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ABSTRACT
Wetutorially outline downconversionto (complex)base-
band of a 750 MHz IF of 400 MHz bandwidth using a
1GHz samplerate andpolyphaseprocessingwith lookup-
table multipliers in an FPGA clocked at 125MHz.

1. INTRODUCTION

In this tutorial design-examplepaper, we outline
designapproachesfor an FPGA-basedDSPsys-
tem for IQ downconversionof a 400 MHz wide
IF signal centeredat 750 MHz and sampledat
1 GHz. Downconversionthroughsamplingelimi-
natesexplicit quadraturecarriers.An FPGAclock
rate of only 125 MHz requirespolyphase(par-
allel) processing.Suchdownconversionsystems
are important in radar, satellitecommunication,
terrestrialmicrowavecommunication,andbasesta-
tionsfor wirelesscommunication.

2. SIGNAL-PROCESSING DESIGN

2.1. SystemDesign

Figure1 illustratestherequiredsignal-processing
stepswith spectralsketches. Signalshave “=”
on the left, andsampleratesaremarkedwith tri-
angulartics below the axis. Operationson sig-
nals are marked as spectralproducts(filters) or
spec-tralconvolutionsandhave input andoutput
sampleratesmarked with tics above and below
theaxisrespectively. (Thederivationstrategy and
this notationare presentedin [1]. Another IQ-
demodulatordesignis detailedin [2].)

Thiswork wassupportedby theOfficeof Naval Research(ONR)Base
Programat NRL.
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Figure1: Signal-processingstepsrequired.

PreprocessingcomprisesRF/IF filtering, sam-
pling, andequalizationof theRF/IF filters. Sam-
pling aliases100 MHz transitionbandstogether
andout of band. A “beamformingsum” follows
in certainmulti-channelsystemsonly [3, 4] (else
ignore).ThenactualIQ downconversionbegins.

Downconversionis simple. A digital image-
suppressionfilter removessignalcomponentsori-
ginally at negative frequencies,then decimation
halvesthesamplingrateandthusthecomputation
rateof thepreceedingfilter. Theoriginal750MHz
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Figure2: Filter magnituderesponses.
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Figure3: Filter group-delayresponses.

signal lobe is shifted down in frequency to be-
comecomplex basebandoutputsignal

���������
	����
���
.

The complex exponentialrequiredis just
���������

,
sothemultiplicationis just signalternation.

2.2. Filter -Coefficient Design

Figures2 and3 show the responsesof theactual
filters,all referredto thesamplerinput.

The linear-phase,halfbandimage-suppression
filter’scoefficientsweredesignedby startingwith�
	

timesa length-14equirippleHilbert filter, ze-
ro interpolatingby two, replacingthezerocenter
coefficient by unity, andhalving the result. This
gave an impulse responseof length 27, a unit-
lengthreal part, andan odd imaginarypart with
seven nonzerocoefficientson eithersideof cen-
ter. The image-suppressionfilter’s passbandwas
impliedby its stopband,andthelatterwasjust the
Hilbert filter’s400MHz passbandat 250MHz.

Combinedpassbandsof theimage-suppression
filter, theRF/IFfilters(measured),andthelength-
14nonlinear-phaserealFIR equalizationfilter ap-
proximate,by optimizationof thelatter, apurede-
lay [5] with –37dB of minimizedrmserror.

3. IMPLEMENT ATION

3.1. PolyphaseFIR-Filter Structures

Table 1 representspolyphase(block) processing
clocked at one eighth the samplerate. The x’s
representthesamplestream� �
����� � �����������������

in-
putsofarto anFIR filter, andthey rowsrepresent
filter outputs� ����� � � ���!�"�����������

Numbersin the
tablearecoefficient indicesfor requiredterms,so
thesecondy row, for example,means� ���#�$���&%
')( � ���*�+���,� ')- � ���.�0/1��� '�2 � �
�*�034�,�6575758� '9- � �
�*�
��:4�;� '9( � �
�<�=��>4�

. Theevencoefficient symme-
try of thislength-19realfilter givesit linearphase.
Conjugatesymmetrywould do so for a complex
filter: � ���6�?���@% '�A( � �
�0�B�����!57575,� '9( � �
�0�B��>4�

.
Either classicform in Fig. 4 cancomputean

output block from currentandpastinput blocks
usingtheTable1 coefficient alignment.Compu-
tation is at eight-sampleintervals, so eacheight-
sampledelay CED - is justasingleclock tick, aone-
register delay. Writing F % >�GH�JI

, with
I

a
residuemodulo8, permitsoutputterm ' � �
�K� F �
to berealizedby delaying� ���<�LI��

, element
I

of
theinputblock,by

G
clockticks(registerdelays).

Scalingby ' follows theregisterdelaysin thedi-
rectform but precedesthemin thetransposed.
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Figure4: Direct-form(left) andtransposed-form(right) polyphasestructureswith exampleoutputterms.

3.2. Savings fr om Filter Symmetry

Showingall thetermsof Table1wouldmakeFig.4
unreadable.Thetermsshown (indicatedin blue),
the samefor eachform, show the several avail-
ablestructuresfor sharedcoefficient scalingin a
linear-phasefilter tosavecomputation.(Thenega-
tion in certainsymmetriesis not shown.) When
inputsto a coefficient-sharingstructurein thedi-
rect form are from the same“column” (register
delay)of delayedinputs,as for '�M , the structure
is the samein the transposedform. The ')N term
is a degeneratecase.Likewise,whena scaledin-
put in thetransposedform drivesoutputsthrough
sumsin thesamecolumn,aswith '9O , thestructure
is the samein the direct form. Inputs from the
sameinput-datarow in thedirect form, asfor ')P ,
becomemultiple outputsin the transposedform
(hinting at duality). Whencoefficient-scalingin-
putsin thedirect form shareneitherrow nor col-
umn, as with ')( , there is no sharedstructurein
thetransposedform. Whenthecoefficient-scaling
outputin thetransposedform drivessumssharing

cur- xxxxxxxx xxxxxxxx xxxxxxxx xx
rent

y 98765432 10123456 789
y 9876543 21012345 6789
y 987654 32101234 56789
y 98765 43210123 456789
y 9876 54321012 3456789
y 987 65432101 23456789
y 98 76543210 12345678 9
y 9 87654321 01234567 89

Table 1: Computinga linear-phaseFIR filter in
termsof eightpolyphasecomponents.

neither row nor column, as with '9Q , there is no
sharedstructurein thedirect form. Thechoiceof
a setof sharedstructuresto realizea filter is sel-
domunique.

3.3. Lookup-Table Scalingby Coefficients

Lookup tables(LUT) areeasilybuilt asin Fig. 5
from the latchedfour-input logic blocks that are
pairedas “slices” in Xilinx’ s Virtex FPGAs[6].
OtherFPGAsaresimilar. SoassumethatLUTs,
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anda registerform aLookUp Tableof any width.
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Figure6: Scalingby acoefficient ' .

adders,andregistersareavailablein all widths.
Figure6 shows LUT scalingof data. Storing

therequiredproduct,thebottomLUT would suf-
fice for four-bit input. For wider inputs,four-bit
piecesare scaledand resultssummed. Infinite-
precisioncoefficientsrequiredifferentLUTs and
roundedproducts,as in Fig. 7-(a), while finite-
precisioncoefficientsuseidenticalLUTsandshift-
ed outputwordsasin Fig. 7-(b). Productoutput
� ' canbenarrower if it is roundedalongwith the
final sum(casenotshown).

3.4. Looking Up Sumsof Products

Without linear-phasecoefficientsharingin Fig. 4,
eachtransposed-formsumaddsscaledversionsof
someor all of the eight inputs. In Fig. 8 sucha
sumrequiresjust onecopy per input-word bit of
eachof two distinct LUTs. Summingthesetwo
LUT outputsandthenshifting andaddingthose
totalsaccordingto bit positionis not shown.
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Figure7: Two approachesto precision.
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Figure8: Linearlycombiningeightdatawordsof
arbitrarylengthwith no unusedLUT inputs.

An LUT’s inputsneednot comefrom just one
dataword asin Fig. 6 nor from just onebit posi-
tion asin Fig. 8. In Fig. 9, six 10-bit wordsare
linearly combinedwith 15 LUTs that do neither.
Theone-to-onemappingof data-inputbitsto LUT
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Figure 9: A given LUT can be driven with any
four bits involvedin thelinearcombination.

inputsis in generalarbitrary, but minimizing the
rangeof bit positionsdriving a singleLUT, asin
Fig. 9, minimizesrequiredLUT outputwidth.

Signconsiderationswereomittedfrom thispa-
per for simplicity, but they are straightforward.
Scaling a complex input simply requiresLUTs
drivenby bothrealandimaginarypartsof thein-
put data. In generaltwice asmany input bits to
theLUT systemareneeded.Complex outputsre-
quireLUTs of twicethewidth,with half thewidth
dedicatedto the real part of the output and half
dedicatedto theimaginarypart.

3.5. PipelineRegisters

For maximumFPGAclock speed,asrequiredin
thisdesign,pipelineregistersarerequiredafterall
additions. Eachprogrammableblock of combi-
natorial logic is paired in the FPGA itself with
a latch (in the Virtex series,for example)as in
Fig. 5, sothis is quitenatural.But theregistersof
thedirect form in Fig. 4 arenot drivenby adders
(exceptpossiblyatthe� ���@� F � inputs)andsomay
requirewastingthe logic pairedwith the latches.
Alternatively, many of thepipelineregistersasso-
ciatedwith thenecessaryadditionsdoubleasthe
CED - delaysin thetransposedform, while thelatter
delaysaredistinctin thedirectform. For thesame
reason,theoverall latency of thetransposedform
maybelower. Suchcomparisonsarecomplicated
by the very different computationalsharingand
LUT configurationoptionsin thetwo forms.

4. SUMMARY

While thefull rangeof designconsiderationsfor a
systemsuchasthis is beyondthescopeof a short
paper, we outlined here an approach,methods,
andtechniqueswith whichadesignof awideband
IQ downconverter or similar high-speed,multi-
rateDSPsystemcanbeimplementedin anFPGA
using lookup-tableapproachesand a polyphase
architecture.
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