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1 Intr oduction

In thiswork,wediscussthedesignandimplementationof an802.11aTransmitter. 802.11a[1] is anIEEEstandardfor
wirelesscommunicationthatoperatesin the5GHzband,usingOrthogonalFrequency DivisionMultiplexing (OFDM).
OFDM is anef�cient multi-carriermodulationtechniquewherethebasebandsignalis thecompositeof multipledata-
encodedsub-carriers.A top level diagramof theTransmitteris shown in Figure1.
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Figure1: TopLevel Diagramof an802.11aTransmitter.

1.1 Speci�cations

Our implementationsupportsthe mandatorydataratesof 6, 12 and24 Mbits/s. The modulationparameterscorre-
spondingto thesedataratesareshown in Figure2.

Datarate Modulation CodingRate Codedbits/sub-carrier Codedbits/OFDMSymbol Databits/OFDMsymbol
(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: ModulationParametersCorrespondingto DataRates.

Sincewe implementonly the Transmittersideof the 802.11aspeci�cation,we supportthe following subsetof
services/messagesto theMediumAccessControl(MAC) layer.
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� PHY_TXSTART.req(LENGTH,DATARATE,SERVICE,TXPWR_LEVEL): MAC transmit request
& parameters

� PHY_TXSTART.conf: confirmation of transmit request

� PHY_DATA.req(DATA): MAC request to send data

� PHY_DATA.conf: confirmation that data was received from MAC

1.2 DesignExploration Overview

We have threemaindesigngoals:minimizearea,minimizepower, andachieve just-in-timeperformanceto meetthe
6, 12, and24Mb/sdatarates. After ensuringthe functionalcorrectnessof our system,we explore techniquessuch
asreducingfrequency and

�����

. In addition,we minimizetheareaof our designby reusingandsharinglogic units,
whichalsoreducesleakagepower in our system.

In Section2 we touchuponsomespeci�c designchoicesat the modulelevel. The techniqueswe explore are
summarizedbelow.

� Vary input dataframesize

� Uselookuptablesto eliminatetheneedfor multipliers

� Unroll serialalgorithmsto improveperformance

� DeterminewhetheranunrolledIFFT algorithmor reuseof onestageof thedesignwill provide thebestpower,
area,andperformancetrade-off.

1.3 Implementation Strategy

WeimplementourdesignusingBluespec,ahigh-level hardwaredescriptionlanguage.Bluespecsupportsexplicit and
implicit synchronizationprimitives,allowing us to describeall actionsandtransactionsatomically. We compileour
designinto Verilog usingthe Bluespeccompiler. We alsouseSynopsysVCS for simulation,DesignCompiler for
synthesis,andEncounterfor placeandroute.

1.4 TestStrategy

Becausethe802.11aTransmittercanbedecomposedinto separate,well de�nedblocks,weimplementandverify these
blocksindependently. To facilitatethetestingof ourmodules,weusetheframework of theExtremeBenchmarkSuite
(XBS), shown in Figure3. For eachmodule,an XBS input generatoris constructedto generatetest input patterns
to stressthe module. The testpatternsarea combinationof randominput dataanddirectedtestsdesignedto test
cornercasesof thedesign.An XBS outputchecker is constructedfor eachmodule.Oncea moduleis implementedin
Bluespec,it is out�tted with theXBS Bluespectestharnessandsubjectedto theaforementionedtests.
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Figure3: TestStrategy usingXBS.
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Oncewe implementandtestthe individual modules,we verify theentiresystemby combiningour modulesand
testingthemusingXBS, asdescribedabove.

2 SystemOverview

Transmissionis initiatedby theMAC througha PHY TXSTART.request,which passestheLENGTH, DATARATE,
SERVICE, andTXPWR LEVEL parametersto theControllermodule. TheLENGTH parameter, rangingfrom 1 to
4095,de�nes the numberof dataoctetsin the packet. The DATARATE parameterdescribesthe bit rateat which
the packet is transmitted. The received SERVICE �eld from the MAC always consistsof 16 zerobits. The TX-
PWR LEVEL parameterrangesfrom 1 to 8, andindicateswhichpower level shouldbeusedfor transmission.

OncetheControllerhasreceivedthePHY TXSTART request,it generatesandtransmitsthepreambleandheader
sectionsof the PPDUframe format (format of message).The PPDU transmissionformat consistsof a preamble,
header, anddataasshown in Figure4.

PLCP Preamble
12 OFDM Symbols One OFDM Symbol

SIGNAL
Variable Number of OFDM Symbols

DATA

Rate
4 bits

Reserved
1 bit

LENGTH
12 bits

Parity
1 bit

Tail
6 bits 16 bits

SERVICE
PSDU

Tail
6 bits Pad Bits

PLCP Header

(BPSK, r=1/2)
Coded/OFDM

(RATE is indicated in SIGNAL)
Coded/OFDM

Figure4: Formatof Message:PPDUFrameFormat.

2.1 PreambleGeneration

The preambleis usedby the receiver for timing synchronizationpurposes.It consistsof 10 repetitionsof a short
training sequence,and 2 repetitionsof a long training sequence.The short training sequenceis composedof 12
sub-carriersmodulatedby theelementsof the�x edsequenceS,givenby

S =
� ���

� *
�

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, 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 �

Thelong trainingsequenceis composedof 53sub-carrierswhicharemodulatedby the�x edsequenceL, givenby
L =

�

1, 1, -1, -1, 1, 1, -1, 1, -1, 1, 1, 1, 1, 1, 1, -1, -1, 1, 1, -1, 1, -1, 1, 1, 1, 1, 0, 1, -1, -1, 1, 1, -1, 1, -1, 1, -1, -1,
-1, -1, -1, 1, 1, -1, -1, 1, -1, 1, -1, 1, 1, 1, 1 �

SincethePreambleis �x ed,it canbepre-computedandstoredin theControllerto betransmittedwhenevera new
transmitrequestarrives.

2.2 HeaderGeneration

As shown in Figure4, themaincomponentsof theheaderaretheRATE andLENGTH �elds, which aregivenin the
transmitrequestfrom theMAC. The reservedandtail bits arealways0. The headeris alwaysencodedwith BPSK
usinga codingrateR = 1/2 at 6 Mbits/s. Onceencoded,the headeris sentthroughthe restof the units (Puncturer,
Interleaver, Mapper, IFFT, andCyclic Extend)with theappropriatecontrol signalto specifythe 6Mbits/sdatarate.
Notethattheheaderis not scrambled.

After forming the headerand sendingit to the Encoder, the Controller calculatesand setsthe rate dependent
modulationparameters(listedin Figure2) for datatransmission.Moduleswhich aredataratedependentwill receive
a controlmessagefrom theControllerto becon�guredaccordingly.
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TheControllerthenformsthedatasectionof thePPDUframeformatby appendingthemainmessagedatato the
SERVICE �eld andaddingtrailing 0s.Theresultingpacket is thensentto theScrambler.

2.3 Scrambler

A simple implementationof the Scramblerconsistsof 7 shift registersand 2 XORs as shown in Figure 5. The
Scrambleris of length-127,meaningit repeatedlygeneratesa 127-bit sequencefor a given pseudo-randominitial
state.Eachincomingdatabit is XORedwith thecurrentbit in the127-bitsequence.

The �rst 7 bits to be sent into the Scramblerare the beginning of the SERVICE parameter. These7 bits are
re-writtenwith theinitial stateof theScramblersodescramblingcanbedonein thereceiver.

INPUT_BIT

SCRAMBLED_BIT

Figure5: SimpleImplementationof Scrambler.

After reachingthe endof the messagedata,the Scramblerreplacesthe trailing scrambledzerobits with non-
scrambledzerobits to resettheConvolutionalEncoderfor thenext message.

2.4 Convolutional Encoderand Puncturer

As shown in Figure6, a simpleversionof a ConvolutionalEncoderconsistsof 7 shift registersand3 XORs. Each
input bit into theEncoderproduces2 outputbits (evenandodd).Theevenbit shouldbereadby thePuncturerbefore
theoddbit.

ThePunctureris not neededfor thedatarateswe areimplementing.Thereforewe decidedto omit thePuncturer
in our design.

2.5 Interleaver

The Interleaver operatesat an OFDM symbol level with a block sizeof �
	����
� (48, 96, or 192) bits. Within each

block, the bits arereorderedin two steps.In the �rst step,adjacentcodedbits arereorderedto mapto nonadjacent
sub-carriers.In thesecondstep,adjacentcodedbits aremappedalternatelyinto lessandmoresigni�cant bits of the
sub-carrierconstellation.

Let k denotetheindex of thecodedbit beforeinterleaving, i denotetheindex after the�rst step,andj denotethe
index afterthesecondstep.Thevalues= max(�

�����
	 /2,1).
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Figure6: SimpleImplementationof ConvolutionalEncoder.

Sincetheseindicescanbecalculatedbeforehand,the Interleaver basicallyreordersthe input bits in a setpattern
basedon thedatarate.

2.6 Mapper

TheMapperalsooperatesat theOFDM symbollevel with a block sizeof �
	 �
� 	 (48, 96, or 192)bits. Eachblock is

divided into sub-blocksat theOFDM sub-carrierlevel. Sub-blocksareof size �
�����
	 (1, 2, or 4) bits. The Mapper

(stage-1)�rst convertseachsub-blockinto a complex numberrepresentingBPSK,QPSK,or 16-QAM constellation
points.Notethat themodulationtypemaybedifferentfor theheaderanddatapartsof themessage.Theresulting48
complex pairsarethennormalizedby �����

�

. The I, Q, and �����

�

valuesfor eachmodulationtypeareshown in
Figures7 to 10.

Modulation ���	�
�

BPSK 1
QPSK

�


 �

16-QAM
�




�
�

Figure7: �����

�

Table.

in 0 I-out Q-out
0 -1 0
1 1 0

Figure8: BPSKencodingfor I andQ values.

After convertingeachof the sub-blocksinto complex pairs, the Mapper(stage-2)thencollectsthe 48 complex
numberoutputs(oneOFDM symbol)andmapseachcomplex numberto oneof 48 sub-carriersrepresentedasfre-
quency offsetindices.Pilots(alsocomplex pairs)areinsertedin thefour othersub-carriersto ensurerobustnessagainst
frequency offsetsandphasenoise.The52 total sub-carriersperOFDM symbolareindexed-26 to 26,with the0 sub-
carrieromittedand�lled with a zero. These52 complex pairsarethenpaddedto create64 complex pairs. The�nal
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in 0 I-out in 1 Q-out
0 -1 0 -1
1 1 1 1

Figure9: QPSKencodingfor I andQ values.

(in 0,in 1) I-out (in 2, in 3) Q-out
00 -3 00 -3
01 -1 01 -1
11 1 11 1
10 3 10 3

Figure10: 16-QAM encodingfor I andQ values.

outputof theMapperconsistsof 64complex pairseachorderedto a frequency offsetindex in theOFDM symbol.

2.7 IFFT and Cyclic Extension

TheInverseFastFourierTransform(IFFT) moduleconvertsthecomplex frequency valuesinto complex time values
for transmission.Thereis nospeci�cationon thesizeor representationof thedatanor thealgorithmrequired.

After thedatatransformation,cyclic extensionis performedto form aguardinterval.

2.8 Data Rates

The relative datainput-outputbit ratios for eachmoduleareshown in Figure11. BITWIDTH IQ is the bit width
we useto representthe I andQ valuesof the complex numbers.For the Interleaver andMapper, the ratioschange
dependingon thedatarate.

Bits In Bits Out
Scrambler 1 1
Conv Encoder 1 2
Puncturer 2 2
Interleaver 48,96,or 192 48,96,or 192
Mapper(stage-1) 48,96,or 192 48*(2*BITWIDTH IQ)
Mapper(stage-2) 48*(2*BITWIDTH IQ) 64*(2*BITWIDTH IQ)
IFFT 64*(2*BITWIDTH IQ) 64*(2*BITWIDTH IQ)
Cyclic Extend 64*(2*BITWIDTH IQ) 81*(2*BITWIDTH IQ)

Figure11: Input-outputbitwidthsof eachmodule.

3 UTL Model of Transmitter

In thefollowing subsections,wegivea generalUnit- TransactionLevel (UTL) descriptionof eachmodule.Figure12
is a top level UTL modelof theTransmitter.

3.1 SystemAssumptions

In order to focuson more detaileddesignexploration issues,we madethe following systemlevel assumptionsto
simplify theoverallTransmitterdesign.
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Figure12: TopLevel UTL Modelof Transmitter.
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� Preamble:Sincethepreambleis staticfor everymessage,we assumeanothermoduleaftertheTransmitterwill
prependthepreamble.

� DataPadding:We assumeall datapaddingandtail bits areaddedin theMAC layer.

3.2 Controller

input: � ControllerCtrlQ:
�

Ctrl type,rate,headerlength,messagelength,datalength�

� ControllerDataQ:
�

FRAMESIZE�

output: � ScramblerCtrlQ
�

datalength� ,
� ScramblerDataQ:

�

FRAMESIZE� ,
� FormattingModuleCtrlQ

�

messagelength,datalength� ,
� EncoderDataQfromController:

�

FRAMESIZE� ,
� EncoderCtrlQ:

�

headerlength,datalength� ,
� InterleaverCtrlQ:

�

rate,length� ,
� MapperCtrlQ:

�

rate,length,reset� ,

architectural state: rate,headerlength,messagelength,datalength,txpwr level, framesleft to read

Transactions:

1. TransmitHeader(headerlength,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.enq(message length, data length)

2. TransmitData(datalength,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 descendingorder:TransmitData,TransmitHeader
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3.3 Scrambler

input: � ScramblerCtrlQ:

–
�

7 seedbits�

–
�

datalength�

� ScramblerDataQ:
�

Data�

output: EncoderDataQfromScrambler:
�

ScrambledData�

architectural state: 7, 1-bit registers,octetsto scramble

Transactions:

1. Initialize(7-bit seed,datalength)

(if ScramblerCtrlQ not empty & octets_to_scramble == 0)
// Only re-initialize when scrambling of all data using
// 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))
// octets_to_scramble records how many more octets to scramble
// using a particular initialization sequence.

a. data_in = ScramblerDataQ.pop();
b. Scramble data_in
c. FormattingModuleDataQ.enq(Scramble dData)
d. Decrement octets_to_scramble

Scheduler: Priority in descendingorder:Initialize, Scramble

3.4 Formatting Module

input: � FormattingModuleCtrlQ:
�

msglength,datalength�

� FormattingModuleDataQ:
�

data�

output: EncoderDataQfromScrambler:
�

data(even,odd)pairs�

architectural state: msg octetsremaining,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)
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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 0s in for the 6 tail bits at correct byte.
c. EncoderDataQ.enq(data_in)
d. Decrement msg_octets_remaining and data_octets_remaining

Scheduler: Priority in descendingorder:init, format

3.5 Convolutional Encoder

input: � EncoderCtrlQ:
�

hdr length,datalength�

� EncoderDataQfromController:
�

data�

� EncoderDataQfromScrambler:
�

data�

output: InterleaverDataQ:
�

data(even,odd)pairs�

architectural state: 7 1-bit registers,hdr octetsremaining,dataoctetsremaining

Transactions:

1. init()

(if EncoderCtrlQ not empty and (hdr_octets_remaining == 0)
and (data_octets_remaining == 0))

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

2. EncodeData from Controller()

(if EncoderDataQ_fromController not empty and (hdr_octets_remaining > 0))

a. data_in = EncoderDataQ_fromController.pop()
b. For each bit in data_in, compute output pairs.
c. InterleaverDataQ.enq(data (even,odd) pairs)
d. Decrement hdr_octets_remaining

3. EncodeData from 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.enq(data (even,odd) pairs)
d. Decrement data_octets_remaining

Scheduler: Priority in descendingorder:init, EncodeData from Controller, EncodeData from Scrambler
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3.6 Interleaver

input: � InterleaverDataQ:
�

48 bits� . Dependingon datarate, total datafor symbol may spanmultiple 48-bit
frames.

� InterleaverCtrlQ:rate,length

output: MapperDataQ:
�

48 bits� . Sinceoutputmay spanmultiple 48-bit frames,may take multiple cyclesto write
outoutput.

architectural state: datarate,datarateframesremaining,symbol framesremaining

Transactions:

1. init(dataRate,length)

(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 descendingorder:init, Interleave

3.7 Mapper

input: � MapperDataQ:
�

48bits� . Dependingondataratemaytakemultiplecyclesto readin totaldatafor symbol
� MapperCtrlQ:rate,length,reset

output: IFFTDataQ:
�

64complex pairs� (eachI/Q is 16bits)

architectural state: pilot polarity vectorindex, datarate,datarate framesremaining,symbol framesremaining

Transaction:

1. init(dataRate,length)

(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 descendingorder:init, Map

3.8 IFFT

input: IFFTDataQ:
�

64complex pairs� represents1 symbolin frequency domain

output: CyclicExtendDataQ:
�

64complex pairs� in timedomain

architectural state: none

Transactions:

1. IFFT(Data)

(if IFFTDataQ is not empty)

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

Scheduler: Priority in descendingorder:IFFT

3.9 Cyclic Extend

input: CyclicExtendDataQ:
�

64complex pairs�

output: toAnalogQ:
�

64complex 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 descendingorder:CyclicExtend
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4 Testing

XBS is usedto testindividualmodulesandthesystemasa whole.

4.1 Indi vidual Module Tests

Testingof eachindividualmodulerequiresthefollowing components:
� XBS inputgenerator
� XBS outputchecker
� XBS referenceimplementationusedby outputchecker
� Verilog testharnessthatcallstheBluespecimplementation

For individual moduletestingwe rely on randominput dataaswell asdirecteddatato test cornercases.The
following providesa generaloverview of thecornercasesthataretestedfor somemainmodules.

Controller: � Testfor correctcontrolmessageswhentransmittingsuccessivemessageswith differentrates

Scrambler: � Asymmetric7-bit initial sequence
� Scramblemultiplemessagessequentiallywith varyinginitial sequencesandlengths

Convolutional Encoder: � Encodemultiplemessageswith varyinglengths

Interleaver & Mapper: � InterleaveandMapsuccessivemessageswith differentdataratesandlengths

IFFT: � Radix4 Module: Patterncombinationsof maximumandminimumnumbers,andpositive andnegative
numbersto double-checkpropersigndeterminationandover�ow capabilities

� 64-pointIFFT: Worstcasepositive/negativeandminimum/maximum�rst andsecondstageinput patterns

4.2 SystemLevel Testing

Systemtestingrequiresthefollowing components:
� Systemlevel XBS inputgenerator
� Systemlevel XBS outputchecker
� XBS referenceimplementationusedby outputchecker
� Testharnessfor entiresystem

At thesystemlevel, we testthat thetransmittedpacketscontainall componentsof themessagein theright order.
We alsomake surethatdatafrom differentmessagesdoesnot getmixedtogether, whenwe processpartsof different
messagesin parallel.In addition,we ensurethattheTransmittermeetsthedataratesof 6, 12,and24Mbits/s,aswell
ascornercasessuchassendingmessageswith themaximumandminimumlengths.

5 Initial Micr oarchitectural Designand Implementation

5.1 Design

The Transmitterconsistsof 1 top level wrappermoduleand8 individual modules,asseenin the UTL diagramin
Figure12. What is different from the UTL diagramis that eachmodulecontainsits own setof input andoutput
queues.Thetop level modulehasBluespecrulesthatpopdatafrom theoutputqueuesof eachmoduleandpushdata
into the input queuesof thenext module.This designdoescreatea deadcycle in somecases,but this is not anissue
becausewe meetthe speci�ed datarates. We decidedto usethis queuelayout for easyintegrationwith XBS and
individualmoduletesting.

In this section,wedescribethemicroarchitecturaldesignof eachof themodules.
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5.2 Controller

Input: Ctrl{Ctrl_type, rate, header length, message length, data length}
Data - Framesize is 24 bits

Output: ScramblerCtrl{seed, data length},
FormattingModuleCtrl{message length, data length},

EncoderCtrl{header_length, data_length},
InterleaverCtrl{rate, length},
MapperCtrl{rate, length, reset}
ScramblerData{data:FRAMESIZE},
EncoderData{hdr:FRAMESIZE}

The Controlleris divided into threestages.In the �rst stage,it readsin the input requestandstartssendingout
controlmessagesto the individual modules.For modulesthat requiretwo controlmessagespermessage(Interleaver
andMapper),thecontrolsignalsendsanothercontrolmessageoutin thesecondstage.In thethird stage,theController
readsin thedataandpassesit to therelevantmodule.TheControllercannotprocessanew requestuntil it has�nished
processingthecurrentrequestthroughall threestages.Thismakeskeepingtrackof thestatefor eachmessagesimpler.

Scrambler SeedGenerator TheScramblerseedgeneratoris implementedwithin theController. At thebeginning
of eachmessage,it providesa7 bit initializationvaluefor theScrambler. For initial systemlevel testing,wecurrently
hardcode1 7-bit valueto beoutputby theSeedGenerator.

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 shown in Figure5, the Scrambleris designedso that it
canprocess24 bits in onepass.At the beginning of eachmessage,the Scrambler�rst generatesthe entire127-bit
scramblesequencebasedontheseed.Eachbit of the127-bitsequenceis generatedoneatatime,in themannershown
in Figure5. Thereforethe initialization stagetakes127cycles. This overheadis acceptablebecausemostmessages
will begreaterthan127bits. Thereafterthesavingsof beingableto scramble24 bits in onepassfor thelengthof the
messagewill morethanmakeupfor theinitializationoverhead.After theinitializationstage,datais readin 24bitsper
cycle andis XORedwith thecorrespondingbits of the127-bitsequence.The127-bitsequenceis storedin a circular
shift register. After eachcycle,thecircularshift registeris shiftedleft by 24bits.

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 tail bits replaced
with zeros.

TheFormattingModulereplacesthescrambled6 tail bits (shown in Figure4) with unscrambledzeros.To accom-
plish this, theFormattingModuleperforms2 tasks.Onetaskis to passthedatareceivedfrom theScramblerto the
ConvolutionalEncoder. Anothertaskis identify the6 tail bits in thedatastreamandreplacethese6 bits with zeros.

At thebeginningof eachmessagetheFormattingModulestoresthemessageanddatalengths(in octets)into two
registers.The messagelengthis the lengthof theentiremessage(not includingpreambleor header).The message
lengthtells theFormattingModulehow many octetsit needsto passfrom theScramblerto theConvolutionalEncoder
for a particularmessage(taskone). The datalength is the lengthof the serviceanddataportionsof the message.
Thedatalengthis usedto identify thelocationof the6 tail bits (tasktwo). TheFormattingModuledecrementsthese
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registerseachtime it readsa frameof datafrom the Scramblerandpassesit to the Convolutional Encoder. When
thedatalengthregisterreacheszero,theFormattingModulereplacesthenext 6 bits (the tail bits) obtainedfrom the
Scramblerwith zeros.

Sincethedatalength(in octets)may not beevenly divisible by the framesize(24 bits), theFormattingModule
alsochecksto seewhenthedatalengthregisterreaches1 and2. Dependingon thecase,theFormattingModulewill
replacethecorrect6 bits in thecurrentframewith zeros.

5.5 Convolutional Encoder

Input: Ctrl{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.

TheConvolutionalEncoderis split into two stages,asshown in Figure13. In the �rst stage,theEncoderorders
thedatacomingin from its two input queues.TheEncodermustencodetheheaderdatacomingfrom theController
beforeencodingthedatafrom theScrambler. In thesecondstage,theEncoderencodestheordereddata.

Insteadof only encodingonebit percycle,asshow in Figure6, wedesignedtheConvolutionalEncoderto encode
oneframeof dataevery cycle, by unrolling the simpleEncoderalgorithm. Figure14 shows the unrolledEncoder
design.Every cycle, theEncoder�rst setsup thehistorybit vectorsbasedon the inputsandthevaluesin thehistory
buffer. Onehistorybit vectoris requiredper input bit. Thehistorybuffer actsasthebit vectorfor the �rst input bit.
The EncoderXOR's the datawith the correspondingvaluesin the history bit vectorsto producethe outputs. The
Encoderalsoupdatesthehistorybuffer eachcyclesothatthehistorybit vectorscanbecomputedin thenext cycle.

Control

Hdr - from Controller

Data
Schedule

Schedule 
Hdr

Init

orderedDataQ

orderedResetQ

Data from
Formatting Module

Encode

OutputQ

Convolutional Encoder

Figure13: MicroarchitectureDesignof ConvolutionalEncoder.

5.6 Interleaver

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

Output: Interleaved Data - Framesize is 48 bits

The Interleaver rearrangesthe bits of the input datain some�x ed patternbasedon the rate. It is split into two
stages,asshown in Figure15. In the �rst stage,the Interleaver readsin eachframeof data,rearrangesthem,and
writeseachbit into thecorrespondingindex of a 192bit buffer. Dependingon therate,theInterleavereitherneedsto
operateon blocksof 1, 2, or 4 framesof datain this �rst stage,which changesthe latency of the Interleaver. After
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Figure14: UnrolledConvolutionalEncoderDesign.

therequiredentriesin the192bit buffer have been�lled, thesecondstageof theInterleaver readsthedataout of the
buffer oneframeat a time,andpushesthemto theoutputqueue.Currentlythetwo stagescannotbeoverlapped.

5.7 Mapper

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

Output: Frequency Domain OFDMSymbol - 64 complex pairs

Calculationof thecomplex pairsrequiresa multiplicationof the � ���

�

andthemappedcomplex pair value. In
orderto eliminatetheneedfor multipliersin theMapper, wedecidedto pre-computeandstoreall 16possibleproducts,
eliminatingtheneedfor 2 multipliersperparallelcomplex pairmultiplication. In ourdesign,weaimedto computeas
many as48complex pairsin parallel(for the6MB/s rate)and,therefore,by storingtheproducts,notonly did wesave
in area,but we alsodecreasedthecritical pathin theMapper.

At thebeginningof eachmessage,thepilot polarityvectorindex needsto bereset,which is indicatedby thereset
bit.

As shown in Figure16, theMapperis split into two stagessimilar to the Interleaver. The �rst stagemay iterate
multiple times(dependingon thedatarate)beforeall thecomplex pairshave beenmappedandpilots inserted.A 64
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Figure15: MicroarchitecturalDesignof Interleaver.

complex pair register�le is usedto temporarilystorethecomputedcomplex pairsuntil mappingis complete.Then,in
thesecondstage,thecomplex pairsarereadoutof theregister�le to theoutputqueue.

5.8 IFFT

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

For initial designpurposes,the IFFT is completelyunrolled. It accepts64 complex pairsof data,which it then
sendsthroughthreestagesof data.Eachstageconsistsof 16radix-4nodes(seeFigure17). Theradix-4nodecontains
all of thecomputationalcomplexity andhasthreestages:a twiddle multiplicationandtwo combinationalstages(see
Figure18). Eachnoderequires16 multiplicationunitsand24 adds.Becausesignedmultiplication is not supported,
signi�cant logic is requiredto convertsignedvaluesandsupporta�x ed-pointnumberrepresentation.After completing
theIFFT calculation,a reorderstagealignsthedatacorrectlybeforewriting it to theoutputqueue.

Dueto anomaliesin Bluespecduringimplementation,theformatof thedatachangeswithin theIFFT block. While
theMapperpassesa vectorof complex pairs,theIFFT implementationconvertsthis to a structurefor thecalculation
andthenreconvertsto avectorfor theCyclic Extender.

5.9 Cyclic Extender

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

Cyclic Extensioninvolvesprependingthedatawith the last16 complex pairsof itself. The �rst complex pair of
thedatais appendedat theend.This is shown in Figure19.
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Figure16: MicroarchitecturalDesignof Mapper.

5.10 DesignAnalysis

After runningsomeinitial systemtests,wedecidedthatthe127-cycle initializationof theScrambler, at thebeginning
of eachmessage,neededto beredesigned.For a seriesof mediumto long messages,the127cycleoverheadhaslittle
effect on the datarate. However, for the exceptionalcaseof a seriesof minimum lengthmessages,the 127 cycle
initializationstageseverelyimpactsthedatarate.Althoughwethink thataseriesof minimumlengthpacketswill not
occurveryoften,we still wantourTransmitterdesignto meetthedataratefor all possibleinputs.

5.11 SynthesisResults

After pushingourdesignthroughsynthesisusingtheSynopsysDesignCompiler, weobtainedthefollowingestimation
of ourdesign'sarea:

Module Ar ea( �




�

)
InputQueues 7,428
Controller 29,621
Scrambler 25,970
FormattingModule 12,403
ConvolutionalEncoder 38,017
Interleaver 51,270
Mapper 404,401
IFFT 29,023,736
Cyclic Extend 598,689
OutputQueue 410,469
MiscellaneousLogic 409
Total 30,602,413
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Figure17: MicroarchitecturalDesignof IFFT.

Thecritical pathdelayin our designwasdeterminedto be64.36nanosecondsthroughtheIFFT unit. This means
thatour designwould beableto run at 15.54MHz. Our initial synthesisresultsclearly indicatethat theIFFT, which
accountsfor 94.8%of our totalareaandsetsthecritical pathof ourcircuit, mustbeamainfocusof designexploration.

6 First-PassDesignExploration

6.1 DesignModi�cations

In the�rst passof our designexploration,we decreasedtheinitialization stageof theScramblerfrom 127cyclesto 1
cycle. Thisoptimizationwasmadeatthecostof generality, but sincethe802.11aspeci�cationdid notde�ne therange
of supportedScramblerseeds,we decidedthatthis lossof seedgeneralitywouldnot limit theTransmitterdesign.

Initially, we designedthesystemsothatit couldoperateona largerangeof 7 bit Scramblerseeds.But in orderto
supporttheuseof this largerangeof seeds,weneededtheScramblerto compute,in realtime,the127bit initialization
sequence.Thiscomputationtook127cycles.

In our revised designof the Scrambler, we decidedto support16 �x ed seeds. We pre-computedthe 127 bit
sequencesfor eachof theseseedsandstoredthemin a lookup tablewithin the Scrambler. Now theseedgenerator
pseudo-randomlyprovidesan index (from 0 to 15) which the Scramblerusesto selectthe corresponding127 bit
sequence.Theuseof thelookuptablereducestheScramblerinitializationstageto 1 cycle.

TheScramblerseedgeneratorusesthe input length�eld to generateanindex into theScramblerlookuptable,as
shown below.

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

Sincethe lengthgenerallychangesfrom messageto message,the Scramblerwill be initialized differently each
time.
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Figure18: Radix4 Module.

64 Complex Pairs of Data

64 Complex Pairs of Data

First Complex Pair

Last 16 Complex Pairs

Figure19: Cyclic Extension.

6.2 Output Analysis

In this sectionwe analyzethethroughputof theTransmitter, at differentdatarates,to identify themainbottleneckof
thesystem.For thebottleneckmodules,weproposesomedesignmodi�cationsto achievefull throughput.

System-Level Analysis Usingthelowestdatarateof 6Mb/sandstartingfrom anemptypipeline,it takes24 cycles
to getout 1 headerand1 dataOFDM symbol. Subsequentdatasymbolscomeout onceevery othercycle,asseenin
Figure20. Thereforewe expectthehighestthroughputwe canachievewith thecurrentdesignis 0.5. Thesimulation
outputcon�rms this analysis:onelongmessagesentat 6Mb/s,givesanoutputrateof 0.49.

Figure20: WaveformOutputof 1 long messagesentat 6Mb/s.

Usingthe12 Mb/s datarate,theoutputrateis decreasedby a factorof 2. Usingthehighestdatarateof 24Mb/s,
theoutputrateis decreasedby a factorof 4, resultingin a throughputof 0.12.

Unit-Level Analysis Furtherunit-level analysisidenti�ed the bottlenecksto be the Interleaver andMapper. The
throughputof eachmodule,measuredin termsof outputframespercycle, is shown in Figure21.
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Module 6Mb/s 12Mb/s 24Mb/s
Scrambler 0.99 0.99 0.99
Formatter 0.99 0.99 0.99

Conv. 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/cycle)of key modulesat differentdatarates.

Multiple Messages Whenaseriesof shortmessagesaresent,thestartupoverheadbeforetheheaderof eachmessage
is 2 cycles.Thetimebetweentheheaderandthedataportionof themessagevariesdependingon thedatarate.

FIFO QueueSizing We experimentedwith largerqueuesizesin betweeneachmodule,but observedno improve-
mentin throughput.Thereforethebottleneckis not in thequeuesbut in theInterleaver.

6.2.1 DesignModi�cations for BottleneckModules

In orderto achieve full throughput,of 1 outputframepercycle, for theInterleaverandMapper, therulesfor different
stagesin themodulesneedto �re simultaneously. Basically, thesemodulesneedto becomefully pipelined.

As describedin Section5.6, the Interleaver doesnot overlapcomputationwith the outputtingof data. Because
it takesmultiple cyclesto outputall the datafor the 12Mb/sand24Mb/srates,overlappingof the computationand
outputstagescanbe tricky. Datathat hasnot yet beenoutputmustnot be overwritten. As shown in Figure15 the
interleaving andoutputrulessharethe192bit buffer. Mutualexclusionof thestageswasnecessaryto synchronizethe
therulesover thissharedresource.In orderto overlaptheinterleaving andoutputstages,weneedto addanadditional
192bit buffer. Thisway, while onestageis reading/writingonebuffer, theotherstagecanbereading/writingtheother
buffer. By alternatingbetweenthebuffers,full throughputcanbeachieved.

As seenin Figure21, theMapper's throughputdecreasesasdatarateis increased.This is expectedbecauseasthe
datarateincreases,theratio of input framesto oneoutputframeincreases.At 6Mb/s,oneinput frameresultsin one
outputframe.At 12Mb/s,2 input framesareneededto createoneoutputframe.At 24Mb/s,4 input framesareneeded
peroutputframe.Basedon thisanalysis,theidealthroughputsare1, 0.5,and0.25for the6Mb/s,12Mb/sand24Mb/s
dataratesrespectively. Thereasonwhy theMapper'sthroughputis lowerthanthatof theidealis becausetheBluespec
rulesfor computationandoutputtingaremutuallyexclusive. Therefore,whentheMapperis outputtingdata(1 cycle),
it is not computing.Thisaddedcycle for outputtingdatadecreasedtheMapper's throughputfrom theideal.

In orderto improve theMapper's throughput,therule for outputtingdataandtherule for computationneedto be
ableto �re simultaneously. Thereforepipeliningis thesolution.PipeliningtheMapperwould not bedif�cult. It just
requiressomeextra registersto keepthestateof eachpipelinestage.

If weincludetheproposedmodi�cationsfor theInterleaverandMapperinto oursystem,wewill beableto achieve
thesystemthroughputfor eachdatarate,asshown in Figure22.

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

Figure22: Projectedsystemthroughput(outputframes/cycle)afterproposedmodi�cations.

At thefull systemthroughput,our Transmitterwill beableto processone24bit input framepercycle. Therefore,
whentransmittingat 6Mb/s,12Mb/s,and24Mb/s,theminimumclock frequenciesrequiredare250KHz (4 usclock
period),500KHz (2 usclock period),and1MHz (1 usclockperiod)respectively. Therefore,wecanreduceourclock
frequency from 15.54MHz to 1MHz andlower

� ���

accordinglyto achievea lowerpowerTransmitterdesign.
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6.2.2 Curr ent DesignPoint Analysis

Without incorporatingtheoptimizationsto thebottleneckmodules,ourTransmitteris ableto processone24bit input
frameevery 2 cycles.Thereforetheminimumclock frequenciesrequiredare500KHz, 1 MHz, and2MHz for the6,
12,and24 Mb/s dataratesrespectively. Sinceour currentclock frequency of 15.54MHz is largerthantheminimum
clock frequency required,we clearlymeetour targetdatarates.Thereforewith theunmodi�ed design,we canreduce
ourclock frequency from 15.54MHz to 2MHz andlower

� � �

to reducepower.

6.2.3 DesignDecisions

Our two main designgoalsareminimizing areaandpower. We feel that the currentTransmittersizeof 30mm
�

is
muchtoo large.Sincethefully unrolledIFFT dominatestheTransmitterarea,our �rst priority is to minimizethearea
of the IFFT. We decidedto hold off on implementingthe proposedchangesbecausewe believe that the IFFT will
becomethemainperformancebottleneckof thesystemwhenwe reduceits area.WhentheIFFT becomesthemain
bottleneck,any optimizationsto theothermoduleswill notbene�t performance.

6.3 SynthesisResults

SincetheIFFT dominatestheareaandclockperiodin theTransmitter, theadditionof a lookuptablein theScrambler
did not changethesynthesisresultsmuch.

7 Second-PassDesignExploration

7.1 DesignModi�cations

Theinitial resultsfor theIFFT clearlydemonstratethata signi�cant designchangeis required.Theareafor theIFFT
is 29.1mm

�

, 94.8%of theentiresystem,andtheclockcycle is dominatedby theIFFT dueto thelackof pipelining. In
orderto reducebothareaandthecritical path,we fold thecalculationto reducethenumberof computationalstages
from threedown to one,consistingof 16nodes(seeFigure23).

Twiddle
Data

Setup

16-Node
Stage

InputDataQ OutputDataQ

Figure23: MicroarchitecturalStateof IFFT Foldedto 1 Stage.

Additional logic prior to thestagereordersthedataandcomputesthe twiddle factors.We expectthenew IFFT
designto reducethe systemareaby a factorof three,althoughthe additionallogic will increasethe areaby some
amount. The cycle time andthe throughputof the systemshouldalsodecrease,sincethe singlestagewill be time
multiplexed(overmultiple cycles)to performtheentirecalculation.

7.2 PerformanceAnalysis

TheoptimizedIFFT takes7 cyclesin steadystateto computeoneoutput(3 to setupthedataandtwiddles,3 to compute
thedifferentIFFT stages,and1 to outputthedata).Thereforethehighestthroughputattainableby theIFFT aloneis
0.143.
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Figure24 shows thethroughputof thesystemat eachdatarate.For the6Mb/sand12Mb/sdatarates,theIFFT is
thebottleneckwith oneoutputpacketproducedevery7 cycles.For the24Mb/sdatarate,oneoutputis producedevery
8 cyclesbecausetheInterleaverprocessesonepacketevery2 cycles,requiring8 cyclesto producetheneeded4 input
packetsto calculateoneoutputat 24Mb/s.Therefore,theminimumclock frequency requiredto meetthe6Mb/sand
12Mb/sdataratesis 1.75MHz, andtheminimumfrequency requiredto meetthe24Mb/sdatarateis 2MHz. Placeand
routeresultsshow thatour systemrunsat a frequency of 33.33MHz. Thereforeour Transmitterclearlymeetsall the
requireddatarates.For a lowerpowerdesign,we couldreducethesystemclock frequency to 2MHz andlower

� � �

.

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

Figure24: SystemThroughput(outputframes/cycle)afterDesignExploration2.

We debatedwhetherwe shouldimplementthe modi�cations for the Interleaver and Mapperproposedin Sec-
tion 6.2.1. Implementingthesechangeswould enableus to decreasethe minimum requiredclock frequency from
2MHz to 1.75MHz,andwe canget further power savings. However, implementingthesechangeswill increasethe
areaof theTransmitter. Increasedarearesultsin increasedcapacitance,whichwouldreducetheamountof powersav-
ingsobtainedby decreasingthe frequency to 1.75MHz. Furtheranalysisusingpower-delaycurvesis neededbefore
we candecideif any changesto our systemareworthwhile.

7.3 SynthesisResults

Implementingthis changedecreasestheareaof theIFFT by 49%anddecreasesthecycle timeby 15%ascanbeseen
in the table. Thesizeof onecalculationstageincreasesdueto theseparationof the �x edtwiddle numbersfrom the
computation,reducingtheoptimizationspossible.
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Module Ar ea( �




�

)

AN2D2 25
AO21D1 10
BUFFD12 144
BUFFD16 244
CKND2 721
CKND16 2,658
CKNXD0 23
CKNXD16 246
FIFO2 000008000 400,586
FIFO2 000008001 264,230
FIFO2 000010040 511,243
FIFO2 000010041 285,250
INVD0 12,516
INVD1 1,089
INVD2 10,194
INVD16 28
MUX2D1 556
MUX2D2 168
MUX2ND0 23,716
ND3D2 11
NR2D2 8
OR4D1 11
XOR2D1 13
moduleif ft datasetup 53,661
moduleif ft stage 12,594,934
moduleif ft 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,shown in

thefollowing table.
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Module Ar ea( �




�

)

AN2D1 20
AO21D0 8
BUFFD0 96
CKND0 3
CKND16 98
CKNXD0 44
FIFO2 000008000 327,867
FIFO2 000008001 175,364
FIFO2 000010040 360,445
FIFO2 000010041 200,296
INVD0 11,888
INVD1 6,154
INVD2 5
INVD8 122
MUX2D1 3,761
MUX2ND0 21,042
ND3D1 6
NR2D1 5
OR4D1 11
XOR2D1 13
moduleif ft datasetup 30,923
moduleif ft stage 5,473,274
moduleif ft twiddle setup 351

Total 6,611,707

CycleTime 9.52ns

7.5 Placeand Route

After placeandroute,thecurrentareaof theTransmitteris 6.34mm
�

, andthecycle time is 30.5ns.

8 Final Modi�cations

ResizingFIFO Queue Wenoticedthatfurtherareasavingscanbeobtainedif wedecreasethesizesof theinputand
outputqueuesfor theMapper, IFFT, andCyclic Extender. Althougheachqueueonly had2 elements,thedatawidth is
very largeresultingin a largeareaperelement.We decidedto resizetheoutputFIFOof theMapper, inputandoutput
FIFOsof the IFFT, input andoutputFIFOsof theCyclic Extender, andtheoutputFIFO of thetop level Transmitter
moduleto 1 element.Thisdid not reducethethroughputof thesystem,soourminimumclock frequency remainsat2
MHz.

Optimized IFFT In performingthe designexploration of the IFFT, two rules controlledthe two different steps
required,one to setupthe dataand the other to calculatethe IFFT stage. This resultedin 6 stagesto performthe
calculationaswell asextra queuesfor passingdatabetweentherules. Thehopewasthatby separatingthesestages
thedesigncouldbepipelined,but thatwould requireadditionalhardware.Giventhatthedesignexceedsthedatarate
necessary, this unnecessarilyincreasesthearea.Thesetwo ruleswerethencombined(seeFigure25), resultingin the
removal of onequeueanda latency decreaseto 4 cycles.Thesynthesisresultsareshown in thetablebelow.
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Module Ar ea( �




�

)

AN2D1 7
BUFFD0 1339
CKND2D0 10
CKND2D1 10
CKND16 49
CKNXD0 57
FIFO2 000008000 184,716
FIFO2 000008001 74,303
FIFO2 00000802 181,622
INVD0 61
INVD1 68
MUX2D1 27552
MUX2ND0 214
ND2D1 31
ND2D2 8
ND3D1 7
NR2D0 5
moduleif ft datasetup 44,233
moduleif ft stage 3,967,284
moduleif ft twiddle setup 1388
Total 4,482,965

CycleTime 27.15ns

Start Twiddle
Data

Setup

16-Node
Stage

InputDataQ OutputDataQ

Figure25: MicroarchitecturalStateof IFFT with SetupandCalculationCombined.

8.1 PerformanceEvaluation

Before�nal modi�cations,theIFFT wasthebottleneckfor the6Mb/sand12Mb/sdatarates.After optimizations,the
IFFT decreasedits latency from 7 cyclesto 4 cycles. Thereforethesystemthroughputincreasedfor thesetwo data
rates,asshown in Figure26. TheInterleaver andMapperremainthebottleneckfor the24Mb/sdatarate.Therefore,
thethroughputat thatdatarate,aswell astheminimumclock frequency of thesystem,did not change.

Module 6Mb/s 12Mb/s 24Mb/s
Transmitter 0.248 0.248 0.123

Figure26: SystemThroughput(outputframes/cycle)afterFinal 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 thedifferentmodulesonourchip is shown in Figure27.
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Figure27: Physicalmodulelayout.Theblackin eachdiagramrepresentstheareaoccupiedby thatmodule.
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8.3 Future Work

Scrambler TheScramblercanbefurtheroptimizedto supportany 7-bit seedanddecreasearea,while maintaining
1 cycle initialization. Thiscanbeachievedby unrolling theScramblerinitializationalgorithm,asshown in Figure28.
During the 1 cycle initialization stage,the Scramblerstoresthe seedin a register. During eachcomputestage,the
ScramblerXORsthecorrespondingbits of theseedto generatethenext 24 bits of theScramblersequence.These24
bits arethenXORedwith thecorrespondinginput bits to producetheoutput. At theendof eachcomputestage,the
Scramblersetsup thestateof theseedregisterfor thenext cycleof computation.

seed s6 s5 s4 s3 s2 s1 s0

xor23 = seed[3] ^ seed[0]
xor22 = seed[4] ^ seed[1]
xor21 = seed[5] ^ seed [2]
xor20 = seed[6] ^ seed [3]
xor19 = xor23 ^ seed[4]

.

.

.
xor2 = xor6 ^ xor9
xor1 = xor5 ^ xor8
xor0 = xor4 ^ xor7

seed <= {xor0, xor1, xor2, xor3, xor4, xor5, xor6}

out[23] = xor23 ^ in[23]
out[22] = xor22 ^ in[22]
out[21] = xor21 ^ in[21]
out[20] = xor20 ^ in[20]
out[19] = xor19 ^ in[19]

.

.

.
out[2] = xor2 ^ in[2]
out[1] = xor1 ^ in[1]
out[0] = xor0 ^ in[0]

in

out

Figure28: OptimizedScrambler.

Input and Output FIFO QueuePlacement We placethe input andoutputqueueswithin eachmodulein order
to decoupleandsimplify the interfacebetweenthe modules.This alsoenablesthe modulesto be easily integrated
into the XBS teststructurefor unit testing. A consequenceof this design,however, is that datais doublebuffered,
whichincreasesarea.Thereforeto achieveanevenlowerarea,wecaneliminatetheoutputqueueswithin eachmodule
allowing datato bebufferedonly once,in the input queuesof eachmodule. For moduleswith wide FIFOs,suchas
theMapper, IFFT, andCyclic Extend,this would resultin signi�cant areasavings. However, this new designwould
changethesimpleinterfacesof eachmodule.TheBluespecmethodsfor eachmodulewould needexplicit predicate
conditions,whereasin theold design,theBluespecmethodsreliedon implicit FIFO full/emptypredicates.

IFFT We couldachieve addtionalareasavingsby folding theIFFT calculationevenfurther. Insteadof just folding
thestages,wecouldfold thenodeswithin eachstage,reducingthecalculationto oneradix4node.Thiswould increase
thelatency of theIFFT to 49cyclesin steadystate,but wehaveenoughexcessthroughputwithin thesystemto account
for theextradelay.
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9 Conclusion

Our implementationof the802.11aPhysicalLayersuccessfullymeetstherequireddataratesof 6Mb/s,12Mb/sand
24Mb/s.Althoughour initial areawaslarge,throughdesignexplorationwe reducedit by 83%to 5.27mm

�

. Our �nal
designrunsat30.4MHz,whichexceedsthe2MHz frequency requiredto meetthedatarates.Thisallowsusto reduce

� � �

andoperateat a muchslower frequency to reducepower.
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