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1 Intr oduction

In thiswork, we discusghedesignandimplementatiorof an802.11alransmitter 802.1141] is anlEEE standardor
wirelesscommunicatiorthatoperatesn the5GHzband,usingOrthogonakFrequeng Division Multiplexing (OFDM).
OFDM is anef cient multi-carriermodulationtechniquewvherethe basebandignalis the compositeof multiple data-

encodedsub-carriersA top level diagramof the Transmitteris shavn in Figure1l.
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1.1 Specications

Our implementatiorsupportsthe mandatorydataratesof 6, 12 and 24 Mbits/s. The modulationparametergorre-
spondingo thesedataratesareshovn in Figure2.
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Figurel: Top Level Diagramof an802.11alransmitter

Datarate | Modulation | CodingRate | Codedbits/sub-carrier] Codedbits/OFDM Symbol | Databits/OFDM symbol
(Mbits/s) (R) ( ) ( ) ( )
6 BPSK 1/2 1 48 24

12 QPSK 1/2 2 96 48

24 16-QAM 1/2 4 192 96

Figure2: ModulationParameter£orrespondingo DataRates.

Sincewe implementonly the Transmitterside of the 802.11aspeci cation, we supportthe following subsetof
services/messagé&sthe Medium AccessControl (MAC) layer.




PHY_TXSTART.req(LENGTH,DATARATE,SERVICE, TXPWR_LEVEL): MAC transmit request
& parameters

PHY_TXSTART.conf: confirmation of transmit request
PHY_DATA.req(DATA): MACrequest to send data

PHY_DATA.conf: confirmation that data was received from MAC

1.2 DesignExploration Overview

We have threemain designgoals: minimize area,minimize power, andachiese just-in-timeperformanceo meetthe
6, 12, and 24Mb/s datarates. After ensuringthe functional correctnes®f our system,we explore techniquessuch
asreducingfrequeng and . In addition,we minimize the areaof our designby reusingandsharinglogic units,
which alsoreducedeakagepowerin our system.

In Section2 we touch upon somespeci ¢ designchoicesat the modulelevel. The techniquesve explore are
summarizedelow.

Varyinput dataframesize
Uselookuptablesto eliminatethe needfor multipliers
Unroll serialalgorithmsto improve performance

DeterminewhetheranunrolledIFFT algorithmor reuseof onestageof thedesignwill provide thebestpower,
areaandperformancerade-of.

1.3 Implementation Strategy

We implementour designusingBluespeca high-level hardwaredescriptionanguageBluespecsupportexplicit and
implicit synchronizatiorprimitives,allowing usto describeall actionsandtransactionsatomically We compileour
designinto Verilog usingthe Bluespeccompiler We alsouse SynopsysVCS for simulation,DesignCompilerfor
synthesisandEncounteffor placeandroute.

1.4 TestStrategy

Becaus¢he802.11arransmittercanbedecomposeihto separatewell de ned blocks,weimplementandverify these
blocksindependentlyTo facilitatethe testingof our moduleswe usethe frameawork of the ExtremeBenchmarkSuite
(XBS), shavn in Figure 3. For eachmodule,an XBS input generatoiis constructedo generateestinput patterns
to stressthe module. The testpatternsare a combinationof randominput dataand directedtestsdesignedo test
cornercase®f thedesign.An XBS outputchecleris constructedor eachmodule.Oncea moduleis implementedn
Bluespecit is out tted with the XBS Bluespedestharnes&ndsubjectedo the aforementionedests.

Device
Under Test
[Bluespec]
-
1
:
Input Binary Test Binary Output
Generator Input > Harness Output Checker
[ANSI C] Files [Verilog] Files [ANSI C]

Figure3: TestStratey usingXBS.



Oncewe implementandtesttheindividual modules we verify the entire systemby combiningour modulesand
testingthemusingXBS, asdescribedabove.

2 SystemOverview

Transmissions initiated by the MAC througha PHY_TXSTART.requestwhich passeshe LENGTH, DATARATE,
SERVICE, and TXPWR_LEVEL parameterso the Controllermodule. The LENGTH parameterrangingfrom 1 to
4095, de nes the numberof dataoctetsin the paclet. The DATARATE parametedescribeghe bit rate at which
the paclet is transmitted. The receved SER/ICE eld from the MAC always consistsof 16 zerobits. The TX-
PWR.LEVEL parameterangedrom 1 to 8, andindicateswhich power level shouldbe usedfor transmission.

Oncethe Controllerhasrecevedthe PHY_TXSTART requestjt generateandtransmitsthe preambleandheader
sectionsof the PPDU frame format (format of message).The PPDU transmissiorformat consistsof a preamble,
headeranddataasshovnin Figure4.
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Figure4: Formatof MessagePPDUFrameFormat.

2.1 PreambleGeneration

The preambleis usedby the recever for timing synchronizatiorpurposes.It consistsof 10 repetitionsof a short
training sequenceand 2 repetitionsof a long training sequence.The shorttraining sequencas composedf 12
sub-carriersnodulatecby theelementof the x edsequencs, givenby

s= —* 0,0,1+,0,0,0,-1-,0,0,0,1+,0,0,0,-1+,0,0,0,-1-, 0,0,0,1+j,0,0,0,0,0,0,0,-1-j, 0,0, 0,
-1-j,0,0,0,1+j,0,0,0,1+j,0,0,0,1+j,0,0,0, 1+j,0,0

Thelongtrainingsequencés composeaf 53 sub-carriersvhicharemodulatedby the x edsequencé, givenby

L=1,2,-1,-1,2,1,-2,1,-1,1,2,1,1,2,1,-1,-2,1,1,-1,1,-1,2,1,1,1,0,1,-1,-1,1,1,-2,1,-1,1,-1, -1,
-1,-1,-1,1,1,-1,-1,1,-1,1,-1,1,1,1,1

Sincethe Preambléas x ed,it canbepre-computedndstoredin the Controllerto betransmittedvheneeranew
transmitrequestarrives.

2.2 HeaderGeneration

As shawvn in Figure4, the maincomponent®f the headerarethe RATE andLENGTH elds, which aregivenin the
transmitrequestrom the MAC. Theresened andtail bits arealways0. The headetis alwaysencodedvith BPSK
usinga codingrateR = 1/2 at 6 Mbits/s. Onceencodedthe headeris sentthroughthe restof the units (Puncturer
Interleaver, Mapper IFFT, and Cyclic Extend)with the appropriatecontrol signalto specifythe 6Mbits/s datarate.
Notethatthe headeiis notscrambled.
After forming the headerand sendingit to the Encodey the Controller calculatesand setsthe rate dependent

modulationparameterglistedin Figure?2) for datatransmissionModuleswhich aredataratedependentvill receve
a controlmessagérom the Controllerto be con gured accordingly



The Controllerthenformsthe datasectionof the PPDUframeformatby appendinghe main messagelatato the
SERVICE eld andaddingtrailing Os. Theresultingpacletis thensentto the Scrambler

2.3 Scrambler

A simple implementationof the Scramblerconsistsof 7 shift registersand 2 XORs as shovn in Figure5. The
Scrambleris of length-127,meaningit repeatedlygenerates 127-bit sequencdor a given pseudo-randonmitial
state.Eachincomingdatabit is XORedwith thecurrentbit in the 127-bitsequence.

The rst 7 bits to be sentinto the Scramblerare the beginning of the SER/ICE parameter These7 bits are
re-writtenwith theinitial stateof the Scrambleisodescramblinganbedonein therecever.
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Figure5: Simplelmplementatiorof Scrambler

After reachingthe end of the messagealata,the Scramblerreplacesthe trailing scrambledzero bits with non-
scrambledzerobits to resetthe Convolutional Encoderfor the next message.

2.4 Convolutional Encoder and Puncturer

As shown in Figure 6, a simpleversionof a Corvolutional Encoderconsistsof 7 shift registersand3 XORs. Each
input bit into the Encodemproduces outputbits (evenandodd). The evenbit shouldbereadby the Puncturetbefore
the oddbit.

The Punctureiis not neededor the datarateswe areimplementing.Thereforewe decidedto omit the Puncturer
in our design.

2.5 Interleaver

The Interlearer operatesat an OFDM symbol level with a block size of (48, 96, or 192) bits. Within each
block, the bits arereorderedn two steps.In the rst step,adjacentcodedbits arereorderedo mapto nonadjacent
sub-carriersIn the secondstep,adjacentodedbits are mappedalternatelyinto lessandmore signi cant bits of the
sub-carrieconstellation.

Let k denotetheindex of the codedbit beforeinterleaving, i denotetheindex afterthe rst step,andj denotethe
index afterthe secondstep. Thevalues = max( 12,1).
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Figure6: Simplelmplementatiorof Corvolutional Encoder
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Sincetheseindicescanbe calculatedbeforehandthe Interleaver basicallyreorderghe input bits in a setpattern
baseddn thedatarate.

2.6 Mapper
The Mapperalsooperatesat the OFDM symbollevel with a block size of (48,96, or 192) bits. Eachblockis
dividedinto sub-blocksat the OFDM sub-carriedevel. Sub-blocksare of size (1, 2, or 4) bits. The Mapper

(stage-1)rst corvertseachsub-blockinto a complex numberrepresentin@dPSK, QPSK,or 16-QAM constellation
points. Notethatthe modulationtype may be differentfor the headeranddatapartsof the messageTheresulting48

comple pairsarethennormalizedby . Thel, Q, and valuesfor eachmodulationtype are shovn in

Figures7 to 10.

Modulation
BPSK 1

QPSK
16-QAM

Figure7: Table.

in.0 | l-out | Q-out
0 -1 0
1 1 0

Figure8: BPSKencodingfor | andQ values.

After corverting eachof the sub-blocksinto complex pairs,the Mapper(stage-2)then collectsthe 48 complex
numberoutputs(one OFDM symbol)and mapseachcomplex numberto one of 48 sub-carriergepresenteasfre-
gueng offsetindices.Pilots(alsocomplex pairs)areinsertedn thefour othersub-carrier$o ensuraobustnessgainst
frequeng offsetsandphasenoise. The 52 total sub-carrierper OFDM symbolareindexed-26 to 26, with the 0 sub-
carrieromittedand lled with azero. These52 complex pairsarethenpaddedo create64 comples pairs. The nal



in.0 | l-out | in.1 | Q-out
0 110 -1
1 11 1

Figure9: QPSKencodingfor | andQ values.

(in.0,in.1) | l-out | (in_2,in_3) | Q-out
00 -3 | 00 -3
01 -1 |01 -1
11 111 1
10 3|10 3

Figure10: 16-QAM encodingfor | andQ values.

outputof the Mapperconsistsof 64 complec pairseachorderedo a frequeng offsetindex in the OFDM symbol.

2.7 IFFT and Cyclic Extension

The InverseFastFourier Transform(IFFT) modulecorvertsthe complex frequeng valuesinto complex time values
for transmissionThereis no speci cationon thesizeor representationf the datanor thealgorithmrequired.
After thedatatransformationgyclic extensionis performedo form aguardinterval.

2.8 DataRates

The relative datainput-outputbit ratios for eachmoduleare shavn in Figure 11. BITWIDTH _Q is the bit width
we useto representhe | andQ valuesof the complex numbers.For the Interleaver and Mapper the ratioschange
dependingnthe datarate.

Bits In Bits Out
Scrambler 1 1
Corv Encoder 1 2
Puncturer 2 2
Interleaver 48,96,0r 192 48,96, 0r 192
Mapper(stage-1 48,96,0r 192 | 48*(2*BITWIDTH Q)
Mapper(stage-2) 48*(2*BITWIDTH Q) | 64*(2*BITWIDTH _IQ)
IFFT 64*(2*BITWIDTH 1Q) | 64*(2*BITWIDTH _IQ)
Cyclic Extend 64*(2*BITWIDTH 1Q) | 81*(2*BITWIDTH Q)

Figure11: Input-outputbitwidths of eachmodule.

3 UTL Model of Transmitter

In thefollowing subsectionsye give a generalUnit- TransactiorLevel (UTL) descriptionof eachmodule.Figure12
is atop level UTL modelof the Transmitter

3.1 SystemAssumptions

In orderto focus on more detaileddesignexplorationissues we madethe following systemlevel assumptiongo
simplify theoverall Transmitterdesign.
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Figure12: Top Level UTL Model of Transmitter




PreambleSincethe preamblds staticfor every messageye assumeanothemoduleafterthe Transmittemwill
prependhepreamble.

DataPadding:We assumall datapaddingandtail bits areaddedn the MAC layer.

3.2 Controller
input: ControllerCtrlQ: Ctrl_type,rate,headetength,messagéength,datalength
ControllerDataQ:FRAMESIZE

output:; ScramblerCtrlQdatalength ,
ScramblerDataQ:FRAMESIZE ,
FormattingModuleCtrlQ messagéength,datalength ,
EncoderData@romController: FRAMESIZE |,
EncoderCtrlQ: headedength,datalength ,
InterleaverCtrlQ: rate,length ,

MapperCtrlQ: rate,length,reset,

architectural state: rate,headetength,messagéength,datalength,txpwr_level, framesleft_to_read

Transactions

1. TransmitHeader(headlEmgth,datalength,rate)

(if  ControllerCtrlQ.first.Ctrl_type == transmit)
and (frames_left to read == 0))

a. Set frames left to read

b. TransmitHeader(rate, header length)

- Form header packet: Hdr

- EncoderCtrlQ.enq(header_length, data_length);

- EncoderDataQ_fromController.enq(H dr)

- InterleaverCtrlQ.enqueue(6Mbits/s , header length)

- MapperCtrlQ.enqueue(6Mbits/s, header length, reset=1)
c. Initialize Scrambler:

- Generate random 7 bit sequence

- ScramblerCtrlQ.enqueue(7-bit seq, length)
d. Initialize Formatting Module

- FormattingModuleCtrlQ.eng(message length, data length)

2. TransmitData(datkength,rate,data)

(if  ControllerDataQ not empty and (frames_left_to read > 0))
a. Set rate for data transmission if have not yet done so
- InterleaverCtrlQ.enqueue(Rate, data length)
- MapperCtrlQ.enqueue(Rate, data length, reset=0)

b. ScramblerDataQ.enq(data)

Scheduler Priority in descendingrder: TransmitDataTransmitHeader



3.3 Scrambler

input: ScramblerCtrlQ:
— 7 seedits
— datalength

ScramblerDataQData
output: EncoderData@romScrambler:Scrambledata
architectural state: 7, 1-bit registers,octetsto_scramble
Transactions

1. Initialize(7-bit seeddatalength)

(if  ScramblerCtrlQ not empty & octets to_scramble == 0)
/[ Only re-initialize when scrambling of all data using
/l old sequence is complete

a. (seed, data length) = ScramblerCtrlQ.pop()
b. InitializeRegisters(seed)
c. octets to_scramble = data length

2. Scramble()

(if  (ScramblerDataQ is not empty) and (octets_to_scramble > 0))
/I octets_to_scramble records how many more octets to scramble
/I using a particular initialization sequence.

a. data_in = ScramblerDataQ.pop();

b. Scramble data_in

c. FormattingModuleDataQ.eng(Scramble dData)

d. Decrement octets to_scramble

Scheduler Priority in descendingrder: Initialize, Scramble

3.4 Formatting Module

input: FormattingModuleCtrlQ:msglength,datalength
FormattingModuleDataQdata

output: EncoderDataQromScrambler:data(even,odd)pairs
architectural state: msgoctetsremaining dataoctetsremaining

Transactions

1. init()
(if  FormattingModuleCtrlQ not empty and (msg_octets_remaining == 0))
a. (msg_length, data_length) = FormattingModuleCtrlQ.pop()
b. msg_octets remaining = msg_length
b. data_octets_remaining = data_length + 2 (service length)



2. format()

(if  FormattingModuleDataQ not empty and (msg_octets_remaining > 0))
a. data_in = FormattingModuleDataQ.pop()

b. If data_octets _remaining =0, 1 or 2

data_in <= substitute Os in for the 6 tail bits at correct byte.

c. EncoderDataQ.eng(data_in)

d. Decrement msg_octets remaining and data_octets_remaining

Scheduler Priority in descendingrder:init, format

3.5 Convolutional Encoder

input:

EncoderCtrlQ: hdrlength,datalength

EncoderData@romController: data
EncoderData@romScrambler:data

output; InterleaverDataQ: data(even,odd)pairs

architectural state: 7 1-bit registershdr_octetsremainingdataoctetsremaining

Transactions

1. init()

(if

EncoderCtrlQ  not empty and (hdr_octets remaining == 0)

and (data_octets_remaining == 0))

a.
b.
b.

(hdr_length, data_length) = EncoderCtrlQ.pop()
hdr_octets_remaining = hdr_length
data_octets_remaining = data_length

2. EncodeDatafrom_Controller()

(if

a0 ow

EncoderDataQ_fromController not empty and (hdr_octets_remaining
data_in = EncoderDataQ_fromController.pop()

For each bit in data in, compute output pairs.
InterleaverDataQ.eng(data (even,odd) pairs)

Decrement hdr_octets_remaining

3. EncodeDatafrom_Scrambler()

(if  (EncoderDataQ_fromScrambler not empty) and
(hdr_octets_remaining == 0) and (data_octets_remaining > 0))
a. data_in = EncoderDataQ_fromController.pop()

b. For each bit in data_in, compute output pairs.

c. InterleaverDataQ.eng(data (even,odd) pairs)

d. Decrement data_octets_remaining

> 0))

Scheduler Priority in descendingrder:init, EncodeDatafrom_Controller EncodeDatafrom_Scrambler
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3.6 Interleaver

input: InterleaverDataQ: 48 bits . Dependingon datarate, total datafor symbol may spanmultiple 48-bit
frames.

InterlearerCtrlQ:rate,length

output: MapperDataQ:48 bits . Sinceoutputmay spanmultiple 48-bit frames,may take multiple cyclesto write
outoutput.

architectural state: dataratedatarateframesremainingsymbolframesremaining

Transactions
1. init(dataRatelength)

(if  InterleaverCtrlQ not empty and datarate frames_remaining == 0)

a. {rate,length} = InterleaverCtrlQ.deq()

b. datarate = rate

c. datarate_frames_remaining = length/octetsPerFrame

d. symbol_frames_remaining = octetsPerSymbol(datarate)/octetsPer Frame

2. Interleave(data)

(if  InterleaverDataQ is not empty,
and using the currently set datarate (datarate_frames_remaining > 0))

a. Interleave data

b. If symbol is complete (symbol frames remaining == 0):
then: MapperDataQ.enq(InterleavedData), reset symbol _frames_remaining
Else: decrement symbol_frames_remaining

c. Decrement datarate_frames_remaining

Scheduler Priority in descendingrder:init, Interleave

3.7 Mapper

input: MapperDataQ:48bits . Dependingondataratemaytake multiple cyclesto readin total datafor symbol
MapperCtriQ:rate,lengthieset

output: IFFTDataQ: 64 complex pairs (eachl/Q is 16 bits)
architectural state: pilot polarity vectorindex, dataratedatarate framesremaining symbolframesremaining

Transaction:
1. init(dataRatelength)

(if MapperCtrlQ not empty and datarate_frames_remaining == 0)
a. {rate,length,reset} = MapperCtrlQ.deq()
- If (reset == 1) reset pilot polarity vector index.
b. datarate = rate
c. datarate_frames_remaining = length/octetsPerFrame
d. symbol_frames_remaining = octetsPerSymbol(datarate)/octetsPer Frame
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2. Map(data)

(if MapperDataQ is not empty, and datarate _frames remaining > 0)
a. Map data:

- compute complex pairs for the coded bits of each sub-carrier

- map complex pairs to sub-carrier indices
If completed mapping entire  symbol (symbol_frames_remaining == 0):

- reset symbol_frames_remaining
- add pilots using pilot  polarity vector, and index
- increment pilot  polarity vector  index
- pad to 64 complex pairs
- IFFTDataQ.enq(MappedData)
Else: decrement symbol frames remaining

b. Decrement datarate_frames_remaining

Scheduler Priority in descendingrder:init, Map

3.8 IFFT
input: IFFTDataQ: 64 complex pairs representd symbolin frequeng domain
output: CyclicExtendDataQ:64 complex pairs in time domain

architectural state: none

Transactions

1. IFFT(Data)
(if IFFTDataQ is not empty)

a. Perform IFFT on Data
b. CyclicExtendDataQ.enq(IFFTDataOut)

Scheduler Priority in descendingrder: IFFT
3.9 Cyclic Extend
input: CyclicExtendDataQ:64 complex pairs

output; toAnalogQ: 64 comple pairs

architectural state: none

Transactions

1. CyclicExtend(Data)
(if  CyclicExtendDataQ is not empty)

a. Perform CyclicExtension on Data
b. toAnalogQ.enq(CyclicExtendedData)

Scheduler Priority in descendingrder: CyclicExtend
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4 Testing

XBS is usedto testindividualmodulesandthe systemasawhole.

4.1 Individual Module Tests
Testingof eachindividual modulerequiresthefollowing components:
XBS inputgenerator
XBS outputchecler
XBS referencamplementatiorusedby outputchecler
Verilog testharnesshatcallsthe Bluespedmplementation

For individual moduletestingwe rely on randominput dataas well as directeddatato testcornercases. The
following providesa generabverview of the cornercaseghataretestedfor somemainmodules.

Controller: Testfor correctcontrolmessagewhentransmittingsuccessie messagewith differentrates

Scrambler: Asymmetric7-bit initial sequence
Scramblemultiple messagesequentiallywith varyinginitial sequenceandlengths

Convolutional Encoder: Encodemultiple messagewith varyinglengths
Interleaver & Mapper: Interleave andMap successie messagewith differentdataratesandlengths
IFFT: Radix4 Module: Patterncombinationsf maximumandminimum numbersand positive and negative

numbergo double-checlpropersigndeterminatiorandover ow capabilities
64-pointIFFT: Worstcasepositive/nggative andminimum/maximumrst andsecondstageinput patterns

4.2 SystemLevel Testing
Systentestingrequiresthefollowing components:
Systenlevel XBS inputgenerator
Systemlevel XBS outputchecler
XBS referencamplementatiorusedby outputchecler
Testharnesdor entiresystem

At the systemlevel, we testthatthe transmittedpacketscontainall component®f the messagén theright order
We alsomake surethatdatafrom differentmessagedoesnot get mixedtogetheywhenwe procesgartsof different
messagem parallel.In addition,we ensurehatthe Transmittemeetsthe dataratesof 6, 12, and24 Mbits/s,aswell
ascornercasesuchassendingmessagewith the maximumandminimumlengths.

5 Initial Micr oarchitectural Designand Implementation

5.1 Design

The Transmitterconsistsof 1 top level wrappermoduleand 8 individual modules,as seenin the UTL diagramin
Figure12. Whatis differentfrom the UTL diagramis that eachmodule containsits own setof input and output
gueues.Thetop level modulehasBluespeaulesthat pop datafrom the outputqueuesf eachmoduleandpushdata
into the input queuesof the next module. This designdoescreatea deadcycle in somecaseshut thisis notanissue
becauseve meetthe speci ed datarates. We decidedto usethis queuelayout for easyintegrationwith XBS and
individual moduletesting.

In this section we describethe microarchitecturatiesignof eachof themodules.
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5.2 Controller

Input:  Ctr{Ctrl_type, rate, header length, message length, data length}
Data - Framesize is 24 bits
Output:  ScramblerCtri{seed, data length},
FormattingModuleCtr{message length, data length},
EncoderCtri{header_length, data_length},
InterleaverCtri{rate, length},
MapperCitrl{rate, length, reset}

ScramblerData{data:FRAMESIZE},
EncoderData{hdr:FRAMESIZE}

The Controlleris divided into threestages.In the rst stage,it readsin the input requestandstartssendingout
controlmessagew® the individual modules.For modulesthatrequiretwo controlmessageper messagéinterleaver
andMapper) thecontrolsignalsendsanothercontrolmessageutin thesecondstage In thethird stagethe Controller
readsin thedataandpassed to therelevantmodule.The Controllercannotprocessa new requesuntil it has nished
processinghecurrentrequesthroughall threestagesThis makeskeepingtrackof the statefor eachmessagsimpler

Scrambler SeedGenerator The Scrambleiseedgeneratois implementedvithin the Controller At the beginning
of eachmessaget providesa 7 bit initialization valuefor the ScramblerFor initial systemlevel testing,we currently
hardcodel 7-bit valueto be outputby the SeedGeneratar

5.3 Scrambler

Input:  Ctrl{7-bit seed, 13-bit length}
Data - Framesize is 24 bits
Output:  Scrambled Data - Framesize is 24 bits

Insteadof scramblingeachinput bit oneat a time, as shovn in Figure 5, the Scrambleris designedso that it
canproces24 bits in one pass. At the beginning of eachmessagethe Scramblerrst generateshe entire 127-bit
scramblesequenckasedntheseed Eachbit of the127-bitsequencés generate@neatatime,in themannershavn
in Figure5. Thereforethe initialization stagetakes 127 cycles. This overheads acceptabldecausenostmessages
will begreaterthan127 bits. Thereaftethe savings of beingableto scramble24 bitsin onepassfor thelengthof the
messagevill morethanmalke up for theinitialization overhead After theinitialization stage datais readin 24 bits per
cycle andis XORedwith the correspondingpits of the 127-bitsequenceThe 127-bitsequencés storedin a circular
shift register After eachcycle, thecircularshift registeris shiftedleft by 24 bits.

5.4 Formatting Module

Input:  Ctrl{13-bit total msg length, 12-bit data length
(not including 2 service  octets)}
Scrambled Data in 24 bit frames

Output:  Scrambled Data - Framesize is 24 bits with the 6 taill bits replaced
with  zeros.

The FormattingModulereplaceghe scrambledb tail bits (showvn in Figure4) with unscramblederos.To accom-
plish this, the FormattingModule performs2 tasks. Onetaskis to passthe datareceved from the Scramblerto the
CorvolutionalEncoder Anothertaskis identify the 6 tail bits in the datastreamandreplacetheses bits with zeros.

At the bgginning of eachmessagé¢he FormattingModule storesthe messag@nddatalengths(in octets)into two
registers. The messagéengthis the lengthof the entire messagénot including preambleor header).The message
lengthtells the FormattingModulehow mary octetsit needgo passfrom the Scrambleto the CorvolutionalEncoder
for a particularmessagétask one). The datalengthis the length of the serviceand dataportionsof the message.
The datalengthis usedto identify thelocationof the 6 tail bits (tasktwo). The FormattingModule decrementshese
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registerseachtime it readsa frame of datafrom the Scramblerand passest to the Convolutional Encoder When
the datalengthregisterreachesero,the FormattingModule replaceghe next 6 bits (the tail bits) obtainedfrom the
Scramblemith zeros.

Sincethe datalength (in octets)may not be evenly divisible by the framesize (24 bits), the FormattingModule
alsochecksto seewhenthe datalengthregisterreached and2. Dependingon the case the FormattingModule will
replacethe correct6 bitsin the currentframewith zeros.

5.5 Convolutional Encoder

Input:  Ctrli{hdr_length, data_length}
Data from Scrambler and Controller - Framesize is 24 bits
Output: Encoded Data from Scrambler (data) and Controller (header) -

Framesize is 24 bits.

The Corvolutional Encodetis split into two stagesasshavn in Figure13. In the rst stagethe Encoderorders
thedatacomingin from its two input queues.The Encodemustencodethe headerdatacomingfrom the Controller
beforeencodingthe datafrom the Scramblerin the secondstage the Encoderencodeshe ordereddata.

Insteadof only encodingonebit percycle,asshaw in Figure6, we designedhe ConvolutionalEncodeito encode
one frame of dataevery cycle, by unrolling the simple Encoderalgorithm. Figure 14 shows the unrolled Encoder
design.Every cycle, the Encoderrst setsup the historybit vectorsbasedon the inputsandthe valuesin the history
buffer. Onehistory bit vectoris requiredperinput bit. The history buffer actsasthe bit vectorfor the rst input bit.
The EncoderXOR's the datawith the correspondingraluesin the history bit vectorsto producethe outputs. The
Encoderalsoupdateghehistory buffer eachcycle sothatthe history bit vectorscanbe computedn the next cycle.

Control °

Hdr - from Controller

orderedDataQ

— =z
@ OutputQ
Schedule _—
Hdr

orderedResetQ

Schedule
Data

Data from
Formatting Module

=

Convolutional Encoder

Figure13: MicroarchitectureDesignof CorvolutionalEncoder

5.6 Interleaver

Input:  Ctrl{rate,length}
Data - Framesize is 48 bits
Output:  Interleaved Data - Framesize is 48 bits

The Interleaver rearrangeshe bits of the input datain some x ed patternbasedon therate. It is split into two
stagesasshawn in Figure15. In the rst stage,the Interleaver readsin eachframe of data,rearrangeshem, and
writes eachbit into the correspondingndex of a 192 bit buffer. Dependingontherate,the Interlearer eitherneedgo
operateon blocksof 1, 2, or 4 framesof datain this rst stagewhich changeghe lateng of the Interleaver. After
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Figure14: Unrolled ConvolutionalEncoderDesign.

therequiredentriesin the 192 bit buffer have beenlled, the secondstageof the Interlearer readsthe dataout of the
buffer oneframeatatime, andpushegshemto the outputqueue.Currentlythetwo stagesannotbe overlapped.

5.7 Mapper

Input:  Ctrl{rate,length,reset}
Data - Framesize is 48 bits
Output:  Frequency Domain OFDMSymbol - 64 complex pairs

Calculationof the complex pairsrequiresa multiplication of the andthe mappedcomplex pair value. In
orderto eliminatetheneedfor multipliersin theMapper we decidedo pre-computandstoreall 16 possibleproducts,
eliminatingthe needfor 2 multipliers perparallelcomplex pair multiplication. In our designwe aimedto computeas
mary as48 comple pairsin parallel(for the6MB/s rate)and,therefore py storingthe productsnotonly did we save
in areabut we alsodecreasethe critical pathin the Mapper

At the beginningof eachmessagethe pilot polarity vectorindex needso beresetwhichis indicatedby thereset
bit.

As showvn in Figure 16, the Mapperis split into two stagessimilar to the Interleaver. The rst stagemay iterate
multiple times(dependingon the datarate) beforeall the complex pairshave beenmappedandpilots inserted.A 64
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Figure15: MicroarchitecturaDesignof Interleaver.

comple pairregister le is usedto temporarilystorethe computedccomplex pairsuntil mappingis complete.Then,in
thesecondstagethe complex pairsarereadout of theregister le to the outputqueue.

5.8 IFFT

Input: Data - 64 complex pairs
Output: OFDMSymbol - 64 complex pairs

For initial designpurposesthe IFFT is completelyunrolled. It accept$64 complex pairsof data,which it then
sendghroughthreestagef data.Eachstageconsistof 16 radix-4nodegseeFigure17). Theradix-4nodecontains
all of the computationatompleity andhasthreestagesa twiddle multiplicationandtwo combinationaktagegsee
Figure 18). Eachnoderequiresl6 multiplication unitsand24 adds. Becausesignedmultiplication is not supported,
signi cant logicis requiredto corvertsignedvaluesandsupporta x ed-pointnumberepresentationAfter completing
theIFFT calculation areorderstagealignsthe datacorrectlybeforewriting it to the outputqueue.

Dueto anomaliesn Bluespedauringimplementationtheformatof thedatachangesvithin the IFFT block. While
the Mapperpasses vectorof complec pairs,the IFFT implementatiorcornvertsthis to a structurefor the calculation
andthenrecorvertsto avectorfor the Cyclic Extender

5.9 Cyclic Extender

Input: Data - 64 complex pairs
Output: Guarded OFDMSymbol - 81 complex pairs

Cyclic Extensioninvolvesprependinghe datawith thelast 16 comple pairsof itself. The rst complex pair of
thedatais appendedttheend. Thisis shavn in Figurel19.
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Figure16: MicroarchitecturaDesignof Mapper

5.10 DesignAnalysis

After runningsomeinitial systemtestswe decidedthatthe 127-g/cleinitialization of the Scramblerat the beginning
of eachmessageneededo beredesignedFor a seriesof mediumto long messageghe 127 cycle overheachaslittle
effect on the datarate. However, for the exceptionalcaseof a seriesof minimum length messageshe 127 cycle
initialization stageseverelyimpactsthe datarate. Althoughwe think thata seriesof minimumlengthpacletswill not

occurvery often,we still wantour Transmitterdesignto meetthe dataratefor all possibleinputs.

5.11 SynthesisResults

After pushingourdesignthroughsynthesisisingthe SynopsyPesignCompiler, we obtainedhefollowing estimation

of ourdesignsarea:

| Module | Area( )|
Input Queues 7,428
Controller 29,621
Scrambler 25,970
FormattingModule 12,403
CornvolutionalEncoder 38,017
Interleaver 51,270
Mapper 404,401
IFFT 29,023,736
Cyclic Extend 598,689
OutputQueue 410,469
Miscellaneoug ogic 409
Total | 30,602,413|
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Figure17: MicroarchitecturaDesignof IFFT.

Thecritical pathdelayin our designwasdeterminedo be 64.36nanosecondroughthe IFFT unit. This means
thatour designwould be ableto run at 15.54MHz. Ourinitial synthesigesultsclearlyindicatethatthe IFFT, which
accountgor 94.8%o0f ourtotal areaandsetsthecritical pathof our circuit, mustbeamainfocusof designexploration.

6 First-PassDesignExploration

6.1 DesignModi cations

In the rst passof our designexploration,we decreasetheinitialization stageof the Scrambleifrom 127 cyclesto 1
cycle. This optimizationwasmadeatthe costof generality but sincethe802.11aspeci cationdid notde ne therange
of supportedscrambleiseedsye decidedthatthis lossof seedgeneralitywould notlimit the Transmitterdesign.

Initially, we designedhe systemsothatit could operateon alargerangeof 7 bit ScrambleiseedsBut in orderto
supportheuseof this largerangeof seedswe neededhe Scrambleto computejn realtime,the 127bit initialization
sequenceThis computatiortook 127 cycles.

In our revised designof the Scrambler we decidedto support16 x ed seeds. We pre-computedhe 127 bit
sequencefor eachof theseseedsandstoredthemin a lookup table within the Scrambler Now the seedgenerator
pseudo-randomlyprovides an index (from 0 to 15) which the Scramblerusesto selectthe correspondingl27 bit
sequenceTheuseof thelookuptablereduceshe Scrambleiinitialization stageto 1 cycle.

The Scramblerseedgeneratousesthe inputlength eld to generateanindex into the Scrambledookuptable,as
shavn below.

scrambler_sequence_index = {length[4], length[2], length[10], length[0]}

Sincethe length generallychangedrom messagéo messagethe Scramblemwill be initialized differently each
time.
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Figure18: Radix4 Module.
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Figure19: Cyclic Extension.

6.2 Output Analysis

In this sectionwe analyzethethroughputof the Transmittey at differentdatarates to identify the main bottleneckof
the system.For thebottleneckmoduleswe proposesomedesignmodi cationsto achiese full throughput.

System-Level Analysis Usingthelowestdatarate of 6Mb/sandstartingfrom anemptypipeline,it takes24 cycles
to getout 1 headerand1 dataOFDM symbol. Subsequendatasymbolscomeout onceevery othercycle, asseenn
Figure20. Thereforewe expectthe highestthroughputwe canachiese with the currentdesignis 0.5. The simulation
outputcon rms this analysis:onelong messagsentat 6Mb/s, givesanoutputrateof 0.49.

Figure20: Waveform Outputof 1 long messagsentat 6Mb/s.

Usingthe 12 Mb/s datarate,the outputrateis decreasetyy a factorof 2. Usingthe highestdatarate of 24Mb/s,
theoutputrateis decreasetdy a factorof 4, resultingin athroughputof 0.12.

Unit-Level Analysis Furtherunit-level analysisidenti ed the bottleneckgo be the Interleaver and Mapper The
throughputof eachmodule measuredn termsof outputframespercycle,is shavn in Figure21.

20



Module | 6Mb/s | 12Mb/s | 24Mb/s
Scrambler| 0.99 0.99 0.99
Formatter| 0.99 0.99 0.99

Corv. Encoder| 0.99 0.99 0.99
Interleaver 0.49 0.49 0.49
Mapper| 0.49 0.33 0.199

IFFT 0.99 0.99 0.99

Cyclic Extender| 0.99 0.99 0.99

Figure21: Unit-Level throughput{outputframes/gcle) of key modulesat differentdatarates.

Multiple Messages Whenaseriesof shortmessagearesent thestartupoverheadeforetheheadeof eachmessage
is 2 cycles. Thetime betweerthe headendthe dataportion of the messageariesdependingn the datarate.

FIFO QueueSizing We experimentedvith largerqueuesizesin betweeneachmodule,but obsenedno improve-
mentin throughput.Thereforethe bottleneckis notin thequeuesut in the Interleaver.

6.2.1 DesignModi cations for Bottleneck Modules

In orderto achieve full throughputpf 1 outputframepercycle, for the InterleavrerandMapper therulesfor different
stagesn themodulesneedto re simultaneouslyBasically thesemodulesneedto becomédully pipelined.

As describedn Section5.6, the Interleaver doesnot overlapcomputationwith the outputtingof data. Because
it takesmultiple cyclesto outputall the datafor the 12Mb/sand 24Mb/srates,overlappingof the computationand
outputstagescanbe tricky. Datathat hasnot yet beenoutputmustnot be overwritten. As shavn in Figure 15 the
interleaving andoutputrulessharethe 192 bit buffer. Mutual exclusionof the stageavasnecessaryo synchronizehe
therulesoverthis sharedesourceln orderto overlaptheinterlearing andoutputstageswe needto addanadditional
192hit buffer. Thisway, while onestageis reading/writingonebuffer, the otherstagecanbereading/writingthe other
buffer. By alternatingoetweerthebuffers,full throughputcanbeachieved.

As seenin Figure21,the Mappersthroughputdecreaseasdatarateis increasedThisis expectedbecausasthe
datarateincreasesthe ratio of input framesto oneoutputframeincreasesAt 6Mb/s,oneinput frameresultsin one
outputframe.At 12Mb/s,2 inputframesareneededo createoneoutputframe. At 24Mb/s,4 input framesareneeded
peroutputframe.Basedon this analysistheidealthroughputsarel, 0.5,and0.25for the6Mb/s,12Mb/sand24Mb/s
dataratesrespectiely. Thereasorwhy the Mappersthroughpuis lowerthanthatof theidealis becaus¢heBluespec
rulesfor computatiorandoutputtingaremutually exclusive. Therefore whenthe Mapperis outputtingdata(1 cycle),
it is notcomputing.This addedcycle for outputtingdatadecreasethe Mappersthroughputrom theideal.

In orderto improve the Mappers throughputthe rule for outputtingdataandthe rule for computatiomeedto be
ableto re simultaneouslyThereforepipeliningis the solution. Pipeliningthe Mapperwould not be dif cult. It just
requiressomeextra registersto keepthe stateof eachpipelinestage.

If weincludetheproposednodi cationsfor thelnterleaverandMapperinto our systemwe will beableto achieve
the systenthroughpuffor eachdatarate,asshavn in Figure22.

Module | 6Mb/s | 12Mb/s | 24Mb/s
Transmitter| 0.99 0.49 0.24

Figure22: Projectedsystemthroughput(outputframes/gcle) afterproposednodi cations.

At thefull systemthroughputour Transmittemwill be ableto procesone24 bit input framepercycle. Therefore,
whentransmittingat 6Mb/s, 12Mb/s,and24Mb/s,the minimumclock frequenciesequiredare 250 KHz (4 usclock
period),500KHz (2 usclock period),and1MHz (1 usclock period)respectiely. Thereforewe canreduceour clock
frequeng from 15.54MHz to 1MHz andlower accordinglyto achiese alower power Transmitterdesign.
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6.2.2 Curr ent DesignPoint Analysis

Withoutincorporatingthe optimizationsto the bottleneckmodules our Transmitteris ableto procesne24 bit input
frameevery 2 cycles. Thereforethe minimum clock frequenciesequiredare500KHz, 1 MHz, and2MHz for the 6,
12,and24 Mb/s dataratesrespectiely. Sinceour currentclock frequeny of 15.54MHz is largerthanthe minimum
clock frequeng required we clearlymeetour targetdatarates.Thereforewith the unmodi ed designwe canreduce
our clock frequeng from 15.54MHz to 2MHz andlower to reducepower.

6.2.3 DesignDecisions

Our two main designgoalsare minimizing areaand power. We feel that the currentTransmittersize of 30mm is
muchtoo large. Sincethefully unrolledIFFT dominateghe Transmitterarea,our rst priority is to minimizethearea
of the IFFT. We decidedto hold off on implementingthe proposedchangesecauseave believe that the IFFT will
becomethe main performancebottleneckof the systemwhenwe reduceits area.Whenthe IFFT becomeghe main
bottleneckary optimizationgto the othermoduleswill notbene t performance.

6.3 SynthesisResults

SincethelFFT dominategheareaandclock periodin the Transmitteythe additionof alookuptablein the Scrambler
did not changehe synthesigesultsmuch.

7 Second-RssDesignExploration

7.1 DesignModi cations

Theinitial resultsfor the IFFT clearlydemonstratéhata signi cant designchanges required.The areafor the IFFT
is 29.1mm, 94.8%o0f theentiresystemandtheclock cycleis dominatedy the IFFT dueto thelack of pipelining. In
orderto reduceboth areaandthe critical path,we fold the calculationto reducethe numberof computationaktages
from threedown to one,consistingof 16 nodeqseeFigure23).

InputDataQ § 3 § OutputDataQ
-/~ Data N\ -/ 16-Node \ :
= Twiddle )—= — Stage T
Setup 3 :

Figure23: MicroarchitecturaStateof IFFT Foldedto 1 Stage.

Additional logic prior to the stagereordersthe dataand computeghe twiddle factors. We expectthe new IFFT
designto reducethe systemareaby a factor of three,althoughthe additionallogic will increasethe areaby some
amount. The cycle time andthe throughputof the systemshouldalso decreasesincethe single stagewill betime
multiplexed (over multiple cycles)to performtheentirecalculation.

7.2 Performance Analysis

TheoptimizedIFFT takes7 cyclesin steadystateto computeoneoutput(3 to setupthedataandtwiddles,3 to compute
thedifferentIFFT stagesand1 to outputthe data). Thereforethe highestthroughputattainableby the IFFT aloneis
0.143.
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Figure24 shavs the throughputof the systemat eachdatarate. For the 6Mb/sand12Mb/sdatarates the IFFT is
thebottleneckwith oneoutputpacletproducedevery 7 cycles. For the 24Mb/sdatarate,oneoutputis producedcevery
8 cyclesbecauséhe Interleaver processesnepaclet every 2 cycles,requiring8 cyclesto producethe needed! input
pacletsto calculateoneoutputat 24Mb/s. Therefore the minimum clock frequeny requiredto meetthe 6Mb/sand
12Mb/sdataratesis 1.75MHz, andtheminimumfrequeng requiredto meetthe24Mb/sdatarateis 2MHz. Placeand
routeresultsshaw thatour systemrunsat a frequeny of 33.33MHz. Thereforeour Transmitterclearly meetsall the
requireddatarates.For alower power design,we couldreducethe systemclock frequeng to 2MHz andlower

Module | 6Mb/s | 12Mb/s | 24Mb/s
Transmitter| 0.142 0.142 0.123

Figure24: SystemT hroughputoutputframes/gcle) after DesignExploration2.

We debatedwhetherwe shouldimplementthe modi cations for the Interlearer and Mapper proposedn Sec-
tion 6.2.1. Implementingthesechangeswould enableus to decrease¢he minimum requiredclock frequeng from
2MHz to 1.75MHz,andwe cangetfurther power savings. However, implementingthesechangeswill increasethe
areaof the Transmitter Increasedrearesultsin increasedapacitancewhich would reducetheamountof power sav-
ings obtainedby decreasinghe frequeng to 1.75MHz. Furtheranalysisusing power-delaycurvesis needecefore
we candecideif arny changedo our systemareworthwhile.

7.3 SynthesisResults

Implementingthis changedecreasethe areaof the IFFT by 49%anddecreasethe cycle time by 15%ascanbeseen
in thetable. The size of onecalculationstageincreaseslueto the separatiorof the x edtwiddle numbersfrom the
computationreducingthe optimizationspossible.
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Module | Area( ) |

AN2D2 25
AO21D1 10
BUFFD12 144
BUFFD16 244
CKND2 721
CKND16 2,658
CKNXDO 23
CKNXD16 246
FIFO2.000008000 400,586
FIFO2.0000080Q1 264,230
FIFO2.000010040 511,243
FIFO2.000010041 285,250
INVDO 12,516
INVD1 1,089
INVD2 10,194
INVD16 28
MUX2D1 556
MUX2D2 168
MUX2NDO 23,716
ND3D2 11
NR2D2 8
OR4D1 11
XOR2D1 13
moduleifft_datasetup 53,661
moduleifft_stage 12,594,934
moduleifft_twiddle_setup 2,549
| Total | 14,164,846
| CycleTime | 9.88ns |

7.4 Tool Flow Modi cations

To reduceareaeven further, we next decidedto exploit the tool capabilities. We modi ed our scriptsto run at high
areaeffort, changing:

compile -map _effort medium -area _effort none -boundary _optimization

to:

compile -map _effort medium -area _effort high -boundary _optimization

This surprisinglyresultedin signi cant areareductionof 47% aswell asa slight cycle time reduction,shavn in
thefollowing table.
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Module | Area( ) |

AN2D1 20
AO21D0 8
BUFFDO 96
CKNDO 3
CKND16 98
CKNXDO 44
FIFO2.000008000 327,867
FIFO2.000008001 175,364
FIFO2.000010040 360,445
FIFO2.000010041 200,296
INVDO 11,888
INVD1 6,154
INVD2 5
INVD8 122
MUX2D1 3,761
MUX2NDO 21,042
ND3D1 6
NR2D1 5
OR4D1 11
XOR2D1 13
moduleifft_datasetup 30,923
moduleifft_stage 5,473,274
moduleifft_twiddle_setup 351
| Total | 6,611,707
| CycleTime | 9.52ns |

7.5 Placeand Route

After placeandroute,the currentareaof the Transmitteris 6.34mm , andthe cycle timeis 30.5ns.

8 Final Modi cations

ResizingFIFO Queue We noticedthatfurtherareasavingscanbeobtainedf we decreaséhesizesof theinputand
outputqueuedor the Mapper IFFT, andCyclic Extender Althougheachqueueonly had2 elementsthe datawidth is
very largeresultingin alargeareaperelementWe decidedo resizethe outputFIFO of the Mapper inputandoutput
FIFOsof the IFFT, input andoutputFIFOsof the Cyclic Extenderandthe outputFIFO of thetop level Transmitter
moduleto 1 element.This did notreducethethroughpubf the system soour minimumclock frequeny remainsat 2
MHz.

Optimized IFFT In performingthe designexploration of the IFFT, two rules controlledthe two different steps
required,oneto setupthe dataandthe otherto calculatethe IFFT stage. This resultedin 6 stagesto performthe

calculationaswell asextra queuedor passingdatabetweerntherules. The hopewasthatby separatinghesestages
thedesigncouldbe pipelined,but thatwould requireadditionalhardware. Giventhatthe designexceedghe datarate

necessanythis unnecessariljncreaseshe area. Thesetwo ruleswerethencombined(seeFigure25), resultingin the

removal of onequeueandalateng decreaséo 4 cycles. The synthesigesultsareshavn in thetablebelow.
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| Module | Area( ) |
AN2D1 7
BUFFDO 1339
CKND2DO0 10
CKND2D1 10
CKND16 49
CKNXDO 57
FIFO2.000008000 184,716
FIFO2.000008001 74,303
FIFO2.00000802 181,622
INVDO 61
INVD1 68
MUX2D1 27552
MUX2NDO 214
ND2D1 31
ND2D2 8
ND3D1 7
NR2DO 5
moduleifft_datasetup 44,233
moduleifft_stage 3,967,284
moduleifft_twiddle_setup 1388

| Total | 4,482,965

| CycleTime | 27.15ns |

InputDataQ

—=

|

L

Data
Twiddle

: Setup

16-Node
Stage :

OutputDataQ

—=

Figure25: MicroarchitecturaBStateof IFFT with SetupandCalculationCombined.

8.1 PerformanceEvaluation

Module

6Mb/s

12Mb/s

24Mbl/s

Transmitter

0.248

0.248

0.123

Before nal modi cations,thelFFT wasthebottleneckfior the6Mb/sand12 Mb/s datarates.After optimizationsthe
IFFT decreasedts lateng/ from 7 cyclesto 4 cycles. Thereforethe systemthroughputincreasedor thesetwo data
rates,asshavn in Figure26. The Interleaver andMapperremainthe bottleneckfor the 24Mb/sdatarate. Therefore,
thethroughputat thatdatarate,aswell asthe minimumclock frequeng of the systemgdid not change.

Figure26: SystemT hroughput(outputframes/gcle) after Final Modi cations.

8.2 PlaceAnd Route

Our nal Transmitterdesignis 5.27mm, with a cycle time of 32.9ns.This resultsin a clock freq of 30.4MHz. The
physicallayoutof thedifferentmoduleson our chipis shovn in Figure27.
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Figure27: Physicalmodulelayout. Theblackin eachdiagramrepresentsheareaoccupiedby thatmodule.
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8.3 Future Work

Scrambler The Scramblercanbe furtheroptimizedto supportary 7-bit seedanddecreasarea,while maintaining
1 cycleinitialization. This canbeachievedby unrolling the Scrambleiinitialization algorithm,asshovn in Figure28.
During the 1 cycle initialization stage the Scramblerstoresthe seedin a register During eachcomputestage,the
ScrambleiXORsthe correspondindpits of the seedto generateghe next 24 bits of the ScrambleisequenceThese?4
bits arethenXORedwith the correspondingnput bits to producethe output. At the endof eachcomputestage the
Scramblesetsup the stateof the seedregisterfor thenext cycle of computation.

seed s6 s5 s4 s3 s2 sl sO
xor23 = seed[3] ~ seed[0] out[23] = xor23 " in[23]
xor22 = seed[4] » seed[1] out[22] = xor22 " in[22]

xor21 = seed[5] * seed [2] out[21] = xor21 ~ in[21]
xor20 = seed[6] * seed [3] out[20] = xor20 ~ in[20]

xorl9 = xor23 " seed[4] out[19] = xor19 " in[19]
X0r2 = xor6 ™ xor9 out[2] = xor2 N in[2]
xorl = xor5 ~ xor8 out[1] = xorl ~in[1]
xor0 = xor4 " xor7 out[0] = xor0 ~ in[0]

seed <= {xor0, xorl, xor2, xor3, xor4, xor5, xor6}

out

Figure28: OptimizedScrambler

Input and Output FIFO QueuePlacement We placethe input and outputqueueswithin eachmodulein order
to decoupleand simplify the interfacebetweenthe modules. This alsoenableshe modulesto be easilyintegrated
into the XBS teststructurefor unit testing. A consequencef this design,however, is that datais doublebuffered,
whichincreasesirea.Thereforeo achiese anevenlowerareawe caneliminatethe outputqueuesvithin eachmodule
allowing datato be bufferedonly once,in the input queuesf eachmodule. For moduleswith wide FIFOs,suchas
the Mapper IFFT, andCyclic Extend,this would resultin signi cant areasavings. However, this new designwould

changethe simpleinterfacesof eachmodule. The Bluespeanethodsfor eachmodulewould needexplicit predicate
conditionswhereasn theold design the Bluespeanethodseliedonimplicit FIFO full/lempty predicates.

IFFT We couldachiere addtionalareasavings by folding the IFFT calculationevenfurther. Insteadof justfolding
thestageswe couldfold thenodeswithin eachstagereducingthecalculationto oneradix4node.Thiswouldincrease
thelateng of thelFFT to 49 cyclesin steadystate but we have enoughexcesgshroughputwithin thesystemo account
for theextradelay

28



9 Conclusion

Ourimplementatiorof the 802.11aPhysicalLayer successfullymeetsthe requireddataratesof 6Mb/s, 12Mb/sand

24Mb/s. Althoughourinitial areawaslarge,throughdesignexplorationwe reducedt by 83%to 5.27mm . Our nal

designrunsat 30.4MHz,which exceedghe 2MHz frequeng requiredto meetthe datarates.This allows usto reduce
andoperateat a muchslower frequeng to reducepower.
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