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Abstract

This thesis is dedicated to the designing and creating an inter-vehicle network
system between cars or other mobile objects. Qur objective is to decrease the number
in car accidents and provide more information to the drivers. This system is similar to
the ITS(Intelligent Transport Systems) system in most countries. The embedded
system is the link between the cars, using the AVR microcontroller and the IEEE
standard 802.15.4/ZigBee transceiver with a radius of 1 kilometer and 18 dBm
transmit power with a bandwidth of 250 kbps. The packet error rate as low as 1 percent
it is most suitable for controlling devices with low data transfer. This project will
simulate the driver’s actions via keyboard input for testing. We hope the system will
prevent accident from happening throughout the world. The Project was implemented
based on wireless technology controlled by software programming. The AVR
microcontroller can be equipped with various devices which its data can be transmitted
via ZigBee also. For example the AVR can be equipped with a GPS module thus

enhancing its capability, comfort and safety.
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peer, mesh Malluaazgilnsalvzluomasa AlinW10 64 30 16 DA (503501A 64,000
) _
giln3ni)

¥
JoimuauazquauiadingaqSoniiou 2 Juved Xbee

3197 2.1 Ml ounouguauliavod Xbee 1tag Xbee-Pro

Specification XBee XBee-PRO
Perfoimance
wio 1004 30 m Up 1o 200" {100 m}
Fbnecieght Range | wplo00R(0m {Uowimkei®0m
:m Joiwihoia 1mw (0 dBim) B0 mi (18 dBm) conducied, 100 W (20 dBiem) EIRF™
RF Dot Rate 250,000 bes 250 000 bps
Senal !merface Data Rake 1200 - 115200 bps 1200 - 115200 bps
{software seleciable] {non-standard baud rates ®go Sunported; {non-slandard baud rates also supporied:
Receiver Sersinmy T 32 45m { 1% packe: eror rade) -100C dBm (1% paciet error rate)
Powe! Requirements
Supoly Vohage 76-34v 28-34v

¥ FL=0410d8m}: 137mAi@3. 2v), 139mAi@3 0v)
PL=1 (17dBm}; 15mA @3, 3V), 153maGI 0w
Trangmit Currert {typical) 5ma @33V PL=2 (14dBm): 170mA 4@ 375 1T 1mAl@ I .0V:
PL=3 {1BdBm). 168ma 4@ v}, 185mAl@ ] 0V}
PL=A (13dBm): 215ma @13y, 2ZTmai@] O

e ; Recene Comert iycal]l | S0mA (@ 33 V3 S5m (@ 33 V)

Power-down Current <10 LA <10 A

General

Cperatng Frequency I1SM 24 GHz ISM 24 GHz

Curensone 090 x 1067 [24Bemx 276Tem) | 0.950"x 1267 (2.438om x 3 Xem)
R v e
Arterna Cpacns Irteqrated Whp, Chp or UFL Cormector Irtegrated Whip, Chip or U FL Conpectoe
Networking & Security

Supporied Hetwork “opologes | Pomt-to-pomt. Porti-mutpont & Peem1oposr

m&m 16 Divect Sequerce Chanrels 12 Direct Sequence Channc's

Addressmg Cotions PAN ID. Charnel and Addrecces PAN 10 Channet and Addresses

Apency Approvsls

Urited Ststes (FCC Part 15 287) | OUR-MBEE QUR-XBEEFRG

Indusstry Canada (1) 4714 XBEE AZ13A XBEEPRO

Europe (CE} T BTst T UETS Max (0 dBm vonemipower oupud®

lapan na CENYCADL3TS iMax. 1) 48m wantmit power cutput)””




AR TMUAYY pin VDI Xbee laM Xbee il

»
o

m

»
YA 20 V1 LazMvuanueILaaz vl 1Aa il

M990 2.2 NIINTHUAA YDV UAAZYINTY 11 Xbee

10

Pin# Name Direction Description
1 YCC - ! Fower supply
2 oouT Quiput UART Data Cut
3 CIN | CONFIG Input T UARTDa
4 Dog* Cuput Digdal Cupur §
5 RESET Input Module Reset {reset pulse must be at Jeast 206 nc)
3 PWMO/RSS Cutput PWM Curtput £ RX Signal Strength ndicator
7 PWMI Cutput PWM Output ¢
8 freserved] - Do not cornect
9 TR 7 SLEEP_RQ:DIf Inpet Pir Sleen Control Line or Digital Input 8
10 GND - Ground
n ADL  DICA Either &nalog Input § or Daptal IO &
12 CTS 1 DIo7 Either - Clearto-Send Flow Control o Digital G 7
13 ONSLEEP Cutput Moduie Status Indkcator
14 YREF Input Vollage Reference for A7) inputs
15 Assocate ! AD3 | DICH Edper Assocated indicator, Analog Input 5 of Dngetas KU 5
1% RTS { AD6 ; DICA Either Reguest1o-Send Flow Control, Aralog Input 6 or Cigital 1C 6
17 ADY! DIC3 Ether Analog Input 3 or Digial 1O 3
18 AD? : IC2 Etther Analog Input 2 or Digital 1O 2
15 AD1:THC1 Edher Analog Ingut 1 or Digital O 1
0 ADG! DICH Ether Analog Input § or Digital VO G

uRun NI Hateyanioly Zigbee

DI

DO

Antenna

Data IN
Data Out

oweInf
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Dl

CTs

Di BuMer RF TX Buffer 3 Transmitter —L

vCC

RF Switch

GNRD

RF RX Bufler [ Receiver

DO Buffer

il

31 2.4 nsfu-dedoyamueludilugn Zigbee

2.4.2 In338 1390 9AT09 1 ZigBee
o Y o 44 <% & 4 R w
A lassadvennievinluniinnedimsdsnivosanisuiiuanziuazanyue
> ¥ | 4
v8an 1A YaN AT O IUHIUNITAIAIUA 3211 ZigBee HAZU1ASI U IEEE 802.15.4 1i1
) »

AUUAYIAT0UIONITIFOUADTINLA 31U AD UUVAT (star) UUUNY (mesh) UAZUUL)
o o v o :
AUAATIADS (cluster-tree) M3 3 UBVURANTTH IINBUATIAZHV DU Tuisay

Y o ¢ - - a W A - o Y a
lsungluunduadmeesiuiidiz@niamdasnganazimstiwn s aiooun uay
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®  Coordinator mﬁmﬁmﬂﬂﬁﬂmznn aogindss@ninInmsniauves

TTHUUUASIWUITUAD

® Routers H39i36nDnF01a1 FEDs (Full functional device) Amthfiaensera
wavounsevw fnassidenidumsiimnzay uaznudumanislnavea
Joyadrsesdupaiilymiuszun fafuamsofnaent coordinator 1A
router 917 IRuneiigusallunio1ddae

-~y

. cx e 4 1 . . 4 ¥ o
® End Devices UONY¥DUII) reduced function devices ﬁ‘lil'l'iﬂﬁilxﬁﬁuﬁxﬂj

] k- 1 1 = ¥
Foanun1eenszunldus hiransofse dedoyn Tdaundunield
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- Carrier sense only 1lumisaseduniinindunnuiiogluuinsg i IEEE 802.15.4n50 i
- Carrier sense above energy threshold 32533 d U luuYe IEEE 802.15.4 nazil
WG991UBYIMIIEA1 ED threshold
2.4.8 1/0 (Input/Output)
OEM (Original equipment manufacturer)
P 3 = c:y 1 1:‘ 94 L] dl lﬂ'- Bhﬂ' R
UsHNAHanTuT N 15 d IunT0andoulssnounosyIs WSN (wireless sensor networks)
] o
nIev U es 13mu
ISM (industrial, scientific and medical)
ISM band : radio band : timmmﬁfiwq
UART (Universal asynchronous receiver/transmitter)
= ¢ o ¥ Aw Y P '
Wurvesswluneuiuees Fmdnfuuazasdoya neaweynsu lunsdemsunu’ly
ar o =) o
1528119922 (asynchronous) Taontlasdoyanvvvuiuiruldunsluseudnaedlmin
H [ v ] » ar o o [ ] o o
suneynsuRgAwMsnegnsdamsedamsnudmmisdsuuguniginudeya
v Pl 1 ¥ ' g W g W A ] [
Broadcast : N15a@3912013 uns ove Tl Idundldnnauilansevwey
. . ) ad s . @
Unicast or Pointcast : 111UN135052910917815910F5M205 1089 client Tudnuus
w A A
s atuuuunia@e
. »
Multicast : N3FOAIUUVVTUANANVINVUVIDANTHOYLII INTIZUTOAMANTTIIY
] Q‘J e’: - 1] P A o 9t ‘:; o
115NN 0910 uataamanszosu vz luid1daun a5 snveun
o o A a = A o o aw o N i
¥1i9g1nsnlv03 ZigBee N0g 2 ¥iiane uuuQUNIal IuFuNAA AW (Physical Device) uaz
o o = o o . .
gunsal ludu Tasfamiues (Logical Device)
= ar o
wuv Hdnmawes 3 2 sz fie
s d o . A = 4
gUnsaluuIANRIFL (Full Function Device : FFD) iilu isupesnidludonaraluns
] rZ 3 as & o o o °
dafoyaninginsalou IEndsnunindidsanhanidlunnInTsTad uageannsavuiiy
d.l oo ¥
venaeiule uas
o« o . . v - y
Ql]ﬂﬁiul,m‘uaﬂ‘ﬁd’lm (Reduced Function Device : RFD} MM sFousoniulu

- [ Vv o A ] ] W o4 ¥ o ]
wiee ldnasnunnuuame’ lumuisanionoadayasinginsaoug 18 ilddeln

- ] = o
msamumi‘lmmuamﬁ
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1. ZigBec Coordinators 1luyafilszmiuFoudesu imihnlunsdmnudeyalu
- 1
CELINE!
o c: w 9 ::; [] ) ] 1 1
2. ZigBee Routers Mimihndanisidunisuesdonnundiiiunielulnsaiosening
voelunle 9 uaz
. . — v i ¥a W:
3. ZigBee End Devices 1iluTuahagluduvesdl¥an Tavmursailuldviauun RFD
uay FFD
o q 9 . n’: ' 97 ] - ' -~
mMsilseenaleann ZigBee TWnaznlsnaINYszinnvosdoyavims hileg 3 wouae
foyauvumiailuriwavesdeyailutianar Tlsunsuasoniuqueaiinisds uazdn
o w ¥y 2 W o q ¥ A Yo o ow v = ¢
asnIudganunizdu indeyauasiindoya liwdeuln) 19dwmsu mwwes uaz dines
9 . ar el ey [ ¥ A = b3 ' <
YoyanU Intermittent Wudnuazhiimsdeiudoyadiofinig 199w i adad Id uay

9 =}

VDYADVINIINIUVIITYYINAT (Repetitive low latency) 1% 1U91UNADINITNIUVO

o 3

dyanuios 9 laensdeaisezl9Isdaassyeural uazawsalenalauuy GTS (Ao
L7 o = ] k' ]
Suilszruguamasamsuins 1h 115 lua sy wd e
2.4.8.1 VHARHMIMNIUYSY ZigBee end-device
. . a w o ¥ ¥ =R @
ZigBee end-device eiIudumsninulasmsiesvenmsinsiumniovio]lds
»
coordinator 152§ AT WU TAUNIATIVADURNIUFDITQYYINUAIN9 1 coordinator 19
' o A IR W . = a Y o o A )
¥oedg I lasgiled 13 1A 70910147 end-device  9E1U150%10153DIVOMT DU HIY
R ] L 4 & . . . .
M14 coordinator 19 19U N158930A2IN1)) (Message), N1559992N15 Binding (Binding
request), N5YDBBNAINAT DU
g KD ' P aa o w W
wannniigaensolssyndlesugunssinugiunvanrawludindszdr i dus
o -~ 1 Vv o' W oo W d'l
Wmasgraseviouun 15aw IEEE 802.15.4 miszynalduvuginiae laodumsdoms
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2.4.9 M3AIVOUAVDY Zigbee
Ay .
SEUVNI0UI0YDS Zigbee
P v (=] Qs w o
1. NonBeacon L‘i,]‘L.Iix‘lJ‘lJLﬂii’)ﬂJ'lUu‘Ll‘Ll Pcer—to-PeerIﬂU'lll‘lJﬂ's'mﬂu‘wu‘ﬁ‘llild
] : = od o
master/server usinz Tugavsziunadldnuuazidivines
»
2. NonBeacon (w/ Coordinator) n13v19uluszynilezi¥laseadisvenissuds
Tﬂumw?aiﬂuﬁau (direct or indirect Transmissions)
¥ ] =4 ] o H ]
msdetoyauuuRFuowaazunnny ludmvenesames wwilsznouludonoguesd

' ¥ o a Yo o a o 5 o A
fN‘n1~1ﬂ111ﬂ‘L!‘nNI.m::TIiJg‘UmPJTUWIJmUﬂN Iﬂﬂ'n IEEER02.15.4 ﬁ]zlﬂﬂﬁﬂﬁﬂﬂ 2 Uy HUAD

]
= )

uwu$waudanegloviie 16 O uazuUVEIRD 64 T Fe0zAMNTABIWMAISL (Serial
Number Low) uag SH (Serial Number High) siazmsasdoyauvuRFezaels 21vua fio
Unicast Mode 1182 Broadcast Mode

mrdausinine laoldInsaathe 16 Taliaemdanls DL (Destination Address Low)
Wndu duls MY uasasiaauls DH (Destination Address High) 1y “0°
msduaing laoldlniaada 64 ia Wgafiﬁﬂ;_ir}'?uﬁﬂawma (DL + DH) ihAun1ves
foguoafdan1ad AN Address (SL + SH) veatlmomaiusazdainne Tl

2.4.10 M311914Y84 Zigbee

»
MINIUVD4 Zigbee uiildoomilu s Inua danwan i

Transmit
Mode

Y Receive
Mode 1 £ Mode

Command
Mode

d. a
3UN 2.13 Tnusmsninuwea Zigbee
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c; [¥=] r v ndl d‘ -7}
Idie Mode HuTnuanlilimsiudadoya uazifiuImuanarsnausonlaouhlds
Tnuaa1ea1a
. = L 9 k' i
Transmit Mode Mﬂ?ﬁﬁdﬁlﬂﬂuﬂ‘lﬂﬁﬂﬂﬁ
9 < 1 W oA Yo ¥ o o
- Direct Transmission — YoyanInuAzgnad Jlisnaguediunemulmomeaiug
=] ' U ¥ : ' o ey
- Indirect Transmission — packetdz@niny 1Ivundnvzdurardunniu uazezas lldeiiings
ADUITVNT (Source Address = Destination Address)

Receive Mode ‘a'ﬂljuﬂ RF ﬁ):gﬂ;‘ljﬂ‘ldmﬂﬂ‘lﬂ‘lﬂ

Sleep Mode RF ogluanimzhiinmslddidainfhdmselulimsld msidhaneglu
J: A [ d" 1] & ] ] [ ]
TruatitiuezdeudulamuSoulvde liledateeniiiegia A1vesdulssmass luifluo)
- ims e Sleep_RQ (pin 9)
] . 14 ar 9 t d' o y.:i o
- ogTnua idle (Liimsfudedoyandunamnanimsimualinadunls
ST (Time before Sleep)

Command Mode 11l Tnuadida lavez 19 auiud

sUuuvnSeY1eM1WIMs 10 IEEE 802.15.4 maiseeniiiu 2 uuy 180 wuva uaz

uwnaes i Igetumsaiiunioviedszili 1 Taoluusaziniedio sxdesd FFD 1 6
dminfidugudnavwounedin Sen31 PAN coordinator ttas RFD sz1415 amn3eviofy

PAN coordinator Usz§un3einniuq Tauf PAN éuxﬂufhuﬁﬁwmm'sﬁ'ai’fﬂgaﬁgﬂmja
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XBee/XBee-PRO 302,154 OEM RF Modnfes v1xAx [2006.16.13] Chapfer 1 - XBee/X Bee-PRO OEM RF Moadnies

1.2. Specifications

Table 1-01. Specifications of the XBee/XBee-PRO OEM RF Modules

Specification XBee XBee-PRO

Performance

IndoorAirban Range up to 100 L (30 m) Up to 300" {100 m)

Qutdoor RF line-ol-sight Range up te 300 A, (100 m) Up to 1 mile (1500 m}

&mm TmW {0 dBm 60 mW {18 dBm) conducted, 100 mW (20 dBm) EIRP*

RF Data Rate 250,000 bps 250,000 bps

Serial Interface Data Rate 1200 - 115200 bps 1200 - 115200 bps

(software selectable) (non-standard baud rates also supporied) (non-standard baud rates aso supporied)

Receiver Sensitivity -92 dBm (1% packet emor rate) -100 dBm (1% packet emor rate)

Power Requirements

Supply Vaitage 28-34V 28-34V
i PL=0{10dBm): 137mA(@3.3V), 13SmA(@3.0V}
PL=1 (12dBm}: 155mA (@3.3V), 153mA(@3.0V)

Transmit Current {typical) 45mA (@ 33V) PL=2 {14dBm): 170mA (@3.3), 171mA(@3.0V)
PL=3 (16dBm): 188ma {@3.3V), 195mA(@3.0V)
PL=4 (18dBm); 215mA (@3.3V), 227mA(@3.0V)

Idle / Receive Current (typical) 50mA (@ 33V) 55mA (@ 3.3V)

Power-down Curent <10 pA <10pA

General

Operating Frequency I1SM 2.4 GHz ISM 2.4 GHz

Dimensions 0.960" x 1.087" (2.438cm x 2.761cm) 0.960° x 1.297" {2.428cm % 3.294cm)

Operating Temperature 40 to 85* C (industrial) -40 to B5° C {industrial)

Antenna Options Integrated Whip, Chip or U.FL Connector Integrated Whip, Chip or U.FL Connector

Networking & Security

Supported Network Topologies Point-to-point, Point-to-muttipoint & Pee-o-peer

mmg 16 Direct Sequence Channels 12 Direc! Sequence Channels

Addressing Options PAN |, Channed and Addresses PAN iD, Channe} and Addresses

Agency Approvals

United States (FCC Part 15.247) OUR-XBEE QUR-XBEEPRO

Industry Canada (IC) 4214A XBEE 4214A XBEEPRO

Europe (CE) ETSI ETSI {Max. 10 ¢Bm lransmit power outpul)*

Japan na QOSNYCAD378 (Max, 10 dBm transmit power output)**

* When operating in Europe: XBee-PRO RF Modules must be configured to operate at a maximum transmit power output level
of 10 dBm. The power output level is set using the PL command. The PL parameter must equal “0” (10 dBm).
Additionally, European regulations stipulate an EIRP power maximum of 12.86 dBm {19 mW) for the XBee-PRO and 12.11 dBm
for the XBee when integrating high-gain antennas.

** When operating, in Japan: Transmit power output is limited to 10 dBm, A special part number is required when ordering

modules approved for use in Japan. Contact MaxStream for more information [call 1-801-765-9885 or send e-mails to sales@manx-
stream.net].

Antenna Options: The ranges specified are typical when using the integrated Whip (1.5 dBi) and Dipole (2.1 dBi} anten-
nas. The Chip antenna option provides advantages in its form factor; however, it typically yields shorter range than the
Whip and Dipole antenna options when transmitting outdoors. For more information, refer to the “XBee Antenna” appli-
cation note located on MaxStream's web site (http://www.maxstream.net/support/knowledgebasefarticle.php?kb=153).

=
MaxStrearn. © 2006 MaxStreant. Ine. 5
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XBee/ XBee-PRO 802,154 QEM RF Madides v xAx {2006.10.13] Clapler 1 - XBee/XBee-PRO OEM RF Modudes

1.5. Pin Signals

Figure 1-03. XBee/XBee-PRO RF Module Pin Numbers
{top sides shown - shields on botton}

Table 1-02. Pin Assignments for the XBee and XBee-PRO Modules
(Low-asserted signals are distinguished with a horizontal line above signal name.)

Pin 2 Name Direction | Description
1] VCC - Power supply
2 pout Cutput UART Data Out
3 DIN/ CONFIG Input UART Data In
4 DO8* Output Digital Qutput 8
5 RESET Inpt Module Resel {reset pulse must be at least 200 ns)
6 PWMO / RSSt Output PWM Output 0/ RX Signal Strength Indicator
7 PWM1 Output PWM Output 1
8 [reserved] - Da not connect
9 DTR/SLEEP_RQ/DIS Input Pin Sleep Control Line or Digital Input 8
10 GND - Ground
1 AD4 f DIO4 Either Analog input 4 or Digital VO 4
12 CTS /D07 Either Clear-to-Send Flow Control or Digital VO 7
13 ON/SLEEP Qutput Module Status Indicator
14 VREF Input Voitage Reference for AID Inputs
15 Associate / ADS / DIOS Either Associated Indicator, Analog Input 5 or Digital VG 5
16 RTS /AD6 / DIO6 Either Request-to-Send Flow Contral, Analog input 6 or Digital /0O 6
17 AD/DIO3 Either Analog Input 3 or Digital VO 3
18 AD2/DI02 Either Anglog Input 2 or Digita) L0 2
19 AD1/DION Either Analog Input 1 or Digital VO 1
20 ADO/ DIO0 Either Analog Input 0 or Digital VO 0

* Function is not supported at the time of this release

Design Notes:
« Minimum connections: VCC, GND, DOUT & DIN
« Minimum connections for updating firmware: VCC, GND, DIN, DOUT, RTS & DTR
« Signal Direction is specified with respect to the module
= Module includes a 50k Q pull-up resistor attached to RESET
* Several of the input pull-ups can be configured using the PR command
» Unused pins shoutd be left disconnected

~dJ

=
fMax.Etreamg @ 20006 MaxStream, Inc.




XBec/XBee-PRO 302, 15.4 QEM RF Modnles v1.xAx {2006.200.13] Chapter 1 - XBee/XBee-PRO OEM RF Madules

1.6. Electrical Characteristics

Table 1-03. DC Characteristics (VCC=28-34 VDCO)

Symbol Characteristic | Condition Min Typical | Max Unit
Vi Inpul Low Voltage Al Digital Inputs - - 035°VCC | V
Vi Input High Voltage All Digitad Inputs 0.7 *vCC - - v
Voo Output Low Voltage loL= 2mA, VCC>= 2TV : : Y v
Von Output High Voliage lon = 2mAVCC>=27V VCC 05 N - v
(™ Input Leakage Cumrent Vi = VCC or GND, all inputs, per pin - 0.025 1 HA
lnz High Impedance Leakage Curment  Viy = VCC or GND, all O High-Z, per pin . 0.025 1 A
™ Transmit Current VCC =33V - (X‘B’;_,) (F?,;%) . mA
RX Receive Current VCC =33V | cone | R0y - ma

PWR-DWN Power-down Curent SM parameter = 1 - <10 - UA

Table 1-04. ADC Characteristics (Operating)

Symbol Characteristic | Condition i Min Typical | Max Unit
VREF - Analog-to-Digital converter _ v
Vaern reference range 208 DOAD v
Enabled . 700 . 7y
Rer | VREF -Reference Supply Cument |- —— 5o o cioan Mot - <001 5.02 bA
Vinoe Analog Input Voltage! Vggap-03 - Vpoap + 0.3 v

1. Maximum electrical operating range, not valid conversion range.

Table 1-05. ADC Timing/Performance Characteristics’

Symbol Characteristic Condition Min Typical Max | Unit
Ras Source Impedance at Input? - - 10 kO
Vam Analog Input Voltage® VReFL VRern v
RES Ideal Resolution {1 LSB)* 208V < Vppap < 36V 2.031 . 3516 v
ONL Diflerential Nos-linearity® . +05 10 LSB
INL Integrat Non-tinearity® - 0.5 10 LS8
Ezs Zero-scale Eror’ - +04 10 LSB
Fes Fulk-scale Eror® . +0.4 1.0 LS8
Ep Inpul Leakage Emor® - £0.05 £50 Lse
En Total Unadjusted Emor'? - £11 +25 LSB

1. Al ACCURACY rumbers are based on processor and system being in WATT state (very little activity and no [O switching)
and that adequate low-pass filtering is present on analog input pins (filter with 0.01 uF to 0.1 uF capacitor between analog
input and VREFLY}. Failure to observe these guidelines may result in system or microcontroller noise causing accuracy errors
which will vary based on board layout and the type and magnitude of the activity.

Data transmission and reception during data conversion may cause some degradation of these specifications, depending on
the number and timing of packets. It is advisable to test the ADCs in your installation if best accuracy is required.

2. Rpgis the real portion of the impedance of the network driving the analog input pin. Values greater than this amount may
not fully charge the input circuitry of the ATD resulting in accuracy error.

J. Analog input must be between Veee and Vgeey for valid conversion, Values greater than Vgeey will convert to $3FF,

4. The resolution is the ideal step size or 1LSB = (Vpgry—Vaer 1024

5. Differential non-linearity is the difference between the current code width and the ideal code width (1LSB}. The cutrrent
cede width is the difference in the transition voltages to and from the current code.

6. Integral non-linearity is the difference between the transition voltage to the current code and the adjusted ideal transition
voltage for the current code. The adjusted ideal transition voltage is {Current Code-172)*(1/((Vrerr+Erg) - Vaer +Ezs))).

7. Zerop-scale error is the difference between the transition to the first valid code and the ideal transition to that code. The
Ideal transition voltage to a given code is (Code~1/2)*{1/(VrerVrerU)-

8. Full-scale error is the difference between the transition to the last valid code and the ideal transition to that code. The ideal
transition voltage to a given code is {Code=1/2)* (14 Vagri—Vrer))-

9. Input leakage error is error due to input leakage across the real porton of the impedance of the network driving the analog
pin. Reducing the impedance of the network reduces this error.

10.Total unadjusted error is the difference between the transition voltage to the current code and the ideal straight-line trans-
fer function. This measure of error includes inherent quantization error (1/2LSB) and dircuit error (differential, integral, zero-
scale, and full-scale} error. The specified value of Epy assumes zero Ey (no leakage or zero real source impedance).

=
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2. RF Module Operation

2.1. Serial Communications

The XBee/XBee-PRC OEM RF Modules interface to a host device through a logic-level asynchro-
nous serial port. Through its serial port, the module can communicate with any logic and voltage
compatible UART; or through a level translator to any serial device (For example: Through a Max-
Stream proprietary R5-232 or USB interface board).

2.1.1. UART Data Flow

Devices that have a UART interface can connect directly to the pins of the RF modute as shown in

the figure below.

Figure 2-01. System Data Flow Diagram in 2 UART-interfaced environment
(Low-asserted signals distinguished with horizontal line over signal name.)

CMOS Logic (23 - 3.4v)

Microcontrofier

Serial Data

Of {da )
AE]
< XBew
s DO {data out) | Modufe
RTS

- CMOS Logk: {2.3 - 3.4v)
2= e '—‘——1
01 {data bn}
s

Microcontroller

XBea
Modula | DO (daa oot} _ |
RIS

Data enters the module UART through the DI pin {pin 3) as an asynchronous serial signat. The sig-
nal should idle high when no data is being transmitted.

Each data byte consists of a start bit (low), 8 data bits (least significant bit first) and a stop bit
(high). The following figure illustrates the serial bit pattern of data passing through the module,

Figure 2-0L UART data packet 0x1F (decimal number "317) as transmitted through the RF module
Example Data Format is 8-N-1 (bits - parity - # of stop bits})

Least Sxynificant B {first) oy
1
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[ ] 1
’ ]
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¢ ' 1
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1 ' . v
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Time -

The module UART performs tasks, such as timing and parity checking, that are needed for data
communications. Serial communications depend on the two UARTs to be configured with compati-
ble settings (baud rate, parity, start bits, stop bits, data bits).

__/_‘.———‘
—
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XBeeiXBee-PRQO 302,154 QOEM RF Modules vl xAx {2006.10.13] Chapter 2 - RF Module Operation

2.1.2. Transparent Operation

By default, XBee/XBee-PRO RF Modules operate in Transparent Mode. When operating in this
mode, the modules act as a serial line replacement - all UART data received through the DI pin is
queued up for RF transmission. When RF data is received, the data is sent out the DO pin.

Serial-to-RF Packetization

Data is buffered in the DI buffer until one of the following causes the data to be packetized and
transmitted:

1. No serial characters are received for the amount of time determined by the RO (Packetiza-
tion Timeout} parameter. If RO = 0, packetization begins when a character is received.

2. The maximum number of characters that will fit in an RF packet (100) is received.

3. The Command Mcde Sequence (GT + CC + GT) is received. Any character buffered in the
DI buffer before the sequence is transmitted.

If the module cannot immediately transmit (for instance, if it is already receiving RF data), the
serial data is stored in the DI Buffer. The data is packetized and sent at any RO timeout or when
100 bytes (maximum packet size) are received.

If the DI buffer becomes full, hardware or software flow control must be implemented in crder to
prevent overflow {loss of data between the host and module).

2.1.3. API Operation

API {Application Programming Interface) Operation is an alternative to the default Transparent
Operation, The frame-based API extends the level tc which a host application can interact with the
networking capabilities of the module.

When in APL mode, all data entering and leaving the module is contained in frames that define
operations or events within the module.

Transmit Data Frames {received through the DI pin (pin 3)) include:

* RF Transmit Data Frame
+» Command Frame (equivalent to AT commands)

Receive Data Frames (sent out the DO pin {pin 2)) include:

» RF-received data frame
« Command response
= Event notifications such as reset, associate, disassociate, etc.

The API provides alternative means of configuring modules and routing data at the host applica-
tion layer. A host application can send data frames to the module that contain address and payload
information instead of using command mode to modify addresses. The module will send data
frames to the application containing status packets; as well as source, RSSI and payload informa-
tion from received data packets.

The API operation option facilitates many operations such as the examples cited below:

-> Transmitting data to multiple destinations without entering Command Mode
-> Receive success/failure status of each transmitted RF packet
-> Identify the source address of each received packet

To implement APl operations, refer 1o APl sections [p52].

e

e
-ﬁaxStreama © 2006 MaxStream, Inc. 10




XBee/XBee-PRO 802.15.4 QEM RF Madule: vl xAx [2006.10.13] Chapter 2 - RF Module Qperation

2.1.4. Flow Control

Figure 2-03. Internal Data Flow Diagram
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DI {Data In) Buffer

wWhen serial data enters the RF module through the DI pin {pin 3), the data is stored in the DI
Buffer until it can be processed.

Hardware Flow Control (CTS). When the DI buffer is 17 bytes away from being full; by default,
the module de-asserts CTS (high) to signal to the host device to stop sending data {refer to D7
{DIO7 Configuration) parameter]. CTS is re-asserted after the DI Buffer has 34 bytes of memory

available,

How to eliminate the need for flow control:

1. Send messages that are smaller than the DI buffer size.
2. Interface at a lower baud rate [BD (Interface Data Rate) parameter] than the throughput
data rate.

Case in which the DI Buffer may become full and possibly overflow:

If the module is receiving a continuous stream of RF data, any serial data that arrives on the DI
pin is placed in the DI Buffer. The data in the DI buffer will be transmitted over-the-air when the
module is no longer receiving RF data in the network.

Refer to the RO (Packetization Timeout), BD (Interface Data Rate) and D7 (DIO7 Configuration) com-
mand descriptions for more information.

DO ({Data Out) Buffer

When RF data is received, the data enters the DO buffer and is sent out the serial port to a host
device. Once the DO Buffer reaches capacity, any additional incoming RF data is lost.

Hardware Flow Control {RTS). If RTS is enabled for flow control (D& (D106 Configuration)
Parameter = 1), data will not be sent out the DO Buffer as long as RTS (pin 16) is de-asserted.

Two cases in which the DO Buffer may become full and possibly overflow:

1. If the RF data rate is set higher than the interface data rate of the module, the module will

] receive data from the transmitting module faster than it can send the data to the host,

2. If the host does not allow the module to transmit data out from the DO buffer because of
being held off by hardware or software flow control.

Refer to the D6 (DIO6 Configuration) command description for more information.

MaxStrearmnts © 2006 MavStreant Ine, 11
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3. RF Module Configuration

3.1. Programming the RF Module

Refer to the Command Mode section [p24] for more information about entering Command Mode,
sending AT commands and exiting Command Mode. For information regarding module program-
ming using API Mode, refer to the API Qperation sections [p52].

3.1.1. Programming Examples

!_Refer to the ‘X-CTU’ sec-
, tion of the Develop-~

: ment Guide {Appendix

- B] for more information
, regarding the X-CTU

: configuration software.

! - - .

=

Maxstream.

g(]

Setup

The programming examples in this section require the installation of MaxStream's X-CTU Soft-
ware and a serial connection to a PC. (MaxStream stocks R5-232 and USB boards to facilitate
interfacing with a PC.)

1. Install MaxStream’'s X-CTU Software to a PC by double-clicking the "setup_X-CTU.exe" file.
{The file is located on the MaxStream CD and under the 'Software' section of the following
web page: www.maxstream.net/support/downloads.php)

Mount the RF module to an interface board, then connect the module assembly to a PC.

Launch the X-CTU Software and select the 'PC Settings' tab. Verify the baud and parity set-
tings of the Com Port match those of the RF module.
NOTE: Failure to enter AT Command Mode is most commonly due to baud rate mismatch.
Ensure the 'Baud’ setting on the 'PC Settings’ tab matches the interface data rate of the RF mod-
ule. By default, the BD parameter = 3 (which corresponds to 9600 bps).

Sample Configuration: Modify RF Module Destination Address

Example: Utilize the X-CTU “Terminal” tab to change the RF module's DL (Destination Address
Low) parameter and save the new address to non-volatile memory.

After establishing a serial connection between the RF module and a PC [refer to the 'Setup’ sec-
tion above], select the “Terminal” tab of the X-CTU Software and enter the following command
lines ("CR’ stands for carriage return):

Method 1 (One line per command}

Send AT Command System Response

++4 OK <CR> {Enter into Command Mode)

ATDL <Enter> {current value} <CR> (Read Destination Address Low)
ATDL1AOD <Enter> OK <CR> (Modify Destination Address Low)

ATWR <Enter> OK <CR> (Write to non-volatile memory)

ATCN <Enter> OK <CR> (Exit Command Mode)

Method 2 (Multiple commands on one line)

Send AT Command System Response
+++ OK <CR> (Enter into Command Mode)
ATDL <Enter> {current vatue} <CR> (Read Destination Address Low)

ATDL1AOD,WR,CN <Enter> 0K, OK, OK <CR> (Command execution is triggered upon
each instance of the comma)

Sample Configuration: Restore RF Module Defaults

Example: Utilize the X-CTU "Modem Configuration” tab to restore default parameter values.

After establishing a connection between the module and a PC [refer to the 'Setup' section
above], select the "Modem Configuration” tab of the X-CTU Software.

1. Select the 'Read’ button.
2. Select the 'Restore’ button.
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XBee/XBee-PRO 302.15.4 OEM RF Modules vl x Ax [2006.10.13] Chapter 3 - RF Module Coufigniration

3.2. Command Reference Tables

XBee/XBee-PRO RF Modules expect numerical values In hexadecimal. Hexadecimal values are des-
ignated by a "0x" prefix. Decimal equivaients are designated by a "d” suffix. Commands are con-
tained within the following command categories (listed in the order that their tables appear):

* Special

= Networking & Security

« RF Interfacing

s Sleep (Low Power)

« Serial Interfacing

» /0O Settings

» Diagnostics

+ AT Command Options
All modutes within a PAN should operate using the same firmware version.

Special
Table 3-01. XBee-PRO Commands - Special
AT Command
P D
Command- | Category Name and Description arameter Range efault
Write. Write parameter values (o non-volatile memory so that parameter modifications
WR Special persist through subsequent power-up or reset.
Note: Once WR is issued, no additional characters should be sent {o the module untit
after the response "OKV" is recefved.
RE Special Restore Defaults. Restore module parameters to factory defaults.
FR{v1x809 | Specal Software Reset. Responds immediately with an OK then performs a hard reset .
~100ms later.
* Firmware version in which the command was first introduced {firmware versions are numbered in hexadecimal notation.)
Networking & Security
Table 3-02. XBee/XBee-PRO Commands - Networking & Security (Sub-categories designated within [bracketst)
AT Command
Command | Category Name and Description Parameter Range Default
CH Networking Channel, Set/Read the channel number used for transmilting and receving data 0208 - 0x1A (XBee) OX0C {12d)
{Addressing) between RF modules (uses 802.15.4 protocol channel numbers). 0x0C - Ox17 (XBee-PRO)
D Networking PAN ID, Set/Read the PAN (Personal Area Network) (0. 0- OFFFF x3332
{Addressing) Use OxFFFF (o broadcast messages to al PANS, {131064)
Destination Address High. Set/Read the upper 32 bits of the 64-bit destination
DH Networking address. When combined with DL, it defines the destination address used for 0 - WFFFFFFFF 0
{Addressing} transmission. To transmit using a 16-bit address, set DH parametes o zero and DL less
than 0xFFFF. (x00000000000FFFF is the broadcast address for the PAN,
Destination Address Low. Set/Read the lower 32 bits of the 64-bit destination
oL Networking address. When combined with DH, DL defines the destination address used for 0 - OxFFFFFFFF 0
{Addressing} transmission. To transmit using a 16-bit address, set DH parameter to zero and DL less
than OxF FFF. Gx000000000000F FFF is the broadeas! address for the PAN,
Networking 16-bit Source Address, Set/Read the RF module 16-bit source address. Set MY =
MY {Addressing} OxFFFF o disable reception of packets with 16-bit addresses, 64-it source address | 0 - OxFFFF 0
By (serial number) and broadcast address (0x000000000000FFFF) is atways enabled.
Networking Serial Number High. Read high 32 bits of the RF module’s unique IEEE B4-bit
SH {Addressing} | address, 64-bit source addvess is aways enabled. 0- OxFFFFFFFF [read-only] | Factory-set
Networking Sertal Number Low. Read low 32 bits of the RF module's unique IEEE 64-bit addeess.
SL {Addressing) 64-bit source address is e, 0- OxFFFFFFFF [read-only] | Factory-set
Networking XBee Retries. Set/Read the maximum number of retries the module will execule in
RR { v1xAQ") {Addressing} addifion to the 3 retries provided by the 802.15.4 MAC. For each XBee relry, the 0-6 0
ressing 802.15.4 MAC can exeaute up to 3 retries,
N Random Delay Slots. Set/Read the minimum vaue of the back-off exponent in the
RN {Addressing) CSMA-CA algorithm that is used for collision avoidance. Il RN = 0, collision avoidance | 0 - 3 [exponent] 0
eSS03) | is disabled during the frst iteration of the aigorithon (802.15.4 - macMinBE).
MAC Mode. SetRead MAC Mode value. MAC Mode enables/disables the use of a 0-2
MM { v1.x807) Netwu‘kiljlg MaxStream header in the 802.15.4 RF packet When Mode 0 is enabled (MM=0), 0= MaxStream Mode 0
- {Addressing} duplicate packet detection is enabled as well as certain AT commands, Modes 1and 2| 1= 802.15.4 (no ACKs)
are srict 802.15.4 modes. 2= B802.15.4 (with ACKs)
=
=5y
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Table 3-02, XBee/XBee-PRO Commands - Networking & Security (Sub-categories designated within {brackets})

AT Command
Command | Category

Name and Description Parameter Range Default

Node Mentifier. Stores a siring identifier. The regisier only accepts printable ASCII

Networking data. A string can not slarl with a space. Carmiage retum ends command. Command will ]

NI{ v1.x80%) {Identificaton) automatically end when maximum bytes for the siring have been entered, This string is | 20-character ASCII string -
retumed as part of the ND {Node Discover) command. This identifier is alsg used wilh

the DN {Destination Node) command.

Nede Discover, Discovers and reports 2 RF madules found. The following information
is reported for each modude discovered {the example cites use of Transparent operation
{AT command format} - refer to the long ND command description regarding differences
between Transparenl and APl operation).

MY<CR>
SH<CR>
Networking .
ND { v1.x80°) {ideniifcation} [S)léi%%i optional 20~character NI value
Ni<CR=><CR>

The amount of time the module 2lows for responses is determined by he NT
parameter. In Transparent operation, command completion is designated by a <CR>
(carrage retum). NO also accepts a Node Identifier as a parameter. In this case, only a
module matching the supplied identifier will respond.

Networking Node Discaover Time. Set/Read the amount of tme a node will wait for responses from .
NT(v1XA0) | (dentification) | other nodes when using the ND (Node Discover) command. 0x01 - OxFC 013

Destination Node. Resoives an NI (Node tdentifier) string to a physical address. The

following events oceur upon suctessiul command execution;

Networki 1. DL and DH are sef to the address of the module with the matching Node [denlifier.

DN {vixg07) | horworking 2, 0K is retumed, 20-characler ASCII string -
{identification} | 3’ RF madude artomatically exits AT Command Mode

If there ts no response from a module within 200 msec or a parameter is not specified

{left blank), the command Is terminated and an “ERROR™ message is retumed.

. 0-1
CE ( v1.x80) ?‘,‘E“”"‘?‘g, Coordinator Enable. SeVRead the coordinator sefting. 0= End Devie 0
Scan Channels. Set/Read list of channels {o scan for all Active and Energy Scans as a
bitfield. This affects scans iniliated in command made (AS, ED) and during End Device Ox1FFE
Networking Association and Coordinator startup; 0 - 0xFFFF [bitfikd] o B
SC{v1aB0) | o) Bt0-0x0B  bitd- OxOF bit 8 - 0x13 bit12 - 0x17 {bits 0, 14, 15 not aliowed on f,RO ee-
bit1-0x0C  bit5-0x10 it § - Ox14 bil13 - (18 the XBee-PRO)
bit2-0:00  bit§-Oxii Bit10-0x15  bit1d - 0x19 Channets)

bit 3 - 0x0E bit 7 - 0x12 bit 11 - 0xi6 bit 15- 1A

Scan Duration. Set/Read the scan duration exponent.
End Device - Duration of Active Scan during Assodiation. On beacon system, set SD =
BE of coordinator. SD must be set at least to the highest BE parameter of any
Beaconing Coordinator with which an End Device or Coordinator wish to discover,
Coordinator - If ‘ReassignPANID' option is set en Coondinator [refer to A2 parameler],
SD determines the length of ime the Coordinator will scan channels to iocate existing
s::s. ] ‘ngE X nCshl;nnnel‘ option is set, SD determines how long the Coordinator will
Networking orm an Energy to determine which channel it will operate on.

SOAVIXBD) | tassociztion) | “Scan Time! is measured as {f of channels fo scan] (2 D) - 15.36ms), The number | &0 [Expo0ent] 4
of channels 10 scan is set by the SC command. The XBee can scan up o 16 channels
(SC = 0xFFFF). The XBee PRO can scan up to 13 channels (SC = 0x3FFE).
Example: The values below show results for a 13 channel scan;

IFSD=0,tme=0.18sec SD = 8§, time = 47.19 sec

SD=2,tme=074sec  SD=10,tme = 3.15min

S0=4,tme=295sec SO =12, time = 12.58 min

SD=6,tme=11.80secc  SD = 14, lime = 50,33 min

End Device Association. Set/Read End Device assaciation options.
bit 0 - ReassignPaniD
0 - Will only associate with Coordinator operating on PAN 1D that matches module 1D
1 - May associate wilh Coordinator operating on amy PAN 1D
bit 1 - ReassignChannel
0 - Will only associate with Coordinator operating on matching CH Channel sefting
- May assodiate with Coordinator operating on any Channel
Networking bit 2 - AutnAssociate i
AT(VIXB0Y | taccocation) | - Device will not atiempt Association 0 - OxOF itheld] 0
1 - Device atiempts Assodiation unt sucoess
Nate: This bit is used only for Non-Beacon systems. End Devices in Beacon-enabled
system must always assodate to a Coordinalor
bil 3 - PoCoord OnPinWake
0 - Pin Wake will not poll the Coordinator for indirect (pending) data
1 - Pin Wake will send Poll Request to Coondinator to extracl any pending dala
bits 4 - 7 are reserved

)

l(

2
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Table 3-02. XBee/XBee-PRO Commands - Networking & Security (Sub-categories designated within {brackets})

AT
Command

Command
Category

Name and Description

Parameter Range

Default

A2 ( v1.x80")

Networking
{Assaciation}

Coordinator Assoclation. SetRead Coordinator 2ssociation options.
bit 0 - ReassignPanlD
0 - Coordinator will not perform Active Scan to locate avaiable PAN ID. [t will operate
on ID (PAN ID).
1 - Coordinator will perform Active Scan o determine an avalable 1D (PAN D). lf a
PAN ID conflict is found, the ID parameter will change.
bil 1 - ReassignChannel -
{0 - Coordnator will not perform Energy Scan (o determine free channel. It will operate
on the channel determined by the CH parameter.
1 - Coordinator wift perform Energy Scan to find 3 free channel, then operate on that
channel.
bit 2 - AllowAssociation -
0 - Coordinator will not aliow any devices {o associate lo it
1 - Coordinator will allow devices to associate to it.
bits 3 - 7 are reserved

0. 7 hitfiekd]

Al {v1.x80%

Networking
{Association)

Assoclation Indication. Read errors with the last assodialion request:

x00 - Successiul Completion - Coardinator successiully staned or End Device
association complete

01 - Active Scan Timeout

0x02 - Active Scan found no PANS

0x03 - Active Scan found PAN, but the CoordinatorAlowAssociation bit is not set

0x04 - Active Scan found PAN, but Coordinator and End Device are not

configured Lo support baacons

0x05 - Active Scan found PAN, but the Coondinator [D parameter does not match
the ID parameter of the End Device

0x06 - Active Scan found PAN, but the Coordinator CH parameter does not match the
CH parameter of the End Device

0x07 - Energy Scan Timeout

0x08 - Coordinator star request Lailed

0x09 - Coordinator could not start due to invalid parameter

0x0A - Coordinator Realignment is in progress

0x0B - Assodation Request nat sent

OC - Association Request imed oul - no reply was received

0x0D - Associztion Request had an Invalid Parameler

0x0E - Assogiation Request Channgd Access Failure. Request was not transmitted -
CCA failure

0xQF - Remote Coordinator did not send an ACK after Association Request was sent

0x10 - Remote Coordinator did not reply (o the Assodiation Request, but an ACK was
recefved after sending the request

Ox11 - [reserved)

0x12 - Sync-Loss - Lost synchronization with a Beacaning Coordinator

0x13 - Disassociated - No longer associated to Coordinator

0- 0x13 [read-only}

DA { v1.x807)

Networking
{Association}

Force Disassaciation. End Device will immediately disassociate from a Coordinator (if |

associated) and reatlempt to assodate.

FP (v1x80%)

Networking
{Association}

Force Poll. Request indirect messages being held by a coordinator.

=
Max

t%‘
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Table 3-02. XBee/XBee-PRO Commands - Networking & Security (Sub-catepories designated within {brackets))
AT Command
Command | Category Name and Description Parameter Range Default
Active Scan. Send Beacon Request io Broadcast Address {(OxFFFF) and Broadcast
PAN {0xFFFF) on every channel. The parameter determines the tme the radio will
listen for Beacons on each channel, A PanDescriptor is created and retumed for every
Beacon received from the scan, Each PanDescriptor contains the following information:
CoordAddress {SH, SL}<CR>
CoordPan|D {ID)<CR>
CoordAddrMode <CR>
0x02 = 16-bit Short Address
0x03 = 64-bit Long Address
Channel (CH parameler) <CR>
Securitylse<CR>
ACLEntry<CR>
SecurityFailure<CR>
SuperFrameSpec<CR> (2 bytes):
Networking bit 15 - Association Pemmitted (MSB) )
AS(VIXB) | iaceociation} | bil 14 - PAN Coordinator 0-8
bit 13 - Reserved
bit 12 - Battery Life Exlension
bits 811 - Final CAP Slot
bits 4-7 - Superframe Order
bits 0-3 - Beacan Order
GisPermit<CR>
RSSI<CR> (RSS! is retumed as -dBm)
TumeStamp<CR> {3 bytes)
<CR>
A carriage retum <CR> is sent al the end of the AS command. The Active Scan is
capable of retuming up lo 5 PanDescriptors in a scan. The actual scan time on each
channel is measured as Time = [{2 *SD PARAM) © 15.36] ms. Note the tolal scan time is
this time mudtiplied by the number of channels io be scanned (16 for the XBee and 11
for the XBee-PRO). Also refer to SD command desaription.
Energy Scan. Send an Energy Detedd Scan. This parameter determines the length of
scan on each channel. The maximal energy on each channel is retumed & each value
N - is foliowed by a caniage return. An additional camiage retum is sent at the end of the
ED (v1.x807 If""“‘“.‘g } command. The values retumed represen the detected energy level inunits of dBm. | 0-6
The achual scan time on each channel is measured as Time = [(2 *E0) * 15.36) ms.
Note the total scan me s this Gme multiplied by the number of channels to be scanned
{refer to SO parameter).
N ( AES Encryption Enable. D:sablefEnable 128-bit AES encryption support. Use in . .
EE {v1.xA0% {Seauity} conjuncion with the KY 0-1 0 (disabled)
Networking AES Encryption Key. Set the 126-bit AES {Advanced Encryption Standard) key for )
KY (V1080Y | tseurity) encrypling/decrypting data. The KY register cannot be read. 0 - (any 16-Byte value) :
* Firmware version in which the command was first introduced {{irmware versions are numbered in hexadecimal notation.)
RF Interfacing
Tabte 3-03. XBee/XBee-PRO Commands - RF Interfacing
AT Command
Command | Category Name and Description Parameter Range Default
Power Level. SelectRead the power lavel at which the RF mocule transmits conducted| © “_(XE“?’%B:;:RO)
powes. -
PL RF Intertacing | NOTE: XBee-PRO RF Modules oplimized for use i Japan contain frmwars that imis | 32 3 12 48 4
transm#t power outpud lo 10 dBm. If PL=4 (defautl), the maximum power culpu! leved is 3= .2/16dBm
fixed 2t 10 08m. 4= 0/18dBm
CCA Thresheld. Setread the CCA (Clear Channel Assessment) threshold. Prior to BOC
CA(vix807% | RFlnterfacing | transmitting a packet, a CCA is performed {p deled energy on the channal. If the 0 - 050 [-dBm}
detected energy is above the CCA Threshald, the module will not transmit the packel. (44d dBm)
* Firmware version in which the command was first introduced {firmware versions are numbered in hexadecimal notation.)
—
=2v
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Sleep (Low Power)
Table 3-04. XBee/XBee-PRO Commands - Sleep (Low Power)
AT Command

Command | Category Name and Description Parameter Range Default
0-5
0 = No Sleep
1 = Pin Hbemate
2 = Pin Daze
3= gmed
Sleep . 4 = Cyclic sleep remole
SM (Low Power) Sleep Mode. <NonBeacon futnware> Set/Read Sleep Mode configurations. 5 = Cyclic sleep remole 0
wi pin wake-up
6 = [Steep Coordinator] for
backwards compatibility
wi v1.x6 only; otherwise,
use CE command.
Time before Sleep, <NonBeacon fimmware> Sel/Read time period of inactivity {no
seria or RF data is sent or received) before activating Sleep Mode. ST parameter is
Sleep only valid with Cyclic Sleep settings (SM =4 - 5). 0x1388
ST {Low Power) Coordinator and End Device ST values must be equal. 1 - OxFFFF [x 1 ms} (5000d)

Also note, the GT parameter value must always be less than the ST value. (If GT > ST,

the configuration will render the module unable to enter into command mode.) IF the ST

parameters is modified, also modify the GT parameler accordingly.

Cyclic Sleep Period. <NonBeacon finmware> SelfRead sieep period for cyclic sleeping

remotes. Coordinator and End Device SP values should always be equal. To send

Direct Messages, set SP = 0.

{Low Power) End Device - SP determines the sleep period for cydic leeping remates. Maximum 0 - 0x68B0 [x 10 ms] 0

sleep period is 268 seconds (0x6880).

Coardinator - If non-zes0, SP determines the time 1o hold an indirect message before

discarding it. A Coordinator will discard indirect messages afler a period of (2.5 ° SP).

Disassociated Cyclic Sleep Period. <NonBeacon finmware>

End Device - Set/Read time period of sleep for cydic sleeping remoles thal are

DP (11807 Sleep configured for Association but are not associated to a Coordinater. {i.e. If a device is 1 026880 jx 10 ms] Ox3ES
{Low Power) configured to associate, configured as a Cyclic Sleep remote, but does not find 2 {1000d)

Coordinator, it will sleep for DP lime before reattempting association.) Maximum sleep

period is 268 seconds (0x6880). OP should be > 0 for NonBeacon systems.

SP

* Firmware version in which the command was first introduced {firmware versions are numbeted in hexadecimal notation.)
Serial Interfacing
Table 3-05. XBee-PRO Commands - Serial Interfacing

AT Command
Command | Category Name and Description Parameter Range Default
U - 7 {standard bauad rates)
0=1200 bps
1= 2400
Interface Data Rate, Set/Read the serial interface dala rate for communications 2= g%
8D Seriat between the RF module serial port and host. ,‘;’ = 19200 3
Interfacing Request non-standard baud rates with values above 0x80 using a terminal window, 5 = 48400
ReadmeBDregislertofn'ldacmalbaudraleadieved. 6=57600
7=115200
0x80 - 0x1C200
o e {non-standard baud rates)
Serial Packetization Timeoul. Sel/Read number of character times of inter-characier delay
RO In . required before transmission. Set to zero to transmit characters as they anive instead of | 0 - OxFF [x character times] 3
tertacing buftering them into one RF packet.
072
] 0 = Disabled
A aa) | el API Enable. Disable/Enable AP| Mode. iy 0
(wlescaped control
e o characters)
Pull-up Resistor Enable. SeifRead titfiek to configure intemal puti-up resistor stafis
for VO lines
Bithedd Map:
bit 0- AD4/DIOA {pin11)
bit 1 - AD3/ DIQ3 {pint?)
Serial bit 2 - AD2DIO2 (pini8)
PRUVIXBO) | |riortacing bit 3- ADH/DION (pin19) 0-&:FF OxFF
bit 4 - ADO / DIOO (pin20)
bit 5 - RTS / AD6 / DIO6 {pin16)
bit 6 - OFR 7 SLEEP_RQ / DI8 (ping)
bit 7 - GINJCONFIG {pin3}
Bit sel to 1" specifies pullup enabled; 0" specifies no pull-up

* Firmware version in which the command was first introduced (firmware versions are numbered in hexadecimal notation.)
ey —
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1/0 Settings
Table 3-06. XBee-PRO Commands - I/O Settings (sub-category desiEnated within {brackets})

AT Command
P ter R
Command | Category Name and Description arameter Range Default
0-1
. " N 0 = Disabiled
08 VO Settings 08 Configuration. Select/Read options for the DI8 line {pin 9) of the RF modute. 3=0 0
(1,24 & 5nla}
0-1
0 = Disabled
o7 wtsgon | vo s DIOT Configuration. Select/Read setings for the DIO7 e (pin 12) of the RF modue.| 3 (CJ; Flow Control .
(14607 tings Options include CTS flow contral and VO line settings. 3=
4=D0 low
5= DO high
0-1%
0 = Disabled
06 vx801 | 1O Set DIOG Configuration, Select/Read seftngs for e DIOG line (pin 16) of the RF modue. | ) {‘;LS) flaw control 0
v1.x80) "5 | Options include RTS flow control and U0 tine setings. 25
4 =00 low
5= DO high
0-1
0 = Disabled
DIO5 Configuration. Configure settings for the DIOS line {pin 15) of the RF module. 1 = Associated indicator
D35 {v1.x807) VO Settings Options include Associated LED indicator (blinks when associated) and VO line g =ADC 1
settings, =Dl
" 4=D0 low
5= DO high
0-1
0 = Disabled
{0104 -DI04) Configuration. SelecyRead settings ior the kallowing Bnes: ADODIOD 1= {nfa}
R‘} ;f\’g_) VO Setings | {pin 20), ADT/DION {gin 19), ADZ/DIO? {pin 18), ADY/DIO3 {pin 17), ADA/DIOA (pin 11} 2= ADC 0
Options include: Analog-to-digital converter, Digital Input and Digital Output. 2 f g:) o
5 =00 high
: . 0-1
. WO Output Enable. Disables/Enables VO data recetved to be sent out UART. The data .
W (v1.0807 VO Settings is sent using an AP1 frame regardless of the cwrenl AP parameter value. ? - E'Sng:fg i
" Samples before TX. Set/Read the number of samples to collect before ransmitting .
IT (v1.2A09 VO Settings data, Maximum number of samples is dependent upon the number of enabled inputs. 1-0xFF 1
. . 8-bit bitmap {each bit
! Force Sample. Force a read of alf enabled inputs (DI or ADC). Data is retumned through )
IS(IxXAD) | VO Setings | w0 AR, If no inputs are defined (DI or ADC), this command wil setum efror. ﬁmng’gz‘;sa:‘:,:e"“ °'l)" vo
. Digital Output Level. Set digital output level to aflow DIQ ines that are setup as .
10 (v1xA07 | VO Seitings OUtpUIs to be changed through G - Moge. .
D10 Change Detect. Enables/Disables the monitoring of the change detect feature on
IC (vt xAD") V0 Settings DIO Eines (-7. If a change is detected, data is transmitted with DIO data onty. Any 0 - OxFF [bitfield] 0 (disabled)
samples queued and waiting for transmission will be sent first
; Sample Rate. Set/Read sample rate. When set, this parameter causes the module to
IR(v1xA07 | O Settings le all enabled inputs a  specified inferval 0- OXFFFF [x 1 msec] 0
0-1
AV (v1.2A07) VO Settings ADC Voltage Reference. <XBee-PRO only> Set/Read ADC reference voltage switch. | 0 =VREF pin 0
1 = Intemnal
: O Input Address. Sel/Read addresses of module to which oulputs are bound, Setting
Wivixapy | §0 Setiogs {)"'0 ail bytes (o 0xFF wil ot alow any recsived VO packet lo change ougputs, Setting | - OKFFFFFFFFFFFFFFFE | SREFEFTEE
assim address to OxFFFF will allow any received LUO packet to change outputs.
{D0 - D7) Qutput Timeout. Set/Read Ouiput imecut values for fines that corespond
T0-77 VO Setiings (VO § with the DO - D7 parameters. When cutput is set (due to VO line passing) to a non- 0 - OxFF [x 100 ms] OxFF
(v1.xA07) Line Passing} default level, a timer is started which when expired will set the output to it defaull level, ™S
The timer ts resel when a valid VO packel is received.
0.2
VO Settings {VO . . = Disab
PO Line Passirfé} PWMO Conflgurztion. SelectRead function for PWMO pin. ? - RS3) ied 1
2 = P'WM Outpant
VO Settings {0 e
ttings {1f - : . 0 = Disabled
P1{v1xAD") Line Passing} PWM1 Configuration. Select/Read function for PWM1 pin, § = RSSI 0
2 = PWM Quiput
VO Settings {U
MOixa0y [0 Pﬁ;{} O | PWMO Output Level. SetiRead the PWIO outpul level. 0- Ox03FF )
=
]
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Table 3-06. XBee-PRO Commands - /O Settings (sub<category designated within {brackets}}
AT Command
Command | Category Name and Description Parameter Range Default
YO Settings {VO ) _
MI(VIXADY | e P } PWM1 Output Leved, Set/Read the PWMO output fevel, 0- 0x03FF
PWM Output Timeout. Sel/Read output imeout value for both PWM outputs. When
YO Settings {O | PWM is set to a non-zero value: Due to YO bne passing, a time is started which when )
PT (vixAD7) Line Passing} expired will set the PYWM output to zero. The timer is reset when a valid VO packet is 0- 0xFF [x 100 ms] BuFF
received.|
YO Settings (VO RSS| PWM Timer. SetRead PWM timer register. Set the duration of FY¥WM (pulse width
RP b P“"G modulation) signal output on the RSSI pin, The signal duty cyde is updated with each | 0 - OxFF [x 100 ms] 0x28 (40d)
ne Passing} received packet and is shut off when the timer expires.|
* Firmware version in which the command was first introduced (firmware versions are numbered in hexadecimal notation.)
Diagnostics
Table 3-07. XBee/XBee-PRO Commands - Diagnostics
AT Command Name and Description Parameter Range Default
Command | Category
VR Diagnostics Finmware Version. Read firmware version of the RF module. 0 - OxFFFF [read-onty| Factory-set
; . Fimmware Version - Verbose. Read detailed version information (including application .
VL{v1x807) | Diagnostics | piuq gate, MAC, PHY and bootiaades versions).
HV {v1.x80% Diagnostics Hardware Version. Read hardware version of the RF modute, 0 - 0xFFFF [read-only} Factory-set
Received Signal Strength. Read signal level [in d8] of last good packet received
DB Diagnostics {RSSI). Absohute value is reported. (For example: 0x58 = -88 dBm) Reported value is | 0 - 0x64 [read-only) -
accurate between 40 dBm and RX sensitivity,
CCA Fallures. ResetRead count of CCA (Clear Channel Assessment) failures. This
. . parameter value increments when the module does not transmit a packet because it
EC(v1xB07) [ Diagnosics 1 oiariad energy above the CCA thveshokd level sel with CA command, This count | 0~ BXFFFF :
saturates at its maximum value. Set count (o "0 to reset counl.
ACK Failures. Reset/Read count of acknowledgment failures. This parameter value
. . increments when the module expires its transmission retries without recedving an ACK
EAW1x807 | Diagnosics on a packet ransmission. This count saturates al its maximum value, Set the parameter 0- OxFFFF )
to *0" to reset count. .
Energy Scan. Send ‘Energy Detect Scan'. ED parameter delermines the length of scan
on each channel. The maximal energy on each channel is retumed and each value is
ED {v1.x807 Diagnastics followed by a carriage retumn, Values retumed represent detected energy levels inunits | 0- 6 -
of -dBm. Actual scan time on each channel is measured as Time = [(2 * SD) * 15.36]
ms. Totad scan time is this time multiplied by the number of channels lp be scanned.
* Firmware version in which the command was first introduced {firmware versions are numbered in hexadecimal notation.)
AT Command Options
Table 3-08. XBee/XBee-PRO Commands - AT Command Options
AT Command
Command | Category Name and Description Parameter Range Default
ATC d Command Mode Timeout. Sel/Read the period of inactivity (no valid commands
cT Mode Options received) afler which the RF modide automatically exits AT Command Mode and 2 - (xFFFF [x 100 ms) Ox64 (100d)
retums o Ide Mode.
CN m"s Exit Command Mode. Explicity exit the module from AT Cormand Mode. - -
AC (v1 A0 AT Cormmand Apply Changes. Explicitly apply changes to queved parameter value(s) and re-
Mode Options | initialize module. - -
Guard Times. Set required period of silence before and atter the Command Sequence
GT :Ldecuwm 2 | Characters of the AT Command Mode Sequence (GT+ CC ~GT). The period of slence | 2 - 0x0CE4 [x 1 ms] ﬁ‘gg&
is used Lo prevent inadvertent entrance info AT Command Mode, { )
AT Command Command Sequence Character. Set/Read the ASCII chavacler value Lo be used 0x28
cC Options between Guard Times of the AT Command Mode Sequence (GT+CC+GT). The AT 0- OxFF ' ASCHI
Mode Command Mode Sequence enters the RF modude inta AT Command Mode. (+ ASCH)
* Firmware version in which the command was first introduced (firmware versions ar¢ numbered in hexadecimal notation)
==
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3.4. API Operation

By defaulft, XBee/XBee-PRO RF Modules act as a serial line replacement {Transparent Operation) -
all UART data received through the DI pin is queued up for RF transmission. When the module
receives an RF packet, the data is sent out the DO pin with no additional information.

Inherent to Transparent Operation are the following behaviors:
» If module parameter registers are to be set or queried, a special operation is required for
transitioning the module into Command Mode.
» In point-to-multipoint systems, the application must send extra information so that the
receiving module{s) can distinguish between data coming from different remotes.
As an alternative to the default Transparent Operation, API {Application Programming Interface)
Operations are available. API operation requires that communication with the module be done
through a structured interface (data is communicated in frames in a defined order). The AP] spec-
ifies how commands, command responses and module status messages are sent and received
from the module using a UART Data Frame.

3.4.1. API Frame Specifications

Two API modes are supported and both can be enabled using the AP (API Enable) command. Use
the following AP parameter values to configure the moduie to operate in a particular mode:

= AP = 0 (default): Transparent Operation (UART Serial line replacement)

API modes are disabled.

s AP = 1: API Operation

« AP = 2: API Operation {with escaped characters)
Any data received prior to the start delimiter is silently discarded. If the frame is not received cor-
rectly or if the checksum faiis, the data is silently discarded.

API Operation {AP parameter = 1)

When this AP1 mode is enabled (AP = 1), the UART data frame structure is defined as follows:
Figure 3-01. UART Data Frame Structure:

Start Delimiter Length Frame Data Checksum
{Byts 1) (Bytes 2-3) {Bytes 4-n) {Byte n + 1)
O0x7E ; MSB LSB , APl-specific Structure | 1 Byte

MSB = Most Significant Byte, 1.5B = Least Significant Byte

AP1 Operation - with Escape Characters (AP parameter = 2)

When this AP1 mode is enabled (AP = 2), the UART data frame structure is defined as follows:

Figure 3-02. UART Data Frame Structure - with escape control characters:

Stant Delimiter Length Frame Data Checksum
(Byta 1) (Bytes 2-3) {Bytes 4-n) (Byta n + 1)
OxX7E ‘| MSB | LSB | | APlspecific Structure 1Byte |

T
Characters Escaped I Needed

MSB = Most Significant Byte, 1LSB = Least Significant Byte
Escape characters. When sending or receiving a UART data frame, specific data values must be
escaped (flagged) so they do not interfere with the UART or UART data frame operation. To escape
an interfering data byte, insert 0x7D and follow it with the byte to be escaped XOR'd with 0x20.

—_
s

=i
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Data bytes that need to be escaped:
» 0x7E - Frame Delimiter
*» 0x7D - Escape
» Ox11 - XON
» Ox13 - XOFF

Example - Raw UART Data Frame (before escaping interfering bytes):
Ox7E 0x00 0x02 0x23 0Ox11 OxCB

0x11 needs to be escaped which results in the following frame:

Ox7E 0x00 0x02 0x23 0x7D 0x31 OxTB

Note: In the above example, the length of the raw data (excluding the checksum) is 0x0002 and
the checksum of the non-escaped data (excluding frame delimiter and length) is calculated as:
OxFF - (0x23 + Ox11) = (OxFF - Ox34) = 0xCB.

Checksum

To test data integrity, a checksum is calculated and verified on non-escaped data.

To calculate: Not including frame delimiters and length, add all bytes keeping only the lowest 8
bits of the result and subtract from OxFF.

To verifty: Add all bytes {include checksum, but not the delimiter and length). If the checksum is
correct, the sum will equal OxFF.

3.4.2. API Types

Frame data of the UART data frame forms an API-specific structure as follows:

Figure 3-03. UART Data Frame & APl-specific Structure:

Start Delimiter Length Frame Data Checksum
(Byte 1) {Bytes 2-3) (Bytss 4-n) {Byten + 1)
. . .
0x7E i | mse Lse | APlapecific Structure 1 Byte
AP dentlfier idantifier-apecific Data \
cmdID ’ cmdData ‘

The emdID frame (API-identifier) indicates which APl messages will be contained in the cendData
frame (Identifier-specific data). Refer to the sections that follow for more information regarding
the supported API types. Note that multi-byte values are sent big endian.

Modem Status

API Identifier: Ox8A
RF module status messages are sent from the module in response to specific conditions.

Figure 3-04. Modem Status Frames

St Doid et Larsgth Frsne Dita Cleachonan
Ox7E H ussl LS8 H APE-spacific Structure [ 1By t
AP | dutifbar biluntifter-apacitic Dain
Sistus (Byte 5}

0 = Hardware reset

1 = Watchdog timer reset

2 = Associpted

3 = Disassociated

4 = Synchronization Lost
{Beacon-enabled onky)

5 = Coordinalor realignmenl

6 = Coordinakor started

i
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AT Command

API Identifier Value: 0x08

The "AT Command” API type allows for module parameters to be queried or set. When using this
command 1D, new parameter values are applied immediately. This includes any register set with
the "AT Command - Queue Parameter Value” (0x09) API type.

Figure 3-05. AT Command Frames
Sart Dalimiter Langth Frame Data Clveckoumn
Ox7E ] [ ms8 i LSB I 1 AP1-specific Structure |[ 1 Byte l

APY {dantifer-apedfic Data
l 0208 | [ emdData
Frama# ID {Byte 5} AT Command (Bytas 6-7) Parameter Value (Byte{s) &-n)
Identifies the UART data frame for the host lo Command Name - Two H present, indicates the requesied parameter
tomelate with a subsequent ACK {acknowledgement), ASClH characters that value 10 setthe given register.
i set 10 '0’, no response is sent. identily the AT Command. i no characters present, register is queried.

Figure 3-06. Example: API frames when reading the DL parameter value of the module.

Byte 1 Bytes 2-3 Byte 4 Byte 5§ Bytes 6-7 Byte 3

Ox7E 0x00 | 0x04 ox08 | | 0x52(R) | | oaa @ ioxacqy || os |

Starl Delimiter Length” AP! Idertifier Frame ID** AT Command Checksum
* Length {Bytes} = API ldenlifier + Frame ID + AT Comntand
* “R" velue was arbitrarty sclecied.

Figure 3-07. Example: APl frames when modifying the DL parameter value of the module.

Byte 1 Byles 23 Byts 4 Byts § Bytes 6-7 Bytes 511 Byts 12

Ox7E | | 0x00| 0x08 || Ox08 04D (M) - | Oxa4 (D) | oxaC (L) | | 0x00000FFF | | oxoC

Start Deimiter Length* API identifier  Frame ID™ AT Comrand Parameter Value Checksum
* Length [Bytes) = AP Identifier + Frame 1D + AT Commond + Parameter Value
** "M " value wos arbitrarily sclecled.

AT Command - Queue Parameter Value

API Identifier Value: 0x0%
This API type allows module parameters to be queried or set. In contrast to the "AT Command” API
type, new parameter values are queued and not applied until either the "AT Command” (0x08) API
type or the AC (Apply Changes) command is issued. Register queries (reading parameter values)
are returned immediately.

Figure 3-08. AT Command Frames
(Note that frames are identical to the “AT Command” APl type except for the APl identifier.)

3wt Do lominns Langih Fraoms Duts Cimcloun
0aTE l [ msa | LSB | I APkspucific Structure l [ 1 Byte l
AP Wewtifer Idnrifher-spacifc Cnin’
I 0x08 | I cmdDats ]
Frame IO (Byta 3} AT Comm and {Bytes 6-7) Paramueter Valua (Dyte{s) §-n}

Idertifies the UART dala frame for the host 1o 3| Command Name - Two If present, indicates the requested perarmeter
carelate wilh a subsequent ACK (acknosledgement), | ASCII characters thal vaue to et the given register,

If set to 0, no response s requested, i | identily the AT Command, If no cheyacters present, regisier is queried,

=
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AT Command Response

API Identifier Value: 0x88

Response to previous command.

In response to an AT Command message, the module will send an AT Command Response mes-
sage. Some commands will send back multiple frames (for example, the ND (Node Discover) and
AS (Active Scan) commands). These commands will end by sending a frame with a status of
ATCMD_OK and no cmdData.

Figure 3-09. AT Command Response Frames.

3tart Delirniins Langth Fraore Doty Chechsum
[ 0x7E ] | mMSA I LS8 J | APkspecific Structure ” 1Byts ]
AP iclerait ihar spucibc Data
| 0x88 I l cmdData
Frame D {Byts 5) AT Command (Bytes 6.7} Status {Byte 8) Value [Byle{s] 9-n}

Identifies the UART data frame being reported. | | Command Name - Two - '

Note: If Frame [D = Oin AT Commard Made, | | ASCIl craracters s || 920K | | The HEX ("‘::ng‘”
no AT Command Response will be given. - | identify the AT Camrmand. reques

TX (Transmit) Request: 64-bit address

API ldentifier Value: 0x00
A TX Request message will cause the modute to send RF Data as an RF Packet.

Figure 3-10. TX Packet (64-bit address) Frames

St Dulleviter Langh Fraume Do Cluechsiam
| 0x7E ] I Mg ] LsB | I APl-gpacifiic Snxhey H 1Byts l
AP nrner Ieurvifiet S pacihec Dum
| ox08 —[r cmdData [

m“ {Bytes §-11) Options {Byts 14) RF Duts (Byte{s) 15-n
ldentifies tha UART dala frame for the host to MSB first, LSB bxsl, Ox01 = Disable ACK
carelae with a subsequent ACK {acknowledpement). Broadcas = Ox04 = Send packet with Broadcast Pan 1D Up to 100 Bytes per packet
Setting Frame 1D to 7 wil dsable response frame. O O00000C00C0CFF FF Al gther bits must be sel to 0. '
- s st e e S arisus i 1 lesn —

TX (Transmit) Request: 16-bit address

API Identifier Value: 0x01
A TX Request message will cause the module to send RF Data as an RF Packet.

Figure 3-11. TX Packet (16-bit address) Frames

St Dudlorions Largh Frierm Dute. Creciaum
I Ox7E ] [ [ L):] [ LA I [_ APlspacific Structhuny I I 1 Byte I
APt ekt Kinrdflor spactic Dets
I ox01 ] l cmdOats !

m- (Bytes §.7) m

|dertifies. the UART data frame for the host to i MSE fust. LSB st x01 = Disable ACK

comelxe with a subsequent ACK (ackrowledgement), Brmt'=M'FFl-7 Ox04 = Send packet with Broadeast Pan 1D Up to 100 Bytes per packet

Setting Frame 1D t0 0 wil dsadle response frame. Al lher bits must be set to 0,

)
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TX (Transmit) Status

API Identifier Value: Ox89
When a TX Request is completed, the module sends a TX Status message. This message will indi-
cate if the packet was transmitted successfully or if there was a failure.

Figure 3-12, TX Status Frames
3tart Dulirrites Lrngh Frame Dow Chachsum

[ e | [won | w50 | [Arvasmctisincras |[ 18w |

APY Idenuih -apacific Duta
l oxB89 ] l cmdData
Frame IO [Byte 5) Status (Byte 6)
Identifies UART iata frame being reponed, ?:ﬁo"‘:?;m ) rece
Nate: if Frame (D = 0 in the TX Request, ro 2= CCA fa Chnowedgement) received
AT Command Response will be given. 4= p dhre

NQTES:
« "STATUS = 1” occurs when all retries are expired and no ACK is received.

« If transmitter broadcasts (destination address = 0x0000000Q00000FFFF), only
"STATUS = 0 or 2" will be returned.

« "STATUS = 3" occurs when Coordinator times out of an indirect transmission.
Timeout is defined as (2.5 x SP (Cyclic Sleep Period) parameter value).

RX (Receive) Packet: 64-bit Address

API ldentifier Value: 0x80
when the module receives an RF packet, it is sent out the UART using this message type.

Figure 3-13. RX Packet (64-bit address) Frames

Start Dplloviis Langih Frawn Dut Chechsum
DalE I l ISBl LSB 1 [APF!wcm Structury ” 1 Byta l

APY kkimtiler dnntillers-apecific Duta
l oxs0 ': | emdOata
Source Address (Bytes 5-12) RSSI{Byte 13} Options (Byte 14) RF Data {Byte{s} 15-n}

Received Signa Strength indicatar - | bit O [reserved] 1

MSB (mest significant byte) first, | | Hexadecimal equivalent of (dBm) value. hit 1 = Address broadcast Up 10 100 Bytes per pocket |
LSB (leest sigrificart) last (For exampie: 1f RX signal sirenggh = 40 | | it 2 = PAN broadcost P per :
dBm, "8 (40 decimal) s retumed) | bits 37 [reserved) 1

. |

RX {Receive) Packet: 16-bit Address

AP] Identifier Value: 0x81
When the module receives an RF packet, it is sent out the UART using this message type.

Figure 3-14. RX Packet (16-bit address) Frames

St Cwlirmiter Leogth Frasna Dutn Chackpm
oxTE | | usa I LSB-] I APLspecilic Structure H 1 Byls l

l oxe1 I | emdData
t Sowrce Addvess [Bytes 5-8) RSSI[Byte 7) Optiona [Dyte §) ' RF Data [Byte{s} 3-n)
'{ Received Signadl Strength Indicator - Lit O [reserved) ,
MSB {most sigrificart byte) first, )i | Hexadecimal equivalent of (-<Bm) value. hit 1= Adtress broadcast Up o 100 8 '
LSB (east sigrificant) last | (For example: If RX sigrad strergth = 40 | | bit 2 = PAN broadcast P10 100 Bytes per packet |,
dBm, "8 {40 decimal) s retumed) bits 3-7 [reserved

e —=
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Features

« High-performance, Low-power AVR® 8-bit Microcontrolier
* Advanced RISC Architecture
— 131 Powerful instructions — Most Single-clock Cycle Execution
— 32 x 8 General Purpose Working Registers
— Fully Static Operation
~ Up to 16 MIPS Throughput at 16 MHz
— On<chip 2cycle Multiplier
* Nonvolatile Program and Data Memories
— 16K Bytes of In-System Self-Programmable Flash
Endurance: 10,000 Write/Erase Cycles
— Optional Boot Code Section with Independent Lock Bits
In-System Programming by On-chip Boot Program
True Read-While-Write Operation
- 512 Bytes EEPROM
Endurance: 100,000 Write/Erase Cycles
- 1K Byte internal SRAM
— Programming Lock for Software Security
* JTAG (IEEE std. 1149.1 Compliant) Interface
— Boundary-scan Capabilities According to the JTAG Standard
— Extensive On-chip Debug Support
- Programming of Flash, EEPROM, Fuses, and Lock Bits through the JTAG Interface
* Peripheral Features
— Two 8-bit Timer/Counters with Separate Prescalers and Compare Modes
— One 16-bit Timer/Counter with Separate Prescaler, Compare Mode, and Capture
Mode
— Real Time Counter with Separate Oscillator
— Four PWM Channels
— B-channel, 10-bit ADC
8 Single-ended Channels
7 Differential Channels in TQFP Package Only
2 Differential Channels with Programmable Gain at 1x, 10x, or 200x
- Byte-oriented Two-wire Serial Interface
-~ Programmable Serial USART
— Master/Slave SP| Serial Interface
~ Programmable Watchdog Timer with Separate On-chip Oscillator
— On-chip Analog Comparator
» Special Microcontroiier Features
- Power-on Reset and Programmable Brown-out Detection
— Internal Calibrated RC Oscillator
— External and Internal Interrupt Sources
— Six Sleep Modes: Idle, ADC Noise Reduction, Power-save, Power-down, Standby
and Extended Standby
* 1/O and Packages
— 32 Programmable {/O Lines
— 40-pin PDIP, 44-lead TQFP, and 44-pad MLF
* Operating Voltages
— 2.7 - 5.5V for ATmegai6L
- 4.5 - 5.5V for ATmegai6
* Speed Grades
— 0 - 8 MHz for ATmega16L
— 0 - 16 MHz for ATmega16
* Power Consumption @ 1 MHz, 3V, and 25°C for ATmega16L
- Active: 1.1 mA
— Idle Mode: 0.35 mA
— Power-down Mode: < 1 pA

(.

Y )

8-bit AVR"
Microcontroller
with 16K Bytes
In-System
Programmable
Flash

ATmega16
ATmega16L

Summary

2466HS-AVR-12/03

‘Im Note: This is a summary document. A complete document
El is available on our Web site at www.atmel.com.
T



Pin Configurations

AIMEL

Figure 1. Pinouts ATmega16

PDIP
./
(XCK/TO) PBO ] 1 40 [3 Pao (ADCD)
(T4) PB4 | 2 39 |3 PA1 {ADCT)
(INT2/AIND) PB2 C} 3 38 [0 Paz (ADC2)
(OCO/AINT) PB3 | 4 37 {7 PA3 (ADC3)
(53) PRa | 5 36 [0 PA4 (ADCA)
(MOSI) PBS O 6 35 [0 PAS (ADCS)
(MISO) PB6 C| 7 34 [ PAB (ADCH)
(SCK) PB7 C| & 33 [J PA7 (ADCT)
RESET 3 9 32 |3 AREF
vee o 10 31 {3 GND
GND | 11 30 [1 AvCC
XTALZ [] 12 29 [J PC7 (TOSC2)
xTAL1 O 13 28 [0 PC6 (TOSC1)
(RXD) PDO ] 14 27 |3 PCS (1D
{TxD) PO1 C| 15 26 [7 PC4 (TDO)
(NTD) PDZ C] 18 25 [3 PC3 (TMS)
(INT1) PD3 ] 17 24 [1 PCZ (TCK)
(0C1B) PD4 ] 18 23 [3 PC1 (SDA)
(0C1A) PDS Cf 19 22 [0 PCO (SCL)
(ICP1) PO6 ] 20 21 [J PD7 {OC2)
TQFP/MLF
S8
8z 8 . __
_=3_% 835838
BIZCR 2229
s 00— onm
DO O@Om@OELT O 2 <
oooaad>aaaaan
nonoocpnonn
@ 44,442,,905g38,,38,534
(MOS1) PBS T 1 33 [0 PA4 (ADC4)
(MISO) PBE | 2 32 [O PAS (ADCS)
(SCx) PB7 ] 3 31 [0 PAG (ADCE)
RESET ] 4 30 |3 Pa7 (ADCT)
vee ] 5 29 {3 AREF
GND ] 6 28 |1 GND
XTAL2 O] 7 27 [0 AVCC
XTALT Cf 8 26 |3 PC7 {TOSC2)
(RXD) POO ] 9 25 [ PCB (TOSCH1)
(Txp) POV ] 10 24 |3 PCS (TO)
(INTD) PD2 C} 11 23 [J PC4 (TDO)
121314516 7181 9202722
yuupbgddaauyg
[l G A - & e Qo — N ™M
000000z LO0O0
Oa0a03pdddd
oL N JL¥w
s3588 3882

Disclaimer Typical values contained in this datasheet are based on simulations and characteriza-
tion of other AVR microcontrollers manufactured on the same process technology. Min
and Max values will be available after the device is characterized.

2 ATmega16(L) ]
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ATmega16(L)

Overview The ATmega16 is a low-power CMOS 8-bit microcontroller based on the AVR enhanced
RISC architecture. By executing powerful instructions in a single clock cycle, the
ATmega16 achieves throughputs approaching 1 MIPS per MHz allowing the system
designer to optimize power consumption versus processing speed.

Block Diagram Figure 2. Block Diagram
RO - PAT PCo- PCY
vee . . l . I
1
— PORTA DRIVERS/BUFFERS PORTC DRTVERS/BUFFERS
L3 L]
i |
L 4 X
GND PORTA DIGITAL INTERFACE PORTC DNGITAL INTERFACE
i i
/1 l ¥ h)
AVCC N . s 1
' . muxa |_ ADC _
'< ADC INTERFACE * ™
AREF "‘—"—]_ .............................. -
: <
PROGRAM STACK o c;“:;s‘gs —'I QSCALATOR
COUNTER POINTER
I I
1 i
L 3
PROGRAM | M INTERNAL
FLASH SRAM QSCIELATOR
[ ! T
INSTRUCTION GENERAL WATCHDOG I
REGSTER | [ pureose " TWER OscaLaToR =
REGISTERS ] i
L x P
INSTRUCTION WU CTRL. H
DECODER 1 Y *Y aThanG RESET
-y F4
v
CONTROL w INTERRUIPT 'NTS::_:‘:ELD
LINES unaT caLl
OSCULLATOR
4
STATUS
AVR CPU s L —
T L] USART
\ coP .
/ INTERFACE
}J S 'y
\ . . Y
| ]
L 2 h ]
PORTE CWGITAL INTERFACE PORTD DMETAL INTERFACE
L 3 L)
| |
X 1
PORTE DRIVERSELFFERS PORTD DRIVERS/BUFFERS
PBO . PBY7 PDO .- POY
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Pin Descriptions
vCC
GND

Port A (PA7..PA0)

AIMEL

Y~

The AVR core combines a rich instruction set with 32 general purpose working registers.
All the 32 registers are directly connected to the Arithmetic Logic Unit (ALU), allowing
two independent registers to be accessed in one single instruction executed in one clock
cycle. The resulting architecture is more code efficient while achieving throughputs up to
ten times faster than conventional CiSC microcontroliers.

The ATmega16 provides the following features: 16K bytes of In-System Programmable
Flash Program memory with Read-While-Write capabilities, 512 bytes EEPROM, 1K
byte SRAM, 32 general purpose |/O lines, 32 general purpose working registers, a
JTAG interface for Boundary-scan, On-chip Debugging support and programming, three
flexible Timer/Counters with compare modes, internal and Extemnal Interrupts, a senal
programmable USART, a byte oriented Two-wire Sertal Interface, an 8-channel, 10-bit
ADC with optional differential input stage with programmable gain (TQFP package only),
a programmabfe Watchdog Timer with Internal Oscillator, an SPI senal port, and six
software selectable power saving modes. The ldle mode stops the CPU while aliowing
the USART, Two-wire interface, A/D Converter, SRAM, Times/Counters, SPI port, and
interrupt system to continue functioning. The Power-down mode saves the register con-
tents but freezes the Oscillator, disabling all other chip functions until the next Externat
Interrupt or Hardware Reset. In Power-save mode, the Asynchronous Timer continues
to run, allowing the user to maintain a timer base while the rest of the device is sleeping.
The ADC Noise Reduction mode stops the CPU and all I)© modules except Asynchro-
nous Timer and ADC, to minimize switching noise during ADC conversions. In Standby
mode, the crystal/resonator Osciliator 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 Asynchronous Timer continue to run.

The device is manufactured using Atmel’s high density nonvolatile memory technology.
The On-chip ISP Flash allows the program memory to be reprogrammed in-system
through an SPI senal interface, by a conventional nonvolatile memory programmer, or
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 operation. By combining an 8-bit RiISC CPU
with [n-System Self-Programmable Flash on a monolithic chip, the Atmel ATmega16 is
a powerful microcontroiler that provides a highly-flexible and cost-effective solution to
many embedded control applications.

The ATmega16 AVR is supported with a full suite of program and systerm development
tools including: C compilers, macro assemblers, program debugger/simulators, in-circuit
emulators, and evaluation kits.

Digital supply voltage.
Ground.

Port A serves as the analog inputs to the A/D Converter.

Port A also serves as an 8-bit bi-directional /O port, if the A/DO Converter is not used.
Port pins can provide intermal pull-up resistors (selected for each bit). The Port A output
buffers have symmetrical drive characteristics with both high sink and source capability.
When pins PA( to PAT are used as inputs and are externally pulled low, they will source
current if the internal pull-up resistors are activated. The Port A pins are tri-stated when
a reset condition becomes active, even if the clock is not running.

4 ATmega16(L) m————sss—
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Port B (PB7..PB0)

Port C {PC7..PC0)

Port D (PD7..PD0)

XTAL1

XTAL2

AVCC

AREF
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Port B is an 8-bit bi-directional /O part with internal pull-up resistors (selected for each
bit). The Port B output buffers have symmetrical drive characteristics with both high sink
and source capability. As inputs, Port B pins that are externally pulled low will source
current if the pull-up resistors are activated. The Port B pins are tri-stated when a reset
condition becomes active, even if the clock is not running.

Port B also serves the functions of various special features of the ATmega16 as listed
on page 56.

Port C is an 8-bit bi-directional HO port with internal pull-up resistors (selected for each
bit). The Port C output buffers have symmetrical drive characteristics with both high sink
and source capability. As inputs, Port C pins that are externally pulled low will source
current if the pull-up resistors are activated. The Port C pins are tri-stated when a reset
condition becomes active, even if the clock is not running. If the JTAG interface is
enabled, the puil-up resistors on pins PC5(TDI), PC3(TMS) and PC2(TCK) will be acti-
vated even if a reset occurs.

Port C also serves the functions of the JTAG interface and other special features of the
ATmega16 as listed on page 59.

Port D is an 8-bit bi-directional IfO 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 externally pulled low will source
current if the pull-up resistors are activated. The Port D pins are tri-stated when a reset
condition becomes active, even if the clock is not running.

Port D also serves the functions of vanious special features of the ATmega16 as listed
on page 61.

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

Input to the inverting Oscillator amplifier and input to the internal clock operating circuit.
Output from the inverting Oscillator amplifier.

AVCC is the supply voltage pin for Port A and the A/D Converter. It should be externally
connected to V., even if the ADC is not used. If the ADC is used, it should be con-

nected to V. through a low-pass filter.

AREF is the analog reference pin for the A/D Converter.
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Register Summary
Address Name Bit7 Bit & Bit 5 Bit 4 Bit 3 Bit 2 Bit 1 BitQ Page
$3F ($5F) SREG | T H 5 N 3 C 7
$3E {$5E) SPH — = - — SP10 S5P9 SPA 10
$30 {$50) SPL SP7 SP8 SPS SP4 SP1 SP2 SP1 580 10
$3C {$5C) OCRO Timer/Counter0 Qutput Gompare Register 83
3368 ($5B) GICR INT* INTD INTZ - - - ISEL VCE 46, 67
$3A ($5A) GIFR INTF1 INTFQ INTF2 - - - - - 58
$39 ($59) TIMSK OCIE2 TQIE2 TICIE1 OCIEtA OCIE1B TOIE1 OCIEO TOIED 83,114, 132
$38 {$58) TIFR OCF2 TOVZ HCF1 OCF1A OCF1iB TOV1 OCFD TOovo 84, 115, 132
$37 {§57) SPMCR SPMIE RWWSB - RWWSRE BLASET PGWRT PGERS SPMEN 249
$36 {§56) TWCR TWINT TWEA TWSTA TWSTO TWWC TWEN - TWIE 178
$35 {$55) MCUCR SM2 SE SM1 SM0 15C11 ISC10 KSC01 15COH 30, 66
$3H4 (§54) MCUCSR JTD 1I5C2 - JTRF WDRF BORF EXTRF PORF 39, 67, 229
$33 ($53) TCCRO FOCO WGMOC COMD1 COMO0 WGMO1 £S02 C50M C 500 a1
$32 ($52) TCNTO Timar/Counter( (8 Bits) a3
OSCCAL Oscillator Calibration Register 28
$3100 (861" - -
OCDR On-Chip Debug Register 225
$30 ($50) SFIOR ADTS2 ADTS1 ADTS0 - ACME PUD PSR2 PSR30 55,86,133,199,219
§2F (34F) TCCR1A COM1A1 COM1AQ CcomMmi1at COM1B0 FOC1A FOC1B WGM11 WGM10 109
$2E ($4E) TCCR1B ICNC1 ICES1 - WGM13 WGM12 C512 C511 CS510 112
520 ($4D) TCNT1H Timer/Counter1 — Counter Register High Byte 113
$2C (34C) TCNTIL Timer/Counter! — Counier Register Low Byte 113
$2B (34B) OCR1AH Timer/Counter1 — Output Compare Register A High Byte 113
$2A (34A} OCR1AL Timer/Counter! — Qutput Compare Register A Low Byte 113
$29 ($49) OCR1BH Timer/Counter1 — Output Compare Register B High Byte 113
$28 ($48) OCR18L Timer/Counter1 — Output Compare Register B Low Byte 113
$27 (547} ICR1H Timer/Countert — Input Caplure Register High Byte 114
$26 (546} ICR1L Timer/Counter1 — input Capture Register Low Byte 114
$25 (345} TCCR2 Foc2 | wemz0_ | comzt COM20 WGM21 csz2 | cs: | C520 127
$24 (544) TCNT2 TimerCounterZ {8 Bits) 129
$23 ($43) OCR2 TimeriCounter2 Output Compare Register 129
$22 (542} ASSR - - = - AS2 TCN2UB OCR2UB TCR2UB 130
321 (341) WDTCR - - - WDTOE WDE wDP2 WDP1 WDPD 41
5207 ($40) UBRRH URSEL — - - UBRR[11:8] 165
UCSRC URSEL UMSEL UPM1 UPKO USBS UCSZt UCSZ0 UCPOL 164
$1F ($3F) EEARH = - - - - - - EEARS 17
$1E @3E) EEARL EEPROM Address Register Low Byte 17
$10:{$3D) EEDR EEPROM Dala Register 17
$1C ($3C) EECR - - - - EERIE EEMWE EEWE EERE 17
$1B ($3B) PORTA PORTA7 PORTAS PORTAS PORTA4 PORTA3 PORTA2 PORTA1 PORTAQ 54
$1A ($3A) DDRA ODAT DDAB DOAS DDA DDA3 DDAZ DDA DDAD 64
$15 {§39) PINA PINA7 PINAG PINAS PINA4 PINAJ PINAZ PINAT PINAD 54
$18($38) PORTR PORTB/ PORTBE PORTBS PORTB4 PORTE3 PORTBZ PORTB1 PORTBO B4
$17 ($37) DORB DDR7 DDB6 DDBS DDB4 D0B3 DDB2 DDBEY DDB0 54
$16 ($36) PINB PINB7 PINBE PINBS PINB4 PINB3 PINB2Z PINB1 PINB0 54
$15 (§35) PORTC PORTC? PORTCH PORTCS PORTC4 PORTC3 PORTC2 PORTC1 PORTCO 65
$14 ($34) DORC DOCcy DDCE DDCS DDC4 DDC3 DDC2 DDC1 oDCo 55
$13 (533 PINC PINCT PINCE PINC5 PINC4 PINC3 PINC2 PINC1 PINCO 65
$12 (§32) PORTD PORTDT PORTDE PCRTDS PORTD4 PORTD3 PORTD2 PORTD1 PORTDX) 65
$11($31) DDRD DoD? DDD6 Dons DDD4 [n]a]ux] ooD2 DooD1 DODG 65
$10 ($30) PIND PIND? PINDE PINDS PIND4 PIND3 PIND2 PiND1 PINDG 65
$OF ($2F) SPDR 5Pl Data Register 140
$OE ($2E) SPSR SPIF wWCOL — - - — - SPI2X 140
$0D ($20) SPCR SPIE SPE DORD MSTR CPOL CPHA SPR1 SPRO 138
$0C ($2C) UOR USART /O Data Register 161
$0B {$2B) UCSRA RXC ™C UDORE FE DOR PE Uz2x MPCM 162
$A ($2A) UCSRB RXCIE TXCIE UDRIE RXEN TXEN UCSZ2 RXB8 THBS 163
$09 {$29) UBRRL USART Baud Rate Register Low Byte 165
$06 ($28) ACSR ACD ACBG ACO ACI ACIE ACIC ACISt ACISO 200
$07 {$27) ADMLIX REFS1 REFS0 ADLAR MUX& MUXI MUX2 MUX 1 MUX0 21%
506 (326) ADCSRA ADEN ADSC AQATE ADIF ADIE ADPS2 ADPSIY ADPSO 217
$05 ($25) ADCH ADC Data Register High Byte 218
$04 (324) ADCL ADC Data Register Low Byte 218
%03 (§23) TWDR Two-wire Serial Interface Data Register 180
$02 ($22) TWAR TWAE [ Twas | Twas TwA3 TWA2 wat 1w [ twoce 180

6 ATmega16(L) m——————————
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Address Name Bit 7 Bit 6 Bit 5 Bit4 Bit 3 Bit 2 Bit 1 Bit 0 Page
$01 ($21) TWSR TWS? TWS6 TWSE Tws4 TWs3 - TWPS1 TWPS0 179
300 ($20) TWBR Two-wire Sefiat Inerface Bit Rate Register 178
Notes: 1. When the OCDEN Fuse is unprogrammed, the OSCCAL Register is always accessed on this address. Refer to the debug-
ger specific documentation for details on how to use the OCDR Register,
2. Refer to the USART description for details on how to access UBRRH and UCSRC.
3. For compatibility with future devices, reserved bits should be writlen to zero if accessed. Reserved /O memory addresses
should never be written.
4. Some of the Slatus Flags are cleared by writing a logical one to them. Note that the CB! and SBi instructions will operate on

all bits in the /O Register, writing a one back into any flag read as set, thus clearing the flag. The CBI and SBI instructions
work with registers $00 to $1F only.
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Instruction Set Summary
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Mnemonics Operands Description Operation Flags #Clocks
ARITHMETIC AND LOGIC INSTRUCTIONS
ADD Rd, Rr Add two Registers Rd « Rd + Rr ZC NV H 1
ADC Rd, Rr Add with Carry two Registars Rd— Rd+Rr+C Z.CNV.H 1
ADIW Ral, K Add Immediate to Word Rdh:Rdl « Rdh:Rat + K Z,C.NV.S 2
5UB Rd, Rr Sublract two Regislers Rd « Rd - Rr ZCNV.H 1
suUB) Rd, K Subtraci Constant from Register Rd « Rd-K 2,CNV H 1
S5BC Rd, Rr Subiract with Carry two Registers Rd « Rd-Rr-C Z,CNV.H 1
SBCI Rd, K Subtract with Cary Constant from Reg. Rd e« Rd-K-C ZCNVH 1
SBiwW R, K Subtract Immediate from Word Rdh:Rdl « Rdh:Rdl- K ZCNVS 2
AND Rd, Rr Logical AND Registers Rd « Rd«Rr ZNYV 1
ANDI Rd, K Logical AND Regisier and Constant Rd+« Rd ¢ K ZNV 1
OR Rd, Rr Logical OR Registers Rd « Rd v Rr ZNV 1
ORI Rd, K Logical OR Register and Constant Rde RdvK ZNV 1
EOR Rd, Rr Exclusiwve OR Registers Rd « Rd & Rr ZNV 1
COM Rd One's Complement Rd « $FF-Rd ZC NV 1
MEG Rd Twa's Complement Rd « $00 - Rd ZCNVH 1
SBR Rd,K Set Bit(s) in Register Rd e Rdv K ZNV 4
CBR Rd.K Clear Bit(s) in Register Rd « Rd = ($FF - K) ZNV 1
INC Rd increment R« Rd+1 Z NV t
DEC Ra Decrement Rd « Rd-1 ZNV 1
T8T Rd Test for Zero or Minus Rd « Rd « Rd ZNV 1
CLR Rg Clear Register Rd « Rd & Rd ZHNV 1
SER Rd Set Register Rd « $FF None 1
MUL Rd, Rr Multiply Unsigned R1:R0 « Rd x Rr Z.C 2
MULS Rd, Rr Multiply Signed R1:R0 « Rd x Rr Z.C 2
MULSU Rd, Rr Multipty Signed with Linsigned R1:R0 « Rd % Rr ZC 2
FMUL Rd, Rr Fracticnal Multiply Linsigned R1:RO « (Rd x Rr} << 1 2,C 2
FMULS Rd. Rr Fractional Multiply Signed R1‘R0« (Rdx R << 1 ZC 2
FMULSU REI Rr Fracticnal Multiply Signad with Unsigned RT:RE « (Rd x Rr) << 1 EIC 2
BRANCH INSTRUCTIONS
RJIMP k Relative Jump PC—PC+k +1 None 2
LIMP Indirect fump to {Z) PC« 2 None 2
JMP [ Direct Jump PC +~ k None 3
RCALL k Relative Submutine Call PC—PC+k+1 None 3
FCALL Indwect Call to (Z) PC«—Z None 3
CALL K Direct Subvoutine Call PC «— k None 4
RET Subroutine Return PC « STACK None 4
RETI Interrupt Retum PC e STACK 1 4
CPSE Rd,Rr Compare, Skip if Equal f{Rd=Rr)PCe«- PC+20r3 None 11243
CP Rd,Rr Compare Rd - Rr ZNVCH 1
CPC Rd,Rr Compare with Carry Rd-Rr-C Z.NV.CH 1
CP Rd,K Compare Regisier with Immediate Rd - K Z.NV.CH 1
SBRC Rr. b Skip if Bit in Register Cleared if {Reib=)PC = PC+2or 3 None 1/2/3
SBRS Rr, b Skip if Bit in Register is Sat it {Rib=1)PC« PC+2or3 None 11273
SBIC P. b Skip if Bit in /O Register Cleared H{PbFO)PC + PC+2ar3 None 1/2/3
SBIS P.b Skip if Bit in /O Register is Set if (P(b}=1)PC — PC+20r 3 None 11213
BRES s, k Branch if Status Flag Sel if (SREG(s) = 1) then PC—PC+k + 1 None 1/2
BRBEC s, k Branch i Status Fiag Clearad if (SREG{s) = 0) then PC+—PC+k + 1 None 112
BREQ * Branch if Equai H(Z=T)thenPCPC+R+1 None 142
BRNE .3 Branch if Not Equal #(Z=0}then PC — PC+k+1 None 112
BRCS 3 Branch if Carry Set #{C=1)thenPC« PC+k+1 None 1/2
BRCC .3 Branch if Carry Cleared F{(C=0)thenPC « PC+Kk+ 1 None 1/2
BRSH k Branch if Same or Higher H({C=0)then PC PC+Kk+1 None /2
BRLO k Branch if Lower H{C=1)then PC— PC+ k+1 None 112
BRMI K Branch if Minus W(N=1)then PC+ PC+k+1 None tiz
BRPL k Branch if Plus f(N=0)then PC+—PC+k+1 None 1/2
BRGE k Branch if Greater or Equal, Signed FNOV=0)then PC— PC+k+ 1 Mone 1/2
BRLT k Branch if Less Than Zero, Signed FNEV=1thenPC+ PC+k+ 1 None 1/2
BRHS k Branch if Half Carry Flag Set H{H=1)then PC+— PC+k+1 None 172
BRHC k Branch if Half Carry Flag Cleared f(H=0}then PC = PC +h+ 1 MNone 1/2
BRTS k Branch # T Flag Set F{T=1)then PC—PC+k +1 None 1/2
BRTC k Branch it T Flag Cleared it({T=0}then PC « PC+k+1 None 1/2
BRVS k Branch if Overflow Flag is Set f(V=1)thenPC « PC+k+1 None 1/2
L_BRVC I Branch it Overflow Flag is Cleared if (V = 0) then PG « PC + k + 1 None 142

8 ATmega16(L) m—————
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Mnemonics Operands Description Operation Flags #Clocks
BRIE k Branch if Inlermupt Enabled f{l=1)then PC+ PC +k+1 None 142
lﬂ) 3 Braﬂc_h if Imlerrupt Disabled it (I=0)then PC e PC +k + 1 None 1/2
DATA TRANSFER INSTRUCTIONS
MOV Rd, Rr Move Between Registers Rd « Rr None 1
MOVW Rd, Rr Copy Register Word Rd+1:Rd «— Rr+1:Rr None 1
LD Rd, K Load Immediate Rd — K None 1
LD Rd, X Load Indirect Rd « (X} None ?
LD Rd, X+ Load Indirect and Post-nc. Rd e (X}, Xe= X + 3 None 2
LD Rd, - X Load Indirect and Pre-Dec. Xe X-1,Rd « (X) None 2
LD Rd, Y Load Indirect Rd « (Y] None 2
LD Rd, Y+ Load Indirect and Post-Inc. Rde (Y, Y=Y +1 None 2
LD Rd,-Y Load Indirect and Pre-Dec. Ye¥Y-1,Rd e (Y) None 2
LDD Rd,Y+g Load Indirect with Displacement Rd « (Y +qg) None 2
LD Rd, Z Load Indirect Rd — (Z) None 2
LD Rd, Z+ Load Indirect and Post-Inc. Rd  (2), Z « Z2+1 None 2
LD Rd, -Z Load Indirect and Pre-Dec. 2+2-1,Rde(2) None 2
LOD Rd. Z+q |oad Indirect with Displacement Rd « (Z + g} MNone 2
1DS Rd, k Load Direct from SRAM Rd « [k} None 2
sT X, Ry Stare Indirect (X) « Rr None 2
ST X+, Rr Store Indirect and Post-Inc. )~ Rr, X+ X+1 None 2
ST - X, Rr Store Indirect and Pre-Dec. X X-1,(X)«PRr None 2
ST Y.Rr Store Indirect (Y}« Rr None 2
ST Y+ Rr Store Indirect and Post-Inc. Y} RrLYeY+ 1 None 2
5T -Y.Rr Store Indirect and Pre-Dec. Ye¥-1,{Y)=Rr None 2z
STD Y+q,Rr Store Indired with Displacement [Y +1q)«Rr None z
5T Z, Rr Store Indirect [Z) « Rr None 2
ST 2+, Rr Store Indirect and Post-Inc, Z)—Rr,2<2+1 None 2
5T -Z, Rr Store Indirect and Pre-Dec, Z—Z-1,{Z)«Rr None 2
STD Z+q,Rr Store Indirect with Displacement {Z +q)« Rr MNone 2
5TS k. Rr Store Direct to SRAM {k} — Rr None 2
LPM Load Program Memory RO « (Z) None 3
LPM Rd, Z Load Program Memory Rd — (Z) None 3
LPM Rd, Z+ Load Program Memory and Post-inc Rd « {Z), Z & Z+1 None 3
SPM Store Program Memory {Z) « R1:RO None -
N Rd, P 1n Port Rd « P None T
ouT P, Rr Dut Port P« Rr None 1
PUSH Rr Push Register on Stack STACK « Rr None 2
POP Rd Pop Register from Stack Rd e STACK None 2
BT AND BIT-TEST INSTRUCTIONS
SBI P,b Set Bitin VO Register VO(P.b) + % None 2
CBI P.b Clear Bit in FO Register WO(P,b) « 0 None 2
LSL Rd Logical Shift Left Rd{n+1) « Ra(n), Rd{0) < O Z.CNV 1
LSR Rd Logical Shift Right Rd{n} +— Rdin+1), Rd(7) < O ZCNV 1
ROL R Rotate Left Through Carry Rd{0}—C Rd{n+1} Rd{n).C<Rd(7) 2,CNV 1
ROR Rd Rotate Right Through Cary Rg{7}—C.Rd{n}— Rdin+1),C—Rd(0) ZCMV 1
ASR Rd Arithmetic Shift Right Rd{n) « Rd{n+1), n=0..6 ZCNV 1
SWAP Rd Swap Nibbles Rd{3. 0}—Rd(7. 4).Rd{7..4}—RH3..0) None 1
BSET s Flag Set SREG(s) 1 SREG(s) 1
BCLR s Flag Clear SREG(s) « O SREG(s) 1
BST Rr, b Bit Store from Register to T T « Rrit) T t
BLD Rd, b Bit load from T to Register Rd{b) « T None 1
SEC Set Carry Ce1 C 1
CLC Clear Carry Ced C 1
SEN Set Negative Flag Ne N 1
CLN Clear Negative Fiag He—0 N 1
SEZ Set Zero Flag Z+1 Z 1
CLZ Clear Zerc Flag Ze O zZ 1
SEI Global Imtermupt Enable le1 ] 1
CLI Global interrupt Disable 10 ¥ 1
SES Set Signed Test Flag 51 S 1
CLS Ciear Signed Test Flag S0 s 1
SEV Set Twos Compiement Overfiow. Vet v 1
CLV Clear Twos Complement Overflow Vo V' 1
SET Set Tin SREG Te1 T 1
CLY Ciear T in SREG Te0 T 1
_SE_H Set Half Cag Flag in SREG He 1 H 1
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Mnemonics Operands Description Operation Flags #Clocks
CLH Clear Half Carry Flag in SREG H 0 H 1
MCU CONTROL INSTRUCTIONS

NOP No Operation MNone 1
SLEEP Sleep (see specific descr. for Sleep function) None

WDR Walchdog Reset {see specific descr. fof WDR/timer} None

BREAK Break For On-Chip Debug Only None NiA,

1 ATmega16(L)
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Ordering Information

Speed (;de} Power Supply Ordering Code Package Operation Range
8 2.7-55V ATmegal6L-8AC 44A Commercial
ATmega16L-8PC 40P6 {0°C to 70°C)
ATmega16L-8MC 44M1
ATmegai6L-8Al 44A Industriat
ATmegal6L-8PI 40P6 {-40°C to 85°C)
ATmegai6L-8MI 44M1
16 4.5-55V ATmegat6-16AC 444 Commercial
ATmega16-16PC 40P6 (0°C to 70°C)
ATmegal16-16MC 44M1
ATmega16-16Al 44A Industrial
ATmega16-16P} 40P6 (-40°C to 85°C)
ATmegal16-16MI 44M1
Package Type
444 44-lead, Thin {1.0 mm} Plastic Gull Wing Quad Flat Package (TQFP)
40P6 40-pin, 0.600" Wide, Plastic Dual Inline Package (PDIP)
44M1 44-pad, 7 x 7 x 1.0 mm body, lead pitch 0.50 mm, Micro Lead Frame Package (MLF)
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Packaging Information

44A
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COMMON DIMENSIONS
{Unit of Measure = mm}

SYMBOL| MIN NOM MAX | NOTE

A - - 1.20
Al 0.05 - 0.15
A2 0.95 1.00 1.05
D 11.75 12.00 12.25

23] 9.90 10.00 10.10 | Note 2
E 11.75 12.00 12.25
E1 9.90 10.00 30.10 | Note 2

Noles: 1. This package conforms to JEDEC reference MS-026, Variation ACB.
2. Dimensions D'f and E1 do not include mold protrusion. Allowable

protrusion is 0,25 mm per side. Dimensions D1 and E1 are maximum 8 0.30 - 0.45
plastic body size dimensions including mold mismatch. c 0.09 0.20
3. Lead coplanarity is 0.10 mm maximum, - - -
L 045 - 0.75
e 080TYP
10/52001
2325 Orchard P TITLE DRAWING NO. |REV.
AIMEL o Jo;e "é " 92‘1"3":’" 44A, 44-lead, 10 x 10 mm Body Size, 1.0 mm Body Thickness, 44A 5
' 0.8 mm Lead Pitch, Thin Profile Plastic Quad Flat Package (TQFP)
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40P6

© PIN
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e
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COMMON DIMENSIONS

c \/‘-—\ \__I" ‘-2.; 15° REF {Unit of Measure = mm)
SYMBOL| MIN NOM MAX NOTE
l eB ! A - - 4,826
Al 0.381 - -
52.070 - 52.578 | Note 2
E 15.240 - 15.875
E1 13.462 - 13.970 | Note 2
B 0.356 - 0.559
Notes: 1. This package conforms 10 JEDEC reference MS-011, Variation AC, B1 Lo ~ 1651
2. Dimensions D and E1 do not include moid Flash or Protrusion. L 3.048 - 3.556
Mold Flash or Protrusion shall nol exceed 0.25 mm (0.010°). c 0.203 _ 0.381
eB 15.494 - 17.526
a 2.540 TYP
097287014
TITLE DRAWING NO. |REV.
ATMEL 2325 Orchard Fanoway | 40ps, 40-1ead (0.600°115.24 mm Wide) Plastic Dual 406
> SanJose. CA 95131 | Infing Package (PDIP) B
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44M1
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\—Marked Pind 11D
I
L
(E] [
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I
|
1]
I
F—SEATING PLANE
TOP VIEW T
- l«[aT
E]-— le—
{th !
r @ /—Pln #1 Corner SIDE VIEW
UUuuuuUuuuyu ~
]
— N
— - COMMON DIMENSIONS
- la— {Unit of Measure = mm)
] Lo
E3 > — SYMBOL| MIK | nOm | max | NOTE
[ o— A 0.80 0.90 1.00
g g Al — | 002 | oos
— \ = A3 0.25 REF
— = b 018 | 023 | 030
noaannonAne 5 7.00 BSC
__| "{E __| L_@ D2 5.00 I 520 l 5.40
£ 7.00 BSC
BOTTOM VIEW €z | so0 [ 520 | 540
e 0.50 BSC
L 035 | 055 | 075
Notes: 1. JEDEC Standard MO-220, Fig. 1 (SAW Singulation) YKKD-1. | |
01/15/03
2325 Orchard Parkva TITLE DRAWING NO. |REV.
' r arw2y | 44m1, 44-pad, 7 x 7 x 1.0 mm Body, Lead Pitch 0.50 mm
m’i San Jose, CA 95131 | Micro Lead Frame Package (MLF)y 44M1 ¢
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Errata

ATmega16(L) Rev. |

ATmega16(L) Rev. H

ATmega16(L) Rev. G

2466HS-AVR-12/03

The revision letter in this section refers to the revision of the ATmega16 device.

* IDCODE masks data from TDI input

1.

IDCODE masks data from TDI input
The JTAG instruction IDCODE is not working correctly. Data to succeeding devices
are replaced by all-ones during Update-DR.
Problem Fix / Workaround

If ATmega16 is the only device in the scan chain, the problem is not visible.

Select the Device ID Register of the ATmega16 by issuing the IDCODE
instruction or by entering the Test-Logic-Reset state of the TAP controller to
read out the contents of its Device ID Register and possibly data from
succeeding devices of the scan chain. Issue the BYPASS instruction to the
ATmega16 while reading the Device ID Registers of preceding devices of the
boundary scan chain.

If the Device 1Ds of all devices in the boundary scan chain must be captured
simultaneously, the ATmegat6 must be the fist device in the chain.

* IDCODE masks data from TDI input

1.

IDCODE masks data from TDI input

The JTAG instruction IDCODE is not working correctly. Data to succeeding devices
are replaced by all-ones during Update-DR.

Problem Fix / Workaround

If ATmega16 is the only device in the scan chain, the problem is not visible.

Select the Device ID Register of the ATmega16 by issuing the IDCODE
instruction or by entering the Test-Logic-Reset state of the TAP controller to
read out the contents of its Device ID Register and possibly data from
succeeding devices of the scan chain. Issue the BYPASS instruction to the
ATmega16 while reading the Device ID Registers of preceding devices of the
boundary scan chain.

if the Device 1Ds of all devices in the boundary scan chain must be captured
simultaneously, the ATmega16 must be the fist device in the chain.

* IDCODE masks data from TDI input

1.

IDCODE masks data from TDI input

The JTAG instruction IDCODE is not working comrectly. Data to succeeding devices
are replaced by all-ones during Update-DR.

Problem Fix { Workaround

If ATmegai6 is the only device in the scan chain, the problem is not visible.

Select the Device ID Register of the ATmega16 by issuing the IDCODE
instruction or by entering the Test-Logic-Reset state of the TAP controller to
read out the contents of its Device 1D Register and possibly data from
succeeding devices of the scan chain. Issue the BYPASS instruction to the
ATmega16 while reading the Device ID Registers of preceding devices of the
boundary scan chain.

AIMEL
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— If the Device IDs of all devices in the boundary scan chain must be captured
simultaneously, the ATmega16 must be the fist device in the chain.

16  ATmega16(L) e ——————————

2486HS-AVR-12/03



———————— e A TMega16(L)

Datasheet Change
Log for ATmega16

Changes from Rev.
2466G-10/03 to Rev.
2466H-12/03

Changes from Rev.
2466F-02/03 to Rev.
2466G-10/03

Changes from Rev.
2466E-10/02 to Rev.
2466F-02/03

2466H5-AVR-12/03

This section contains a log on the changes made to the datasheet for ATmega16.

All page numbers refer to this document.

1.

Updated “Calibrated Intemal RC Oscillator” on page 27.

All page numbers refer to this document.

1.

2.

10.

1.

12.

13.

14.

Removed “Preliminary” from the datasheet.
Changed ICP to ICP1 in the datasheet.
Updated “JTAG Interface and On-chip Debug System” on page 34.

Updated assembly and C code examples in “Watchdog Timer Control Regis-
ter - WDTCR” on page 41.

Updated Figure 46 on page 101.

Updated Table 15 on page 36, Table 82 on page 215 and Table 115 on page
274.

Updated “Test Access Port — TAP” on page 220 regarding JTAGEN.
Updated description for the JTD bit on page 229.

Added note 2 to Figure 126 on page 251.

Added a note regarding JTAGEN fuse to Table 105 on page 259.

Updated Absolute Maximum Ratings* and DC Characteristics in “Electrical
Characteristics” on page 289.

Updated “ATmega16 Typical Characteristics” on page 297.
Fixed typo for 16 MHz MLF package in “Ordering Information” on page 11.

Added a proposal for solving problems regarding the JTAG instruction
IDCODE in “Errata” on page 15.

All page numbers refer to this document.

1.

Added note about masking out unused bits when reading the Program
Counter in “Stack Pointer” on page 10.

Added Chip Erase as a first step in “Programming the Flash” on page 286 and
“Programming the EEPROM” on page 287.

Added the section “"Unconnected pins” on page 53.

AIMEL .



Changes from Rev.
2466D-09/02 to Rev.
2466E-10/02

Changes from Rev.
2466C-03/02 to Rev.
2466D-09/02

Changes from Rev.
2466B-09/01 to Rev.
2466C-03/02

10.

11.

12.

13.

14,

15.

16.

AlME

Added tips on how to disable the OCD system in “On-chip Debug System” on
page 34.

=

]

Removed reference to the “Multi-purpose Oscillator” application note and
“32 kHz Crystal Oscillator” application note, which do not exist.

Added information about PWM symmetry for Timer0 and Timer2.

Added note in “Filling the Temporary Buffer (Page Loading)”’ on page 252
about writing to the EEPROM during an SPM Page Load.

Removed ADHSM completely.

Added Table 73, “TWI Bit Rate Prescaler,” on page 180 to describe the TWPS
bits in the “TWI Status Register —- TWSR” on page 179.

Added section “Default Clock Source” on page 23.

Added note about frequency variation when using an extemal clock. Note
added in “External Clock” on page 29. An extra row and a note added in Table
118 on page 291.

Various minor TWI corrections.

Added “Power Consumption” data in “Features” on page 1.

Added section “"EEPROM Write During Power-down Sleep Mode” on page 20.

Added note about Differential Mode with Auto Triggering in “Prescaling and
Conversion Timing” on page 205.

Added updated “Packaging Information™ on page 12.

All page numbers refer to this document.

1.

Updated “DC Characteristics” on page 289.

All page numbers refer to this document.

1.

2,

Changed all Flash write/erase cycles from 1,000 to 10,000.

Updated the following tables: Table 4 on page 24, Table 15 on page 36, Table
42 on page 83, Table 45 on page 110, Table 46 on page 110, Table 59 on page
141, Table 67 on page 165, Tabie 90 on page 233, Table 102 on page 257, “DC
Characteristics” on page 289, Table 119 on page 291, Table 121 on page 293,
and Table 122 on page 295.

Updated “Errata” on page 15.

All page numbers refer to this document.

1.

Updated typical EEPROM programming time, Table 1 on page 18.

18 ATmega1l6(L) s——————
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10.

1.

12.

13.

14,

15.

2466HS-AVR-12/03

Updated typical start-up time in the following tables:

Table 3 on page 23, Tabte 5 on page 25, Table 6 on page 26, Table 8 on page 27,
Table 9 on page 27, and Table 10 on page 28.

Updated Table 17 on page 41 with typical WDT Time-out.

Added Some Preliminary Test Limits and Characterization Data.
Removed some of the TBD's in the following tables and pages:

Table 15 on page 36, Table 16 on page 40, Table 116 on page 272 (table removed
in document review #D), "Electrical Characteristics” on page 289, Table 119 on
page 291, Table 121 on page 293, and Table 122 on page 295.

Updated TWI Chapter.
Added the note at the end of the "Bit Rate Generator Unit" on page 176.

Corrected description of ADSC bit in “ADC Control and Status Register A —
ADCSRA” on page 217.

improved description on how to do a polarity check of the ADC doff results in
“ADC Conversion Result” on page 214,

Added JTAG version number for rev. H in Table 87 on page 227.
Added not regarding OCDEN Fuse below Table 105 on page 259.

Updated Programming Figures:

Figure 127 on page 261 and Figure 136 on page 272 are updated to also reflect that
AVCC must be connected during Programming mode. Figure 131 on page 268
added to illustrate how to program the fuses.

Added a note regarding usage of the “PROG_PAGELOAD ($6)” on page 278
and “PROG_PAGEREAD ($7)” on page 278.

Removed alternative algortihm for leaving JTAG Programming mode.
See “Leaving Programming Mode” on page 286.

Added Calibrated RC Oscillator characterization curves in section “ATmega16
Typical Characteristics” on page 297.

Corrected ordering code for MLF package (16MHz) in “Ordering Information”
on page 11.

Corrected Table 90, “Scan Signals for the Oscillators!"?4? » on page 233.
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