0000 MHz Tome = 7.3728 MHzZ

iy U2A=0 u2x = 1 2X =0 U2X = 1 U2X =0 U2X = 1
{bps) | UBRR | Emor | UBRR | Emor | UBAA | Eror | UBFR | Emmor | UBRR | Error | UBRR | Error

| 2400 a5 0.0% i 0.0% 103 0.2% 207 | 02% 191 0.0% 383 0.0%
4800 47 0.0% %5 | 0.0% 51 0.2 103 0.2% 35 0.0% 191 0.0%
8600 23 | 0.0%: 47 0.0% ris 0.2% 51 0.2% 47 0% 85 0.0°%
14,4k 15 | 00% | 8 00% | 18 | 21% | 84 | -08% | @ 0.0% | 63 | 0.0%
19,2k 11 0.0% 23 0.0% 12 0.2% 25 0.2% 23 0.0% 47 0.0%
28.8k T 0.0% 15 0.0% -] <3.5% 16 2.1% 18 . 0.0°: H 0.0%
8.4k 5 0.0% 11 0.0% 6 5 7% 12 0.2% 11 ! 0.0% 23 0.0%
E7.6k a 0.0% 7 0.0% 3 | BS% 8 -3.5% 7 0.08% 15 0.0%
T6.8k 2 0.0% S 0.0 2 B.5% G -7.0% ] 0.0% 11 0%
1182k | 1 0.0%% 3 0.0%% 1 B.6% 3 B.5% = 0.0% T 0.0%
2304k | o |oow | 1 |oow | o |8s% | 1 |8sm | 1 |oo% | 3 | oo
250k o -7.8% 1| 78% 0 0.0% 1 | 0.0% 7.B% a -7.86%
0.5M = = 0 -7.8% = = 0 0.0% 0 78 1 -7.8%
M T [ 4 = = = = - - - 0 8%
Max ' 230.4 kbps 460.8 kbps 250k bps 0.5 Mops 460.8 kops 921.6 kbps

I UBAA = 0, Ermor = 0.0%
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Table 71, Examples of UBRR Settings tor Commonly Used Oscillator Frequencies (Gontinued)

foue = 80000 MHz foae = 11,0592 MHz b = 14.7456 MHz
et | =0 U2X =1 U =0  ux=1 U2X =0 U2X =1
(bps) ' UBRR | Error | UBAR | Emor | UBRR | Emor | UBRR | Emor | UBRR | Error | uBRA | Error
| 2400 207 | 02% | 416  01% | 287 | 00% | 575 | 00% | 383 | 00% | 7er | 00%
4800 | 103 | 02% | 207 02% | 143 | 00% | 287 | 0.0% | 181 | 00% | 283 | 00%
2600 a1 0.2% 103 I 02 71 0.0% 143 0.0% 95 0.0% 197 | O0.0%
faak | 34 | 08w | 68 | 08% | 47 | 00% o5 | 00% | 83 | 00% | 127 | 00%
1892k 28 0.2% I &1 0.2% a5 o0% | ¥ i 0.8 a7 0.0% o5 0.0%
288k 18 21% | 34 -0.8% 23 G5 : 47 0.0F 31 0.0% 63 00%
384k 12 0.2% 25 0.2% 17 0.0% 35 0.0% 23 DD 47 0.0%
57.6k 8 a5% | 18 | 21% | 1 | oo | 23 | oo | 15 | oo | M 0.0%
76.8k 6 | -70% | 12 | 02% 8 oo | 17 | oom | 1 00% | 23 | oo%
152 | 3 8.5% B | as% | s 00% | 11 | 0.0% 7 00% | 15 | oow
2304k | 8.5%, 3 B.5% 2 0.0% 5 | 0.0% 3 0.0% y 0.0%
250k | 1 0.0% 3 0.0% 2 78% 5 | -T.B% 3 -7.8% & 5.3%
0.5M 0 0.0% 1| 0.0% = = 2 -7.8% 1 -7.8% 3 -7.8%
1M = - 0 | o0 - . - | = | o | s 1 7.8%
Max" | 0.5 Mops 1 Mbps 691.2 kbps 13624 Mops | 921 6 kops 1,8432 Mbps

I UBRA = 0, Ermor = 0.0%%

7o ATMegaBS35( L)
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Table 72. Examples of UBRR Senings for Commonly Used Oscillator Freguencies (Continued)

1., = 16.0000 MHz 1., = 16.4320 MHz 1,0 = 20,0000 MHz
—_— UX=0 |  U2X=1 UX=0 |  U2X=1  uX=0 | u2x=t
(bps) | UBAR | Emor  UBRR | Error | UBRR | Eror | UBRR | Emor | UBRR  Emor | UBRR | Error

'2dot | 416 | -04% | 832 | 00% | 479 | 00% | 958 | 0.0% | 500 | 0.0% | 1041 | 00%
4800 | 207 | 02% | 418 | 0a% | 200 | 00% | 479 | 00% | 269 | 02% | 520 | 00%
9600 w3 | 02% | 207 | 02% | 118 | 00% | 239 | 00% | 129 | 02% | 258 | 02%
144k | 68 | 06% | 138 | -04% | 79 | 00% | 150 | o0% | 86 | -02% | 172 | 02%
192 | s1 | o02% | 10 | 02% | 53 | 0o% | 149 | o0% | e+ | o2% | 120 | o2%
268.8k : 34 -0.6% 58 _I 0.6% a3 0.0%% 79 I 0.0% 42 0.5% a6 0.2%
384k 25 { 0.2% 51 0.2% 28 0.0% 59 0.0% Ir 32 -f A% 654 0,29,
57 Bk 16 E 2.1% 34 =00 B% 18 0.0%% 39 0.0 | 21 =1 .4% 42 0.9%
76,6k 12 | 02% | 25 | 02% | 14 | 00% | 28 | oowm | 5 | 17w | @@ | a%
115.2% & -3.5% 18 2.1% a 0.0% 18 0.0% 10 -1.4% 21 | -1.4%
oa0ak | 3 | 85% | & | 85% | 4 |o0o0% | o |oow | a4 | ssw | 10 | 4%
250k a3 0.0% | Fi 0.0% 4 -F. B \ a8 2.4% 4 0.0% a .E 0.0
0&M | 1 00% | 3 | oo% | - =1 & |rem | = = 4 f 0.0%
M o | oom | A 0.0% | - - - . - — -
Mex ) 1 Mbps 2 Mops 1.152 Mbps 2,304 Mbps 1,25 Mbps 2,5 Mbps

1. UBRRA = 0, Error = 0.0%
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Two-wire Serial
Interface

Features

Two-wire Serlal Interface
Bus Definition

"Wl Terminology
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Simpla yet Powearful and Flexibla Communication Interface, only Two Bus Lines Neadad
Both Mester and Slave Operation Supporied

Device can Operate as Transmitier or Receiver

7-bit Address Space Allows up to 128 Differant Slave Addresses

Multi-masier Arbltration Support

Up 1o 400 kHz Data Transter Speed

Slew-rate Limited Oulput Drivers

Noise Suppression Circuitry Rejects Spikes on Bug Lines

Fully Programmable Siave Address with Gensral Call Support

Address Recognition Cauzes Wake-up when AVA is in Slesp Mode

The Two-wire Serial Interface (TWI) is ideally suited for typical microcontrofler applica-
tions. The TWI protocol allows the systems designer to interconnect up to 128 different

devices using only two bl-directional bus lineg, one for clock (SCL) and one for data
(SDA). The only external hardware nesded to Implemant the bus is a single pull-up
resistor for sach of the TWI bus lines. All devices connected to the bus hawva [ndividual
addrazsaes, and machanisms for resalving bus contention ara inharant in the TW!

ptotocol.

Figure 76. TW| Bus Interconnection

504

|

Device 1 Dherweieaie 2 Dravica 3 Dhesw/iot A1 H1 A2

[ 1

k|

Y

i
.

The following definitions are frequently encountered in this section.

Table 73. TWI Teminclogy

Term

Description

IMaster

The device that mitiates and farminates a transmission. The Master also
genarates the SCL clock.

Slenva

The davice addressed by a Mastar,

Transmitter

The device placing data on the bus:

Recaiver

The device reading data from the bus,

ATMEGAE535/( L. ) mmmmm———— e —
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Electrical Interconnection

Data Transfer and Frame
Format

Transferring Bits

START and STOP Conditions

S502G-AVR-0405

As deplcted in Figure 76, both bus lines are connected to the positive supply veoltage
through pull-up resistors. The bus drivers of all TWi-compliant devices are open-drain or
opan-callector. This implements a wired-AND function which is essential to the opera-
tion of the interlace. A low level on a TWI bus fine is generated when one of mora TWI
devices output & zero. A high level is output when all TWI devices trl-state thelr outputs,
allowing the pull-up reslstors to pull the line high. Note that all AVR devicas connected to
the TWI bus must be powered in order to allow any bus oparation.

The number of devices that can be connected to the bus is only limited by the bus
capacitance limit of 400 pF and the 7-bit slave address space. A detalled specification of
the electrical characteristics of the TWI is given in “Two-wire Serial Interface Character-
istics" on page 257. Two different sets of specifications are presented there, ong
relevant for bus spesds below 100 kHz, and one valid for bus speeds up 10 400 KHz.

Each data bit transferred on the TWI bus is accompanied by & pulse o the clock line.
The level of the data line must be stable when the clock line is high. The only exception
1o this rule s for generating start and stop conditions.

Figure 77. Data Validity

SDA
SCL / b / \\
Data Stable Data Stable
Data Change

The Mastar initiates and terminates a data transmission. The transmission is Initiated
when the Master issues a2 START condition on the bus, and it is terminated when the
aster issuss a STOP condition. Between a START and a STOP condition, the bug is
considerad busy, and no other Master should try to seize control of the bus. A special
case goocurs whaen a new START condition is issued between a START and STOF con=
dition. This is rafermed to as & REPEATED START condition, and is used when the
Mastar wishes 1o inltlate a new transfer without reflinguishing control of the bus. Aftsr a
REPEATED START, the bus is considered busy until the next STOP, This is identical to
the START behavior, and therefore START is used to describe both START and
REPEATED START for the remainder of this datasheet, unlass ctherwise noled. As
depicted below, START and STOP conditions are signalled by changing the level of the
5DA line when the SCL line is high.
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Address Packet Format

Jata Packat Format
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Figura 78. START, REPEATED START, und STOP Conditions

A

, E{
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START g ID‘.I" STAHT HEFEATEIJ STAAT S0P

All address packets transmitted on the TWI bus are nine bits long, consisting of seven
address bits, one READMWRITE control bit and an acknowledgs Git, If the READVWRITE
bit is set, a read oparation |s to be performed, otherwise a write operation should be per-
formed. When a Slave recognizes that it is being addressed, it should acknowledge by
pulling SDA low in the ninth SCL (ACK) cycle. If the addressed slave is busy, ar for
some othar reason can not sarvice the mastar's raquast, the SOA |Ine should be laft
high in the ACK clock cycle. The Master can then tranamit a STOP eondition, ora
REPEATED STAHRT condition to initiate a new transmission. An address packe! cons/st-
ing ol a slave address and a READ or a WRITE bt Is called SLA+R or SLA+W,
respectivaly.

The MSE of the address byte is transmitted first. Slave addresses can freely be allp-
cated by the designear, but the address 0000 000 Is resenved for a general call,

When a general call is issued, all slaves should respond by pulling the SOA line low in
the ACK cycle. A general call is used when 2 Master wishas to transmit the same mes-
sage to several slaves in the system. When the general call address followed by a Write
bit Is rransmitted on the bus, all slaves set up to acknowledge the general call will pull
the SDA line low in the ack cycle. The following data packets will then bie received by all
the slaves that acknowledged the general call. Note that transmitting the general call
address followed by a Read bit la meaninghess, as this would cause contention if several
slaves started tranemitting different data.

Al addresses of the format 1111 300¢ should be reserved for fiture purposas.

Figure 79. Address Packet Format
; Addr MSB  AderLSB AW ACK

N /XXX X T
SCL_!i_“x_.\. /7 x ;‘fﬂ\'&_ f’_ \ f_ _f;ﬁ\\\

j ot g Mt e g g

.-"--

SoA T

START

All data packets transmitted on the TWI bus are ning bits long, consisting of one data
byte and an acknowledpe bit. During a data transfer, the Master generates the clock and
the START and STOP conditions, while the Receiver is responsible for acknowladging
the reception. An Acknowledge (ACK) is signalled by the Receiver pulling the SDA line
low during the ninth SCL eyale. If the Receiver leaves the SDA line high, a NACK is sig-
nallad. Whean the Heceiver has received the last byte, or for some reason cannot recelve
any more bytes, It should inform the Transmitter by sending a NACK after the final byte.
The MSB of the data byte is transmitted first.

i7a  ATMEGABST 5L
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~ombining Address and Data
Packets into a Transmission

Wulti-master Bus
systems, Arbitration and
synchronization
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Figure 80. Data Packet Format

Data MER Date LSB ACK

— L= — e = SR R

! 4 ETOW. AEFEATED
BLAa+RwW Data Byts : S1AHT or next
; Diats: Byt

A transmission basically consists of 2 START condition, 2 SLA+RW, one or more data
packets and a STOP condition. An emply message, consisting of a START followed by
a STOF condition |5 illegal. Mote that the wired-ANDing of the SCL line can be used to
implement handshaking between the Master and the Slave. The Slave can extend the
SCL low period by pulling the SCL line low. This is useful if the clock speead set up by the
Master is too fast for the Slave or the Slave nesds extra time for processing between the
data transmissiens. The Slave extending the SCL low period will not affect the SCL high
period, which is determined by the Master. As a consequance, the Slave can reduce the
TWI data transfer speed by prolonging the SCL duly cycie.

Flgure 81 shows a typlcal data transmission. Note that seversl data bytes can be trans-
mitted between the SLA+R/W and the STOP cendition, depending on the softwars
protocol implemented by the applization software.

Figure 81, Typical Data Transmission

A0ITMAEE hddiLSE R ACK [uria B55E L LR

— Y ' Sy g £ | mm—r ;
T f i T i i b i

o A, S B L | B g Vi S B S TR SRS SRS A

= L o e o P i,

BTART ELA R Fxta fiyw wrar

The TWI protocol allows bus systems with saveral masters, Speclal concems have
besn taken in order to ensure that transmissions will proceed as narmal, even f two or
more masters initiate a transmission at the same time, Two problems artse in multl-mas-
ter systems:

*  An algorithm must be implemented allowing only one of the Masters fo complete the
transmission. All other masters should cease ransmission when they discover that
they have lost the selection process. This selection process is called arbitration.
When a contending Master discovars that it has |ost the arbittation process, it
should Immediately switch to Slave mode to check whather it is being addressed by
tha winning Master. Tha fact that multiple masters have started transmission at the
gama time should not be detectable to the slaves, i.e., the data being transfarred an
the bus must not be corrupted,

s Different Masters may use diferent SCL frequencies. A scheme must be devisad to
synchronize the serial clocks from all Masters, In order 1o let the transmission
proceed in a lockstep fashion. This will facilitate the arbitration process.

The wired-ANDing of the bus lines is used to solve both these problems. The serial
clocks from all Masters will be wired-ANDed, yielding a comblned clock with 2 high
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period equal to the one from the Mastar with the shortest high period. The low pariod of
the combined clock is equal to the low period of the Master with the longest low pariod.
hote that all mastars listan to the SCL line, effectivaly starting to count their SGL high
and bow time-gut periods when the combined SCL line goes high or low, respectively.

Figure 82. SCL Synchronlzation Between Multiple Mastars
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Arbitration ie carried oul by all masters continuously monitoring the SDA line after out-
putting data. I the value read from the SDA lina does not match the value the Master
had ouiput, it has lost the arbitration. Note that a Mastar can only losea arbitration when it
outputs a high SDA value while another Master outputs a low value. The losing master
shouid immediately go to Slave mods, checking if it is being addressed by the winning
master. The SDA line should be left high, but losing masters are allowed to generate a
clock signal until the end of the current data or address packet. Arbitration will continue
untll only one master remains, and this may take many bits. If sevearal masters are trying
to address tha same Slave, arbitration will continue ino the data packat.

Figure B3. Arbitration Between Two Mastars
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Overview of the TWI

Module

iCL and SDA Pins

Mote that arbitration is not allowed betwean:

= A REPEATED START condition and a data bit

= A STOP condition and a data bit

« A REPEATED START and a STOP condition

It Is the user software's responsibility to ensure that these illegal arbitration conditions
navar occur. This implies that in multi-masier systems, all data transfers must use the
same composition of SLA+R/W and data packets. In other words: All transmissicns

must contain the same numbear of data packets, otherwise the result of the arbitraton is
undsfined.

The TWI module is comprised of several submodules, as shown in Figure 84. All regis-
ters drawn In a thick line are accessible through the AVH data bus.

Figure 84, Cverview of the TWI Modula
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These pins inteface the AYR TWI with the rest of the MCU system. The output drivers
contain a slew-rate limiter In order to conform to the TW specification. The input stages
contain a spike suppraession unit rermoving spikss shorter than 50 ns. Note that the Inter-
nal pull-ups in the AVR pads can be enabled by setting the PORT bits comesponding to
tha SCL and SDA pins, as explained in the 'O Fort section. The intarmal pull-ups ean In
soma systems allminate the need for extemal ones.
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Bit Rate Generator Unkt

Jus Imterface Unit

\ddress Match Unit

>ontrol Unit

AIMEL

This unit controle the pericd of SCL whan operating in & Master mode. The SCL pericd
is controlled by settings in the TWI Bit Rate Register {TWBR) and the Prescaler bits in
the TWl Status Register (TWSR). Slave operation does not depend an Bit Hate or Pres-
caler settings, but the CPU clock frequency in the Slave must be at least 16 times higheat
than the SCL frequency. Note that slaves may proiong the SCL low peroed, thereby
reducing the average TWI bus clock peried. The SCL freguency is generated according

to the following equation:
16+ 2(TWBR). 4 "'

=  TWBR = Valug of the TWI Bit Rate Register

= TWPS = Value of the prescaler bits in the TWI Status Reqister

Mote:  TWER should be 10 or higher if the TWI operates in Master mode. If TWBR ig bower than
10, the Master may producs an incorect output on S0A and SCL for the reminder of the
bryte. The prablem occurs when oparating the TW in Master mode, sending Start + SLA
+ AN to a Slave (2 Slave does not need to be connacted to the bus for the condition to
happan}).

This unit contains the Cata and Address Shift Register (TWDR), a START/STOP Con-
troller and Arbitration detection hardware. The TWDR contains the address or data
bytes to be transmitted, or the address or data bytes recelved. In addition to the 8-bit
TWDR, the Bus Interface Unit also containg a register containing the (MJACK bit to be
transmitted or received. This (N)ACK Register iz not diractly accassible by the applica-
tion software. However, when receiving, it can be set or cleared by manipulating the
TWI Control Hegister (TWCR). When In Transmltter mode, the value of the recelved
(NYACHK bit can be determined by the value in the TWSR.

The START/STOF Cantroller is responsible for generation and detection of START,
REPEATED START, and STOP conditions. The START/STOP controller is able to
detest START and STOP conditione even whan the AVR MCU is in one of the sleep
modes, enabling the MCU to wake up if addressed by a Master.

If the TwWi has initiatad a transmission as Master, the Arbitration Detection hardware
continuously monitors the transmisslon tnng to determine |f arbltration is in process. If
the TWI has lost an arbitration, the Control Unit Is informed. Correct action can then ba
taken and appropriate siatus codes generated.

The Address Match unit checks if received address bytes matech the 7-bit address in the
TWI Address Register (TWAR), If the TW| General Call Recognition Enable (TWGCE)
bit ir the TWAR is written to one, all incoming address bits will also be compared
against the General Call address. Upon an addrass mateh, the Control Unit is informed,
allewing correct action to be taken. Tha TW| may or may not acknowledge its address,
depending on settings In the TWCR. The Addrass Matech unit is able o compare
addresses even when the AVR MCU Is in sleep mode, enabling the MCU to wake up if
addressed by 2 Master.

The Contro! unit monitors the TW bus and generates responses corresponding to set-
tings in the TWI Control Register (TWCR). When an event requinng the atiantion of the
application occurs on the TWI bus, the TWI Interrupt Flag (TWINT) is asserted. In the
next clock cycle, the TWI Status Register (TWSHR) is updated with a status code identify-
Ing the event. Tha TWSR only contains relevant status information when the TWI|
Interrupt Flag is asserted. At all other times, the TWSR contains a special status code
indicating that no relevant status information is available. As long as the TWINT Flag s
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T'WI Register Description

MWl Bit Rate Register — TWER

"Wl Control Register - TWCH

set, the SCL line is held low. This allows the application software to complete its tasks
before allowing the TWI transmission o continua.

The TWINT Flag is set in the following situations:

= After the TWI has fransmitted a START/REPEATED START condition.

»  After the TW| has transmitted SLA+RAN.

= After the TWI has transmitted an addrass byte.

«  After the TW| has lost arbitration,

= After the TW| has been addressed by own Slave address or general call,

+  After the TWI has recelved a data yta.

+  AMHer a STOP or REPEATED START has been received while still addressed as a
Slave,

*  When a bus emor has cccurred due to an lllegal START or STOP condition.

Bit T B & Ll 3 2 1 o

[TWBR | TWBRE | TWBRE | TWBRG | TWBRS | TWBRa | TWBR1 | TWBRD] TWER
Aeadiita RwW RW A AMY RAY AW RwW AW
[t Wahee 0 o a Q 4] u] L¥] ]

* Bits 7..0 - TWI Bit Rate Register

TWBR selects the division factor for the bit rate generator. The bit rate generator is a
frequency divider which generates the SCL clock frequency in the Master modes. See
“Bit Rate Generator Unit™ on page 178 for calculating bit rates.

Bat 7 B & 4 3 2 ¥ )

TWINT TWEA | TWSTA | TWETD | TWWC | TWEN - TWIE TWCR
RAeadfita RAAN AN 2 R R FAA ] AW
Inifial Yaie a o Q o o a 4] [i]

The TWCR Is used 10 contral the operation of the TWI. It is used 1o enable the TWI, to
initiate & master access by applying a START condition to the bus, to generate a
receiver acknowledge, to generate a stop condition, and to control halting of the bus
while the data to be written to the bus are written to the TWDR. It also indicates a write
collision if data is attempted written to TWDR whila the register is inaccessible.

+ Bit 7— TWINT: TWI Interrupt Flag

This bit is sal by hardware when the TWI has finished its current job and expects appli-
cation software response. If the I-bit In SREG and TWIE In TWCR are set, the MCU will
Jurmp to the TWI Intarrupt Vector. While the TWINT Flag is set, the SCL low perniod Is
strotched. The TWINT Flag must be cleared by softwars by writing a logic ona ta it. Note
that this flag is not automatically cleared by hardware when executing the interrupt rou-
tine. Also note that clearing this fag starts the operation of the TWl, so all accesses to
the TWI Address Pegister {TWAR), TW| Status Register (TYWSR), and TWI Data Regis-
ter (TWDR) must be complete before clearing this flag.

« Bit&- TWEA: TWI Enable Acknowledge Bht

The TWEA bit controls the generation of the acknowledge pulse. If the TWEA bit is writ-
ien to one, the ACK pulse |s generated on the TWI bus if the following conditions are

met:
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1. The device's own slave address has bean received.
2. A peneral call has besn received, while the TWGCE bit in the TWAR Is set.
3. A data byte has been received in Master Hecsivar or Slave Becelver mode.

By writing the TWEA bit to zero, the davice can be virtually disconnected from the Two-
wire Serial Bus temporarily, Address recognition can then be resumed by writing the
TWEA bit to one again.

+ Bit5-TWSTA: TWI START Condition Bit

The application writes the TWSTA bit to one when it desires to become a Master on the
Two-wire Sedal Bus., The TW! hardware checks if the bus is available, and generates a
START conditlon on the bus if It is free. However, If the bus Is not free, the TWI walts
unttl & STOP condition is detected, and then generates a new START condition to clalm
the bus Master status. TWSTA must be cleared by software when the START condition
has been transmitted.

= Bit4 - TWSTO: TWI STOP Condition Bit

Writing the TWSTO bit to one in Master mode will generate a STOP condition on the
Two-wira Seral Bus. When the STOP condition is executed on the bus, the TWSTO bit
is cleared automatically. In Slave mode, setting the TWSTO bit can be used o recover
from an amor eondition. This will not generate a STOP condition, but the TWI returns 10
a well-defined unaddressaed Slave mode and releases the SCL and SDA lines to a high
impedance state.

= Bit 3- TWWC: TWI Write Collision Flag

The TWWC bit s set when atternpting to wrlte to the TWI Data Begister — TWDR when
TWINT s low, This flag is clearad by writing the TWDH Register when TWINT is high,

+ Bit2- TWEN: TWI Enable Bit

The TWEN kil enables TWI operation and activates the TWI Interface. When TWEN (&
written to one, the TW| takes control over the VO pins connected to the SCL and SDA

ping, enabling the slew-rate limiters and spike filters. If this bit is wiitten to zero, the TWI
is switched off and all TWI transmlissions are lerminatad, regardless of any ongoing

operation,

+ Bit 1 — Res: Reserved Bit

This bit is a reserved bit and will always read as zeto.
+ Bit 0 - TWIE: TWI Intarrupt Enable

When this bit is written to one, and the I-bit in SREG is set, the TW| Intermupt request will
be activated for as long as the TWINT flag is high.
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TW| Status Register - TWSH

Wi Data Raglater —- TWDR

'Wl (Slave) Address Aegister
-TWAR

Bit 7 B 5 4 3 2 1 o

I T™WIT | TW3H | TW35 | WS4 | TWS3 | - | TWPRS1 l TWFS] l TWaR
Famd it =] R A A R [=1 AW AAY
Initial Vakue 1 1 1 1 2| il 4] a

= Bits 7.3 - TWS: TWI| Status

These five bits reflect the status of the TWI logic and the Two-wire Serial Bus. The dif-
farant status codes are describad later in this section. Note that the value read from
TWSER contalns both the 5-bit status valus and the 2-bit prescaler value. The application
designer should mask the prescaler bits 1o zero when ¢hecking the stalus bits. This
makes status checking independent of prescaler setting. This approach Is used in this
datasheet, unless otherwise noted.

= Bit 2 - Res: Reserved bit

This bit is resarved and will always read as zero,
* Bits 1..0 - TWPS: TWI Prescaler Bits

These bits can be read and written, and control the bit rate prescaler,

Table 74. TWI Bit Rate Prascalar

TWPS1 TWPS0 | Prescaler Value
0 E
0 1 4 o -
1 o 0 | 16
1 1 ) 64

To calculate bit rates, see “Bit Rate Generator Unit" on page 178. The value of
TWPS1..0 is used in the egualion.

Bit ¥ g 5 4 a 2 1 2]

TWD7? TWDS | TWD4 TWDa TWDO2 WD TWDD TWDHR
Aead s AN R AN R i RN AAN P
Irvitkal \Fshoe 1 1 1 1 1 1 1 1

In Transmit mode, TWDR contains the next byte to ba transmitted. In Recaive mode, the
TWDR conmtalns the last byte received. It is writable while the TWI Is not In the process of
shifting a byte. This cecurs when the TWI Interrupt Flag (TWINT) is set by hardwars.
Mote that the Data Registar cannot be initialized by the user before the first intarrupt
pccurs. The data In TWDR remains stable as long as TWINT is set. While data is shifted
out, data on the bus is simultaneocusly shifted In. TWDR always contains the last byte
present on the bus, except after a wake-up from a sisep made by the TW interrupt. In
thiz case, the contents of TWDR is undefined. In the case of a lost bus arhitration, na
tlata is lnst in the transition from Master to Slave. Handiing of the AGK bit is contralled
autornatically by the TWI logic. the CPU cannot access the ACK bit directy.

* Bis 7.0 - TWD: TWI Data Ragiater

Thase alght bits constitute the next data hyte to be transmitted, or the latast data byte
recaived on the Two-wire Seral Bus.

3] -] i 3 2 1 0

o
[TTWho | TWAS | TWAA | TWA3 | TWAZ | TWA1 ]| TWAD | TWGLE | TwAR

Bt
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FlesdWrite R A AA RAN R Ay R Ay
Iitial Value 1 i L] 1 I 1 4 o

The TWAR should be loaded with the 7-bit slave address (in the seven most significant
bits of TWAR) to which the TW1 will respond when pragrammed as a Slave Transmitter
of Recaiver, and not nesded in the Master modes. In multlmaster systems, TWAR must
be set in masters which can be addressed as slaves by other masters,

The LSB of TWAR Is used to enabla recognition of the general call address (0x00).
Thets Is an associated address comparatar that looks for the slave address {(or deneral
call address IF enabled) In the recelved serial address. If a mateh Is found, an intarrupt
request is generated.

+ Bits 7..1 — TWA: TWI (Elave) Address Register
These seven bits constitute the stave address of the TWI unit.
= Bit0 - TWGCE: TWI| General Call Recognition Enable Bit

If get, this bit enables the recognition of a General Call given over the Two-wire Serial
Bus.
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Using the TWI

Tha AVR TWI is byte-oriented and Interrupt based. Interrupts are issued after all bus
evenis, ke reception of a byte or transmission of 2 START condition. Bacause the TWI
is interrupt-basad, tha application software |s fres to carry on other operations during 2
TWI byta transter. Mote that the TWI interrupt Enable (TWIE) bit in TWCR together with
the Global interrupt Enabla bit in SREG sllow the application to decide whether or not
assartion of the TWINT Flag should generate an interrupt request. If the TWIE bit is
cleared, the application must poll the TWINT Flag In order to detecl actions on the TW|
bus.

When the TWINT Flag is asserted, the TWI has finished an operation and awaits appli-
cation responsze. In this caze, the TWI Statug Register (TWESR) contalng a value
indicating the current state of the TWI bus. The application software can then declde
how the TWI should behave In the next TWI bus cycle by manipulating the TWCH and
TWDER Registars.

Figure 85 is a simpla example of how the application can interface to the TW! hardware.
In this example, a Master wishes to transmit a single data byvte to a Slave. This descrip-
tion is quite abstract, a more detalled explanation follows later in this section. A simple
code axample implementing the desired behavior is also presented,

“lgure 85. [nterfacing the Application ta the TWI in a Typlcal Transmission

i?ﬂ_:lph::ajlun wribes 3, Check TWER 1o s8e il 5TART wan 5. Chisck TWSR 1o gae if SLA W was 7. Chads TWSH o zea if dala was sant
F _ |1 TWGR fo initiats senl Application loads SLA+W into sert and AGK racsived, Appiication | [ and AGK recalved. Apglication Ioads
2 | transmission of TWEA, and lnads approprises control Inads data inta TWDR, ard laads | | appropriade cantol ssgnals n ssnd
g}% START sngnals e TWER, mahking sure hat appropaatse control signals into TWGR, ‘ STOP into TWCHR, making sure that
-3 TWINT is written ioone, and TWSTA is making surg that TWINT is THINT i writhen to ons.
writhee 0 odro, writlan ko oone,
i e
I ‘
TWI Bus BTAFRT LY | A Daia
A Inticates
fi | 2 TWINT sal amﬂ.fﬂ.ﬂ'nm | & TWINT set: TWINT =gt
E é 2 | Status coda indicates SL:I:W adr AT Statue cods indicates
2 | STAAT condition sam r, data sent, ACK 1ecaived
| | recaivad |

1. The first step In & TW| transmission is to transmit a START condition. This Is
dane by writing a specific value into TWCH, Instructing the TWI hardware to
tranemit a START condition. Which value to write is describad |ater on. Howewar,
it is important that the TWINT bit is set in the value written. Writihg a one 1o
TWINT clears the flag. The TWI will nol start any operatlon as long as the
TWINT hit in TWGR |s sal. Immediately after the application has cleared TWINT,
the TWI will initiate transmission of the START condition.

2. When the START condition has been transmitted, the TWINT Flag in TWCR is
set, and TWSH is updated with a status code indicating that the START condition
has successiully been sant.

3. Tha spplication software should now examine the value of TWSR, 10 make sure
that tha START condition was successfully transmitted. it TWSH indicates other-
wise, the application software might take some special action, fike calling an
error routine. Assuming that the status code is as expected, the application must
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load SLA+W into TWDR. Remember that TWDR is used both for address and
data. After TWDOR has been loaded with the desired SLA+W, a specific value
must be written to TWCR, instructing the TWI hardware to transmit the SLA+W
present In TWDR, Which value to write Is described later on. However, It Is
important that the TWINT bit is set in the value written. Writing a one to TWINT
clears the flag, The TWI will not start any operation as long as the TWINT bit in
TWCR is set, Immediately aftar the application has clearad TWINT, the TW| will
inttiate transmission of the address packet.

4.  When the address packet has been transmitted, the TWINT Flag in TWCH is set,
and TWSR is updated with a status code indicating that the address packet has
successfully been sent. The status code will also reflect whether a Slave
acknowledged the packet or not.

5. The application software should now examine the value of TWSR, to make surg
that the address packet was successiully transmitted, and that the value of the
ACK bit was as expected. If TWSR indicates otherwlse, the application softwars
might take some special action, like calling an error routine. Assuming that the
status code is as expected, the application must load a data packet into TWDR.
Subseguently, a specific value must be written to TWCR, instructing the TWi
hardwars to transmit the data packet present In TWDR. The valus which 1o write
is described later on. Howewvar, it is important that the TWINT bit is set in the
value written, Writing a one o TWINT clears the flag. The TWI will not start any
cperation as long as the TWINT bit in TWCH iz set. Immediately afier the appll-
cation has cleared TWINT, the TW| will initlate transmission of the data packet.

6. When the data packet has been transmitted, the TWINT Flag in TWCR is set,
and TWSR is updated with a status code indicating that the data packet has suc-
cessiully been sent. The status code will also reflect whether a Slave
acknowledged the packet or not.

7. The appllcation software should now examine the valus of TWSH. to maks sure
that the data packet was successfully transmitted, and that the value of the ACK
bit was as expected. If TWSH indicates otherwise, the application software might
take some special action, like calling an emar routing, Assuming that the status
code s as expected, the application must writa a specific value to TWCH,
instructing the TWI hardware to transmit a STOP condition. Which value to write
is described later on. Howsver, it Is important that the TWINT bit is set In The
value written. Writing a one to TWINT clears the flag. The TWI will not start any
operation as long as the TWINT bit in TWCH is set. Immediately afier the appli-
cation has cleared TWINT, the TWI will initlate transmission of the STOP
conditlan. Note that TWINT is NOT set after a STOP condition has been sant.

Even though this example is simpls, It shows the principies involved in all TWI transmis-

sions. These can be summarized as follows:

*  ‘When the TW! has finished an operation and axpects application response, the
TWINT Flag is set. The SCL line is pulled low until TWINT is cleared,

= When the TWINT Flag is set, the user must update all TW| Registers with the value
relevant for the next TW| bus cycle. As an example, TWDR must be loaded with the
value to be transmitied in the naxt bus cyele,

«  After all TWI Register updates and other pending application software tasks have
been completed, TWCR is written. When writing TWCR, the TWINT bit should be
set, Writing a ong to TWINT clears the flag. The TWI will then commence executing
whatever operation was speclfled by the TWCR setting,
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In the followlng an assembly and C implemeniation of the example is given. Note that
the code below assumes that sevaral definitions have been made, for example by using

include-files.
| Agzambly Code Exampla C Exampla Commeants
1| Idl 16, (1=<TWINT)I(1 << TWSTA) TWCH = (1==TWINT)I{1 <= TWSTA}| Send START condition.
[ (1<=TWEN) {(1=<TWEMN)
out TWCR rié |
2 wait: while ({TWCR & (1<<TWINT}))) Wait for TWINT Flag set. This
in r16,TWCR : indicates that the START condition
sbrs 16 TWINT has been fransmitted
rmp  wait1
3 In g, TWSR If ((TWSR & OxF8) I= START) Check value of TWI Status
andl r16, OxF8 ERAOA(); | Register. Mask prescaler bits. If
cpi 16, STAAT E‘.;;lédnlﬂﬂmt from START go fo
h_rl_l'_lu_EFiFiDR )
Id g SLA W TWDH = SLA_W, Load SLA_W into TWDR Ragistar.
out TWDR, r18 TWEHR = {1=<TWINT) | {1<<TWEN]; Clear TWINT bitin TWCR to start
tranamission ol address,

Idl 16 (1=<TWINT) [ {1<<TWEN)

out TWCR, ri6

4 Wit while ([[TWCR & (1<<TWINT))) Wait for TWINT Flag set. This
In rE,TWCH . indicates that the SLA+HYY has been
gsbre 18, TWINT transmitted, and ACK/MACK has
E . baan recavad.
fgmp  wait2
& in r18, TWSR if ((TWSR & 0uFB} l= MT_SLA ACK) Check value of TWI Status
andi 16, OxF8 ERROR(); F’lagiat'al_'. Mask prescaler bits. If
cpl 16, MT_SLA_ACK ool
brne ERROR i '
idi 16, DATA TWDR = DATA; Load DATA inta TWDR Ragister.
out TWDR,rig TWCR = {1<<TWINT) | {1<=TWEN}; Clear TWINT bit in TWCH to start
i 18, {1<<TWINT) | (1<<TWEN) transmission of address.
cut TWCH, 6 T 1 =
3 waitd; while ({{TWCR & (1<<TWINT))) Wait for TWINT Flag set. This
In rg, TWCH : indicates that the DATA has baan
shra rETWINT transmitted, and ACKMACK has
3 been recaved,
fjmp  waitd o
7 in 6, TWSR W ((TWSR & 0xF8) = MT_DATA_ACK) Check valug of TW1 Status
andl rig OxF8 ERRORA{): | Register. Mask prescaler birg. If
| status ditterant from
|
cpl G, MT_DATA ACK |MT_DATA_ACK go to ERROR.
eep@ GFROR 1 |
K rg, (1==TWINTII{1 <<TWEM)I TWECR = [(1==TWINT)I{(1<<TWEN)I ] Tranemit STOP condition.
(1<<TWSTO) (1<<TWSTOY, i
out TWOCH, r16 |
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The TWI can operate in one of four major modes. Thess are named Master Transmitter
(MT}, Mastar Recelver (MR), Slave Transmitter {ST), and Slave Racelver (SR), Several
of these modes can be used in the same application. As an example, tha TWI can use
MT maode to writs data into 2 TWI EEPROM, MR mode to read the data back from the
EEFPROM. If other mastars ara preseant in tha systam, soma of thesa might transmit data
to the TWI, and then SR mode would be used. It is the application software thal decides
which modes ara legal.

The tollowing sections descrbe sach of these modes. Posslble status codes are
descrbed aleng with figures detalling data transmissian in each of the modes, These fig-
ures contaln the fallowing abbreviations:

= STARAT condition

Rs: REFEATED START condition

H: Read bit (high level at SDA)

W Write bit {low level at SDA)

A Acknowledge bit {low lewel at SDA)

A Not acknowladge bit (high level at SDA)
Data: 8-bit data hyta

| =4 STOP condition

SLA; Slave Address

In Figure 87 to Figure 83, circles are used to Indicate that the TWINT Flag is set. The
numbers in the circles show the status code held in TWSH, with the prescaler bils
masked to zero, Al these points, actions must be taken by the application to continue or
complete the TWI transfer. The TWI transfar Is suspended until the TWINT Flag is
cleared by software.

When the TWINT Flag s sat, the status code in TWSHR is used to determine the appro-
priate software action. For each status code, the required software action and details of
the following setlal transfer are given in Table 75 to Table 78. Nota that the prescaler
bits are masked to zero In these tables.
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Miaster Transmitier Mode

In the Master Transmilter mode, a number of data bytes are transmitted to a Slave
Heceiver (see Figure 86). In order to enter a Master mode, a START conditon must be
transmittad. The farmat of the following address packet determines whether Master
Transmitier or Master Receiver mode is to be entered. If SLA+W is transmitted, MT
mode is entered. if SLA+R s transmitted, MR mode Is entered. All the status codes
mentioned In 1his section assume that the prescaler bits are zero or are masked to zero.

Flgure 86. Data Transfer in Master Transmitter Mode

Ves

Dienvice 1 Dravice 2 Dewicgr 3 Dinvice 0
MASTER BLAVE R1 Rz
TRANCMITTER HECEWER

spA  —Y

SCL

A START condition is sent by writing the following valuea to TWCR:

TWCR TWINT TWEA TWETA | TWSTO TWWC TWEN - TWIE

Valua 1 X ) l Q X 1 ¥}

TWEN must be set to enabile the Two-wire Senal Interface, TW3TA must be written 1o
one to transmit a START condition and TWINT must be written to one to clear the
TWINT Flag. The TWI! will then tast the Two-wire Serial Bus and generate a START
cohdition as soon as the bus becomes fres, Afler 2 START condition has baan fransmit-
ted, the TWINT Flag |s set by hardware, and the status code in TWSR will be Ox08 (see
Table 75). In order to enter MT mode, SLA+W must ba transmitted. This is done by writ-
ing SLA+W to TWDH. Thereafter the TWINT bit should be cleared (by writing It to ane)
to continue the transter. This Is accomplished by writing the iollowing value to TWCH:

TWCH THWINT TWEA TWSTA TWETOD THWWE TWEN - TWE
Valus 1 X a o] X q 1] -4

When SLA+W have besn transmittad and an acknowledgement bit has been recalvad,
TWINT is set again and a number of status codes in TWSR are possible. Possible sta-
tus codes in Master mode are Ox18, 0x20, or Ox38. The approprate action to be taken
for each of these status codes Is detalled in Table 75.

Whenr SLA+W has been successfully transmitted, a date packet should be fransmitted.
This is done by writing the data byte to TWDR. TWDR must anly be written when
TWINT is kigh, I not, the access will be discarded, and the Write Collision bit {TWWC)
will be set in the TWCR Ragister, After updating TWDR, the TWINT bit should be
clearad {by writing it to one) to continue the transter. This is accomplished by writing the
followlng value to TWCH:

TWCR TWINT TWEA TWSTA | TWSTO TWWE | TWEM - TWIE
Valua == ® o o " 1 a ]
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This scheme is repaated until the last byts has been sent and the transfer is ended by
generating 2 STOF condition or a repeated START condition. A STOP condition is gan-
arated by writing tha following value to TWCR:

TWER TYWINT TWEA TW3TA
Vitlue 1 X a

A REPEATED START condition is generated by writing the following value to TWCR:

TWETO

™MWE TWEN + TWIE

x 1 a X

TWCR [ TWINT TWEA TWSTA
Walun 1 x 1

TWSTO

TWWC TWEN | - TWIE

L]

% | X

After a repeated START condition {state 0x10) the Two-wire Sarlal Intertace can access
the same Slave again, or a8 new Slave without transmiting a STOP condition. Repeatad
START enables the Master 1o switch betwesn Slaves, Master Transmitter mode and
Master Recsiver mode without losing contrel of the bus..

‘able 75. Status Codes for Master Transmitter Mode

Siatos Coha | Application Sottwars Faspanss
{TWSA} Statws of the Twoewire Sadal | Ta TWCH
Prascaler Bils Bus and Two-wire Sanal Intar- T
a0 fane Harowan T TR STA | STQ | TWINT | TWER  nexs Action Taken by TWI Hardwars
G0 A START conditian fras beon Losd Sl Q q | 1 X SLAYW will e transmittect;
R bransmithiss | ACHK of NOT ACK will be reoeived
Cuip A repested START fondition Load SLAYW or q g | 1 x| BLALW will De frangmitiec,
hag baen tranambited | ACH or NOT AGK will be rece ved
Load SLasR a a 1 X S8R will ba tranzmited,
| Lagle will awtich 1o Master Facalwar mada
Ouif ELA+W has baantranemitied, Logd data byte ar a a 1 x Dt bt welll b Fransmitad and AGK or NOT ACK will
ACK has bean recalved be recervad
No TWOR scton o i Q ] x Pepeated 5TART wil be transmitted
Mo TWDR actoner | © 1 1 x STOP cordstion will be: Triens e and
| TWETD Flag will ba rasst
No TWDR action = | 1 1 L] x ETOP aord@ion tollowed by n START qandtion wil be
s s ey o P e ranamitied and TWETO Flag wil be mwn
020 SLA+W has besn transmitied; Lopd date byta o 4] Q 1 X Dt barie will be transmited and ACK or NOT ACK will
NOT AGK hae besn recalved bz mopved
Ne TWOR actone | 1 4] 1] X Bepeabed START Wil be Hransamitied
Mo TWDR actionar | 0 1 1 X STOR eonditian will br irneamitieac and
TWETD Flag will be reset
Mo TWDR actlon 1 1 1 X ETOP conedition kllowesd by o START couedtion will De
ransmiisr & TWETO Flag wil be resel
[e e OUata tyte has basn traremited; | Losd data byte o 1] 4] 1 X Dhisas Bt el D Lranemmited ard ACK or NOT AGK will
AGHK haes besn recaivad b recpived
| No TIWDR action or 1 i} 1 X Fepeatad START will be tranemitted
| ho TWDR action or g | 1 1 X ETOE seradliion will be tranamitiad and
1 TWETO Flag will e resst
1 No TWDR action 1 i b X STOF condition iollowed by & STAAT condtion will bé
| tranamitisd evd TWETO Flag will ba resat
(30 anmmhasman transmited; | Lowd dats byle o o &) 1 X [rata byte will Be tranamized and SCK ar MOT AGHK will
| NOT ACK has baan racainet ba receivad
Mo TWOR actian o 1 ] 1 *® Fepeatad START will be transmitied
é Mo TWIDR action o ] k! 1 ® STOR condition will ba trensmitted and
i TWETD will ba resst
q Me TWDR aetian 1 1 1 X STOR an Soliowed by a START condtion will be
A - tanamiti ahd TWETD Flag will b satel
(1438 :lln.ﬂtr.-l.linnm InSEAW ordata | Ne TWOR action o o o 1 x Two-wire Serial Bus wil be relersed and nat addrassed
bytes Slinm mods solered
Mo TWDR action 1 o 1 ® & START concitinn will be Iranarmitied whan te bua ba-
l ' comes Iree R
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Figure 87. Formats and States in the Master Transmiter Mods
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aster Heceiver Mode

ATMEL

In the Master Receiver mode, a number of data bytee are received from a Slave Trans-
miiter (see Figure 88). In order 1o enter a Master mode, a START condition must be
transmitted. The format of the following address packet detemmines whether Master
Transmitter or Master Recalver mods is to be entarad. If SLA+W is transmitted, MT
mode is entered, If SLA+R Is transmitted, MA mode Is entered. All the status codes
mantioned in this section assume that the prescaler bits are zaro or are masked to zero,

Figure 88, Data Transter in Master Receiver Mode
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A START condition = sent by writing the following value to TWCH:

TWCR TWINT | TWEA | TWSTA TWEN - TWIE
Valus 1 | X 1 ] i [ x

TWEN must be written to one to enable the Two-wire Serlal Interface, TWSTA must be
writtan ko one to fransmit 2 START condition and TWINT must be set to clear the TWINT
Flag. The TW! will then test the Two-wire Serlal Bus and generate a START condition as
scon as the bus becomes tree. After a START candition has been transmittad, the
TWINT Flag is set by hardware, and the status code In TWSR will be Ox08 (see Table
75). In order to enter MR mods, SLA+R must be transmitted. This is dona by writing
SLA+A io TWDR. Thereafter tha TWINT bit should be cleared {by writing it to one) o
continue the transfer. This is accomplished by writing the following value to TWCH:

TWCA TWINT | TWEA TWETA ] TwWeM | - TWIE
Valus 1 b= o o =i 1 | T X

When SLA+R have been transmitted and an acknowledgemant bit has baen received,
TWINT is set agaln and a number of status codes in TWSH are possibla. Possible sta-
tus codes in Master mode are 0x28, Oxdl, or Ox48. The appropiate action to be taken
tor aach of these status codes is detailed in Table 76. Recelved data can be read from
the TWDR Reqlster when the TWINT Flag is set high by hardware. This scheme i3
repeated untll the las! byte has basn received. After the last byte has been received, the
MR should inform the ST by sending a NACK after the last received data byte. The
transfer is ended by genarating a STOP conditien or a repeated START condition. A
STOP condition is generated by writing the following value to TWCR:

'IWH-TU[‘!WE

TWCR
Valua

TWINT

TWEA = TWSTA

TWETO

TWWC

TWEN

1

X a

1

X

q
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A REPEATED START condition is generated by writing the following value to TWCH:

TWCA

TWANT

TWEA

TWSTA

TWSTO

TWWE TWEN | - TWIE

Wahue 1

X

1

0

x 1 { ] X

After a repeated START condition {stals 0x10) the Two-wire Serial Interface can access
the same Slave again, or a new Slave without transmitting a STOP condition. Repeated
STAAT enables the Master to switch between Slaves, Master Transmitter mode and
Master Receiver mode without losing control over the bus,

able 76. Status Codes for Master Recalver Maode

atue Coda Applicaton Sofwars Aasponsa |
TWER) Bitatus of the Two-wire Barlal Tos TWOR i
weecaler Bits | Bus and Two-wire Seral INEr- | Tomem TWOR B | T t
ra b face Hamware 5TA | 8TC | TWINT | TWEA | Naxt action Taken by TWI Hardwara
(@ A STAAT condilian hag been Luad SLA«R a | o % 1 I x | SLAR will be transmitied
frangmitied e - , | | AGK ar NOT AGK wil De received e
a1+ A repaatad START condition Loed SLA&+F or aQ o | 1 ¥ | SLA+A will be lanamitiad
fv3 D tranemitted | | ACK ar BOT AGK will be recelved
Lioad SLASYY o oo 1 K| SLAAN will be manamitiad
| | | Logic will swiich to Master Transmitier e
[0%:-.] Arbitration lostin SLA+Rar NOT | Mo TWDR aciian or Q 1] 1 | x Tvo=wirg Sasial Bus will be rejeased and nol sddressed
ACHK Bt | | Slava moda will ba abared
Mo TWOR acfion 1 o 1 :. | A BTART conditicn will be fanamibiad when the bae
. | | | bacomes frea ST
e SLA+A has been ransmited; Mo TWIOR sation or a L E E | o | Dt byte: will b resabued and NOT ACH wii ba
AGK has baan modivwed | i' b ekurrmd
M TWOF scion 4] | ] 1 t 1 Data myte will be recaived and ALK will be retemsd
o SLA+A s been unemitied, | Mo TWDR sctionor | 1 | O 1| X | Fepeaten START wil be ranomited
NOT ACK has baan récs wed ba TWDR aclion or a | 1 1 | X | BTDP condition will be ranamitted and TWESTO Flag wi
| | b roEsl
Mo TWOR Bcfion 1 | 1 1| % |STOP cndison followsd by & BTART condiicr wil be
| tranemitted and TWSTO Flag will be mset
mEQ Crata byte hes been recehed; Fead data byte or g [ 0 1 a Data byte will be received and NOT ACK wil ba
ALK has been retemed | rowurmed
Read data byte a | o 1 1 Diata byte will be recaivod and ACK wil be elumed
W58 Diats byt has been recelves; | Fisad data byle of 1 | 0 1 X | Flepested START will be ranemtted
NOT ACK has baan rebemad Fiaacd data bytes e a | 1 1 X ETOP conditicn will be transrrited and TWETO flagwi
b rasal
Poad data byte 1 1 1 X STOP cenallion follawed by & START condiion wil b
transaibed and TWETD Fleg Wil be resat
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{ave Receiver Mode
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Figurs 8%. Formats and States In the Master Receiver Mode
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In the Slave Recelver mode, a numbar of data byles are received from a Master Trane-
mitter {see Figure 90). All the status codes mentioned in this sectlon assume that tha
prescaler bits are 2ero or are masked 1o zero.

Figure 80. Data Transfer in Slave Hecelver Mode
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To initiate the Slave Receiver mode, TWAR and TWCH must be initialized as follows:

TWAR TWAG | TWAS | TWAd | TWAS | TWAZ | TWA1 | TWA0 | TWGCE
Value Device's Own Stave Addrass

The upper seven bits are the address to which the Two-wire Serial Interface will respond
when addressed by a Master. If the LSE is set, the TWI will respond fo the generel call
address (0x00), otherwise 1 will ignore the general call address.

TWCR TWINT | TWEA | TWSTA | TWSTO | Twwe | TWEN - TWIE
Walus ] 1 0 0 g | 1 [ N

TWEN must be written to one to enable the TWI. The TWEA bit must be written to ane
to enable the acknowledgement of the device's own slave address or the general call
address, TWSTA and TWSTC must be written to zero,

When TWAR and TWCH have been initialized, the TWI waits until |t is addressed by its
own slave address (or the genaral call address if enabled) followed by the data direction
bit. f the diraction bit is "0" (write), the TWI will operate in SR moda, otherwise ST mode
ls entared. Aftar its own slave address and the write bit have been recelved, the TWINT
Flag is set and a valld status code can be read from TWSR. The status code is used to
determine the appropriate softwara action. The appropriate action to be faken far each
status code is detailed in Table 77. The Slave Receiver mode may also be entered If
arbitration is lost while the TWI is in the Master mode (see states DxB8 and Ox78).

If the TWEA bit is reset during a transfer, the TWI will return a “Not Aclknowledge” (*17)
ta SDA aftar the next received data byte. This can be usad to indicate that the Slave Is
not able to receive any more bytes. Whila TWEA is zero, the TWI does not acknowledge
its own slave address. However, the Two-wire Seral Bus is still monitored and address
recognition may resume at any time by setting TWEA. This implies that the TWEA bit
may be used to temporarily isolate the TWI from the Two-wire Seral Bus.

In all sleep modes other than Idle mode, the clock system to the TWI is tumead off. If the
TWERA bit is set, the interface can still acknawledge its own siave address or the general
call address by using the Two-wire Serlal Bus clock as a clock source. The part will then
wake up from sleep and the TWI will hold the SCL clock low during the wake up and
until the TWINT Flag is cleared (by writing it to one). Further data reception: will be car-
fiad out as normal, with the AVR clocks running as normal, Obsarve that if the AVH is
set up with a long start-up time, the SCL line may be held low for 2 long time, blocking
other data transmissions.

Noie that the Two-wire Seral Interface Data Register — TWDR - does not reflect the last
byte present on the bus when waking up from these sleep modes.
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able 77. Status Codes for Slave Recaiver Mode

itgtus Coda Application Softwars Aesponse
TWER) To TWERA
regaakar Bita Hatua of the Twoe-wing Sarll Bus | romam TWOR
g anal Tworwire Serlsl Interface BTA | STO | TWINT | TWEA | yast action Taken by T Hardwar:
Herdwara |
Wi oy SLA-WY his been recefeed; | No TWDR aston o S o 1 a s byle will be receteed and MOT AGK will bz
ACK has been remed retumed
MNa TWOR astion X 4] 1 { 1 Dn'tahgftewmtla recaived and ACK will be retumad
] Arbidration lostin SLA+RAN zB Mo TWOR astion or X [4] 1 4] Data tyte will be received and MOT AGK will be
Master, own SLA+YW has baen ‘B
riaived; ACK had been retuman | e TWDR asin X Q 1 1 Diada byta will e received and ACK wil be returrad
] Oereeeal call address has been Mo TWOR astian or X 4] 1 [i] Diata byta will ba raaived and NOT ACK will be
resselved, ACH haa bean retumso “arLinmesd
[ Mo TW OR Boton A Y] 1 1 Ciata bryte will et recaived and AGE whl be returred
w78 Artraton loatin SLAYAM a5 | Mo TWDRacton or | X 0 1 0 | Data byte wil be received and NOT ACK will ba
Mastar, Geneal call addrass has | reEurme
bea-nra;shna:l:.ﬁﬂl(h&um i Ko TWDR acton x L] 3 1 Diarta byt will e rescelved and ATK will be returmed
ratumea
xB0 Previouely Addrassad with mah Reed data byl or X ] 1 i Data bwtewill be racased and NOT ACH wiil be
ELAY, data has been receicsd, reluirmien
| ACK has baen retued Fead data byle X 4 1 1 Oaika bryte will be racaived and ACH will be retumad
%38 D Previousy addrasesd with own | Pasd data byle or o 0 1 0 | Bwitchid tothe rot addresed Slave mode;
| SLA=W, dats has bean recelved; no racogmition of cwn SLA or QLA
| DT ACK hes Deen reumed FAesd e myie or ] L T 1 Bwitched ta the not acdesaed Slmm mods;
1 twn SLA will be recognized;
| GCA will be recognized if TWGGE =517
Read daie byle ar | 1 a 1 a Gwilchad ta the not sddressad Skeve mode;
na of own SLA o GCAS
a START condition will be irargarilied whan the ous
becasmas fres
Réad dals byte i g 1 1 Swilched 1 the not addrasaad Skees mods;
ovarn SLA will be recognizmd;
G0A wil be recognized i TWEEE =51%,
i & START condition wil be transmitled wihen the ous
| bacomes free B
L] Previouely addreased with | Bead data byteor X 0 ] 0 Data byte will be received and NOT ACK wil bo
penedal call, deta has bean - reduirred
| eived; AGH has been reurmed Feed data bye X a 1 1 Embymﬂllbomﬁeimd@ydm-ﬂlhndumed B
88 Praviousy addressed with Flaed deata e or a o 1 a Switched to the not Ak rased Sleve mode;
qenerel call; data b besn | no recognition of men S_A4 or GGA
received; NOT AGK has Dagy Aasd data by or 0 1] il 1 Bwitched to e nol adadezasd Slave mode,
redumed own SLA& will be recngnized;
ECA will be recogniced i TWECE = 17
| Fead data byie or 1 a 1 il Ewiched fo the rot add-asand Slawe miods;
E e recogrifion of dwn SLA o GOAG
8 START comfilian will be transmiks) when Me Dus
banodmies frse
Fead dete byte 1 ] 1 1 Srwhicned 1o dhe nol addreaead Slave meds;
| | own SLA will be recagnsed
{ | GCA will be recagized it TWEGE =717
i & START nondifion wilt ba tranamitted when tha bus
i B becomes free .
wAD A STOP condiian or repeated “o acthan o g F M o Switehes ta the not addressad & lave mods;
START condition has bem i no recognison of own SLA or GOA
nesved while gl sddrsased as a 0 1 1 Guitchied o the nol addressad Sk mode,
Slawe own GLA will e recognlzed;
| GCA will b eeapnized it TWGECE = “1°
1 o 1 | 8 | Swichedis S nol addressed Slee mods)
| no recixglion of cen SLA or GCA
| a BTART condimon wil be trnsmiied whan the bus
I Eeoomes frea
| |+ o i 1 Swliched to the mol addnsased Sheve mod:
| own SLA will be recoghized,
GUA will be recognized If TW3GE =15
& START condition will be tranamitied when the bua
b becomeas fres
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Figure 91. Formats and States In the Slave Receiver Mode
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lave Transmitter Mode In the Slave Transmitier mode, & numbar of data bytes are transmitted to a Master
Recoivar (sea Fioura 923, All the status codes mentioned In this section assume thel the
prescaler bits are zero or are masked 1o zero.

Figure 82. Data Transfer in Slave Transmitter Mode
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Ta initiate the Slave Transmitter mods, TWAR and TWCR must be Initialized as follows:

TWAR m]wms|m-jmm|wu|mm|mmm
Wailse Device’s Own Sl Address

The upper seven bits are the address to which the Two-wire Serial Interface will respond
when addressed by a Master. If the LSE is set, the TWI will respond to the general call
address (0x00), otherwise it will ignora the general call address.

TWCR mrr-erA|w.-sﬂ.1wsTnTmm-rwm = TWiE

Yaluo 8 1 | o o 0 1 [ "

TWEN rmust be writtan to onse to enable the TWL. The TWEA blt must be written to one
to enable the acknowledgement of the device's own slave address or the generel call
address. TWSTA and TWSTO must be written to zaro.

When TWAR and TWCR have been Initialized, the TWI waits untl it is addressed by its
own slave address (or the general call address if enabled) followsd by the data direction
bit. If the direction bit is “1" (read), the TWI will operate in ST moda, otherwise SR mode
is enterad, Afterits own slave address and the write bit have been received, the TWINT
Flag is set and a valid status code can be read from TWSR. The status code Is used to
determine the appropriate software action. The appropriate action to be taken tor each
status code is datalled in Table 78. The Slave Transmitter mode may also be entered |f
arhitration is lost while the TWI is In the Master mode (see state 0xB0).

It the TWEA bit i& written to zero during a transter, the TWI will transmit the last byte of
the transfer. State 0xC0 or state 0xCB will be entered, dapending on whether the Master
Recelver transmits a NACK or ACK after the final byte. The TWI is switched to the not
addregsad Slava mode, and will ignore the Master if it continues the transfer. Thus the
Master Receiver receives all “1" as senal data, State 0xGB is entered if the Master
demands additional data bytas (by transmitting ACK), even though the Slave has frans-
mitted the last byte (TWEA zero and expecting NACK from the Master).

VWHile TWEA is zerg, the TWI does not respond to its own slave address. However, the
Two-wire Serial Bus is still monitored and address recognition may resume at any time

o6 ATMEGAB53 5 (1)  om————
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by satting TWEA. This implies that the TWEA bit may be used to temporarily Isolate the
TWI from the Two-wire Serial Bus.

in all sieep modes other than Idle mode, the clock system to the TWI is tumed off, if the
TWEA bit Is set, the interface can still acknowledge Its own slave address or the general
call address by using the Two-wire Serlal Bus clock as a clock source. The part will then
wake up from sleep and the TWI will hold the SCL clack will low during the wake up and
until the TWINT Flag is clearad (by writing it to one). Further data transmission will be
carried out as normal, with the AVR dacks running as normal. Observe that if the AVH is
st Up with & long start-up time, the SCL line may be held low for a long time, blocking
other data transmissions.

Note that the Two-wire Senal Interface Dala Register — TWDR — does not reflect the last

byte present on the bus when waking up from these sleep modes.

ible 78. Status Codes for Slave Transmitter Mode

tatug Gooe
MSE)
‘regeaber Bits
e

Stanes of the Tworwire Send Bus
ard Two-wirs Sesial imerface
Hardware

Appication Sofware Aeaponse:

Toftraom TWEDR

Ta TWiZR

gTA

570

TWINT

TWEA

Haxt sction Taken by TWI Hardware

Al

Owin S5LA+H haa been racsived,
ACK hae bean retumad

BO

" Adbitration lost in SLARW a8
Mester; own SLA+H Bas Daen
received; ACK has beer retumed

e

Levpd dlarta byts oOr

Lossed cliata byta

0
]

1

| Lagt dats byte will be tremsmilled ana NOT AGK should

e receivad
Data byee will b trarsenitied and ACK ehoud be rae
e

Loee tata byt of
Load data bye

Laat dotr bybe will ke franemitted and MOT ACK shou
be received

Diartis byde will be tranamitied and ACK shauld be -
i

*BR

Diata byt in TWDHE hae been
tranesrmithed: ACK has bean
recahnad

Fleci]

Drata byse in TWDR has been
trangmited, NOT AGK haa besn
raceived

Logd data by o
Load dain byle

Last data byte will be ransmited aod HOT ACK should
ba eceived

Cata byle will ba renemitted and ACK should be ro-
oived

Ma TWOR actlon or

No TWH action or

Mo TWDA aclic &

Mo TWDR sclion:

Swached 1o the nol addressed Stave mode;

no recognation of own SLA o GCA

Switched o the not addressed Siave moda,

oW SLA will be recodgei e,

GCA will be recognized i TWGEOE = 17
Ewitched to the not addrassed Slae mooe:

ver recogniion of own SLA or GGA;

& START cordiion will be tranamitied when the Dus
bezammiea fres

Ewibehad to the not addressed Slave mode;

vt SLA will be recogrimed,

ECA will ba recognized I TWELE =175

a ATART condition will De Tanarmited whon ik ms
banomes free

193]

Last data byte in TWER has teen
transmitiesd [TWEA = "0°); AG4
heebeen recalved

Na TWDH adtlon or

MNa TWDH action or

Mo TWWDF sction or

Ho TWDR action

| becomes rea

Switchiad 10 1he not aodressed Slave mode;

no recogrion o cwin ELA or GCA

Huhtchead 1o the nol acdreamad Slawe mode:

o Sl will be recognlzed;

GCA will be recogmized If TWGCE =717
Switchad ta tha aot addreased Slae el

re recognition of cwn SLA or GCA:

a STAAT condiion will B2 ranamited when e s
becoimes free

Switched t& the fol addrasand Slawe minda;

o SLA will be recagrized;

GEGA will be recognlzed H TWGEE =517,

a START conciion will ba transrmifed whan the bus
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liscellaneous States

able 79. Miscallaneous States

m.

Flgure 93. Formats and States in the Slave Transmitter Mods
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Thera are two status codes that do not corespond to a defined TW| state, see Table 75.

Status OxF8 indicates that no relevant information s avallable because the TWINT Flag
Is not set. This occurs between other states, and whan the TWl is not involved in a serlal
transler.

Status 0x00 indicates that a bus error has occurred during a Two-wire Sedal Bus trans-
for. A bus error occurs when a START or STOP condition occurs at an lllegal position in
the format frame. Examplas of such lllegal positions are during the serial transfer of an
address byte, a data byle, or an acknowledge bit. When a bus emor occurs, TWINT is
set. To recover from a bus amar, the TWSTO Flag must set and TWINT must be clearad
by writing a logic one to it. This causes the TWI to enter the not addressed Slave made
and to clear the TWSTO Flag {no other bits in TWCR are affected). The SDA and SCL
lines are released, and no STOP condition is transmitted.

|

itatus Code Application Softwars Aeapinse
TWSM) Etatus of the Two-wie SanE T TWCE Mt Action Takan by TvW| Harchwire
Tresonke Bits B and Two-wire Seral Inbee- T
o 0 a et Bl STA | 570 | TWINT | TWEA
«FA Mo redevant gtate Information Mo TWDR aclion Mo TWOH Action Waiit or proceed oufrent renafss
ilable; TWIMT = “0F
w00 Bus error due to an llegal Ma TWLR action a | i 1 I Gty the Intemal hardwars {8 affected, no STOF aki-
START ar STOP condition [ tion i send on the bue. |0 all cases, the bus s elmsed
| and TWETD |8 cleared.
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‘ombining Several TWI
lodes

lulti-master Systems
nd Arbitration
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In some cases, several TWI modes must be combined n order to complete the desirad
action. Consider for example reading data tfrom a serial EEPROM. Typically, such a
transfer involves the following steps:

1. The transfer must be initiated.

2. The EEPROM must ba instructed what location should be read.
3. The reading must be parfarmead.

4, The transker rmust be finlshad,

Maote that data [s transmitted both from Master to Slave and vice versa. The Master must
instruct the Slave what location it wants to read, requiring the use of the MT mods. Suby-
saquently, data must be read from the Slave, implying the use of the MA mode. Thus,
the transfer direction must be changed. The Master must keep control of the bus during
gl these steps, and the steps should be camied out as an atomical operation. If this prin-
clple |s violated in a multimaster system, another Master can alier the data pointar in the
EEPROM between steps 2 and 3, and the Master will read the wrong data location,
Such a change in tranefer direction is accomplished by transmitting a REPEATED
STAAT between the transmission of the address byte and reception of the data, After a
REPEATED START, the Master keeps awnearship of the bus. The following figure snows
the flow in this transfer.

Figure 84, Combining Several TWI Modes to Access a Serial EEPROM
Mastar Trarsmitier Massar Raca|ver

S stAnw _| A | ﬁﬂﬂl’iﬁﬁ U a i AR SLAA '|I.u. ‘ DATA

5= START Rs = REFEATED STAFAT P = STOP

| w Tranamitted from masiss i slave Transmitied from slave to mastar

If Muitiple Masters are connected to the same bus, transmissions may be initialed simul-
taneausly by one or more of them. The TWI standard ensures that such situations are
handled in such a way that one of the masters will be allowed to proceed with the trans-
far, and that no data will be lost in the process. An example of an arbitration situation is
depictad below, where two masters are frving to transmit data to a Slave Recelver.

Figure 85. An Arbftration Example

Voo
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Several diflerent scenaros may arize during arbitration, as describad below:

= Two of more masters are performing identical communication with the sama Slave.
In this case, naither the Slave nor any of the masters will know zbout the bus
contention.

= Two ur mors masters are accassing the sames Slave with different data or direction
bit. In this case, arbitration will occur, either in the READMWRITE bit or in the data
blts. The rnasters trying to output a one on SDA while another Master outputs a zero
will loge the amitration. Losing masters will switch 1o not addressed Slave mode or
walt until the bus is free and transmit 2 new START condition, depending on
application software action,

= Two or more masters are accessing diffiarent slaves. In this case, arbitration will
oocur In the SLA bits, Masters trying to output a one on SDA while another Mastar
outputs a zero will lose the arbitration. Masters losing arbltration in SLA will switch 1o
Siave mode to check if they are being addressed by the winning Master. If
addressed, they will switch to SR or 5T mode, depending on the value of the
READ/WRITE bit. If they are not being addressed, they will switch to not addrassed
Slave mode or wait until the bus is free and transmit a new STAHT caondition,
depending on application software action.

This s simmarized in Figurs 96, Possible status values are given in circles.

Figure 86. Possible Status Codes Caused by Arbitration
START SLA Duka STOP

Aritration loet in SLA Arbitration lostin Dala
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\nalog Comparator  The Analog Comparator compares the input values on the positive pin AINO and nega-
tive pin AIN1_ When the voltage on the positive pin AINQ is higher than the voltage on
the negative pin AIN1, the Analog Comparator Qutput, ACO, is sel. The comparator's
oUtput can be sst to tlgger the Timer/Countart Input Capture function. In addifion, tha
comparator can trigger a separate interrupt, exclusive to the Analeg Comparalor. The
user can select Intermupt triggering on comparator output rise, fall or toggle. A block dia-
gram of the comparator and its surrounding logic s shown in Figure 97.

Figure 87. Analog Comparator Block Diagram®®

BANDIGAP |
REFERENCE ven
A weD l
—
ACIE
AdNg |
. = ANALDG
INTERGLIPT COMPARATOR
/ > SELECT IRG
1- ——— ALl
ACIST  ACIS] ACIC
T TH21 CAFTURE
TRIGEER WU
AD MULTIPLEMER ACO -
CAUTRUTH

Motes: 1. Sae Table 851 an page 203,
2. Peler to Figure 1 on page 2 and Table 26 on page 59 hor Analog Comparator pin

placemant.
pacial Function 10 Ragistar -
FOR Bt L4 & 5 4 3_ :!_ i a
[75me | apter | Abtso | - | AcWe | Pup | Poka | Pemio | smoA
RaadWrite  FW AW AN R AAN AN R AN
Initial Walus ] 0 a 1] il ] o o

= Bit 3 = ACME: Analog Comparator Multiplexer Enabla

When this bit is written logic one and the ADC s switched off (ADEN In ADCSRA Is
zera), the ADC multiplexer selects the nagative Input to the Analog Comparator. When
this bit is written logic zero, AIN1 is applied to the negative input of the Analog Compar-
ator. For a detailed description of this bit, see "Analog Comparator Mulliplexed Input” on

paga 203.
nalog Comparator Control
1d Status Register — ACSR B 7 8 5 1 3 2 1 o
]m[mm[mn|mlm:[m]m|m@msn
RearWirits AW AW R AW AW AW RN AW
Initind Ve 0 0 NiA o 0 0 ¢ o

« Bt 7 - ACD: Analog Comparator Disable

When this bit is written logic one, the power to the Analog Comparator is switched off.
This bit can be set at any time to turn off the Analog Comparatar. This will reduce power
consumption in active and Idie mode. When changing the ACD bit, the Analog Compar-

ATMEL 20
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ator Interrupt must ba disabled by clearing the ACIE bit in ACSH. Otherwise an interrupt
can oceur when the bit is changad.

= Bit 6 — ACBG: Analog Comparator Bandgap Select

When this bit is set, a fixed bandgap reference voltage replaces the positive input to the
Analog Comparator, When this bit Is clearsd, AINO is applied to the positive input of the
Anglog Comparator. Ses "Internal Voltage Referance” on page 40.

= Bit 5 — ACO: Analog Comparator Output

The output of the Analog Comparator is synchronized and then directly connected to
ACO, The synchronization introduces a delay of 1 - 2 clock cycles.

« Bit 4 — ACl: Analog Comparator Interrupt Flag

This bit is set by hardware when a comparator ouiput event triggers the interrupt mode
definad by ACIS1 and ACIS0. The Analog Comparator Interrupt routine is executed |f
the ACIE bit Iz st and the I-bit in SREG is set. ACI is cleared by hardwara whan axecut-
ing the carresponding intarmupt handling vector. Altematively, ACI is cleared by writing a
logic onae to the flag.

« Bit 3 - ACIE: Analog Comparator Intesrupt Enable

Vhan the AGIE bit is written logic one and the I-bit in the Status Register Is set, the Ana-
log Comparator interrupt s activated. When written logic zero, the interrupl is disabled.

= Bi 2 - ACIC: Analog Comparator Input Capture Enable

Whan writtan logle one, this bit enables the input Capture function in Timer/Counter! o
be triggerad by the Analog Comparator. The comparator cutput is in this case directly
connected to the Input Capture front-end logic, making the comparator utilize the noise
canceler and edge select features of the Timer/Counter! Input Capturs interrupt. When
written |ogic zero, no connection between the analog comparator and the Input Capture
function exists. To make the comparatoer trigger the Timer/Countar! Input Capture inter-
rupt, the TICIE1 bit in the Timer Intarrupt Mask Register {TIMSK) must be set.

= Bits 1, 0— AGIS1, ACIS0: Analog Comparator Interrupt Mode Select

These bits determine which comparator events that trigger the Analog Comparator Inter-
rupt. The differant settings are shown in Table 80,

Table 80, ACIS1/ACIS0 Settings

ACIS1 ACISD | Imterrupt Mode
0 Comparator Intarmupt on Output Toggle
1 Resarved
0 Comparator Interrupt on Falling Qulput Edgs ]
1 1 Comparator Ima-rl.q;"c on Rising Output Edge

When changing the ACIS1/ACISO bits, the Analog Comparator Interrupt must be dis-
abled by clearing its Interrupt Enable bit in the ACSR Register. Otherwise an interrupt
can occur when the bits are changed.

ATM 28535 L.)  mmm————— e —
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nalog Comparator
lultiplexed Input

EEG-AVR-0A0S

Itis possible to select any of the ADC?..0 ping to replace the negative input ko the Ana-
log Comparator. The ADC multiplexer is used to selest this input, and consequently, the
ADC must be switchad off to utilize this feature. If the Analog Comparator Multiplesxer
Enable bit {ACME in SFIOR) is set and the ADC is switched off (ADEN In ADCSRA s
zaro}, MUXZ..0 in ADMUX select the input pin to raplace the nagative input to the Ana-
log Comparator, as shown in Table 81. If AGME is cleared or ADEN is sat, AlIN1 I8
applled to the negatlve input to the Analog Comparator,

Table 81. Analog Camparator Multiplexed Input

ACME | ADEN | MUX2.0 | Anaiog Comparaior Negative Inpul
0 X RS Al
““__1.-7_ 1 KXX AN
1 0 noo ADCO R
1 -.ﬂ oo ADCH
1 a U'!U_ ADC2 e e
1 0 011 | ADC3 -
1 a 100 ADCA4 _
1 4] o 101 ADCS
1 0 110 | ADCB
i a] 111 ADCT

203




\natog-to-Digital
-onverter

eatures

AIMEL

1{-bit Rezolution

0.5 LSB Integral Non-linearity

12 LSB Abszoluls Accuracy

65 - 260 ps Comversion Time

Upto 15 kSPS at Maximum Resolution

& Multiplexed Singla Ended Input Channels

7 Differential Input Channals

2 Differential Input Channels with Optional Gain of 10x and 200x!")

Optloneal Left Adjustment for ADC Result Readout

0 - Vo ADC Input Voitage Range

Selaciable 2.56V ADC Reference Voltaga

Free Running or Single Converslon Mode

ADC Stant Converslon by Auto Triggering on Interrupt Scurcas

Inlerrupt on ADC Comverzion Compleie

Sleep Mode Molse Canceler

Mote: 1, The difisrential input channel are not tested for devices in PDIP and PLCC Packaga,
This feehme is only gusrantead o work for devices in TOFP and OFNMLF Packages.

The ATmegad53s features & 10-bit successive approximation ADC. The ADC |s con-
nected to an B-channel Analoy Multiplexer which allows eight single-ended valtage
Inputs constructed from the pins of Port A. The single-ended voltage inputs refer to OV
{GND).

The davice also supports 16 differential voltage input combinations. Two of the difaren-
tial inputs (ADCT, ADCO and ADC3, ADC2) are equipped with 3 programmabla gain
stage, providing amplification steps of 0 dB (1x), 20 dB (10x), or 46 dB (200x) on the dif-
ferential input voltage before the AD conversion. Seven differential analog input
channels sham a common negative terminal {ADC1), while any other ADC input can be
selected as the positive input terminal. If 1x or 10x gain is used, E-bit resolytion can be
expected. If 200x gain is used, 7-bit resolution can be expected

The ADC contains & Sample and Hold circuit which ensures that the input voltage to the
ADC is held at a constant level during conversion. A block diagram of the ADC 15 shown
in Figure 98.

The ADC has a separate analog supply voltage pin, AVCC. AVCC must not differ mare

than +0.3V from Vzp. See the paragraph “ADC Moise Canceler” on page 212 on haow o
connect this pin.

Intemal reference voltages of nominally 2.58V or AVCC are provided On-chip. The voit-
age referance may be externally decoupled at the AREF pin by a capacitor for batter
noise peformance.

i ATmMegaBs3o(L) m——————————————
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Figure 98. Analog-to-Digital Converier Block Schematic
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peration The ADC convarts an analeg Input vollage to a 10-bit digital value through successiva

approximation. Tha minimum value represents GND and the maximum value represants
the valtage on the AREF pln minus 1 LSB. Optionally, AVCC or an intermal 2.56V refer-
ence voltage may be connecied to the AREF pin by writing 1o the REFSn bits in the
ADMUX Register. The Inlernal voltage reference may thus be decoupled by an extemal
capacitor at the AREF pin ta improve noise immunity.

The analeg input channel and differential gain are selected by writing to the MUX bits in
ADMUX. Any of the ADC input ping, as well as GND and a fixed bandgap voltage rafer-
ence, can be selacted as single ended inputs to the ADC . A selection of ADC input ping
can be selectad as positive and nagative inputs to the differential gain amplifier.

If differential channels are selected, the differential gain stage amplies the voltage dif-
farence between the selected input channel pair by the selected gain factor, This
amplified value then becomes the analog input to the ADC. If single ended channels are
used, the gain amplifier is bypassed altogether,




tarting a Conversion

m

The ADC is enabied by setting the ADC Enable bit, ADEN in ADCSRA. Voliaga refer-
ance and input channel selections will not go into effect until ADEMN is set. The ADC
does not consume power when ADEN is cleared, 5o it is mecommended to switch off the
ADC before entering power saving sleep modes.

The ADC generates a 10-bit result which is presented in the ADG Data Registers,
ADCH and ADCL. By default, the result is presented right adjusted, but can optionally
be presented |eft adjusted by setting the ADLAR bit in ADMUX.

If the result iz left adjusted and no more than B-bit precision is required, it is sufficient to
read ADCH. Otherwise, ADCL must be read first, then ADCH, to ensura that the conteni
of the data registers balongs to the same conversion. Ones ADCL is read, ADC access
1o data registars [s blockad. This means that if ADCL has been read, and a conversion
completes bafors ADCH Is read, nelther register |s updated and the result from the con-
version is lost. When ADCH Is read, ADC access to the ADCH and ADCL Registers s
re-enabled.

The ADC has its own interrupt which can be triggered when a conversion completes,
Whan ADC access to tha data registers is prohibited between reading of ADCH and
ADCL, the inferrupt will trigger even If the result is lost.

A single conversion is started by writing a logical one to the ADC Start Conversloh blt,
ADSC, This bit slays high as long as the convargion is in progross and will be claared by
hardwara whan the conversion is completed. if a different data channel is selected whila
a conversion is in prograss, the ADC will finish the current conversion before perorming
the channel change.

Altematively, a conversion can be triggered autormatically by various sources. Aute Trig-
gerng |s enabled by setting the ADC Aulc Trigger Enable bit, ADATE in ADCSRA. The
trigger source s selected by setting the ADC Trigger Select bits, ADTS in SFIOR (See
description of the ADTS bits for a list of the trigger sources). When a positive edge
oceurs on the selected trigger signal, the ADC prescaler is regat and a conversion is
started. This provides a method of starfing convarsions at fivad intarvals. If the trigger
slgnal still iz set when the conversion completes, a new conversion will not be starned. If
another posltive edge occurs on the trigger signal during conversion, the edge will ha
ignored. Note that an interrupt flag will be set evan if the specific interupt is disabled or
the global interrupt enable bit in SREG is clearad. A conversion can thus be triggered
without causing an interrupt. However, the interrupt flag must be cleared in order to trig-
ger a new conversion at the nexl interrupt event.

6 ATMegad5:35( L)  m—
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Figure 88. ADC Auto Trigger Logic
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Using the ADC Interrupt Flag as a trigger source makes the ADC start a new conversion
as 500N as the ongoing convarsion has finished. The ADC then operates in Free Run-
ning mode, constantly sampling and updating the ADC Data Hegister. The first
ponversion must ba started by writing a logical one 1o the ADSC bit in ADGSRA. In this
moda the ADG will perform successive conversions Independently of whether the ADC
Interrupt Flag, ADIF is cleared or not.

it Auto Triggering is enabled, single conversions can be started by writing ADSC in
ADCERA to one. ADSC can also be used to determina if a convarsion is in progress.
The ADSC bit will be read as one during a conversion, independently of how the comver-
sion wag started.

rescaling and Figure 100. ADC Prescaler
onversion Timing e =
SETART E 7-BIT ADC PRESCALER
oK —»

w ]
SREEE R
O Q) ol & O O
v 3 L Yy v

ADPS0

ADPS1

ADPS2
ADC CLOCK SOURCE

By default, the successive approximation circuitry reguires an input clock frequancy
between 50 kHz and 200 kHz to get maximum resolution. If a lower resolution than
10 bits is needed, the [nput dock frequency 1 the ADC can be higher than 200 kHz to
get a higher sample rate.

‘m 207
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The ADC module containg a prescalar, which generates an acceptable ADC clock fre-
quancy from any CPLU frequency abova 100 kHz. The prascaling is set by the ADPS bits
in ADCSRA. The prescalar starte counting from tha momant tha ADC & switched on by
satting the ADEN bit in ADCSRA. The prescalar keeps running for as long as the ADEN
bit is sat, and is continuously reset whan ADEN is low.

When Initiating & single ended conversion by setting the ADSC bit in ADCSRA, the con-
version starts at the following rising edge of the ADC clock cycle. See "Differential Gain
Channels” on page 210 for details on difierential conversion timing.

A normal conversion takes 13 ADC clock cycles. The first conversion after the ADC |2
switched on (ADEN in ADCSRA is set) takes 25 ADC clock cycles in ordear {o initialize
the anzlog circuitny.

The actual sample-and-hold takes place 1.5 ADC cock cycles after the start of a narmal
conversion and 13.5 ADC clock cycles after the start of an firs! conversion. When a con-
verslan Is complete, the result Is written to the ADC Data Registers, and ADIF is set. In
Single Conversion mode, ADSC is cleared simultaneously. The software may then st
ADSC again, and a new conversion will be initiated on the first rising ADC clock edge.

Whean Auto Triggenng is used, tha prescalar is ragat whan tha trigger evant occurs. This
assures a fixed delay from the trigger event to tha start of conversion. In this mode, the
sample-and-hold takes place two ADC clock cycles after the rising edge on ths trigger
source signal. Three additional CPU clock eycles are used for synchronization fogie.

In Free Running mode, a new conversion will be started immediately after the conver-
sion completes, while ADSC remains high. For a summary of convarsion times, see
Table 82.

Figure 101. ADC Timing Diagram, First Convarsion {Singhe Convarsion Mode)
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Flgure 102. ADC Timing Diagram, Single Convarsion
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Figure 103, ADC Timing Dizgram, Auto Triggered Conversion
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Flgure 104. ADC Timing Diagram, Free Running Conversion
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yanging Channel or
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Table 82. ADC Conversion Time

Sample & Hold [Cycles Comwversion Time
Condition trom Start of Conwversion) {Cycles)
First conmvarsion 14.5 25
Normal conversions. single ended 1.5 13
Aute Triggered conversions 2 135
| Normal conversions, ciffarential 1.52.51 el

Mot 1. Depending on the state of CRupes.

When using differential gain channels, certain aspects of the conversion need to be
taken into consideration.

Differential cenvarsions are synchronized to the Internal clock CK, o equal to half the
ADC clogk. This synchronization Is done autamatically by tha ADC interface in such a
way that the sample-and-hold occurs at a spaciflc phase of CKypeq. A comvarsion initl-
ated by the user (i.e.. all single conversions, and the first free runnitg conversion) when
CKipro is low will take the same amount of time as a single ended conversion (12 ADC
clock cycles from the next prescaled clock cycle). A conversion initiated by the user
when CKanes is high will take 14 ADC clock cycles due to the synchronization mecha-
nism, In free unning mode, a new convarsion is initiated immediately after the previous
conversion complatas, and ginca CK,nc. I8 high at this time, all automatically started
{i.e., all but the first) tres running convarslons will take 14 ADC dock cycles.

The galn stage |s optimized for a bandwidth of 4 kHz at all gain seffings. Higher Irequen-
cies may be subjected 1o non-inear amplification. An external low-pass filter should be
used if the Input signal contains higher frequency components than the gain stage band-
width. Note that the ADC clock frequency is independent of the gain stags bandwidth
imitation. For example, the ADC clock period may be & us, allowing a channel to be
sampled at 12 k5PS, regardiess of the bandwidth of this channal.

It ditferential gain channels are uzed and conversions are started by Auto Triggedng, the
ADC must be switched off between conversions. When Auto Triggering is used, the
ADC prescaler is reset before the conversion is slarted. Since the gain stage is depen-
dent of a stable ADC clock prior to the conversion, this conversion will not be valid, By
disabling and then re-enabling the ADC between each conversion (writing ADEN In
ADCSRA to % then to *1™), only extended conwversions are performed. The result from
the extended convarsions will be valid, See *Prescaling and Conversion Timing™ on
page 207 for timing details.

The MUXn and REFS1:0 bits in the ADMUX Reglster are single buffered through a tam-
porary register 1o which the CPU has random access. This ensures that the channals
and reference selection only takes place at a safe point during the convarsion. The
channel and reference selection is continuously updated until a conversion |5 stared.
Onee the conversion starts, the channel and reference selectian is locked to ensure a2
sufilclent sampling time for the ADC. Continuous updating resumes in the last ADC
clock cycle before the conversion completes {ADIF in ADCSRA is set). Nate that the
converslon starts on the following rising ADC dock edge after ADSC is written. The user
Is thus advised not to write new channel or reierence solection values to ADMUX until
one ADC dock cycle after ADSC is written.

If Auto Triggering is used, the exact tima of the triggering avent can be indeterminable.
Special cara must be taken when updating the ADMUX Register, in order to control
which conversian will be affected by the new sellings

o ATmega8535(L) m——————————————
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It both ADATE and ADEMN is written to one, an interrupt event can occur at any time. [f
the ADMUX Register iz changed in thig period, the user cannot tell if the next conversion
iz bazed on tha old or the new sattings. ADMUX can be safely updated in the following
WayS:

1. When ADATE or ADEN s clearad.

2. Durlng conversion, minimum one ADC clock cycle after the trigger event.

3. After a conversion, befora the intarrupt flag used as trigger source is clearad.

When updating ADMUX in one of thesa conditions. the new settings will affect the next
ADGC convearsion,

Special care should be taken when changing differential channels. Once a differential
channel has been selected, the gain stage may take as much as 125 ps to stabilize to
the new value. Thus conversions should pot be staried within the first 125 us after
selecting a new diftarantial channel. Alternatively, conversion results oblained within this
period should be discarded.

The same settling lime should be observed for the first ditferential conversion after
changing ADC reference (by changing the REFS51:0 bits in ADMUX).

When changing channel selections, the user should observe the following guidelines to
ensure that the correct channel is salected:

In Single Conversion mods, slways select the channel before stariing the conversion.
The channel salection may be changed one ADC clock oycle after writing one to ADSC.
However, the simplest method = to wait for the conversion to complete before changing
the channel selection.

In Free Running mode, always select the channel before starting the first conversion.
The channel selection may be changed one ADC clock cycle after writing one to ADSC.
However, the simplest method is to wait for the first conwversion to complete, and then
change the channel salection. Since the next conversion has already started automati-
cally, the next result will reflect the previous channel selection. Subsequent conversions
will reflact the new channel selection.

When switching to a differential gain channet, the first canversion result may have a
poor accuracy due to the required settling time for the automatic offset cancallation cir-
cuilry. The user should preterably disregard the first conversion result.

The reference voltage for the ADC (Vggq) indicates the conversion range for the ADC.
Single ended channals that excoeed Vpge will result in codes close to Ox3FF. Vg can be
selected as either AVCC, internal 2.56V reference, or extemnal AREF pin.

AVCE is connacted to the ADC through a passive switch, The Internal 2.56Y reference
is generatad from the Internal bandgap reference (Vige) through an intemal amplifier. In
gither case, the extemal AREF pin is directly connected to the ADC, and the reference
voltage can be made more immune to noise by connecling a capacitor between tha
AREF pin and ground. Vaer can also be measured at the AREF pin with a high impedant
voltmeter. Note that V. is a high impedant source, and only a capacitive load should
be connected in a system.

If the user has a fixed voliage source connected to the AREF pin, the user may not use
the other reference voltage optlons In the application, as they will be shorled 1o the
extamal voltage. If no external voltage is applied to the AREF pin, the user may swilch
between AVCC and 2.56Y as reference selection. The first ADC conversion result after
switching reference voltage source may be inaccurate, and the user is advised to dis-
card this rasuli.

AIMEL =
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JC Noise Canceler

alog Input Circultry

ATMEL

[f differantial channels are used, the selected refarence should not be closer to AVCC
than indicated in Table 114 on page 261 and Table 115 on page 262.

The ADC features a noise canceler that enables conversion during sleep mode to
reduce noise induced from the CPU core and other /0 peripherals. The noise canceler
can be used with ADC Naoise Reduction and Idie mode. To make use of this featurs, the
follawing procedurs should be used:

1. Make sure thal the ADC is enabled and is not busy converting. Single Con-
version modae must be selected and the ADC conversion complate intertupt
must be anabled.

2. Entar ADC Nolse Reduction mode {or Idle mode). The ADC will start a con-
version once the CPU has been halted.

3. I no other Interrupts occur before the ADC conversion completes, the ADG
interrupl will wake up the CPU and execute the ADG Conversion Complete
interrupt routine. If another interrupt wakes up the CPU before the ADC con-
verslon Is complate, that interrupt will be executed, and an ADC Comersion
Complete interrupt request will be generated when the ADC cormersion
completes. The CPU will remain in active mode until a new sleep command
is executed

Naote that the ADC will not be automatically turned off when entering other sleep modes
than idle mode and ADC Noise Reduction mode. The user is advised fo write Zero 10
ADEN before entering such slesp modes to avoid excessive power consumption, If the
ADC is enabled in such sleep modes and the user wanis io perform differential conver-
sions, the user is advised to switch the ADC off and on after waking up from sleep to
prompt an extended conversion to gat a valid result.

The Analog Input Gircuitry for single ended channels is flustrated in Figure 105. An ana-
log source applied to ADCn is subjected to the pin capacitance and input leakage of that
pin, regardless of whether that channel is selected as input for the ADG. When the chan-
nel 15 selected, the source must drive the 5/H capacitor through the series resistance
{combined resistance in the inpuwt path).

The ADC is optimizad for analog signals with an output impedance of approximataly
10 k2 or less. If such a source is used, the sampling tima will be negligibie. 1t a saurce
with higher impedance ls used, the sampling time will dapand on how long time tha
source needs to charge the S/H capacitor, with can vary wldely. The user is recom-
mended to only use low Impedant sources with slowly varying signals, since this
minimizes the required charge transfer to the S/H capacitor.

It differential gain channels are used, the Input circuitry looks somewhat different,
although source impedances of a few hundred k{2 or less is recommended.

Signal components higher than the Nyquist fraquency {{a5c/2) should not be present for
githar kind of channels, to avoid distortion from unpredictable signal convolution. The
user is advised to remove high frequency components with a low-pass filter before
applying the signals as Inputs to the ADG,

> ATmega8535(L) m———
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Figure 108. Analog Input Circuitry

ADCn = A
1100 k2 l
)
L Voc2
walog Nolse Canceling Cligital circuitry inside and outside the device generates EM| which might affect the
chniques accuracy of analog measurements. If conversion accuracy is critical, the noise leval can

be reduced by applying the following techniques.

1. Kaep analog signal paths as short as possible. Make sure analog tracks run
over the analog ground plane, and keep them well away from high-speed
switching digital tracks.

2. The AVCC pin on the device should be connected to the digital Vo supply
voltage via an LT network as shown in Figure 106.

3. Use the ADGC noise canceler function to reduce induced noise from the CPU.

4, If any ADC port pins are used as digital outputs, it is essential that these do
not switch white a conversion |g in progress.

Figure 106. ADC Power Conneclions

Analog Ground Plane |

o

| | Pa4aDCH)
|| pas aDcs)
|| Pas1aDCH)
:| PAT (ADGT)
|| AnEF

L :
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faset Compensation
hemes

¥G Accuracy Definitions

The gain stage has a built-in offset cancellation circuitry that nulls the offset of differen-
tial measurameanis as much as possible. The remaining offset in the analog path can ba
maasured directly by salecting the sama channel for both differantial inputs. This offset
residue can be then subtracted in software from the measurement results. Using this
kind of software based offset correction, offset on any channel can be reduced below
one L3B.

An n-bit single-ended ADC convens a voltage linearly between GND and Vqge in 27
steps (LSBs). The lowest code is read as 0, and the highest code is read as 27 - 1,

Several parameters deseribe the deviation from the ideal behavior

= Dffset: The deviation of the first transiion {0x000 to 0x001) compared to the ideal
transition {at 0.5 LSB). deal value: 0 LSBE.

Flgure 107. Offset Error
Dutput Godad.... ; S

*Emort

» Gain Error: After adjusting for offset, the Galn Error Is found as the deviation of the
|ast transition (0x3FE to 0x3FF) comparad to the ideal transition (at 1.5 LSE below
maximum). Ideal valug: 0 LSB.

Flgure 108, Gain Error

Outpd Codal i, ain

==e== Idoal ADC
— Aciual ADC
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+  |ntegral Non-linearity {INL): ARter adjusting for ofiset and gain error, the IML is the
maximum deviation of an aciual transition compared to an ideal transition for any
code. [deal value: 0 LSB.

Figure 109. Integral Mon-linearity (1ML}
e e B

Vige Inout Vokage

= Differential Non-linearity (DNL): The maximum deviation of the actual code width
{the interval between two adjacent transitions| from the ideal code width (1 LSE).
Ideal value: 0 LSB,

Figure 110. Differantial Mon-linearity (DNL)

Output Code &
Ox3FF

LLLLL

o Waer  Enpul Voltags

»  Quantization Emor: Due to the quantization of the Input voltage into a finite number
of codes, a range of input voltages (1 LSE wide) will code to the same value. Always
+0.5 LSE.

+  Absolute Accuracy: The maximum deviation of an actual (unadjusted) transition
compared to an ideal transition for any code. This is the compound effect of Offset,
(Galn Error, Dlfferential Error, Non-linearity, and Quantization Eror. fdeal valus:
0.5 LSE.
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DC Conversion Result

Aftar the conversion is complete (ADIF is high), the conversion result can be found in
the ADC Result Registers {ADCL, ADCH).

For gingle endad convarsion, thea result g
V- 1024

ADC =
Vazr

whare V) is the voltage on the selected input pin and Ve the selected voltage refer-
ence (see Table 84 on page 217 and Table 85 on page 218). Ox000 reprasents analog
ground, and Qx3FF represents the selected refarence voltage minus one LSB.

[f differential channeals are used, the result is

VREF

ADC

where Vpne is the voltage on the positive input pin, Vyeg the voltage on the negative
input pin, GAIN the selected gain factor, and Ve the selected voltage reference. The
result is presented in two's complement form, from 0x200 {-512d) through Ox1FF
{+511d). Mote that if the user wants to perform a quick polarity check of the results, it is
sufficient to read the MSB of the result (ADCS in ADCH). If the bit is one, the result Is
negative, and If the bit is zaro, the result is positiva. Figure 111 shows tha decading of

the diffarantial Input range.

Table 83 shows the rasulting output codes if the differential Inpul channel pair (ADGnH -
ADGm) is selected with a gain of GAIN and a reference voltage of Vaer.

Figure 11t. Differsntial Measurement Range
[ ]

Chitpu Lo
01 FF-

b VoA Difrerisl nput

Vollage {¥aks)
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)C Multiplexer Selection
gister — ADMUX

G- AVR-040E

Table §3. Carrelation Between Input Yoltage and Oulput Codes

N Read Code Corresponding Decimal Valus
Vagom + Vree/GAIN Ox1FF 511
Vaog + {511/512) Vage/GAIN Ox1FF 511
Vapg + (510/512) Vagr/GAIN Ox1FE T s
Vanen + (1/512) Vac/GAIN 0x001 R
Winaa 0x000 0
Vnen - (15512) Ve GAIN | Ox3FF
) % ]
Vipon - (511/512) Ve /GAIN | 0x201 511
Yy = Ve /GAIN | ox200 -512
Exampie:

ADMUX = OxED (ADC3 - ADC2, 10x gain, 2.56V reference, lelt adjusted result)
Voltage on ADC3 is 300 mV. voltage on ADC2 |s 500 mY.
ADCR =512 * 10 * {300 - 500)/2560 = -400 = 0x270

ADCL will thus read 0x00, and ADCH will read 0x8C. Writing zero to ADLAR right
adjusts the result ADCL = 0x70, ADCH = 0x02.

it v B 5 4 a 2 1 4]
[REFEY | REFS0 | ADLAR | WUXA | MIDG | WAGG | WK1 | WUKO | ADMLUX

Fraaditd e AW RW AW Ay R AW AW B

Initial Yalua 0 o 0 4] 4 0 a o

= Bit 7:6 = REFS1:0: Reference Selection Bits

These bits select the voltage reference for the ADC, as shown In Table 84. If these bits
are changed during a conversion, the change will not go in effect until this conversion |s
complete (ADIF in ADCSRA I set). The internal voltage referance options may not be
used If an external reference voltage Is being applied to the AREF pin.

Table 84. Voltage Reference Selections for ADC

REFS1 | REFS0 | Voltage Reference Selection
0 o AREF, Intemal Vraf turnad off
o 1 AVGC with extemal capacitor at AREF pin
- 1 0 Resarved
5 1 1 Internal 2. 56Y Voltage Retarence umh external capacitor af AREF pin

+ Bit5—- ADLAR: ADC Left Adjust Result

The ADLAR bit affects the presentation of the ADC conversion result in the ADC Data
Reglster. Write one to ADLAR Io left adjust the result. Otherwise, the result |3 right
adjusted. Changing the ADLAR bit will aifect the ADC Data Register immediately,
regardiess of any ongoing conversions. For a complete description of this bit, see “The
ADC Data Register — ADCL and ADCH" on page 220.

AT -
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+ Bits 4:0 — MUX4:0;: Analog Channel and Gain Selection Bits

The value of these bits selects which combination of anakog inputs are connected to the
ADC. These hits alsn salect the gain for the differential channels. See Table B85 for
details_ If these bits are changed during a conversion, the change will not go in effect
untll this conversion Is complete (ADIF In ADCSRA Is sat),

Table 85. Input Channel and Gain Salections

MUX4..0 | Single Ended Input | Pos Differential Inpui | Meg Differential Input | Gain

00000 | ADCO

00001 | ADCA

00010 | ADC2

pO011 | ADC3 NiA

00100 | ADC4

00101 | ADC5

00110 | ADCE

00111 | ADCT

01000 | ADCD ADGD 10x

01001 ADC ADCO 10x

01010 | ADCD ADCO 200x
| o101 ADG1 | Apco 200x
[ot100 | ADGC2 | Ance 10x

01101 ADC3 ADC2 fox |

011310 ADCE ADCEZ 200x
aa | ADC2 ADC2 200x

10000 ADCO ADCH 1

10001 . .ﬂDG1 ADCT 1!_.

10010 | NiA ADC2 ADCH IEE

10011 ADCA ADCH 1x

10100 ADCA ADG1 1x

10901 ADCS ADCA 1%

10110 I ADCE ADCA " 1%

10111 ADG7 ADG1 | 1x

11000 ADCO ADC2 BN

11001 ADC1 ADCZ 1x

11010 ADGZ ADGZ 1x

11011 ADCS ADC2 1x

11100 ADC4 ADGC2 I

s ATmega8535(L) m———
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IC Control and Status
agiater A - ADCSHA

Table 85. Input Channel and Gain Selections {Continued)
MUX4.0 | Single Ended Input | Pos Differential input | Neg Differential Input | Gain
11101 ADCS ADC2 1a
1110 | 1.22V (Vag) /A

11111 | OV (GND)

Bh E L] & 4 a 2 1 o

ADEN ADEC | ADATE AGF ADIE ADPS2 | ADPEt ! ADPSD | ADCSRA
ReoadWr e A AW RWw RAAN AN A B AW
Initial Valus 4] 0 0 o 0 a o Li|

+ Bit7 - ADEN: ADC Enabie

Writing this bit to one enables the ADC. By writing it to zera, the ADG is tumed off. Tum-
Ing the ADG off while a conversion is in progress, will terminate this conversion.

+« Bit6 - ADSC: ADC Start Conversion

In Single Converslon mode, write this bit to one to start each conversion. In Fres Run-
ning mode, write this bit to one to start the first conversion. The first conversion alter
ADSC has besn written after the ADC has been enabled, or it ADSC is written at tha
same time as the ADC is enabled, will take 25 ADC clock cycles Instaad of the nomal
13. This first conversion performs initialization of the ADC.

ADSC will read as one as long as a conversion 1S In progress. When the conversion Is
complate, i returns to zero. Wiiting zero to this bit has no effect.

= Bit5— ADATE: ADC Auto Trigger Enable

Whan this bit is writlen to ona, Auto Triggering of the ADC is enabled. The ADG will start
8 conversion on a positive edge of the selected trigger signal. The tdgger source s
selected by setling the ADC Trigger Select bits, ADTS in SFIOR.

= Bit 4 — ADIF: ADC Interrupt Flag

This bit is set when an ADC convarsion completes and the Data Registers are updated.
The ADC Conversion Gomplete Intsrrupt s executed if the ADIE bit and the I-bit in
SHEG are set. ADIF Is cleared by hardware when executing the corresponding intermupt
handling vector. Alternativaly, ADIF is cleared by writing a logical ane to the flag.
Beware that If dolng a Read-Modify-Write on ADCSRA, a pending interrupt can be dis-
abled. This also applies if the SBI and CBI Instructions are used,

» Bit3 - ADIE: ADC Interrupt Enable

When this bit is written to one and the I-bit in SREG Is set, the ADC Conversion Com-
plete Interrupt is activated.

» Bits 2:0 — ADPS2:0: ADC Prescaler Select Bits

These bits detarmine the division factor between the XTAL frequency and the input
clock to the ADC.

e ‘ mEI. 219




e ADC Data Aegister -
JCL and ADCH

AR =0

AR = 1

Table 86. ADC Prescaler Selections

ADPS2 ADPE1 ADPSD | Division Factor
0 1] 1] 2
] 1 2
0 ! 1 0 4
K] 1 1 3
1 0 Q G
1 L] 1 a2
1 1 0 &4
1 1 1 128
Bl 15 14 13 12 11 i ] [t}
- - - - - = RDCH ADCB ADCH
ADCT ADCE ADCS ADCA ADCI ADCD ADCH ADCO ADCL
4 L] 5 L] a 2 1 a
Rasdbyidie R R R A A [2 2] A
R R R R R R R A
Intial ¥ais o ] ] L] ¥ o a o
e} o o 1} o o aQ 0
Bit 15 14 13 12 1% 1o -} ]
l ADCH ADCE ADCT ADCE RDCS ADCH [T ADCZ ADCH
I ADCY ADCO - - - =~ - - ADCL
T G 3 4 a 2 1 [i]
RreadWrite R R A A R R R R
R A A 3 2] 2 R A
Infllal Value a 0 0 o 1] a a ]
4] o 4] 0 0 [} L} i}

When an ADG convearsion is complete, the resull Is found in these two registers, If differ-
ential channels are used, the result is presented in two's complement form.

When ADCL Is read, the ADC Data Register is not updated untll ADCH |s read. Conse-
guently, if the result is left adjusted and no more than 8-bit pracision s required, it is
sufficient to read ADCH. Otherwize, ADCL must be read first, then ADCH.

The ADLAR bit In ADMUX, and the MUXn bits in ADMLUX affect the way the result is
read from the registers. If ADLAR is set, the result Is left adjusted. If ADLAR |s cleared
(dafault), the result is right adjusted.

+ ADCS:0: ADC Converzion Result

These bits represent tha result from the conversion, as detailed in "ADC Conversion
Hesult™ on page 216.

0 ATmegaS535(L) m————
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pecial Functlon 10 Register -

FIOR

(1] T & £ 4 a 2 1 1]
ADTS2 | ADTSY | ADTSD | - | AGME | PUD | PSRz | PSR | SROA
FAeadiie AW Zh H 2] R AW Ry AW

Imitiad Wahie ] a Q o 0 o 0 o

» Bit 7:5 - ADTS2:0: ADC Auto Trigger Source

If ADATE in ADCSRA Is written to one, the value of these bits selects which source will
trigger an ADC conversion. If ADATE Is cleared, the ADTS2:0 sefiings will have no
gffect. A conversion will be tnggered by the rising edge of the selected interrupt flag.
Note that switching from a trigger source that is cleared to a trigger source that is set,
will generata a positive edge on the trigger signal. It ADEN in ADGSRA Is sel, this will
start a conversion. Switching to Free Running mode (ADTS[2:0]=0) will not cause a trig-
ger evant, even if the ADC Interrupt Flag is set.

Table 87. ADC Auto Trigger Source Selections
ADTS2 ADTS1 | ADTSD | Trigger Source

Free Running mode
Analog Comparator

olo(a|o

Timar'Courterd Compara Match

0
1
0 External Interrupt Request O
i
0

TimerCounterd Cherflow

ki

=T~ R B = =

S

1 TimerCournter! Compare Match B
1 1 0 Timer/Countar Dvarflcm: e

1 { 1 1 TimerCounter! Caplure Evernt

« Bit4-— RES: Reserved Bit

This it is reserved bit in the ATmeagaB535, and will always read as zero.
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oot Loader Features

pplication and Boot
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aplication Section

.5 — Boot Loader Sectlon

eac-While-Write and No
pad-While-Write Flash
sctions

AIMEL

N

The Boot Loader Suppart provides a real Read-While-Wrlte Selt-Programming mecha-
nism for downfoading and upleading pregram code by the MCLU itself. This feature
allows flexible application software updates controlled by the MCU using a Fiash-resi-
dent Boot Loader program. The Boot Loadser program can use any available dala
intorface and associated protocol to read code and write (program) that code into the
Flash memory, or read the code from the Program memory. The program code within
the Boot Loader section has the capability to write inta the entire Flash, including the
Boot Loader memory. The Boot Loader can thus aven modify itself, and it can also
erase Rsell from the code if the teature is not needed anymora. The size of the Boot
Loader memory 5 configurable with fuses and the Boot Loader has two separate sets of
Boot Lock bits which can be set indspendently. This glves the user a unique flexikility to
select different levels of protection.

* Read-While-Writa Gelf-Programming

= PFlexible Boot Memory Size

* High Secunty (Separate Bool Lock Bits for a Fiexibia Protaction)

= Separaie Fuse to Salect Resal Vector

= Oplimized Page'"’ Size

= Code Efficient Algorithm

» Efficient Raad-Wodify-Write Suppori

Mote; 1. A pepe is a section n the Flash consisting of sevaral bytas (see Table 104 on page
239) used dwing programming. The page organization does not affect normel
oparaion,

The Flash memory Is organized In two malin sections, the Application section and the
Boot Loader ssction (see Figure 113). The size of the different sections is configured by
the BOOTSZ Fuses as shown in Table 83 an page 233 and Figure 113. These two sec-
tions can have different level of protection since they have differant sets of Lock bits.

The Application section is \he section of the Flash thal Is used far sioring the application
code. The protection level for the Application seclion can be selected by the Application
Boot Lock bits (Boot Lock bits 0), see Table 8% on page 225. The Application sectlon
can never store any Boot Loader code since the SPM instruction is disabled when exe-
cuted from the Appllcation section.

Whlle the Application section is used for storing tha application code, the The Bool
Loader software must be located in the BLS sinee the SPM instruction can [nitlate a pro-
gramming when executing from the BLS only. The SPM instruction can access the
entire Flash, including the BLS itseli. The protaction laval for tha Boat Loader section
can be selected by the Boot Loader Lock bits {Boot Lock bits 1), see Table 80 on pags
225,

Whether the CPU suppors Read-While-Writa or it tha CFLU is halted during a Boot
Loader software update is dependent on which address that is belng programmed. In
addition to the two sections that are configurable by the BOOTSZ Fuses as described
above, the Flash Is also divided into two fixed sections, the Read-While-Write (RWW)
section and the No Read-While-Write [NRWW) section. Ths limit between the RWW-
and NRWW sections is given in Table 94 on page 233 and Figure 113 on page 224, The
main difference between the two sectons is:

=  When erasing or writing & page |located Inside the RWW section, the NRWW section
can ba read during the operation.

» \When erasing or writing 2 page located inside the NAWW section, the CPL |5 halted
during the entire operation.

2  ATmega8535(L) me—————
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VYW - Read-While-Write
2ctlon

AWW — No Aead-While-Write
seton

Note that the user software can never read any code that [s located insida the RWW
soction during a Boot Loader software operation. The syntax *Read-While-Write Sec-
tion™ refars 1o which section that is being programmed (arased or writtan}, not which
section that actually is being read during a Boot Loader softwarn updata.

If a Boot Loader soliware update is programming a page inside the RWW section, it Is
possible to read code from the Flash, but only code that is lccated in the NRWW sec-
tion. During an on-guing programming, the software must ensure that the RWW section
never is being read. If the user softwars is trying to read code that is located inside the
RWW section (i.e., by a rcallffmpipm or an interrupt) during programming, tha software
might end up in an unknown state. To avolid this, the intermupis should either be disabled
or moved to the Boot Loader section. The Boot Loader section is always locatad in the
NEWW saciion. The RWW Sectlon Busy bit (RWWSB) in the Store Program Memory
Control Hegister (SPMCR) will be read as logical one &s long as the RWW section is
biocked for reading. After a programming is completed, the RWWSE must be cleared by
software before reading code located in the RWW section. See *Slore Program Memory
Control Register — SPMCR" on page 226. for details on how to clear RWWSE,

The code locatad In the NRWW saction can be read when the Boot Loader software |8
updating a page In the RWW section. When the Boot Loader code updates the NEWW
section, the CPU is halted during the entire page erase or page write operation.

Table 88. A=ad-While-Write Faatures

Which Section doas the 7- 1 Which Sectlon can ba Is the Read-While-
poimter Address During the | Read During CPu Wrile
Programming? Programming? Haled? Supported?
RWW section NRWW section (i[+] ez
MEWWY section MNone es Mo

Figure 112. Read-While-Write vs. No Read-While-Write
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Figure 113. Meamory sections'
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MNote: 1. The parametsrs in the figure above are given in Table 53 on page 233,

If no Boot Loader capability is needed, the entire Flash is available for application sode.
The Boot Loader has two separate sets of Boot Lock bits which can be set indepen-
dently. This gives the user a unique flexibility to select differant levels of protaction,

The user can select:

» To protect the entirs Flash from a software update by the MCL.

- To pratect only the Boot Loader Flash section from a software update by the MCU,

«  To protect only the Application Flash section from a software update by the MCLL

»  Allow software updata in the entire Flash.

See Table 83 and Table 90 for further details. The Boot Lock bits can be set in software
and in Sarial or Parallel Programming mode, but they can ba cleared by a Chip Erasa
command only. The general Write Lock (Lock Bit mode 2) does not control the program-

ming of the Flash memary by SPM instruction. Similarly, the general ReadWrite Lock
{Lock Bit mode 1) does not control reading nor writing by LPM/SPM, it itis attempted.

14 ATIIMEGAB 535 L) 10—
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The Store Program Memaory Control Register contains the control bits neaded to contral
the Boot Loader operations.

Bit 7 B 5 A 3 2 1 0

[ EPme | rwwse - 'nmnflamser]mnm_ SPMCT
Fraadirits AN R R A RA P A A
Initiad Velse o 0 ] a 0 Q a ]

= Bit 7 - SPMIE: SPM Interrupt Enable

When the SPMIE bit is written to one, and the 1-bit in the Statug Reglster iz set (ong), the
SPM ready interrupt will be enabled. The SPM ready Interrupt will be executed as long
as the SPMEN bit in the SPMCH Register is cleaned.

« Bit 8 - AWWSB: Read-While-Write Section Busy

Whan a Self-Programming (Fage Erase or Page Write) operation to the RWW section is
initiated, the RWWSEB will be set {one! by hardware. When the RWWEB bit is set, the
RWW section cannol be accessed, The RWWSE bit will be cleared If the RWWSRE bit
is written to ane after a Self-Programming operation is completed. Alternatively the
RWWSB bit will automatically be cleared if & page load operafion is initiated.

= Bit 5 — Res: Reserved Bit

This bit is a reserved bit in the ATmegaB535 and always read as zero.
* Bit4- AWWSREE: Read-While-Write Section Read Enabie

When programming {page erase or page write) to the FWW section, the RWW sectlon
Is blocked for reading {the RWWSB will be set by hardware). Ta re-enable the RWW
saction, the user software must walt untll the pragramming s completed (SPMEN will be
clearad). Than, if the RWWSRE bit Is writter to one at the same time as SPMEN, the
next SPM instruction within four clock cycles re-anablas the AWW section. The BWWwW
saption cannot be re-enabled while the Flash |2 busy with & page erase or a page write
(SPMEN is set). If the RWWSRBE bit is written while the Flash |s being loaded, the Flash
lpad operation will abort ard the data loaded will be lost.

« Bit3 - BLBSET: Boot Lock Bit Set

If this bit is written to one at the same time as SPMEN, the next SPM instruction within
four clock cycles sets Boot Lock bits, according to the data in A0. The data In R1 and
the address In the Z-pointer are Ignored. The BLBSET bit will automatically be cleared
upon completion of the Lock bit get, or if no SPM instruction Is axecuted within four clock

oycles.

An LPM instruction within three aycles after BLBSET and SPMEN are set in the SPMCH
Register, will read either the Lock bits or the Fuss bits {depending on 20 In the Z-
pointer) into the destinaticn register, See “Reading the Fuse and Lock Bits from Soft-
wars” on page 230 for details,

= Bit 2 - PGWRT: Page Write

If this bit Is written 1o one at the same fime as SPMEN, the next SPM instruction within
four clock cycles executss page write, with the data storad in the ternporary bufier. The
pags address is taken from the high part of the Z-polnter. The data in R1 and RO are
ignored. The PGWHT bit will auto-clear upon completian of 2 page write, or if no SPM
instruction is executed within four clock eycles. The CPU is halted during the entire page
write operation if the NRWW section is addressed.

« Bit 1 - PGERS: Page Erase

It this bit Is written to one at the same ime as SPMEN, the next SPM instruction within
four clock cycles executes page erase. The page address s taken from the high part of

26 ATIMEQAES535(1L.)  eom—————
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ddressing the Flash
Jring Self-
rogramming

the Z-pointer. The data In A1 and RO are ignored. The PSERS bit will auto-clear upon
completion of a page erase, or if no SPM instruction is executed within four clock cycles.
The CPU is halted during the entire pags write operation If the NEWW section i
addressed.

= Bit 0 - SPMEN: Store Program Memory Enable

This bit enables the SPM instruction for the next four clock cycles. If written to one
together with elther RWWSRE, BLBSET, PGWRT' or PGERS, the following SPM
instriiction will have a special meaning, see description abova. If only SPMEN is written,
ths following SPM instruction will store the value in R1:R0 In the temporary page buffar
addressed by the Z-pointer. The LSB of the Z-pointer Is Ignored. The SPMEN bit will
auto-clear upon completion of an SPM Instruction, or if no SPM instruction Is executed
within four clock cycles, During page erase and page write, the SPMEN bit remains high
until the operation Is completed.

Writing any other combination than *100017%, "010017, "00101", "0001 17 or "00001" in the
lowrer five bits will have no effect.

The Z-poirter |5 used to address the SPM commands.

Bl 18
ZH (RN 215
21 (Ra0) Fi]

T

10
i1

13 12
I3 1z

R N
I5 4
5 4

F4]
2 1

g a
[ ]
4]
[#]

o ﬁlgr -

14
Tid
e
76

B

Since the Flash is organized in pages (see Table 104 on page 238), the Program
Courtter can be treated as having two ditferent sections. One section, consisting of the
least significant bits, is addressing the words within a page, while the most significant
bits are addressing the pages. This is shown In Figure 114, Note that the Page Erase
and Page Write oparations are addressed independantly. Thersfore it is of major impor-
tance that the Boot Loader software addrasses the same page In both the Page Erase
and Page Write operation. Once a programming operation is initiated, the address |s
latehied and the Z-pointer can be Used for other operations.

The only SPM opemtion that does not use the Z-pointer is Selting the Boot Loader Lock
bits. The content of the Z-pointer is ignored and will have no effect on the operation. The
LPM instruction doss also use the Z-pointer to store the address. Since this [nstruction
addresses the Flash byte by byte, alsc the LSB (bit Z0) of the Z-pointer is usad.

e e —— = = ] _. 227
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Figure 114. Addressing the Flash during spPmit

BT 1E FRCMER ZPAGEMSEE 1.0
Z- RECIETER | ¢ |
FOMER EAGEMER
PROGRAM -1
Py PCRRGE PEWORD
PAGE ADDRESS | WORD ADCRESE
Vi (THIN THE FLASH WTHIN & PAGE
PROGAAM MEMCIRY J PRGE FOWOHDFAGEMER:C]
PRiE : e ‘ NSTRUCT N WOAD 0o
b o
1

| ] oz
y
< " L, |
l
[}
\
1
|

e

- PAGEEND

Notas: 1. The diflerent variables used+ in Figure 114 are listed in Table 95 on page 234
5 PCPAGE and PCWORD are listed in Tabls 104 on page 2249,

s|f-Programming the The program memory is updaled in a page by page fashion. Before propramming a

ash page with the daia stored in the temporary page buffer, the page must be erased. The
temporary page buffer is filled one word at a time using SPM and the buffer can be filled
aither before the Page Erase command or betwaan a Page Erase and a Page Write
operation;

Alternative 1, fill the buffer bafore a Page Erase:
+  Flll temporary page buffer

s Parform a Paga Erase

»  Perform a Page Write

Alterrmative 2, fill the butfer after Page Erase:
+ Pgriomm a Page Erase

» Fill temporary page buffer

» Perform a Page Write

It only & part of the page needs to be changed, the rest of the page must be stared (for
example in the temporary page buffer) befora the erase, and then be rewritten. ¥When
using altemative 1, the Boot Loader provides an effective Read-Modify-Write feature
which allows the user softwars to first read the page, da the necessary changes, and
then write back the modified data, If altemative 2 is used, it Is nut possible to read the
old data while loading since the page is already arasad. The temporary page buffer can
be accessed in A random sequence. It is essaniial that the page address used in both
the page erase and page write operation is addressing the same page. See "Simple
Assembly Gode Example for & Boot Loader” on page 231 for an assembly code
example.

x ATmega8535(L) e S
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PROM Write Prevents
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ading the Fuse and Lock
s fram Software

To et the Boot Loader Lock bits, write the deslred data to RO, write "X0001001" to
SPMCR and execute SPM within four clock eycles aftar writing SPMCR. Tha only
accessible Lock bite ara the Boot Lock biis that may prevent the Application and Boot
Loader section from any sofiware update by the MCU.

Bit i [ 5 4 @ 2 1 ]
RO Il 1+ [ 1 (eBz | 6Len1 | Bl@o2 [ :eed | 1 | 1 ]

See Table 83 and Table 30 for how the different settings of the Boot Loader bits affect
the Flash access.

If bits 5..2 in RO are cleared (zero), the corresponding Boot Lock bit will be programmed
if an SPM instruction is executed within four cycles after BLBSET ant SPMEMN are sat in
SPMCR. The Z-pointer |2 don't cara during this oparation, but for future compatibility It is
recommended 1o load the Z-pointer with 0xD001 (same as used for reading the Lock
bits), For future compatibility it 15 also recommended to set bits 7, 6, 1, and 0 In RO o "1"
when writing the Lock bits. When programming the Lock bits the entire Flash can be
read during the operation,

Mote that an EEPROM write operation will block all software programming to Flash,
Reading the Fuses and Lock bits from software will also be preventad during the
EEFROM write operation. It is recommended that the user checks the status bit {EEWE)
in the EECR Register and varifies that the bit is cleared belore writing to the SPMCR
Register,

It Iz possible to read both the Fuse and Lock bits from software. To read the Lock bits,
load the Z-pointer with 0x0001 and set the BLBSET and SPMEN bits in SPMCR. When
an LPM instruction is executed within three CPU cyclas after the BLBSET and SPMEN
bits are set in SPMCR, the value of the Lock bits will ba loadad in the destination regis-
ter. The BLBSET and SPMERN bits will auto-clear upon complation of reading the Lock
bits or If no LPM instruction is executed within threa CPU cycles or no SPM Instruction s
executad within four CPU cycles. When BLBSET and SPMEN are clearad, LPM will
work as described in the Instruction set Manual.

Bitt ? & 5 4 2 g 1 o
=F] I - [ - [ migi2 | BLB1 | BLB02 | BLB(1 | LB2 | LB1 |

The algorithm far reading the Fuse Low bits is similar to the one described above for
reading the Lock bits. To read the Fuse Low bits, load the Z-polnter with Ox0000 and set
the BLBSET and SPMEN bits in SPMCR. When an LPM instruction ks executed within
three cycles after the BLBSET and SPMEN bits are set In the SPMCR, the value of the
Fuse Low bits (FLB) will be Ioaded In the destination register as shown below. Refer to
Table 99 on page 237 for a detailed description and mapping of the Fuss Low bits.

Bt 7 -] 5 1 3 2 1 1]
Rd FLBY FLE8 FLBS FLB4 FLB3 FLB2 FLE1 FLBO

Simliarly, when reading the Fuse High bits, load 0x0003 In the Z-pointer. When an LPM
instruction is executed within three cycles after the BLESET and SPMEN bits are set in
the SPMCR, the value of the Fuse High bits {FHEB) will be loaded in the destination reg-
ister as shown below, Refer to Table B8 on page 236 for detailed description and
mapping of the Fuse High bits,

Bit 7 & 5 4 3 2 i o
Ad FHET FHBE FHBEG FHB4 FHE3 FHBZ FHB1 FHED

o ATmega8535(L) m———————————
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Fuse and Lok bits that are programmed, will be read as zero, Fuse and Lock bits that
arg unprogrammed, will be read as ane,

During periods of low Ve the Flash program can be corrupted because the supply volt-
age is 1oo low for the CFU and the Flash to operale propeiy. These issues are the samea
as for board level systems using the Flash, and the same design solutions should be
applied,

A Flash program corruption can be ¢aused by two situations when the voltage is too low,
First, a reqular write sequence to the Flash requires a minimum voltage to operate cor-
rectly. Secondly, the CPU Itself can execute Instructions incorrectly, if the supply voltage
for executing instructions |5 too low.

Flash corruption can easily be avoided by following these design recommendations (ong

is sufficient);

1. If there is no need for a Boot Loader update (n the system, program the Bool
Loader Locik bits to prevent any Boot Loadar softwara updatas.

2 Keep the AVR RESET active (low) during periods of insufficient power supply
voltage. This can be done by enabling the internal Brown-out Detactar (BOD) if
the operating voltage matches the datection leval. If not, an external low Vo
Reset Protection circuit can be used. If 2 Reset occurs while a write operation is
in progress, the write operation will be completed provided that the power supply
voltage is sufficiant.

3. Keep the AVR core in Powsr-down Sleep mode during penods of low V. This
will prevent the CPLU from attempting to decods and execute instructlons, affec-
tively protecting the SPMCRA Register and thus the Flash from uninlentional
Writes.

The calibrated RC Oscillator is used to ime Flash accesses. Table 92 shows the typical
programring time for Flash accesses from the CPU.

Tabte 82. SPM Programming Tima

Symbol Min Programming Time | Max Programming Time
Flash write {Page Erase, Paga -
Write, and wrila Lock bits by SPM) A7 ms 4.5ms

the routine writes one page of dafa trom RAM o Flash

 the first data location in RAM is pointed to by the Y pointar

: the first data lecation in Flash is pointed to by the Z pointer
-errar handiing is not includad

i-the routine must be placed inside the boot space

; {at least the Do_spm sub routine), Only code inslde NRWW seclion can
: be read during Sel-Programming (page erase and page writa),
-registers used: 10, r1, temp1 (r16), temp2 (r17), oopks (r24),

: loophi {r25). spmerval {r20)

+ storing and restoring of registers is notincluded in the routing

; register usage can be optimized at the expense of code size

-1t is-assumed that either the interrupt 1able s moved to the Bool
 loader section or that the interrupts are disablad.

esqu  PAGESIZEE = PAGESIZE™Z [PAGESIZER is page size in BYTES, nol words
org SMALLBOOTSTART
Write_page:

i page erase

Idi  spmoerval, {1<<PGEAS]) | (12<SPMEN)

reall Do spm

AIMEL 2~'”
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¢ re-anable the BWW saction
| gpmerval, [1<<AWWSRE) | (1<<SPMEN)
rcall  Do_spm

- tramafer data from AAM o Flash page bufier

Idi looplo, low{PAGESIZER) Jinit lnop variable

4] Ipophi. Moh{PAGESIZER) -not reguired for PAGESIZEB<=266
Wrioog:

Id rd, ¥+

Id r1, ¥+

gt spmerval, [1=<SPMEN)

reall Do_spm

adiw ZH:ZL, 2

shiw  loophiloopio, 2 ‘yse subi for PAQESIZEB-=256
brne Wricop

¢ executs page write

subi  ZL, low(PAGESIZED) ;yeatore pointer

sbei  ZH, high{PAGESIZEB) :not required for PAGESIZEB-—=256
Idi  spmerval, (1<<PGWRT) | (1<<SPMEN]

reall  Do_spm

: re-onabla the BWW section
Idi spmerval, {1<<FWWSRE) | (1c<5PMEN)
rcall Do spm
. raad back and chack, optional
|efi loopln, low[PAGESIZER) Jinit loop variable
Idi koophi, high{PAGESIZER) -not requirad for PAGES IZEB==256
subi YL, low(PAGESIZEB} srestong painter
shei  ¥H. high(PAGESIZES)]
Hdloop:
Ipm O &+
I 1, ¥+
cpse 0, ri
fmp Emor
shbiw  loophilooplo, 1 uge subi for PAGESIZEB<=256
brne Rdloop

; return to PWW section
. varify that RWW section iz 2afe to read
Raturn:
in  templ, SPMCH
sbrs tempi, RWWSB | 1f BWWSB is sat, the RWW section |s not ready yet
rest
; re-enabke the RYWW section
i spmarval, {1=<FWWSRE} | {1=<SPMEN)
mall  Do_spm
nmp Return

Do_spm:

. ghack for pravious SPM complate
Wait_spm.

in temp1, SPMCH

shre  templ, SPMEN

fimp  Wail_spm

;. input: spmorval determines SPM action

. disable interrupts if onabled, slore status

2 ATIMEQ A5 535 L.)  ——— e ——
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“megaBsids Boot Loader
irametars

in tempz, SREG

cli

. gheck that ng EEPROM write accass ig presant
Wait_ee:

shic EECR, EEWE

fmp  Wait_ee

; SPM timed saquence

out  SPMCR, spmorval

spm
. restore SAEG (to snable interrupts if originally enabded)

aut  SREG, temp2
et

In Table 93 through Table 95, the paramsters used in the description of the self pro-
gramming are given.

Table 83. Boot Size Configuration!"

| | Appli- | Boot | End Bool Aeset
cation Loader Appli- Address (Start
BOOTS | BOOTS | Boot Fiash Flash catlon Boot Loader

21 Z0 Size Pages | Section | Sectlon | Section Saction)

128 (w000 - | OxF8E0 -
1 1 e 4 OxFTF OXFEF OxFTF OxFBg i}

1 255 0000 - | OO0 -

1 1] A 8 OxEEF OxFFF OxEFF OxFOQ

512 (000 - OxEQQ -
9 v\ Tee| 16 | Giper | ower | POFF | BEX

1024 Q000 - iS00 -
o o e a2 'I OxBFF OxFFE | 0xBFF OxCR0

Mots: 1. The different BOOTSZ Fuse configurations are showr in Figure 113

Table 94, Read-While-Write Limit'"

Section FPages Acikiress
Aead-While-Write section {AWW) 0 Ox000 - OxBFF
Mo Baad-While-Write section [NFVAW) az i OxCD0 - OuFFF

Mate; 1. For details about these two section, ses "NEWW — No Read-yWhite-Write Section™ on
page 223 and "AWW — Read-Whila-Write Section” on page 223

#m 233
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Table 85. Explanation of Differant Variables used In Figure 114 and the Mapping to the

Z-pointart!
Corresponding }
Variable Z-value Description
PCMSE 11 Moet significant bit in the Program Counler,
{The Program Counter is 12 bits PC[11 0
4 Most significant bit which is used to address
PAGEMSE the words within one page (54 words ina pags
requires five blts PG [4:0]).
2 Bit in Z-ragister thal is mapped to PCMSE.
ZPOMSE Bacause Z0 iz not usad, the ZPCMSE equals
PCMSE + 1.
| 5 Bit in Z-register that is mapped to PCMSE.
ZPAGEMSE Because Z0 is not used, the ZPAGEMSE
t efuals PAGEMEE + 1.
PCPAGE PC{11:5] Z12:Z6 Program Gounter page address: Page selecl,
for Page Erase and Page Write
PC40) 25 Progeam Counter word addness: Word selsct,
PCWORD for filing temporary butfer {must be zero during
page writa operation)
tote: 1. Z15:Z213: always ignored

70: should be zero lor all SPM commands, byte salact for the LPM Instruction,
Sae "Addressing the Flash during Self-Programming” on page 227 for details aoout
tha uge of Z-pointar during Self-Programming.
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lemory

rogramming

ogram And Data The ATmega8535 provides six
emory Lock Bits ba programmed ('0") to obtain

can only be erased to

Table 96. Lock Bit Byte!"

Lock bitz which can be left unprogrammed (*17) or can
the additiorial features listed in Table 87, The Lock bits
“4% with the Chip Erase command.

Lock Bit Byte | BitNo | Description Default Value
¥ - 1 {unprogrammed)
= 6 - 1 {unprogrammed)
BLB1Z2 5 Boot Lock bit 1 junprogrammed)
BLE11 4 | Boot Lock bit 1 {unprogrammed)
EILEI-IDE_ 3 Boot Lock bit 1 {unprogrammed)
BLBM <4 Boot Lock bil 1 {unprogramimed)
LBz 1 Lock it 1 {unprogrammed)
LB o Lock bit 1 (urprogrammed)
Mole: 1. "1™ means unprogrammed, "0° means programimed
Table 87. Lock Bit Protection Modes'™
Memory Lock Bils Frotecllon Type
LB Mode LB2 LB1
1 1 i Mo memeory lock leatures enabled.
Further programming of the Flash and EEFROM ia
A g ' " disabled in Parallel and Serial Programming mode, The
Fusa bits ara ocked in both Serial and Parallal
Programming meds.'
Further programming and verification of the Flash and
3 o 0 EEPROM is disabied in Parallel and Serial Pregramming
mode. The Fuse bits area locked in both Serial and Parallel
Programming made.'"
BLBO Mode | BLBO2 | BLBO1
1 1 i No restrictions for SPM or LPM accessing the Application
gaction.
b 1 n] SPM is not allowad to write to the Application section,
SPM is not allowed to write to the Application section, and
LPM executing from tha Boot Loader section is not
3 o 1] allowed to read from the Application section. H intermupt
vectors are placed in the Boot Loader sechon, inferupts
are disabled while executing from tha Application section.
LPM exgcuting from the Boat Loader gaction s not
4 o " allowed to read fram the Application section. If intarrupt
vectors are placed in the Boot Loader section, interrupis
are disabled whils exscuting from the Application section,
HLB1 Mode | BLB12 | BLE1!

=} |
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Table 87. Lock Bit Protection Modes™ {Continued)

Memory Lock Bits i Protection Type
1 1 " Mo restriclions for SPM or LPM accessing the Boot Loader
section,
2 '3 7 o | sPMmis notallowed to write to the Boot Loader section.

SPM iz not allowed to writa to the Boot Loader section,
and LPM executing from the Application section is not

3 0 o aliowed o read from the Boot Loader section. it interrupt
vectors are placed in the Application section, inlemupts
are disabled while exgcuting from the Boot Loader section.

LPM executing from the Application section is riot allicwad
to read from the Boot Loader section. I intarmupt vectons
ara placed in the Application section, intamupts ae

| disabled while exacuting from the Boot Loader saction.

Motes: 1. Program the Fuse bils before programming the Lock bits.
2. *1" means unprogrammed, 0% means programmed.

‘use Bits The ATmegaB535 has twa Fuse bytes. Table 98 and Table 98 describe briefly the func-
fionality of all the fuses and how they ara mapped into the fuse bytes. Note that the
fuses are read as logical zero, *C7, If they are programmed.

Table 88. Fuse High Byle

Fuse High Byte | Bit No | Description Detault Value
Sasast 7 Salect ATO0SEE3S5 compatibifity 1 {unprogrammed)

mode ]
WOTON s WOT always an 1 (unprogrammed, WDT

| enabled by WOTCR)

SPIENM 5 Enable Serial Program and Data | 0 (programmad, 5P prag.

Downioading ! enabled)
CKOPT® | 4 Dscillator options 1 {unprogrammed)
EESAVE 3 EEPRCM mamory ks preserved 1 {unprogrammed,

through the Chip Erase EEPAOM not presanved)
BOOTSZ1 2 | Select Boot Size(zeeTabla83kr | 0 (programmed)'®

details) il
BOOTSZO 1 Select Boot Size (see Table 93for | O {programmed) !

details)
BOOTRST | 0 | Select Reset Vactor |4 {unprogrammed)

Notes: 1. The SPIEN Fuse is not accessible in Serial Programming mode.
5 The CKOPT Fuse functionality depends on the satting of the CKSEL bita. See "Clock
Saurces” on page 24. for delails.
3, The default valus of BOOTSZ1 .0 results in makimum Boot Sie. See Table 83 an

page 233.
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atching of Fuses

Table 98. Fuse Low Byte

Fuse Low Byte | Biino | Description Default Velue
BOOLEVEL Fi Brown out detector trigger 1 {unprogrammed)
f lewvel
BODEM | & Brown out detecior enable 1 {unprogrammed, BOD
disabled)
SUTY 5 Selacl start-up tima 1 {unprogrammed)™
sSUTO 4 Selact start-up time O {programmed)"*
EKSEL:& 3 Selecl Clock source 0 {programmed)™
CKSEL2 2 Select Clock sourca 0 (programmed)™
CKSELL 1 Select Clock source 0 {programmed)'®
CKSELD ] Select Clock source 1 (unprogrammed)*®
Motes: 1. The defaull value of SUTT..0 results in maximum start-up time. Sea Tahla 10 on page
29 for details.
o The delguit setting of CKSEL3.O results in internal ARG Osclllator @ 1 MHz. Ses
Table 2 on page 24 for details.

The status of the Fuse bits is not affected by Chip Erase. Note that the Fuse bits are
locked If Lock bit 1 (LB1) Is programmed. Program the Fuse bits before pregramming
the Lock bits.

The Fuse values are iatched when he device enters Pragramming mode and changes
of the Fuse values will have no effect until the part leaves Programming mode. This
does hot apply to the EESAVE fuse which will take effect once it Is programmed. The
fuses are also latched on Power-up in Normal mode.

ignature Bytes All Atmel microcontroliers have a three-byte signature code which Identifies the device.
This code can ba read in both Serlal and Parallel mode, also when the device s locked.
The three bytes reside in a separate address space.
For the ATmega8535 the signature byles are:
1. OX000: Ox1E (indicates manufactured by Atmel)
5 0x001: 0x03 (indicates 8 KB Flash memory)
3. OxO02: 0x08 (indicates ATmegaB535 device when Ox001 is 0x93)
-alibration Byte The ATmegaB535 stores four different calibration values for the intemal AC Oscillator.
These bytas resides in the signature row high byte of the addresses (xDO0, Ox0001,
Ox0002. and Ox0003 for 1, 2, 4, and 8 MHz raspactivaly. During Reset, the 1 MHz value
is automatically loaded into the OSCCAL Reglster. I other frequencies are used, the
calibration value has to be loaded manually, see “O)scillator Galibration Register — OSC-
CAL" on page 20 for details.
e = -“E-\ 237
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araliel Programming This section describes how to paralle! program and verify Flash Program memeary,
larameters, Pin EEPROM Data memory, Memory Lock bits, and Fuse bits in the ATmegads35. Pulses
fapping, and are assumed to be at least 250 ns unless otherwise noted.

Jommands

ignal Names In this section, some ping of the ATmegaB33d are refersnced by signal names dascrib-

ing their functionality during paraliel programming, see Figure 115 and Tabla 100. Fins
mot descriped In the following table are referanced by pin namas.

The XA1/XAQD pins determine the action axecutad when the XTAL1 pin s given a posi-
tive pulse. The bit coding is shown in Table 102,

When pulsing Wi or OE, the command loaded determines the action executed. The dif-
tarent Commands are shown in Table 103.

Figure 115. Parallel Programming
By

RAOYEET +— PN e
g€ ——{ Fo2 avEs ﬂ

WA ——+ D3 PET - PRO bt — = CATA

B ————=f POd

WAL ———sf POS

| ——ad PO
PASEL —— PO7
412 ¥ —— FESET

B58 ——f FAD
Emp

Table 100. Pin Name Mapping

Signat Name In | l
Programming Moda Fin Neme | 110 | Funcilon
0 Device |s busy programming, 12 Devica ia ready
RDY/BSY P e for new commiend
GE PD2 | | Output Enable (Active low) |
WH PD3 1| Write Putse (Active low)
usg m M
a5 PDA I Byte Salect 1 (0" sedacts low byte, "1 58 t high
" : | byte)
WAD FDE | HTAL Action Bit D
XA POB | | XTAL Actlon Bit 1 - |
PAGEL FO7 | | Program Memary and EEPROM data Page Load
; Byte Salect 2 (07 salects low byte, 17 selets 2'nd
852 PAD I high byte)
DATA PB7-0 | O | Bidirectional Data bus {Cutput when OE 15 low)
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nter Programming Mode

sonsiderations for Efficient
*rogramming

thip Erase

T

The following algorithm puts the device in Parallel Programming mode:

1, Apply 4.5 - 5.5V betwaen Vg and GND, and wait at laast 100 ys.

2. Sat RESET to “0" and toggle XTAL1 at least six imes.

3. Set the Prog_enable pins listed In Table 101 on page 239 fo Q0007 and wait at
leaat 100 ns,

4, Apply 11.5 - 12.5V to RESET. activity on Prog_enable pins within 100 ns

after +12V has been applied to RESET, will cause the device to fail entering Pro-
gramming mode.

Note, it External Crystal or Extemnal RC configuration is selected, it may not be possible
to apply qualified XTAL?Y pulses. In such cases, the following algerthm should be
followed.

1. Set Prog_enable pins listed in Table 101 on page 234 to “0000"

2. Apply 4.5 - 5.5V between Vgc and GND simultanecusly as 11.5 - 125V is
applied to RESET.

3. Wait 100 ne.

4. Fe-program the fuses to ensure that External Clock is selected as clock source
(CKSEL3:0 = 0b0O0O) If Lock bits are programmed, a Chip Erase command
must be executed before changing the fuses.

5. Exit Programming mode by power the device down or by bringing RESET pin to
k.

€. Entering Programming mode with the original algorithm, as described above.

The loaded command and address are retained in the device during pragramming. For

afficient programming, the following should be coneidared.

« The command needs only be loaded once when writing or reading multipke memory
locatlons.

«  Skip writing the data value OxFF, that Is ihe contents of the entire EEPROM (unless
ihe EESAVE fuse is programmed) and Flash after a Chip Erase.

«  Address high byte needs only be loaded before programming or reading & new 258
word window in Flash or 256 byte EEPROM. This consideration also applies (o
Signatura bytes reading.

The Chip Erase will srase the Flash and EEPROM!") memaries plus Lock bits, The Lock
hite are not raset until the program memory has been completaly erased. The Fuse bits
are not changed, A Chip Erase must be perfarmed before the Flash and/or the

EEPHOM Is reprogrammed.

Mowe: 1. The EEPRPOM memery i§ preserved during Chip Erase if the EESAYE Fuse is
programimed,

Load Command “Chip Erase”

Set XA1, XAD to "10", This enables command |oading.

Set BS1 o 0"

Set DATA to “1000 0000". This is the command for Chip Erase.

Give XTAL1 a positive pulse, This loads the command.

Give WH a negative pulse. This starts the Chip Erase. ROY/BSY goes low.

\Walt until RDY/BSY goes high bafore loading a new command.

oo A B0

o ATmega8535(L) e e G
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rogramming the Flash

The Flash is organized in pages, see Table 104 on page 239. When programming the
Flash, the program data is latched into a page buffer. This allows one page of program
data to be programmed simultaneously. The following procedire describes how to pro-
gram the entire Flash memary:

A, Load Command “Write Flash®

1. Sat XA1, XAQ to “10", This enables command loading.

2. SetBS1t 0"

3. Set DATA to “0001 0000". This is the command for Write Flash.
4. Give XTAL1 a positive pulse. This loads the command.

B. Load Addess Low byte

1. Set XAl XAD to "00". This enables address loading.

»  Set BS1 to “0". This solacts low address.

3. St DATA = Addrass low byte (0x00 - OxFF).

4. Give XTAL1 a positive pulse. This loads the address low byte.

C. Load Data Low Byle
1. Sot XA1, ¥AOQ to “01". This enables data loading.
2. Set DATA = Data low byte (0x00 - OxFF).
Give XTAL1 a positive pulse. This loads the data byte.

c
0. Load Data High Byte

1. SetBS1 to"1". This selects high data byie.

2 Set XA1, XAD to 017, This enables data loading.

Set DATA = Data high byte {Ox00 - OxFF).

Give XTAL1 a positive pulse. This loads the data byte.

E. Latch Data

1. BstBS1 1" This selects high data byte.

2 Give PAGEL a positive pulse. This latches the data bytes. (See Figure 117 for
signal waveforms.}

F. Repeat B through E until the entire buffer is filled or until all data within the page is
loaded.

While the lower bits in the address are mapped to words within the pags, the higher bits
address the pages within the FLASH. This Is illustrated in Figure 116 on page 242. Note
that if less than eight bits are required to addrass words In the page (pagesize < 256),
the most significant bit{s) In the address low byte are used to address the page when

perfarming a page write.

(3. Load Address High byte

1. Set XA1, XAQ to *00", This enables address loading.

o Set BS1 to 17 This selects high address.

. Set DATA = Addrass high byte (0x00 - OxFF).

4. Give XTAL1 a positive pulse, This loads the address high byte,
H

1

2

3.
4,

. Prograrm Page
Sat BS1 to "0

Give WH a negative pulse. This starts programming of the entirs page of data.
ROY/BSY goes low,

e = mk 28
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3. Wait until RDY/BSY goes high. (See Figure 117 for signal waveforms)

I. Repeat B through H until the entire Flash is programmed or until all data has bean
programmed.

J. End Page Programming

1. 1.Sat XA1, XAC to “10". This enables command loading.

5 Gt DATA to “0000 0DOO". This is the command for No Operation.

3. Give XTAL1 a posttive pulse. This loads the command, and the intarnal write sig-
nals are reset,

Figure 118. Addressing the Flash which is Organized in Pages'!!

Byl FCPYOE |P POWORD
PAGE ADCAESS I WORD ADDRESS
WITHIN THE FLASH WATHIN A PAGE
PRCHIAAM MERCIRY : FRGE PCNORFAGENSE 03
Liut s ::(_F-:"__i_ IMETRUCTION WO oo
i | o
[ o
- h B !
—1 |
g = |
w | PAGEE L
Note: 1. PCPAGE and PGWORD are listed in Table 104 on page 239.
Figure 117. Programming the Flash Waveforms!!
E
f___..l'\._____“.
A B c o [ B [ o E G H
PP L ) T (e B ) () el S (i S
wi =X %
I A7 SRR, 72 T X
R - i W L
g 0 i i [ O R g O SN
W —a S
Ao ="
RESET v '
=
WL A Y
2

Note: 1. “XX"is don't care. The letters refar 10 tha programming description abuve.

ATmega8535(L) e ———
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regramming the EEPROM

'sading the Flash

The EEPROM is organized In pages, see Table 105 on page 239. When programming
the EEPROM, the program data Is |atched into a page buffer. This allows ona page of
data to be programmed simultaneously. The programming algarithm for the EEPROM
data memory is as follows {refer to “Programming the Flash" on page 241 for details oh
Command, Address and Data loading):

1. A: Load Command “0001 00017

2. G Load Address High Byte (Ox00 - OxFF).

3. B: Load Address Low Byte (0x00 - OxFF).

4, C:Load Data (Ox00 - OXFF).

5, E: Latch data {give PAGEL a positive pulse).

K: Repaat 3 through 5 until the entire buffer is filled,
L: Program EEPROM page.

i, SetBS51 1o "0,

> Give WA & negative pulse. This starts programming of the EEPROM page.
ROY/BSY goes low.

3. Wait until to RDY/BSY goes high befors programming the next page.
(See Figure 118 for signal waveaforms.)

Figure 118. Programming the EEPROM Wavatorms

K
—
A G B c E -] c E L
. S (N G S S, T S
R R
wan / Rt \
B __J
WO = O o O oo (0 35 W I
"= L
R HEY J
WETGET =12V
mw
PaGEL JII'_“‘" f_\l'
EBE

The algorithm for reading the Flash memory |s as follows (refer to “Programming the
Flash" on page 241 for detalls on Command and Address loading):

1. A: Load Command “0000 00107

G: Load Address High Byte (0x00 - OxFF).

B: Load Address Low Byte (0x00 - 0xFF).

St BE to 0", and BS1 to "0". The Flash word low byte can now be read at DATA.
Sat BS1 1o “1". The Flash word high byle can now be read at DATA.

Set OF to 1™

o mkon
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eading the EEPROM

rogramming the Fuse Low
its

'rogramming the Fuse High
iits

EI

The algorithm for reading the EEPROM memary is a8 follows (refer to “Programming the
Flash® on page 241 for details on Command and Address loading):

1. A: Load Command “0000 00117

2. G: Load Address High Byte {0x00 - 0xFF).
3. B:Load Addrass Low Byte (0x00 - OxFF).
4

Set OE to "0, and BS1 to “07. The EEPROM Data byte can now be read at
DATA.

5. Set OE to “1".

The algarithm for programming the Fuse Low bits is as follows (refer to “Programming
the Flash” on page 241 for details on Command and Data loading):

1. A Load Command “0100 0000".

2 (C: Load Data Low Byte. Bit n ="0" programs and bit n = "1" erases tha Fusa bit.
9 Sat BS1 to “0" and BS2 to “U°. This selects low dala byts.

4. Give WH a negative pulse and wait for RDY/BSY to go high.

The algorithm for programming the Fuse high bits is as foliows (refer to “Programming
the Flagh' on page 241 for details on Command and Data loading):

1, A: Load Command "0100 0DDO™

2 Load Data Low Byte. Bit n = 0" programs and bit n = *1" erases the Fusa hit.
3. Set BS1 to=1" and BS2 to “0°. This selects high data byte.
4. Give WH a negative pulse and wait for RDY/BSY to go high.
5. Set BS1 to"0". This selects low data byts.
Figure 119. Programming the Fuses Waveforms
Wire Fuse Low byl Wiite Fuse High yta
A c r—-_"‘\"—_\ A R e i
mm::l:m'rim:{_m H_”E'ﬂ_"“__—-
WA n 4  E—
ah
B51 — —
RS i Fa s\
WA Y f L
Rov/BEY i S
AESET 1Ay
73
PAGEL
BG2
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rogramming the Lock Bits

leading the Fuse and Lock
lis

teading the Signsture Bytes

:sading the Calibration Byte

The algorithm for programming the Lock bits |s as follows (refer to "Programming tha
Flash” on page 241 for detalls on Command and Data loading):

1. A Load Command “0010 0000"
2, C: Load Data Low Byle. Bit n = "0" programs the Lock bit.
3. Give WH a negative pulse and walt for RDY/BSY to go high.

The Lock bits can only be cleared by executing Chip Erase.

The algarithm for reading the Fuse and Lack bits is as follows (refer to "Programming
the Flash” on page 241 tor details on Command loading):
1. A Load Command "0000 0100"

5 Get OE to "0", BS2 to 0", and BS1 1o ‘0", The status of the Fuse Low bits can
now be read at DATA (“0" means programmed).

3. Set OE to 0", BS2 to *17, and BS1 to “1". The status of the Fuse High bits can
now be road at DATA (‘0" means programmed).

4. SetDE to'0", BS2 16*0°, and BS1 to "1". The status of the Lock bits can now be
read at DATA {“0" means programmed).

5. SetOE to*1".

Flgure 120. Mapping Between BS1, BS2 and the Fuse- and Lock Bits During Read

Fuse Law Byte —L
DATA
—

Lock Bits

—
BS1
—

Fuse High Byte

Bs2

The algorithm for reading the Signature bytes is as follows (refer to "Programming the
Flash" on page 241 for detalls on Command and Address loading):

1. A Load Command "0000 1000

5 B Load Address Low Byte (0x00 - 0x02).

3 Set OE to “0°, and BS to "0". The selected Signature byle can now be read at
DATA.

4. SetOEt"1".

The algorithm for reading the Calibration byte is as follows (refer to “Programming the

Flash" on page 241 for details on Command and Address loading):

1. A Load Command “0000 1000™

o B: Load Address Low Byte, 0x00.

3. SetOF to *0", and BS1 to *1°. The Calibration byte can now be read at DATA.

4. SetOEto 1"

e e m 245
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'arallel Programming
>haracteristica

ATMEL

Figure 121. Parallel Programming Timing, Ineluding soma General Timing

Requirements
b wL
YTALT 5 ”t}(H:'CLh:‘_"-\ i
Yownen Laow
Data & Gonbol - = S
{DATA, XAGH, BS1, BE) S
1 t
e lgveH | Lt e e
_.—rf I'F"HFL g -
t
- W LArH Pp—
— g it b
WH Tey il bt
- WLAL |
— /,‘_'
ROY/BaY =
- = L AH

Figure 122. Parallel Programming Timing, Loading Sequence with Timing
Requirements! "

LOsD ADDAESS LA L AT LCAD DA~A  LOAD DaTHA LoD ADGRERE
ALY BYTE] LW B TE] {HIGH BYTE] JLEW EYRE)
by Sk T fhiEs
KTALA .’J”_‘\\. - 'F J F _4 e —
B =4 N —
PRIEL - L

DIATA, }l: ARDRT [ow bytel X [T (b }{ DAATA [high bryteh H ADOA (o bl

TR o N p—

Mote: 1. The timing requirements shown in Figure 127 (8. tey, tyeipes B by ) Sle0 apply
1o loading cpemstiarn,
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Figure 123. Paraliel Programming Timing, Reading Sequence {within the same Page)

with Timing Reguinsments!"!
LowD ADDRESS AEAD [ATA FUEAL: DATA LOAE ADOFESE
Lo B TE) (LN BYTE) (HE BYTE (LW BYTE)
o, — e, T, —t—y
[ e
®TALI //ﬂ:." ,r/—"\.
ety
Be . k S i
= J‘
nr

o
'\.I\ |
DATA —( AM:WWJ—L [ATA (i e} _)(_ CETH {ich byl AECHT o i)

RAD S — e

WA o e S ——

Note: 1. Tha timing requirements shown in Figure 121 {i.e. bpyxn: bapo and ty oy also apply
to reading cperafion,
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Table 106. Parallel Programming Characteristics, Ve = 5V & 10%

Symbol Parameter Min | Typ | Max | Units
Vep Programming Enabla Vollage 11,5 125 v
_|-p-=| Programming Enable Current 250 Ly
- Data and Control Valid befora XTAL1 High 67 ns
beuxH ATAL1 Low to XTAL1 High 200 ns
- XTAL1 Pulse Width High 150 ns
tyLon Data and Control Hold after XTALT Low a7 . s
b il XTAL1 Low to WH Low 0 | ns
s XTAL® Low fo PAGEL High o | s |
e PAGEL low to XTAL1 High ' 1m0 ns
taypH BS1 Valid before PAGEL High 67 ns B
- PAGEL Pulse Width High 150 ns
tpLEx BS1 Hold after PAGEL Low &7 ns
Yook BS2/1 Hold atter WH Low 67 ns
_E;LWL PAGEL Low to WR Low 67 ns
T BS1 Valid to WH Low 67 ns
toivm WH Pulse Width Low 150 ns
(i | W Low to RDV/ESY Low 0 1 W5
YWLRH WR Low to ROY/BSY High'" - 37 45 | ms
Ywirm_ce | YR Low to ROY/BSY High for Chip Erase'®) 75 g ms
| N XTAL1 Low to OE Low 0 ns
fevtw BS1 Valid to DATA Valid 0 280 | ns
ooy | OF Low to DATA Valid 250 | NS
Ctorpz | OF High to DATA Tri-stated | 250 | ns
Notes: 1. haypy IS valid for the Write Flash, Write EEPROM, Write Fuse bits and Writs Lock
bits commands.

2. twupw oe 18 valid for the Chip Erase command.
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3erial Programming
Algorithm

ata Polling Flash

AIMEL

When writing serial data 1o the ATmegaB535, data is clocked on the rising edge of SCK.

When reading data from the ATmegaB535, data is clocked on the talling edge of SCK.
See Flgure 125 for timing details.

To program and verify the ATmega8535 in the Serial Programming mode, the tollowling
sequenca is recommended (See four Dyta instruction formats in Table 108):

1. PFower-up sequence:
Apply power betwaan Vi and GND while RESET and SCK are set to 0™ In
some systems, the programmer can not guarantee that SCK is held low during
Power-Up. In thiz case, RESET must be ghven a positive pulse of at least twa
CFU clock cycles duration after SCK has been setto 0",

2. Wait for at least 20 me and enable sarial programming by sending the Program-
ring Enable serial instruction to pin MOSI.

3, The serial programming instructions will not work f the communication is out of
synchronization. When in synchronization the second byte (0x53), will eche back
when issuing the third byte of the Programming Enable instruction. Whether the
echo lg correct or not, all four bytas of the instruction must be transmitted. If tha
0x53 did not echo back, give RESET a posltive pulse and issus a new Program-
ming Enable cormmand.

4. Tha Flash is programmed one page at a time. The page size is found in Table
104 on page 239. The memory page is loaded one byte at a time by supplying
the 6 LSB of the address and data together with the Load Program Memory
Fage instruction. To ansurs cormec! lgading of the page, the data low byte must
be loaded before data high byte is applied for a given addrass. The Program
Memary Page is stored by loading the Write Program Memory Page instruction
with the B MSE of the address. If polling is not used, the user must wait at least
two rLasy Defore issuing the next page. (See Table 108.) Accassing the serial
programming interface before the Flash write operation completes can rasult in
incormact programiming.

5. The EEPROM array is programmead one byte at a time by supplying the address
and data together with the appropriate Write instruction. An EEFPRDOM memory
loeation |s first automatically erased before new data is written. I poling is not
used, the user must walt at |8ast tyy eeproy before issuing the next byte. {See
Table 108). In a chip erased device, no OxFFs in the data file(s) need to be
programmed.

6. Any memory location can be verified by using the Read instruction which returns
the content at the selected address at serial output MISO.

7. At the end of the programming session, HESET can be set high to commence
normal oparation.

B. Power-off sequence [if needed):
Set BESET to "1".
Tum vﬂc pﬂwer ﬂ‘ff.

When a page Is being programmed into the Flash, reading an address location within
the page being programmed will glve the value OxFF. At the time the device is raady for
a new page. the programmed value will read correctly. This is used to detarmine whan
the next page can be written. Nota that the entire page is written simultaneously and any
address within the page can be used for polling. Cata polling of the Flash will not work
for the value OxFF, 5o when programming this value, the user will have to wait for at
laast typ Fasy DEfore programming the next page. As a chip erased device contains
0xFF in all locations, programming of addresses that are meant to contain 0xFF, can be
skipped. See Table 108 for tyy ¢ s value.

o ATmegas535(L) m————
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Jata Polling EEPROM

When a new byte has been written and is being programmed into EEPROM, reading the
address location being programmed will give the value OxFF, At the time the devica is
ready far a new byte, the programmed value will read correctly. This is usad to dater-
mine when tha next byte can be written. This will not work for the value 0xFF, but the
user should have the following in mind: As & chip erased device contains 0xFF in all
lacations, programming of addresses that are meant to contain OxFF, can be skipped,
This doss not apply if the EEPROM is reprogrammed without chip erasing the device. In
this case, data polling cannot be used for the value OxFF, and the user will have to wait
at least tyy seprow before programming the next byte. See Table 108 for Yyp eeprom

value,

Tabie 108. Minimum Wait Delay Before Writing the Next Flash or EEPROM Location
Symbol Minimum Wait Delay
bwp FLamH 4.5 m=
biv_EEPROM 9.0 ms i
bwo_Enase 8.0 ms -
twn_Fuse 4.5 ms

Figure 125. Serial Programming Waveforms

SERIAL DATA INFLT
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SERIAL CATA QuUTPUT
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SERIAL CLOGK INPUT
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‘able 109. Serial Programming Instruction Set
= addrass high bits, b = addrass low bits, H = 0 - Low byte, 1 - High Byte, o = data out, | =data in, ¥ = don’t cang

AIMEL

Insiruction Format

Instruction Byta 1 Byte 2 Byte 3 Byted Operation
1010 1100 2101 DO11 OO X0 sio wooe | Enabla Serial Programming after
P Enable l
rogramming En . | RESET goes low. N
Chip Erase 1010 1100 100x 00 0N ANAX ARAA XK Chip Erase EEPFOM and Flash.
0010 HO0O Q00 anan bbbb bbbb QOO0 OO0 Read H (high or low) data o trom
Read Program Memory Pragram memory at word address
ab.
0100 HOOQ QOO0 = oy bbbk R |; Wite H (high or low) dama [ to
Program MMemory page at word
IF-:;::. Frog Mty address b, Data low byte must ba
loaded before Data high byte is
_ i applied within the same address.
Write Pragram Memory 0100 1100 Q000 aasa bbb oo MO H0XK Write Program Memory Page at
Page address a:b.
Read EEPROM Memary 1010 0000 O 1cxd bbbb bbbb oooo opoo | Read data o from EE_F'HOM
memory at address a:b.
Writa EEPROM Mamory 1100 0000 OCwxx X8 bbbb bbbb il i Write data | t.n EEPHOM memory
al addre=s &b,
0401 1000 0000 0000 AIDLK XA wx00 oopo | Fead Look bits, “07 = programmad,
Faad Lock Bits 447 = unprogrammed. Sae Table
98 on page 235 for details.
1010 1100 111% 7xxs HOUM MO0 11ii i Write Lock bifs. Set bits = "0" to
Wyrite Lock Bits program Lock bits. See Table 96
on page 235 for detailz.
FAead Signature Byte 0011 0000 Qe oo oo yoibb DOD0 0000 :aari Signatre Byle o at address
1010 1100 1010 0000 KXAKXK KELK iii fiil Set bits = "0" to grogram, "1™ lo
Write Fuse Bils unprogram. See Table 98 on
page 237 for details. ]
1010 1100 10101000 HII0K BN il (il Set bits = “0° o pregram, 17 to
Wirite Fuse High Bitz i unprogram. See Table 88 on
page 236 for datzils.
0104 (000 0000 D000 HODUE XXX cooo opoo | Fead Fuse bits. *0F = programmed,
Zpad Fuse Bits " = ppprogrammed. See Table
99 on page 237 for details.
@101 1000 Q000 1000 AKX, JEK cooooooe | Fead Fuse high bits. "0" = pro-
: grammead, *1” = unprogrammead.
Aead Fusa High Bits Sea Table 98 on pags 236 for
details.
Jead Calibration Byte 0011 1000 OOwxxooor | 000000bD | oeoooocoe | Read Calibration Byte

2] Serlal Programming
haracteristics

2 ATmega8535(L)

For characteristics of the SPI module, see “SPI Timing {Charactaristics” on page 253.
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Zlectrical Characteristics

\bsolute Maximum Ratings*

Operating Temperature

Storage Temperaturs

Vollage on any Pin except RESET

with respect 10 Ground ..vveeevins

Voliage on BESET with respect to Ground..... -0.5Y to +13.0V

......... 55°C to +125°0

......... -B5°C to +150°C

o DV B0 Vet D5V

*NOTICE:  Siresses bayond those listed under ‘Absolute
Maxdmuem Ratings™ may cause permanent dam-
age to the device. This is a stress raing only end
furctional cperation of the device at these oF
othar conditions beyond those indicated in the
operaiional secions of this specification is not
implied, Exposure (0 absolute maximum rating
conditions for extended perods may aftact device

reliability
MEmIU OPErating VOITEQE . o immiri s oo ones BU0W
DRC Currantper KO PR o 40.0 mA
DC Current Ve and GND PINS ..o 200.0 PDIF 0g
400 mA TOFPMLE/PLCCMA
)C Characteristics
M = -40°C to B5°C, Ve = 2.7V 1o 5.5V {unless otherwise noted)
Symbol | Parameier Conditlon Min Typ Max Units
Input Low Volage except E 3 ¥ ¢l
Vi XIALY and FESET pins | Vee=2 7V - 5.5V 0.5 0.2 Voo v
| Input High Voltage except . 2
input Low Voltage | oo
STy - 5, . A Vgt W
'Illr||_1 ¥TAL1 pil'l Vcc—z.w 3 E‘Ur u 5 ‘} L'.‘C... : -
Vir L"H’E'L”t High Vottage XTALL | v _a . 557 0.8 Vil Ve + 0.5 v
P :;:ﬁm Low \oltage RESET V=27V - 6.5V 495 02 Vg W
Input High Violtage =
v . Vpe=2.7V - 5.5V 0.9V | Voo + 05 Vv
L AESET pin o oo ! it ,
G Output Low Vottage'™ I = 20 MA, Ve = 5V 0.7 W
oL (Parts A,8,C,0) lge = 10 mA, Ve = 3V ' 05 v
" Output High Voltage'™ lon = 20 mA, Vo =5V 4.2 v
oH (Ports AB.C.D) lon = -10mA, ¥ep =3V 22 vV
\ Input Leakage Ver = 5.5V, pin low i LA
I Current 11O Pin {absolute vaius)
| Input Leakage Voo = 5.5Y, pin high { 1 uA
H Current YO Fin {absolute value)
Arst Reset Pull-up Rasistor 30 &0 kil
R | VO Pin Pulkup Resistor 20 50 k2
263
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IF,, = —40°C to B5°C, Vg = 2.7V to 5.5V (unless otherwise noted) (Continued)

Symbol | Parameter

Conditlon Min Typ Max Units

Power Supply Current

Active 4 MHz, Vo= 3V
(ATmega8535L)
Active B MHz, Ve = 5V
{ATmegad535)

e 4 MHz, Ve =3V
(ATmegaB5s3asl)

|die B MHz, Ve = 5V
{ATmegaB5s3s)

14

5

10 rin,

Powar-down mode™

WDT aenabled, "l"cc =3¥ | <10
WOT dizabled, U‘UG =3¥ 3

55

IIII|;MJIIZ:I

Analog Comparator
Input Oifset Voltage

Voo =BV

V= Vo2 40 i

lacLi

Analog Comparator
input Leakage Currant

Vin= Veol2

lacpo

Analog Comparstor
Propagation Delay

Veg =27V 750

Vog = 4.0V | 500 ] ns

otes:

i

o e =

“Max" means the highest valug where the pin is guaranieed to be raad a5 low.
“hin" means the lowest value where the pin is guaranteed 1o be read as high,
Although each /O port can sink more than the test conditions {20mA at Vop = 5, 10mA at Wee = 3V) under steady state

condiions {non-transient}, the following must be observed:

PDIP Package:

1] The sum of all IOL. for all
2] The sum of all 1OL, for po

ports, should not axcaod 200 md.
¢t A - AT, should not excesd 100 mé.

3] The sum of all 101, for ports BO - B7,G0 - C7, DO - b7 and XTALZ, should not excaed 100 M,

PLCCMLFTOFP Package:

1] Tha sum of all 10L, for all perts, should net excead 400 MA.
2] The sum of all IOL, for ports AQ - A7, should not exceed 100 mA.
3] The sum of al WO, for perts BO - B3, should not exceed 100 mA.
4] The sum of all 10L, for ports B4 - BT, should not excesd 100 mA.
5] Tha surn of all |OL, for ports C0 - €3, should not exceed 100 mA.
&) The sum of all IOL, for ports Cd - 7, should not exceed 100 mA.
7] The sum of all 0L, for ports 00 - D3 and RTALZ, should not axcead 100 MmA.
A] The sum of ail 1OL, ior parts D4 - D7, should not excead 100 mi.
17 IOL exceads the test condition, VOL may exceed the related specification, Pins are not guarantesd fo sink current greater
than the listed test condition.
4. Although each /O port Gan source more than the test eonditions (20m#A at Ve = 5Y, 10mA &t Vg = 3V) under steady state
conditions {non-transiant), the ollowing must bia observed:

FOIP Package:

1] Tha surn of all lOH, for &l ports, should not excaed 200 mA.
2] The sum of all 1IOH, for port AD - AT, should not excead 100 mA.
3] The sum of all IOH, tor ports BO - BT.CO - C7, D0 - D7 and XTALZ, should not axcaed 100 MA.

PLCCMLFTORP Package:

1] Tha sum of all 10H, for all poris, should mak excead 400 mA,

2] Thia sum of all IO, for ports Al - AT, should not excesd 100 mA,

3] The sum of all 1OH, for ports BO - B3, should nat exceed 100 mA.

4] The sum of all [OH, kor ports Bd - B7, should not excesd 100 mA.

5} Tha sum at-all 10H, lor ports C0 - C3, should not exceed 100 mA.

8] The sum of all 10H, for ports C4 - C7, should not exceed 100 mA.

7} The sum of all IOH, for ports D0 - O3 and XTALZ, should not sxceed 100 mé,
8] The sum of all |OH, for ports D4 - 07, should not axceed 100 mA

ATmega8535(L) e ————
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‘xternal Clock Drive Figure 126. Extemal Clock Drive Waveforms
Vaveforms

‘xternal Clock Drive Table 110. Extemal Clck Drive

Voo =27V 1056V | Voo =45V 1055V
Symbol | Parametar Min Max Min Max | Unkis
ey | Oscillator Frequency 0 B 0 1B | MHz
-tm,.L Clock Pariod 125 62.5 s
tonex | High Time 50 5 | s |
‘oLeK Low Time 50 25 ns |
teloH Risa Time 18 0.5 ps
taneL Fall Time 18 | 0.5 1S
Change in period from
ana clock oycle (o the 2 2 Ya
ey next | [

Table 111. Extemal RC Oscillator, Typical Frequencies

A [k C [pF] 2
100 47 BT kHz
B a3 22 ) 550 kHz
10 22 20 MHz

Notes: 1. R should be in the range 3 ki - 100 ko, and € should be at least 20 pF. The C values
given n tha table includes pin capacitance. This will vary with package typa.
2, The frequency will vary with package type and board layout

5 ATMEQAGS535/(|L.)  —————
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wo-wire Serial Interface Characteristics

able 112 describes the requirements for devices connected to the Two-wire Serial Bus. The ATmegaB335 Two-wire Serial
iterface meets or exceeds these requirements under the noted conditions.

iming symbols refer to Figura 127,

able 112. Two-wire Serial Bus Requirements

Symbol | Parameter Conditicn Min M Units
JL Input Low Voltages 08 0.3V, W
i Input High Veltage | 07Vee | Vect0S v
el Hystaras-is-uf Ev.-:.hmitt Trigger Inputs | 0.05 Vee® i 2 | v
oy Output Low Voltage 4 mA sink current 0 04 "
I Rise Time for both SDA and SCL - 20+ 0.1G, 5 300 ns
A Dutp-ut Fall Time from Vv 10V i 10 pF < Gy < 400 pF™ 20+ o.m,,*ﬂlﬁ}" 250 o ns
:g,p"” Spikes Suppressed by Inplt Filter ; 0 5O s |
; | Input Currant aach 1O Pin ] 0.1Vge < Vi< 0.8Vee -10 10 pA |
) R Capacitance for sach 1O Pin _ Z, , 10 | pF
e SCL Clock Frequency - o™ > max{16lse , 250kHz)™ o | 400 | kHz
 lgg s 100 kHz Fiop— 04V 1000ns \
: amA c,
3p Valye of Pull-up resistor T | i = =
3mA T
i fae, <100 kHz a0 ™ us
HO:ETA Hold Time {Bepeated) START Condition f—sm W7 58 5 i
' focy = 100 kHz® 47 - us
Lo Low Pariod of the SCL Clock oo, = 100 Kz A - e .
fen, =100 kHZ . 4.0 - Hs
HIGH High Pariod of the SCL clock g, > 100 KHz == :; o
Sat-up Time for a Repeated START L fopy =100 kHz 47 = |8
SUSTA | Condition foe. > 100 kHz 0.6 = | s
B _ g, < 100 kHz I 3.45 s
it [ BeEEhSEd Tivo Yooy > 100 kHz ' 0 0.9 b
) fory = 100 kHz 250 = ne
suyar, || Bak Somp T o > 100 kHz 100 - I m
o < 100 kHz a0 - s
sugvo | Setup Time for STOF Condition o = 100 KHz | Sk = T
Bus Froe Time between a STOP and START fyc = 100 KHe s = L
WF Condition fory > 100 kHz 1.3 - ps

In ATmegaB5365, this paramater is characterized and not 100% testad.
Required only for iy = 100 kHz,
3. G, = capacitance of ong bus ling in pF.

Has:

[ =
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m

4 Tme= GPU glock freguency.,

§. This requirement applies to all ATmegalsas Two-wire Sorial Inferface operation. Other devices connecied to the Tw-wire
Sorial Bus need only obey the general {5 requiremant,

6. The actual low period generated by the ATmega8535 Two-wire Serial Intedace is (155 - 25, thus g, must be greatar
than & MHz lor the low time requiremant to be strictly met at f55 = 100 kHz.

7. The achsl low period generated by the ATmegaB535 Two-wire Serial Inerface is (145 - i), thus the low time requlire-
ment will not ba strictly mat lor fyy > 308 kHz when fge = 8 MHz. Still, ATmegasS53s devices connected to the bus may
communicate at full speed (400 kHz) with other ATmegaB535 devices, as well 55 any other device with a propa § o, accap-
tance margin,

igure 127. Two-wire Serial Bus Timing

: IH'IEH — L I:'
N )
S0L Ve e
11T r Y prenpam— TV oo q_lﬁ——h
LETO

- 4

v R e e

i =1 laur
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Pl Timing
haracteristics

20G-AVA-D405

See Figure 128 and Figurs 129 for detalls.

Table 113. SPI Timing Farameters

Descriplicn Mode Min Typ Max
1 | SCKpariod Master Gee Table 59
2 | SCK highlow Master | D% duty cycha
3 | Rise/Fall time Master | 56
4 | Setup Master 10
5 Hold Master 10
6  Outto SCK Mastar B # by | ns
7 | SCK toout Master 10 =]
B | SCKtoout high Mastar 0
9 | 88 lowto out Slave 15 |
| 10 | SCK period Slave 4t
11 | SCK highitow Slave 2ty
12 | Rise/Fall ime Slave 1.6 ns
13 | Setup Slave 0
[ 14 | Held Slava 10
15 | SCK 1o out Slave 15 o
16 | SCK ta 85 high Slave 20 ]
17 | 58 high to tri-state Stave i0 ]
18 | 55 ow to SOK Slave | 21y
2E@




Figure 128. SPI Interface Timing Requirements (Master Mode)

58

80K
(CPOL=0)

SCK
(EPOL = 1)

MBS0
(Data Inpa)

MICHE 4
{Cate Clutpul) \"k >:

Figure 129. SPI Interface Timing Reguirements (Slave Mode}
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_'\J— s
SCK '1‘! 4
IGPOL = 0 -;_/N—\‘: | ol S
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DC Characteristics — Preliminary Data

ible 114. ADC Characteristics, Single Ended Channels

symbol | Parameter Condition Min'" Typt" Max'" Units
Resolution Single Ended Conversion 10 Bits
{ Single Ended Conversian
{ Viegr =4V, Voo = 4V 1.5 LS8
ADG clock = 200 kHz |
Single Ended Conversion |
VHEF = 4”, UGG = -‘1-”‘ I 3 L'SE
ADC dock = 1 MHz
Absolute Accuracy Sl c -
(Including INL, DNL, Quantization Error, Gain | o' o' Eﬁdf& e
REF = %% T
| S0 st E1veR) ADC clock = 200 kHz 1.5 Ls8
Moiga Feduction moda
Singie Ended Conversion |
1'I|IF|E|-' — 4‘“ UGE = 4"I.Ir
ADC clock = 1 MHz 3 LSB
| Noise Reduction mode
Single Ended Conversion
Integral Mon-Lineerity (INL) | Vagr =4V, Vo =4V 0.78 LEB
ADC chock = 200 kHz ! |
Single Ended Conversion |
Diffarantial Nan-Linaarity (DMLY Vapr = 4¥, Voo =4V 0.25 LSE
ADC clock = 200 kHz
Single Ended Cormversion
Gain Error Vaee = 4Y, Vop =4V 0.75 LsB
ADC clock = 200 kHz
Single Ended Convarsion
Offzet amror Vier = 4V, Ven = 4V 0,75 LSE
ADG clock = 200 kHz
Clogh Freguency 50 1000 kHz |
Convarsion Time 13 260 &
AVCC | Analog Supply Voltage | Vg - 0,39 Vo + 029 | ¥
Vege @ Paference Voltage 2.0 AVGG v
Vin Input Voltage aGND Vi v
ADC Conversion Output a 1023 LsB
Input Bandwidkh 38.5 kHz
Vpr | Internal Voltage Referance 2.3 2.58 27 N
Faee Refarence Input Aesistanca 32 |k
Run | Analog Input Resistance l 100 Ma
tea: 1. ‘alues are guidslines only,
2. Minimurm for AV 15 2.7V
3. Maximum for AV is 5.5V
281

AV R-4A05




ible 115. ADC Characteristics, Differential Channels

AImE},

3ymbol | Parameter Condition Min | Typ'" | max¥ | Units
Gain=  1ix 10 Bits
FResoltion Gain = 10 10 Hits
Gam = 200x 10 Bits
Gain = 1x
Vaer =4V, Yoo = 5V 18 Ls|
ADC clock = 50 - 200 kHz
Gain = 10x [
Absoluts Accuracy Veer =4V, Vop =5V 18 | LB
ADC dock = 50 - 200 kHz |
GEain = 200x
Vper = #Y, Vg = BY B LSE
ADC clock = 50 - 200 kHz
Gain = 1tx |
Ver = 8V, Ve =5V 0.75 LSE
ADG clock = 50 - 200 kHz
Intagral Mon-Linearity (INL) Gain = 104
‘I:muaﬂ_ﬂ' ghter 'caiibmﬁﬂ-l'l for Offset and I'l|r|1|5|= = 4V, u{:c =5\ .75 LSB
Galn Emar) &DC clock = 50 - 200 kHz
~ Gain = 200x i
Voer = 4V, Vo =BV 3.5 LSB
ADC clock = 50 - 200 kHz
Gain=  1ix 1.7 U
Gain Emor Gain= 10x 16 Y
(Gain = 200x I 03 LS
Gain=1x
Vegr = 4Y, Voo =BV 2 LSB
ADC clock = 50 - 200 kHz
Gain = 10x
ADC clock = 50 - 200 kHZ
Gain = 200x |
Vegr = 4V, Voo = BV 35 LSB
| ADC clock = 50 - 200 kHz
Ciock Frequency 50 200 kHz
Converslon Tima | B85 260 Hs
AVCC | Analog Supply Voltage Vo - 039 Ve +02® |V
Vage | Reference Voltage 2.0 ANCC-05 | V
V,, | Input Voltage GND A (-
Vore | Input Differential Voltage | ~Wpe'Gain Ve Gain v
ADC Conversion Cutpuot _ -511 511 LS8
Input Bandwidth | 4 kHz
2 ATmega8535(L) RS EOmeReE DS e
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ible 115. ADC Charactaristics, Differential Channsls (Continusd)

Symbol | Parameter Condition Min® | Typ® | Max" | Unite
Vur | Intemal Voltage Reference 23 2s6 | 27 |V
Rger | Reference Input Resistance 32 kel |
Fuyn | Analog Input Resstance 100 B2

tes: 1. Walues are guidelines anly.

2, Minimum for AVCC is 2.7V,
3, Maximurm for AVCC is 5.5V
283
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reliminary Data

stive Supply Current

=

The follawing charts show typical behaviot. These figures are not tested during manu-
facturing. All current consumption measurements are periormed with all /O pins
configured as inputs and with internal pull-ups enabled. A sine wave generator with rail-
to-rall output is used as clock source.

The power consumption in Power-down mode is independant of clock selection.

The current consumption is a function of several factors such as: Operating voltage,
operating frequency, loading of IO pins, switching rate of O pins, code executed and
ambient termperature. The dominating factors are operating voltage and frequency.

The current drawn from capacitive |oaded pins may be estimated (lor one pin) as
C,"Vco'f whare G, = load capacitance, Vee = operating voltage and f = average switch-
ing frequency of 1O pin.

The pans are characterized at frequencies higher than test limits, Pars are not guaran-
t@ed to function properly at frequencles higher than the ordering code Indicates.

The difference between current consumption in Power-down mode with Watchdog
Timer enabled and Power-down made with Watchdog Timer disabled represents the dif-
ferential current drawn by the Waichdog Timer.

Figure 130. Active Supply Gurrent vs. Frequency (0.1 - 1.0 MHz)

ACTIVE SUPPLY CURRENT vs. FREQUENCY

01 - 1.0 MHz
. L] A T ey
18 - & == B [ | N B et ‘ s
|
1.6 +— e C— i { - L]
| / 5.0
wf T i
- 2 — el e Y
S i / 3.3V
'ﬁ /IA’/ ik
5H i =] 27V
Lol — i
o - = | = e i
M o i T 1
u =
] o1 02 0 04 05 08 07 b L) 1

Fraquancy (MAE]
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Figure 131. Active Supply Current vs. Frequency {1 - 16 MHz)

Igz (mA)

Figure 132. Active Supply Current vs. Vg (Internal RC Oscillator, 8 MHz)

lier, frmt)

AGTIVE S8UPPLY CGURRENT vs. FREQUENCY
1= 16 MHz

ACTIVE SUPPLY CURRENT ve_ Vs

INTERNAL RG OSCILLATCE, 8 MHZ

5.5V

5.0V

+ 4,5

4.0V

-40%C

] 26°C

a5

ATmega8535(L)
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Figure 133. Active Supply Current vs. Vg (Intemal RC Qscillator, 4 MHz)

ACTIVE SUPPLY CURRENT v, Ve
INTERNAL AC OSCELATOR, 4 M

1w

A0C
 25'C
i

Wee (V)

Figure 134. Active Supply Currant vs, Ve (Internal RC Oscillator, 2 MHz)

ACTIVE SUPPLY CURRENT vs. Vi
[MTERNAL KRG GETILLATOR, 2 MHz
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Figure 135, Active Supply Current vs. Ve {Intemal AC Oscillator, 1 MHZ)

ACTIVE SUPPLY CURRENT vs. Vo
INTEAMAL A OSCILLATOR, 1 MHz

2 | =407
25°C
B5'C
1.5
T
-

05

5 3 &30 & 4.5 L 85
Wor (V]

Figure 136. Active Supply Cument ve. Vee (32 kHz External Ozelliator)

AGTIVE SUPPLY GURRENT va. Voo
azkHez EXTERMAL OSCIL LATOR
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Figure 139. Idie Supply Current vs, Ve (Internal RC Oscillator, 8 MHz)

IDLE SUPPLY CURRENT vs. Ve

INTERNAL RC OSCILLATOR, B MHz
10 — . : i hiia——
|

o —T | 40°C

Lz {mA)

Var [V

Figure 140, |die Supply Current vs. Vg (Internal RC Qscillator, 4 MHz)
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Figure 141. |dle Supply Currentvs. V. (Intemal RC Cscillator, 2 MHz)

IDLE SUPPLY CURRENT wvs. V-
INTERMAL RC OSCILLATOR, 2 MHz

25— ‘ |
, |
2 (e i . | == | ; ; P
[ | 25°C
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B I
1 1 T
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I |

a5 3 8- 4 4.5 8 5.5
Ve (V)

Flgure 142. Idle Supply Current vs. V. {Intemal RC Oscillator, 1 MHz)
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rwer-Down Supply Current

28-AVR-406

Figure 143. Idle Supply Current vs, Vi (32 kHz Extemal Osclliator)

IDLE SUPPLY CURRENT v Voo
3kHz EXTEAMAL OSCILLATOR
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Figure 144, Power-Down Supply Current vs. Vg (Walchdag Timer Disablad)

POWER-DOWN SUPPLY CURRENT vs. Vo
WATGHDOGE TIMER SABLED
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Figure 145. Power-Down Supply Current vs. Ve (Watchdog Timar Enabled)

POWER-DOWN SUPFLY CURRENT wa. Wy
WATCHDOG TIMER ENABLED
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swer-Save Supply Current  Figure 146, Power-Save Supply Cument vs. Voo {(Watchdog Timer Disabled)
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tandby Supply Current Figure 147. Standby Supply Current vs. V¢ (455 kHz Resonator, Watehdog Timer
Disabled)

STANDEY SUPPLY CURRENT ve. Yer
455 WHz RESONATOR, WATCHDGG TIMER CISABLED

Lo ()
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B
in
L

Figure 148, Standby Supply Current vs. Veg (1 MHz Resonator, Watchdeg Timer
Disabled)
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Figure 149. Standby Supply Current vs. Voo (2 MHz Resonater, Watchdog Timet

Disabled)
aTANDEY SUPPLY CURHENT vs. ¥ag
& MHz RESONATOR, WATCHNOA THER DISABLED
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Figure 150. Standby Supply Current vs. Ve (2 MHz Xtal, Watchdog Timer Disabted)
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Figure 153. Standby Supply Gurrent vs. Vg 18 MH

z Resanator, wWatchdeg Timer
Disabled)

STANDBY SUPFLY CLURFAENT vs. Vo
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Figure 154. Standby Supply Cutrent vs. Ve {6 MHz Xtal, Watchdog Timar Disabled)
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Pullup Figure 155. /O Pin Pull-up Resistor Current vs. Input Voltage (Vee = A
/0 PIN PULL-UP RESISTOR GURRENT vs. INPUT VOLTAGE
Voo = 8Y
- {&{s} o
NS DR DN N
=
3
Figure 156. /0 Pin Pull-up Resistor Gurrent vs. Input Yoltage Moo =2.7V)
L/ PIN PULL-UP RESISTOR GURRENT vs. INPUT VOLTAGE
Voo =27V
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Figure 157. Heset Pull-up Resistor Current ve. Hesat Pin Voitage (Yee = 5Y)

RESET PULL-UP RESISTOR CURRENT ws. RESET PIN VOLTAGE
Yoo = 5Y

Figure 158. Reset Pull-up Resistor Current vs. Resst Pin Voltage (Voo = 2.7V)

BESET PULL-UP RESISTOR CURRENT vs. AESET PIN VOLTAGE
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Driver Strength Figure 159. 1/O Pin Source Current vs. Dutput Voltage (Ve = 5V)

IO PIN SCURCE CURRENT vs. OUTPUT YOLTAGE
Voo = 5W

Figure 160. 1/O Pin Source Current vs. Output Voltage: (Ve = 2.7V)

1 PIN SOURCE CURRENT vs. OUTPUT VOLTAGE
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Figure 161. VO Pin sink Current vs. Qutpul Voltage (Vec = 5Y)

10 PIN SINK CURRENT vs. OUTPUT VOLTAGE
Woo = B
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Figure 162. VO Fin Sink Current vs. Output yoliage (Voo =27V)

/O PIN SINK CURRENT vs- OUTPUT VOLTAGE
Voo = 27V
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Thresholds And Figure 163. 1/O Pin Input Threshold Yoltage ve. Veg (Vin. 1O Pin Read As '}
terasis
110 Pl INPLT THRESHOLD YOLTAGE vs. Yoo
WIH, 10 Pin READ AS i i
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| | | | | 4c
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Figure 164. 1O Pin Input Threshold Voltage Vs. Vo (Vi VO Pin Read As '0)
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Figure 165. 1/0 Pin input Hysteresis vs. Vo

/0 BIN INPUT HYSTERESIS vs. Vee

Thmshokt %)

Figure 166, Reset Input Threshold Voltage vs. Veo (Vik Reset Pin Read As '1)

RESET IMPUT THRESHOLD VOLTAGE we. Voo
WiH, 1O PIN READ A2 "1
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A= A DS

Figure 167. Reset input Threshoid Voltage vs. Vg (V) Reset Fin Read As '0)
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Figure 186. Resst Input Pin Hysteresis vs. Vee
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) Thresholds And Analog  Figure 189. BOD Thresholds vs, Temperature (BOD Lavel Is 4.0V)
parator Offset
BOD THRESHOLDS vs, TEMPERATURE
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Figure 170. BOD Thresholds vs. Temperature (BOD Levalis 2.7V)
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Figure 171. Bandgap Voltage vs. Vg
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Figure 172, Analog Comparator Offset Voltage vs. Commen Mode Voltage (Vze = 5V)
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Figure 173. Analog Comparator Offset Voltage vs. Common Meode Voltage (Vg =
2.7V)
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Figure 174. Watchdog Oscillater Frequency vs. Ve

WATCHDOG OSCILLATOR FREQUENCY vs. Ve

13040 = T

Ve (V1

s ATMEGAB535( L)  mm——

25000G-AVA-0406




e T S NSRS ATmega8535(L)

Figure 176. Calibrated 8 MHz R Oscliiator Frequency vs. Temperature
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Figure 176. Calibrated 8 MHz RC Osclllator Frequency vs. Vg
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Figure 177. Calibrated 8 MHz RS Oscillator Frequency Ve. Osccal Value
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Figure 178. Calibrated 4 MHz RC Oscillator Frequancy Vs. Tamperature
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Figure 181, Calibrated 2 MHz RC Oscillator Frequency vs. Temperature

GALIBRATED 2 MHz RC OSCILLATOR FREQUENGY vs. TEMPERATURE
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Figure 182. Calibrated 2 MHz AG Oscillator Frequency vs. Yoo
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Figure 183. Calibrated 2 MHz RC Oscillator Frequency vs. Osccal Value
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Figure 184. Callbrated 1 MHz RG Oscillator Frequency vs. Temperature
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Figure 185. Calibrated 1 MHz RC Oscillator Fraquency vs. Yeg
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Figure 186. Calibrated 1 MHz AC Oscliiator Freguency va. Osocal Value
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rent Consumption Of Figure 187. Brownout Detector Current vs. Ve
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Figure 189. AREF External Reference Current vs. ¥ee
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Figure 190. Analog Comparator Current vs. Voo
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Figure 191, Programming Current vs. Ve
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rrent Consumption in Figure 192. Reset Supply Current vs. Ve (0.1 - 1.0 MHz, Excluding Current Through
set And Reset Pulsewidth  The Reset Pull-up)
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Figure 193. Reset Supply Current vs. Ve (1 - 20 MHz, Excluding Current Through The
Reset Pull-up)
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Figure 184, Reset Pulse Width va. Voo

RESET PULSE WIDTH vs. Ve

a5
20
A

[Puibizieumri {05




e ATmega8535(L)

gister Summary

w1
Eaﬂ Nams BRT Bit6& BitS Bind Bit3 Bit2 Bt 1 BitD Page
=% (mweF) SAEG i 1 i £ ¥ H Fi C 2
3 |EE] | EPH = = —~ = - 2Fg PR 11
30 pan) EPL 207 PR 575 a4 gz | @FE =1 | =P 1
B ALY fu sl ] TimweCainteed Cubput Compare Feqisar A4
56 (k) oI INT IR INTZ - - ] - IVEEL WEE #8, &2
A4 [P aIFA INTF1 JHTFD IHTFZ 2 & = - = a1
37 Ity TIMSH GCIES TOHES TICE] CICETS CLIEIE TOE! OCIED TOED B, 114, 432
c58 {u5A) TIFR OCET Tove ICEL OF1A nCFIH UV acED T e 18 133
Ly {ET] SPICH EPMIE FIWNHA = AVPWERE o REET POWET PGERS SPMEN =
w34 | TWCH T INT TWEA TWSTA TWETD TWWC TWERN - TWIE 173
Al (DwEE) MCLCR =L BE LV =M 1B [Loehde] 18001 o] M, BT
il (A MCLCER - B0z = i WORF Bk ENTHE RORF e
i [ty TOCRA FOCY WEMCO o1 P T cat o B
2 (D) TCMID TirrsaniCaunbeet 4F s B
mﬂﬂ:ﬂ] DROCHRL i phor Camframtian Ragistar fesc]
reed] {Cs SRACH 40T 62 AOTS ADTEA = ATME PUD popz | PAEAID SA.AT, IMIFLET
W2F (AF} TooE A OOk A ORI AD CoMiE COMED FOC1A FOCIE [k WM 109
w7 [DAE] TGCAE GHE1 GEBT = TGRS WEME | canz CEi1 C310 1
wall) [l TEHTIH T ouriar] — Caanlur Regelar Hgh B A1
220 (A TEHTIL TimenCouner] = Sourker Roglnar Law By 1148
2R EUME: BLH1AH T Cauniert - Cuiput Somgsira Aegular & Hagh Byta [1E]
K2R (Ot A DCA1 AL TireerCountar] —Ouiput Compans Aegates & Lew Byio 113
28 finea) SCRiBH TmmrCouicr — Oupul Compae Reginor B High Bite 118
o8 |Coud ) DCRIEL TimerCemiel — Okl Corppans Register 5 Lew Byie 1E]
W27 (T HIFTH ThrwerCamunbert — Inpud Saptute Hogalar High Byta 1a
428 ((wdf) IGA1L TamerCoursar] — | 1 Aegiler Low Byic 113
S (AS) TECH2 FOGE WD coMEt | COmMID [ wowz | cer2 | GEA [ o= 127
LN ETH FLHTZ TimarTouns (8 Bisl 120
2 ) acAl it Cauries? Cafipul Compars Pegleiar 130
Y : = = - ez | roweys | oceous | 1GREUD 120
2 [t WEOTCA - - - WEsE WOE | WDF: woPl | WOPe 41
sl st LISARH URSEL - - - LIBRA[ 18] 107
UoeAL UHBEL UMEEL LWl LA UGEE | USEE woHIn | CPaL 8
I (vaF] EEAFH - . - - - [ - - | EEAHS 18
I |owsi) EEAAL EEDRCIM Addrss T Lo Eyte 18
Wi (DAL EELA ERPRoM Dub Regisies i
1 [axad] EECH - - - = EERIE EEMWE EEWE FERE 18
w1 4O POHTA FOFTAY POATAE PORTAS PORTAs POFITAS HOATAZ POETAS PO TAD B
WA (rA eE poar ODaE Doss [ [T DDA oA DA o
1219 (0w 38 PitA PRIAT PlMas PIMAS PiMAS PHAZ PlHAZ EEMAL HinAD -]
@ O} PLHTH PORTET FORTEE POATEE BOATEL POFTES PORTES PORTE PORTED 5
1317 (ibeT7) noeis Do ODRE noes DOB4 oEE ooes TOB1 LDED &
A1 6 4Eu 3] BINE FHET FIHES PIHES PINBS PRIES PIHES PiREL PN o
01 | FOATC FORTC? PORTCH PORTCS FORTCA POl POAICE PORTCH POATS i
wid (e 38) DR OoCT ajne] oocE nocd [naje ] poc2 Dt 3107 1] ]
ﬂg.{_ﬂmj PG FIMCT FIE_H_ PiNCS FIRCA PINCS F'II'\I_:_Z_ FINC 1 im0 BE
wi2 e POATD PORTEY PORTDE EORTDS SORTDS POATIE PORTOE 0T FORTIN &
%11 (Deat) ooAD nonT 0006 [T [ ooCe Do Dot oo o |
et {o) FIND FINIT FINDE FHOs FINDE PINDE PINOE FRD PINDO B8
HEE (TR &0R & Do Fogistan 11
ADE |BadF] ERSA SHIF WenL = - - [ e = BRI 141
<00 (D) ZPCR &PIE &PE QAT MATR ceoL | CPHA PR 2P 12
WO LR UEART o Dhefa Hegatns 152
O [CHEE) LosRs AC THE wee | e | DOA FE e | MPCw =
Wi (A LiCERE HEEE THOIE UDRIE__ | REw | TREW UCEFS PoER | TuEe i
b (O3 LBAAL LBAITT Bcud Rt Raistor Low Byie 187
i {ind) ACER o] ACBS ACD A ACE ALAD ACIEL ACIED 204
7 (2T ALY AEFE1 REFS0 ACLAR WX | ML MLH2 WAL WD 1T
w08 26 ADCERA ADEN BB ACATE AWOF | MmE ACPEE ALPE MOPED 218
0 {Cn23) ADCH ADH: Crata Fogistor Hgh Bite 220
04 (Dw24) ADTL A0 Do Hegitor Law Sylo 200
T TWEE Torovirn Soral (masnne Datn Registor 181
W [ TW AH TivhE TWWAS T Twam | w2 TWal Twab | TWGCE 131 |
w1 st TwER THaT TWEE TWEE Wt | TWEl_ | - TWRET | TWESd 181 B
287




mﬁ#

gister Summary (Continued)
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Refer to the USART description for datails on h
For compatibility with future devices, reservad bi
should never ba written.

Seme of the status flags ara cleared by writing a iogical one to them. Note that the GBI and SBI instructions will operals on
all bits in the /O Register, writing a one back into any flag read as set, thus chearing the flag. The CBI and SBI instructions
work with registers 0x00 10 0x1F only.

ow to arcess UBAAH and UCERC,
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ATTEL, s

darlng Information

“Speed (MHz) Power Supply Ordering Code Packsge’! |  Operation Range

ATmegaf535L-8AC 444
ATmega8535L-8PC 40PG Commercial
ATmepa8535L-8JC a4l (0°C to 70°C}
ATmegabdsasL-8MC 4401
ATmegaB535L-BAl 444

<] 27-58V ATrmegaRs3sL-aP| 40PE
ATmegads3sl-al| 44 ;
ATmenaBs3sL-BMI 4401 { &”g";m;; e)
ATmegaB53sL-8aLM 444

| ETmiegaBAasL-BPLF 40P

ATmegadsasl-auUE 4411
ATmegaB5sss-18A0 444
ATmegalsi5-16PC A0PE Commercial
ATmena8sas-16.C 44) {0°C ta 70°C)
ATmegaB535-16MC 44h1 '
ATmeqaB535-16Al A4

6 | 45 - 5AV ATmegaB5as-16P1 40PE
ATmegads535-16J1 44 y
AT megaB535-16M| 441 - a.:;:gﬁ_:;c'c}
ATmegaBs35-16AU dadA
ATmegaBs35-16PU= 40PG
AT miegaB5as-16MUF l 44M1

g: 1. This device can also be guppiied in waler form, Please contact your local Armel salese ofice for detailed ordenng inormaikion
and minimum quantities..
5 Phfres packaging altermative, complies 1o the Eurcpean Directive for Restriction of Mazardous Substances (RoHS direc:
tive).Also Halide free and tully Green.

Package Type
WA [ 44-1ead, Thin (1.0 mm) Plastic Gull Wing Quad Flat Package (TQFP)
IP& A40-pin, 06007 Wide, Plastic Dual Inline Package (POIF)
" +#load, Plasic J-eaded Chip Carrier (PLGC)
L5} 44-pad, 7% 7 » 1.0 mm body. lead pitch 0.50 mm, Quad Flat No-Lead/Micro Lead Frame Package (QFWMLF)
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A7A, 48, SNSALSAT, 'LS48, 'LS49
wmwa,mwm 'LS48, 'LS49
TO-SEVEN-SEGMENT DECODERS/DRIVERS
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i SOL8441 — MARCH 1974 — REVISED MARCH 1888
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featura faature faature
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Drive Indicators Divectly Nead for Extarnal Resistors « Bianking Input
s Lamp-Test Provision ® Lamp-Test Provision
® Laading/Trailing Zaro e Leading/Traliing Zamo
Suppression Suppression

SNEA46A, SNSAATA, SNSALEAT. SNSA4E,
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ENTA46A, ENTA4TA,

SNT7443 . . . N PACKAGE
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NS5446A, "A7A, *48, SNB4LSA7, 'LSAB, 'L549
Ig}m 474, '48, SNTALSAT, 'LS48, 'LS49
TO-SEVEN-SEGNVENT DECODERS/DRIVERS

L5111 — MARCH 1974 - REVISED MARCH 108E
: # P T

s All Circuit Types Feature Lamp Intensity Modulation Capability

DRIVER QUTPUTS TYPICAL
TYPE ACTIVE QUTPUT SINK MAX POWER PACKAGES
LEVEL CONFGURATION CURRENT VOLTAGE | DISSIPATION
SMEALEA o apen-colhciorn a0 mA w0V 320 mwW JoW
SH544TA v open-collector A0 mb, 1BYV 320 mwW o, W
SHNS448 hegh 2-k pullup 6.4 mh BEY 266 mw 4%
SNG4LSAT lenew op@n-cotaciar 12 mA, 15V 35 mW J, W
SME4LSAE high 244 pull-up Z mhA, 56Y 125 mW J W
SNE4LS4A high opan-collectar 4 mA 55V 40 mW Jw
ENT4A8A howr opan-colacton 40 mAa aov 220 mW 4, N
ShNTHTA law ppén-collecior 40 mA 15V 320 mw J. N
SNT448 High 2.4 pull-up 8.4 mA 5.5V 285 mW J. N
SH74LSAT lowy apen-coflactor 24 mA 15 Y 36 mwW 4, N
SNTALS48 higih Z-keft pull-up & m#A, 5.6 W 125 mW LN
SN74L349 |  high open-coliectar BmA | 65V 40 mW I N

loglo symboist
4BA, "4TA, L34T
ETET =3
51/750 4 J riﬁlﬁ Bi/RET
w—erde ™ Ry
b L 1 Cy L - .
s e & ]
E\rzﬂ PRETE (R L L | 13,
Ain . b 3021 Gl U1 g i F e
g 11 : e WG h—%c _E*li_'
4 2021 Qr:.._._.u d
1:“:1 L] - H,!!Qh._il: _--—--{ﬂ 1]
P S— ¢ w8y T
s gk M, (L. 28
Ls49
BINST-BED
ma
ﬁ—@—hm
ﬂ-—;ﬂ—-‘l .EQ i B
s W0 B
gl 4, Py i3 e
amol—i8_q
oy o 50 Ot
ramop
n.—lL—- B 'Eﬂ'i.ﬂ-—.
TThass symboks ars in sccordancs with msmﬂismm-wmmam:mmsw-m
Ein numbars shown ar far 0, & M, and W packeges.
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SNS446A, "ATA, '48, SN54LS47, "LS48, 'L.348
SNT446A, *4TA, '48, SNT4LS47, "L548, L5439
BCD-TO-SEVEN-SEGMENT DECODERS/IDRIVERS

afl B4 — MARCH 1974 - REVISED MARCH 1566

#

description

The ‘484, 474, and ‘L547 faature sctive-low outputs designed for deiving common-anods LEDs or Incandescent
indicators directly. The *48, "LS48, and L5348 featurs active-high outputs for driving lamp bufters or comenon-cathoda
LED=. All of tha circuits except ‘L5343 have full ripple-blanking Inputfoutput controls and & lamp test input. The 'LS40
clrouit incorporates a direct Blanking Input. Segment identification and resultant displaye are shown below. Dispiay
pattamns for BCD input counts above % sre unigue symbols to Buthenticate input conditions.

The ‘4G4, "47A, '48. ‘L547, and 'LS48 circuits incomporate sutwmatic leading endfor truling_-%gpu rern-blanking control
{FiB] and RBO). Lamp test [LT) of thesa types may be parformad at any time when the BI/RBO0 node is ata high level.
All types (including the '49 snd 'LS49) contaln sn ovesiding blanking input {Bl), which can be usad to control the
lzmp intengity by pulsing o7 10 inhibit the outputs. Inputs end outputs are sntirely compatible for use with TTL logic
putputs:

The SNE4246/SM 74246 and ‘247 and the SNE4LS24TISNTALE24T and ‘L8248 compos# tha 5 and the 8 with
toils and wers designed 1o offer tha designat 8 choice between two indicator fonts.

== E=T1 1t e = W
|, b nREEEEE ] e e e
.l !g e a5, B-.F 83 Ay as 3 14 16
NUMERICAL DESIGNATIONS AND RESULTANT DISPLAYS
SEGMENT
IDENTIEICATION
“S8A. '4TA, LE4AT FUNCTION TABLE (T1]
DHCIHL MPUTS s OUTPUTS
oR Bi/ABG " HOTE
FUNCTION o7 |mei| o c B A a b < F . i o
0 H H L L L L H on | On | On | ON | ON | ON | OFF
1 H % L L L H H oFf | oM | oM | OFF | OFF | OFF | OFF
2 H X L L H L H on | o {oFf| on | ON |OFF | ON
k| b “ L L H H H on | ow |on | on |oFF JOTF | OM
& " X L H L L H QFF | OM oM | OFF | OFF fal,'] o
B H K L H L H H on |oer |on | on | OFF | OM | ON
B H x L H H L H oFf |loer | on [ on | On | ON | ON
7 H Y IL H H H H on | on |on |OFF | OFF |OFFjOPFL
H = x H L L L H an 111, ol O O ON (8] ]
g H | H L L H H on | on | on |oFr|oFF | on | ON
10 H X H L H L H oFe |oeE |oFF | on | Om |OFF | ON
1 H x|ln L H H H oFF |0EF | oM | on | OFF |OFF | ON
¥2 H x H H L L H OFF | ON |OFF |OFF | OFF oN | OM
13 H by H H L H H aon |oee |ore | on |oFF | On | ON
14 H ¥ H H H L H oFF |oFE |OoFF | ON | OM | ON | ON
15 H x H ] H H H OFF OFF |OFF | OFF OFF | OFF OFF
T @ x 1 x| %X % % % L OFF |OFF |OFF | OFF | OFF |OFF |OFF| 2
ABI H L L L L L L oFF | oFF |OFF |oFF | OFF |OFF | OFF ) 3
LT L X b M X X H on | on | On | ON DN | DN | DN 4

H = high leval, L= how favel, X = Irr@isusnt
NATES: 1. The blanking input (BT munt he open or held at & high logic level wian oulpar tunctions 0 throsgh 15 afe diezirgd, The
rippho-blank lng bAgul (B} rwust be epan of High i blanking ol 2 desimal rero is nos desirad.
2. whan 8 iave loghs Wevel W applisd directiy 1o tha bianking input (B1), sl sepmant oulputL are ofl regeraiess of thd lrvel of ey
otk Input.,
3. Whan rippie-bianking Ity - 18 (EBi1 and inputs A, B, C, and [ wre o s low il with tha larmp regt inguT g, il BegrsEnl Quiputs
ay ofl and the Fpple-blanking output (TTBS) goes 1o a_low lvel (respomsy cogreditian .
4, Whan the blanking Inpuifripphs blanking autpul [BI/AR0) s open or Teld high and @ dove jw epplked vo G Iemp-tes i, all
sagrent aubpois afd O
BT/AED i5 wirs AND loghc erving &8 Mank ing inpst (BT andfor rippie-Slsring outpuy TREGH.

# e e R i S
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54464, '4TA, "48, 1548, 'LS49
gﬁx 'q7A, '48, SNTALSAT, 'LS48, 'LS49
TO-SEVEN-SEGVENT

| 5111~ MARTCH 1974 - REVISED MARCH 1868

48, 'LSak
FUNCTION TABLE (TZ}
DECIMAL
e . INPUTS alEsa? OUTPUTS NOTE
FuNcTIOM|IT |RBI | D _C B A s b & d » 1 g
o H H L L L L H H H H H H H L
1 H x S L H H L H H L L ki L
2 H " L Gk WHE O E H H H L ®# H L H
3 H ioph o cH H H H H H H L L _H
4 H ®* | ¥ L L H L H H L L H H
B H X L H L H H H L H H L H H
] H M L H H L H L L H H H H H
7 Hlx|L o v H H H M H L b L L i
B H X H L L L H H H H H H H H
9 H X H L L H H H H H L L #®H H
i H x H L H L ] L L L H H L H
11 H | X H L H H H L L _H H L L H
12 H{ X H H L L H L H &L L L # H
13 H X H H L H H H L L H © H H
14 H W H H H L H L L L H H H H
15 H X H H H H H L L L L L L L
a8l PR x % X X L L L L ok kil k 2
RAl H L R SR T L v Er Er ks kD sk K 3
LT L X ¥ WM X X H H % H H H H H 4

§ = high level, L = low tavel, X = Irrml@vmmt
JOTEE: 1, Tha blenking Input {E7) must be cpen or kaid st @ high lagie jval whan ouiput fTunctiond @ shrough 15 sa dasired, Tha
ripgia-tlanking inpue (BT must ba opan of high, 11 Dimnking of a decimal raes 8 not detired.
7. Whan & lgw logic leel i sppiied divactly 10 the blsnking Mgt (i}, mll segmant outputs sre low ragardims ol tha lwesl of sy
oified input .
3. When rigpieblanking et [ABI) ond puts A, B, €, ang O ars or @ low level with dha [enp et imput high, skl segment ou TuT
a0 iow and the ripgleblanking output (FIB) gosa ta 5 law level (responss cond|tion].
4. Whan tha blarking inpoliripple-blanking eutput |EV B | in open or held high snd u low {5 aopiied to 1 tarmp-iast kg, all
—, garmmnt ou R BrE bigh .
BT/AEO s wire- AND logic sensing & Dianking input (BT} andior rippleslanking outout (ED),

L5490
FUNCTION TABLE ITH
DECIMAL INPLITS QUTPUTS
OR NOTE
punction[D c B A (Bl (e b c d % i g
] L L L|H|H H H W H H L
1 e & L BIHE, B e E OEL R
2 L L H L HlH H L H H L H
3 i T BT TN G T ) T H
a T L L|H|l: W H L L H H
5 L H v H|H]|H L u H L H H
& I AT ™Y [T T - AL N H
7 | G o O A O " TR Ol (e
8 WL L L|H[H H W H H "
o H L L HiHI]IH H H L L H H
10 oS TR TR (O TR S SER ) E H
1 W oL owo wlsie v o W L L H
12 Hn W L L|jH|L H L L - H H
11 H# # L Alwl# L v H L H H
14 U H ¥ tlw|Lu v L BRI H
15 H H H H B L L L L L L L
Bl ¥ % %X ®|LjfL L L L L b L 2

H = high fauel, L= low bmal, X = Hrelevant
NOTES: 1. Tha blanking lapuat [B1] rrust e opan of held =t & high logic farvald yuhmr QLTI fumcions § through 15 are desirad.
2. ¥han B love bopic lavsl js mpplied dirsctly 1o e pianking knpary (B}, all segrrant outpats Ars low reamrchess of tha IETR
othar Input.
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logic diagrams |positive topic]

""’;UTH'—D-
W
o

INPUT (1)
8 —

iNeuT 2] |
C

INPUT {8

SNS446A, '4TA, '48, SNBALSAT, 'L 548, 'LS49

BCD-

SNTA46A, 4TA, 48, SNTALSAT, "LS48, 'LS49
TO-SEVEN-SEGMENT DECODERS/DRIVERS

ERLE11 — MARCH 1974 — REVISED MARCH 1388
e =

WEA, AR, LE4T

D —D'—‘l

BifREO
BLANKING
iNPUTOR
RIPPLE BLANKING
OUTPUT

T
Lame-TeST 2L
iNPUT

L 5
RIPPLE-BLANKING —

IMPLIT

wruT (7

et 0] |

ineut 2L

INPUT 8
D

BIABO
BLANKING

INPUT OR ﬁ]_
APPLE-BLANKING
oUTPUT

if
LAMP-TEET (3 |

Fin aumbers ehown are for O, J, N, and W packages.

e ——

#

113} CUTFUT
| 1

{12} OUTPUT
b

[11] OUTPUT
[

(10) QUTFUT
d

i8] DUTPUT
L]

[16) OUTPUT
f

._é ;iD L {14] QUTAUT
] 9

(13] oUTFUT

{12] OUTPUT
b

{11} OUTPUT
&

(10} OUTPUT
d

9} QUTPUT

[15) OUTPUT
f

_,‘%Dgﬁ ouTPUT
= L)
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54464, 47A, 48, SNSALSAT, 'LS48, *L349
74464, "47A, '48, SNTALS4T, 'LS48, 'LS49
TO-SEVEN-SEGMENT

L5111 — MARCH 1574 — REVISED MARCH 1888
k

gic disgrams {continued}

e

‘LEAg

PUT
lHnU lll'l‘l::

¥
1

i

NPT (1)
B =L

Il'l::l.li 12} I

D‘ ?3 io)

INPUT (&)
o

U101

5w 9
BLANKING

NPT

i pnambiers shawn ara o D, 1. b, end W packogas.

#

_;Bj@_'s;

OUTPUT
[

QUTPUT
b

OUTPUIT
€

OUTPFUT
d

oUTPUT
]

OUTPUT
r

OUTPUT
L]
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SOLS 111 — MARCH 1874 —REVISED MARCH 1986
schematics of inputs and outputs
‘4B, "ATA, "48 WBA, "4TA, A8
EOUIVALENT OF EACH INFUT EQUVALENT OF BI/RED
EXCErT BIHBO
Vee
Voo =
|MFLT
SMNES SEMNTA: Flgg ™ B kIl MO
gHEaLENTAL: R, = BRI NOW
Wk, ATA 40
TYPICAL OF OUTPUTS
a THRU g
Yoo
2 kid
MO
SITEUT
' ﬂ #

SNS446A, '47A, 48,
SN7446A, '4TA, 48,

DECODERS/DRIVERS

MIST OFFICE BOX B55303 @ OALLAS, TEXAS T5285




54464, "ATA, 48, SNSALSAT, 'LS4B, 'LS49
gﬂg "47A, '48, SNTALSAT7, 'LSA8, 'LSA9
mmmmxmm

| 5111 — MARCH 1874 — REVISED MARCH 1983
——"== = e e T R
hamatics of inpus and outputs

"LEAT, LE4D, "LBAR

*LE47, ‘L5398, 'LE4D

EQUIVALENT OF Bi/RED

EQUIVALENT CILEAEH INPUT

EXCERT BURED
Yoo —
Flag
TMPUT i

T and TBI (L5847, 'LE48): Rag =30 kIL NOM
BT FLE4T) gy ™ 20 kiE NOM
&, B, 0, and D1 Agg =26 kI NOM

"L847

"LEaB

TYPICAL OF DUTPUTS
s THRAU g

TYPICAL OF OUTPUTS

a THAW §

Yeo

OUTRUT

‘LE43

TYPICAL OF GUTFUTE
s THRU g

Yoo

OUTPUT

e

‘? TEXAS
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SNSA4GA, "47A, '48, SNSILSAT, 'LS48, °LS49
maﬂm '47A, *48, SNTALSAT, 'LS48, 'LS49
TO-SEVEN-SEGMENT DECODERS/DRIVERS

A0S — MARCH 1674 = REVISED MARGH 1528

== e S

ahsolute maximum ratings over operating free-air temperature range {unless otherwise noted)

mpplvvnlhgl.vgctuumt} TV
Input voltage 55'#'
mrrantfmmdinmmvmmltinmnuﬁsute e e . YO B MR ToE aE e eop 1mA
Crparsting fraw-air 1Bmperature range: EMNEA4EA, SNEH4TA . SR BT Mg med = _BE5'Cto 128°C
SN74d6A, ENTAITA .....-.,.......,.u’-::mm“r:
Stwagetenw&mmrangc........,...................—ﬁﬁ“cm‘lm"c
HNOTE 1= Voltsgs valuss sre with respect i iwork ground Tesmnal,
recommended operating conditions
SNEAAEA AnGMTA SHTALGA SNTEATA e
MM NOM MAX MM MOM AKX | MIN MOM MAX |MIN  WOM_MAN
Supply volge, Voo 45 5 651 468 & GEl4a75 & 525|475 § 525 W
Dff-state oumput valtags, Vo odr) | 8 thru 4 30 15 a0 18] W
Otz cutput eurment, |0 onl & thru g 449 a0 a0 A0 mA
High-level autput curent, o B =200 —200 —200 =200 phA
Low-teval putput curmnt, gL ETEBD B B ] B| ma
Dp-unmninrﬁrtnnmm.Tn —E5 128 | 55 125 [i] 10 7] 0| "c
slectrical characteristics over recommended opérating frea-air temperature range (unless otharwise noted}
PARAMETER TEST conmTions! MIE TYPT MAX JUNIT
Vi High-lewsl input volage 2 v
VL Loyw-leval input woltage paj| v
YiK input clamp valtege Vap=MIN, () ==12mA —154 ¥
_ Voo - MM, Vg =2V,
W ol JRBD 24 T
o  Highdevel outout voltege Bl Vi - 08V, lo ® 200 A 3 v
Ve =i, WipE2W,
VgL kewHevel outputveliage Bi/AB0 L " o1 QA v

vy =98V, lpL" BenA
Vee=MAK, Vig= IV,

- t currant thna 250
10 adf) Off-state guIpul cur a g "|I||_'ﬂ.3"ll’. va".“Ax e

Ve = MIN, V=2V,
k' Oir-stete oUtDUT voitegs athrug 03 04| vV
Qlan) Vi =0.8Y. Igjon] = 40 mA

Ay Irpaat

Iy lmiwntmuhmlmwﬂﬂq& wmﬂrﬁﬁ Vg = MAX, V=658V 1| mA
Ay input
E Voo =MAX, V=244 af
i High-bavel input curmnt 5 SURTO o ] 1.t
Ay inpait Y 1
liL Londevel InpUt curmet l:_;mﬁi!m Voo = MAK, V=04V m
BI/RED —4
log  Shortcircuit output current BiMED Ve = MAK —a | ma
Vg = MAX, SNEA [=T] 25
A
Icg  Supely cument See Notw 2 N7’ B WS
Y Far conditions shown as MIN or MAX, U the approprinte value spuciiiss unda recGmMManced opereing corditiens
LAl typical veluesscaat Vo w5 V. Ta = 26"C:
NMOTE 2t Iga |y reesured with =1 o iputs apan apd sl Iaputs ot .5 .
switching characteristics, Vee=5V. 1A= 25°C
PARAMETER TEST CONDITIONS MiN_ TYP MAX qu]
o8t Turmeod time from A inpul 10 i
ton Turn-on tima from A input cp=15pF, RL* 1200, 100
Toff  Turn=off time from HE input Sae Mote 3 wel|
tsn Turregn time from RO inpat 100
NOTE 3: Load circaits and voltegs wavalorme BrA shown in Section 7.
POisT DFFISE BOX 055503 @ DALLAE, TEXAS T5285 2




54464, *4TA, 48, SNSALSAT, 'LS48, 'LS49
[TAAGA, 'ATA, '48, SN74LSAT, 'LS48, 'LS49

21491 — MARCH 1974 — REVISED MARCH 1888
e =SS e re T r————

solute maximum ratings over operating free-air temparature range {unless otherwise noted]

Supplymlﬁge.vgcimﬂntall........,............._....., TV
Inputvoltage . . & woeororoe s s 2 st T _,5.5"'1"
Opersting free-air lemperaturs rangs; SNB s e e A SR R SN RIE e _EE"Cta 126G
SN'M-H.E.-......_._........,..U“Gm?u’ﬂ
Storage lompsrature cangs - . . - = - C t Tt T GEEI o oa A -B5°C to 150°C
OTE 1: Voltage velues AFe with respect o newsork ground garminal,
wcommended operating conditions
] 7448 —]I.I'Hl"l
MIN_ NDM MAX | MIN_NOM MAX
Suply voltage. Vee 45 5 EGla7s & 6IS| V|
-ilw-lnn‘-uumutumml. lgH 1 Lm'u! = A A
: Bi/nBo — 200 —200
L liwed ouiipeut curtent, 0oL k! Lo X mA
= | BURED B ) A
Operating free-iv wmperature, Ta =55 125] 0 70| "C

jectrical characteristics over recommanded operating free-air temperature renge {unless otherwise noted)

PARAMETER TEST CONDITIONST MM TYPE MAX [UNET
Vin High-tewel input woltagh 1 W
WL Low-lewal inpul voltege pal v
Wik Input cHMp voltige Voo = MIN, Iy = =12 mA 15| ¥
th Vop=MIN, ViH=Z2VY. 24 A2
Vs High-lavel autput voltige A ot W E v
| ViL=DBY, gy« MAX za 31
=M, Mo = 0B85V
(s} Output cutrent 8 thrug Yoo i o=0 : -1.3 —2 b
input gonditions 38 for Yo
UM-HIN, ViH=ZV,
W Lo = 1] 0.2 & WV
oL w-level ourput voitage Vi =08V, loL = MAX 7 /]
) Any it
W fnpatt current st MAKIMUM it worlnage umpﬁnm Voo =MAR, Vi EEV 1] mh
Ay input
\y Mighievel input cumment .’m@ Vo = MAX, V=24V 40| wA
Auvy input 16
ki Loww-leyal input gurrent excapt BUAED| Voo = MAX, ¥ =04\ T ma
gl AED —
0% Bharicircuit DUTHUT CurTent Ei/ABO Vg = MAK & | mA
Voo = MAX, | SNo#ds L
TG  Subsly BuEtRat SealiotaZ | 5M7448 ]

T Eor condtians shoven &5 paLnd ar bAK, uss Uha appropyiste value spocit iod und e maman ded pperating om0

£ )l typical values ars st ¥og = 8V, Ta ™ 35" C.
MOTE 27 lpg masusred with sl ouLpU s open and il [Aputs 8t 4.5 V.

switching charactesistics, vee = 5V.Ta = 25°C

PARAMETER TEST CONDITIONS AN TYP MAX T
L ﬁwwawﬁm,hmﬂhwhﬁwfmhmﬂ w0 |
PLH m&'mdﬂ%hww-mmmmhmAmwl c, = 16pF. R = 140 100
TPHL me.mmwmwmﬁm Ses Mota 3 wo |
TPLH annmm.mwwmﬁm 100
NﬂTES:I.uldwcumﬂd weillage wanvetornms anﬂmhswum!.
== =1
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absolute maximum ratings over operating free-air temperature range

Supply voltage, Ve {see Note 1} . - .

[mput voltage .
Paak QUTpUE CUPTEt [Ty = 1 mk.

e ———— s

SNG446A,

SNT7446A, '47A, '

BCD-

'47A, '48, SNBALSAT, 'LS48, "L549

48, SNTALS47, "LS48, 'L549

BMILS111 — MARCH 1574 — REVISED MARUH 1466

duty cycle < 10%]

Current torced into amy cutput in tha off state
Dparating free-gir Emperature range. SHEALSAT

Storage LeMperature range
NOTE 1: Voltage vaiues are eelth respact Aatwork gromand bemingl,

recommended operating conditions

SNT4LEAT

& = w w §F B ¥om

TR N |

{uniess otherwise noted)

L T .

e e eow a TPAA
. —B5Cto136°C
0°c w70°C
—85°C 1o 150°C

SNEALSAT EMTALSAT R
MIN MOM MAX | MIN  HOM MAX
Supply veltage, Voo 4% 5 55415 & rs| v
O f-stata output volteps, Vi o) B thrug 16 15 ¥
Dinetats sutput eurrent, 10{oal o thru g 12 4| mA
High vl output current, loH RI/ABD —5l 50| pA
Low-ievel outpus currant, gy BI/ABD 16 23| ma
Choerating frae-alr temparaium, Ta =55 126 o 10| "C
elactrical characteristics over recommencded operating free-air temparatura range {uniess otherwise noted)
SNEALEAT BT T
FARAMETER TEST CONDITIONST L L2 UNIT
min TYPE max [MIN TYPE mAX
ViM High-bavel input voltage 2 2 W
YiL Low-level input voltage 0.7 GB] V
Vi input clamp valtspa Voo™ MIN, by = —18 mA -1.56 —1h| ¥
Ve = MIN, | W= 2V,
v High-level output voltags| B1/RET 14 43 24 42 Ll
2 H Wy =Wy max, Loy = —50wd
Voo =MIN L s uema p2E 04 0I5 04
VoL Lowelavel output voltage | BI/RBED ViH=2 V¥, W
VL= VL max lgp =32ma 0,25 05
Vpo s MAX,  WiH= 2V
L CHf-$ta1e Cutput current | @ thmu 250 250 | pA
alai * Wy = Vyy max, Volotil * 15V
Vee=MIN. | - 12mA 675 04 028 04
Vion] Dneawsm cutput voltage | ethruig Vig=1V¥, - e v
vy = Vg max | 'Oten) B =
[ Input cuffent gt masimum inpui viritage | Vg = WA, V=7V 0.1 0.1 | ma
M High-lswe] ingu T cument Vog=Max, V=27V 20 0| pAa
sl oA -04
WL Lavetevel input surrent | excapt BITRED| Voo = MAX, V) -0A4v mA
I =12 =12
ing g 5i/AB0 Vg = MaX 0.3 —z |-0.3 =2| ma
ouEpUt GLIrFaNT
Icc Supply current Vop = MAX, San Now 2 7 13 7 13| mA
TFof condiions shown aa RIN or MAX, uss the sppropriste valuis spscifhed Under recomimandad apaeaTing comdiFans,
t Al typicsl valumisraat ¥eo = BV, Ta = 75°C.
NOTE 3 Iop i messured with il cutputs opan and sil inguts =t 45 Y.
switching characteristics, VEC = 5 V. Ta = 25°C
PARAMETER TEST CONDITIONS Mt TYP  MAX UNIT
il Tuen-ofl wme from A inpul 00 .
Tan Turn-on time from A input Cp = 16 pF, f = BE5 0, 100
i Turm ot tma from FB input, outputs (1) only Ses Nata 3 00
;:E Turs-on time from AR input, outputs (a-fl only 100

MOTE 2 Load cirouits and voltage waveforma sre ghown in Section 1.
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54468, *4TA, '48, SN54LS4T, 'LS48, 'LS49
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# S e —— e e e —

solute maximum ratings over operating frea-air temperature range (unless otherwise noted)

ﬁ-.upph.rvuftane,\.l'cc{seuﬂumn s o A weos AW
Imput voltage v
Opersting free-sir temporatura range: SNSALEAS . . . o o o v v e e e st —65°C1o 126°C

EH?-I.LS-!-B1.,....._..-....,‘...U“Cm?ﬂ"c
Storage EMPEraturs rangy —E65°C tn 160°C

STE 1: W oltege valuss are with et o ramvwork grosnd teeonlnal,

commendad operating conditions

ENGALESD BN7ALS48
——— UNIT
AN NOM  MAX | WMiEN oM MAK
tupply valtags, Vo b B 5.5 | 4.78 B BAB| W
figh-bevel output curment, | LBk i i wh
4 00 Bi/AB0 —ED ey
- utpot cU Ll e fhru g < s mA
b e BUABD 7.6 32
Jperating fres-alr mmperamere, T4 =56 135 o L e
metrical characteristics over recommended operating free-air tamperature range (unless otherwise noted)
FPARAMETER l TEST CONDITIONST SHEAL-S SN TR
win TyRE max |min TYPT MAX
JIH High-lmen Enput vollage ) 2 W
L Low-lewal inpur voltege a7 oE] v
VI Input clsmp waltsge Ve = MIN, I} = =18 mA —-1.5 —1.5] ¥
) @ thiu g and Vo = MIN, V=2V,
¥ High-taval output v a3z v
o I i /B0 W= VL max, loy = MAK 14 AR i
Ve = WIN, Vo=08bY
s} Owatput gurrant athrug Gl 5 o ' —1a -2 =13 =2 )
Inpur conditions 35 Tor YOH
Vo = M, Iy =2 mA 025 04 025 oA
athrug Vig=2V, v
Wy = Vi e gL = 6 mA 35 0B
JaL Lover-lmvel cutpast voliege —— Ve = I
cC ' g = 18 mA 035 o4 025 04
BI/AED Vig =2V, = W
. VL = Vi max oL =3I mA .35 B
brput surrent at Any imput
i ' Ve = MAX, W=7 0.1 0| mk
! eancium input voltege | except Eifafo cc !
Any input
| Hi i t i Vo= MAX, V=27V n 20| wh
IH ghelmyal jnput curren . B1/SE0 oo =z
Any inplt
521 04 —0.9
TR Lows-level input cuprent | sccapl BiIRE0 | Voo~ MAKX, V=04V i,
GER -1.2 —1.2
ircuilt
i Shore-cifou ! Voo = MAX -0.3 —2 |03 —Z| mA
AL CUTTEnt
Iz Supply cument Ve = MAK, Sea Mom 7 28 m 25 3| mA

For conditkns shown & MM oF MAK, use the spprops s wEka spaciiind under McomImEnced g nitirg o enditiors.
{al) Ty picel valuss ora &t Vep = BW, Ta BTG
IOTE 2: | i8 TREEsurad with all outpuis apen and all Inputs 8T 8.5 W,

witching characteristics, Vpe =6V.Ta = 25°C

FARAMETER TEET CONDITHING Mil TYP MAX LINIT
tpHL Fropagation delay inas, highoto-iowar-lav el M froem A knpart Cy =18 pF. R = 4 k0, 100 i
Propsgation deley time. low-10-h gyl output from A Input San Nots 3 100
Prapogation deley tima, high-to-iow deeel output {in-d anly) from input | G = 16 pF, By = B 100 =
1L Propsgation detay time, low-to-nigh-level outpat 24 only} from FEl input | See Note 3 100
IOTE 3 Load circulte and voltage wivafomms are ahown @ Seotian 1.
T — e T S
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'47A, "48, SN54LS47, 'L S48, 'L549
SN7446A, *47A, 'A8, SNTALSAT, 'LS48, 'L49
DECODERS/DRIVERS

2L 5111 — MARCH 1874 - REWISED MaRCH 1966

BCD-

e ﬂ
absolute maximum ratings over operating free-air temparature range (uniess otherwise noted)
Sup'plvvulhgp.vcgiueﬂoteﬂ.....,..,.....-..,.... ...... . IV
Inpuwultage....,....i...,...............-.......'HF
r.‘:urr:mi'ar;udintnanyautputinmeuﬁmte Ceie g [T e e e e s 1n;A
Gp-eraﬂnghﬂ—lir temparature ranges: SNEALSAD . . - . - D e SE eaw oM mAUe Ene —55 E.ml!'.‘r{:
SNTALS4E . . - - -  evimveacim 4w WO B .. 0°Cw70’C
Storage temperaturatange - - . - - -t ek wg B LTS T F Ee e —65°C 10 150°C
NOTE 72 Volisge wahus are with respact to NETweDrl grownd teerningd
recommended operating conditions
ENTAEEAD SN7ALSEY =
Wit NOS MAX | MIN NOM MAX]
Supply volisos, Yoo 4.5 B E5|476 5 52| V
High-tewet oo ot veiltsge, VoH 5.6 55 V¥
Lowisued outpit surmnt, Iog ] Bl mA
| Oparating Frpa-gir temparmte, T4 —~55 125 o 10| "C
glectrical characigristics over recommenced operating free-air BBMPeratLrG range {unless otherwise notsd)
GNBeLGaS | SNFALSW 1
PARAMETER TEST CONDITIONS!
i . pin TYPE max |min TYPE max s
_""'1H High-lgval inplt woitnge 2 2 v
Vi Loy=laval input voltsge o7 0E| v
Vi Lrepirt ciemp vol Tage Yoo =MIN, Ij= =18 mA -1.B —1.5] ¥
; Ve = MIN, Vie=2V¥,
i Hi Tl
O igh-level Dutput curtent Vi = Vi mex VOH=B5Y 250 260 | wA
Veo =MIN i mama 075 04 o2s 04
VoL Lowedevel output voltags ViH= 2V, W
t Wy = Vi max gL =8 ma 0.35 0.5
It Input corrent st maximum input voltage| Ve SMAX, Wi =TV 0.1 0.1 | mA
K High-lewsl inpat current Vec=MAX, V=27V Foil =0 | ok
L Lowslaval input current Voo - MAK, V) =DA4V 0.4 o4 | mh
[Fea) Supply currant Voo = MAX, S Mote 2 [ 1% § 8 16 | méb

t For condirians thown a1 MIN or MAX, uss the sppropriste valls speciiied under racommsndsd oparatng condivions
31| rypical valuss sre st Ve =8 W, Ty = 26°C,
MOTE 20 lep s meawrad wiith sil Gutputs span and sll laputs sx 4B V.

switching cheracteristics, VCC = 5V, Ta = 25°C

PARAMETER et CONDIIONS M TYP_ MAX | UwIT |
tRHL mqﬂmdﬂwm.hlwwmmmmhm £y = 15 pF AL = &4 kik 100
ipLyy_Propagution delay time, et high tevel outpaat from A input Sea Note 3 oo | ™
ipyL Propsgetion delay time, high-Lo-jow-evel output o oebyl feom AR input | GL = 15 pF. A = B &0, 0 .
IPLH  Progagation delay time, jew-to-high-evel output o f aply] from. Bl imput | Sea Note 3 100

NOTE 3: Load circulis and woltags wvploima sm shown in Sectiof 1.
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