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ABSTRACT

Theuseof anFMCW radarfor rangeandvelocity measurementis outlinedin thepaper. An FMCW radaremits

a continuouswave, frequency modulatedby a sawtooth function. Objectrangeinformationis deducedfrom the

frequency of homodyne-demodulatedreturnsignal.Objectvelocity canbefoundfrom thechangeof returnsignal

phasebetweenthemodulationsweeps.Thus,themeasurementmethodinvolvesfinding,usingFFT, themaximum

of the two-dimensionalspectrumof an one-dimensionalsignal. In the presentedpaper, the useof advancedal-

gebraicmethodsis proposedin orderto determinethe velocity unambiguouslyin a wide range.An outline of a

digital two-dimensionalspectrumanalyzerimplementedwith moderndigital signalprocessorsis alsopresented.

1. INTRODUCTION

The ideaof an FMCW radarhasbeendescribedlong ago [1]. Recently, radarsof this type
gainmuchpopularity, asthey make useof theemerging technologiesof high power solid state
microwave transmittersandof very fastdigital circuits, capableof generatingandprocessing
complex signalsin realtime.

An FMCW radaremits a continuousmicrowave signal, frequency modulatedwith low fre-
quency waveform,e.g. of a sawtoothshapeandof period

�
(seefig. 1 – continuousline). For

a simplified analysisit is usuallyassumed[2] that the signal received after reflectionfrom a
stationaryobjectis acopy of thetransmittedsignal,delayedby propagationtime��� ���� (1)

where
�

is anobjectrange,and � is thespeedof light. In thehomodynereceptionscheme,the
received signal is mixed with an attenuatedtransmittedsignal. After low-passfiltering a low
(differential)frequency signalis obtained,calledvideosignalin thesequel.Thevideosignalis
approximatelysinusoidal,andits frequency �
	 , constantin thetime interval

��� � , equalsthe
changeof thetransmitterfrequency duringtime � ,�
	 � �� (2)



where ���� ��� � is a modulationwaveform slope,and � � � �
��� � �
����� is the maximum
frequency deviation. As it canbeseenfrom (2) and(1), themeasurementof astationaryobject
range

�
is equivalentto thedeterminingof videosignalfrequency duringthe

��� � interval.

If anobjectwith aninitial range
���

(at � � ��� ) moveswith someradialvelocity  , thedelay(1)
won’t beconstant.Underthecondition  "! � , it will bealmostlinearfunctionof time��# � �%$ ���'&  (�*) (3)

As thedelaychangeis relatively slow, it canbenoticedonly in thephasechangeof thevideo
signal. If the signalis analyzedin + modulationperiods,the Dopplerfrequency canbe esti-
matedfrom thephasechanges,thusallowing for theobjectvelocity to becomputed.
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Fig. 1. Frequencyof thetransmittedandreceivedsignals

Theanalyzedproblemis equivalentto estimatingtheunknown differentialfrequency �
	 andthe
Dopplerfrequency �-, of anapproximatelysinusoidalvideosignal . $ �*) , observedin sometime
interval with additivenoise.If weassumethenoiseis whiteandGaussian,with zeromean,it is
well-known ([3]) thattheoptimumestimator(reachingtheCramer–Raobound)of anunknown
frequency of asinusoidalsignal,observedin finite time interval is themaximumlocationof the
Fourierspectrumabsolutevalue.

In orderto determinethe �
	 frequency the range spectrumof a video signal . $ �*) in the con-
stantinterval of

�/� � �0� (where � �0� is a maximumpossibleechodelay)hasto becomputed.
The phasechangeof the video signal . $ �*) , effecting from the objectmovement,is very slow
(comparedto themodulationperiod

�
, typically in orderof 1 msfor anX-bandradar).Thus,to

estimate�
, – Dopplerfrequency – thevideosignal . $ �*) hasto beanalyzedin a longerinterval
of +21 � , i.e. for severalmodulationperiods. In orderto determinetheobjectvelocity, abso-
lute valueof thespectrumof discretesignal(sampledwith a periodof

�
) mustbe computed.

This spectrumis calledvelocityspectrum, andits maximumappearsat theestimatedDoppler
frequency �-, .
Themeasurementof objectrangeandvelocitywith anFMCW radarinvolvestwo-dimensional
signalprocessing,asthetwo-dimensionalspectrumof anone-dimensionalvideosignal . $ �*) has
to becomputed.

2. SPECTRAL ANALYSIS

FMCW radartransmitteremitsthesignal 3 $ �*) ��46587:9<; $ �*)>= �@? A � AB? whosefrequency� $ �*) � CDFE ,HGJILKNM,HK � �J�0�L� &  $ � �@OP� )Q= OR�S��T D A � AUOR� & T D = $ O ��� =WV�X:=ZY8Y[Y\) (4)



is aperiodicalfunctionof timeshown onFig. 1.

Thereceivedsignal 3 � $ �*) �]4 � 5^7:9_; � $ �*)>= ��? A � A�?
, reflectedfrom anobjectis delayed

by thepropagationtime � . Uponmixing 3 � $ �*) with a localoscillatorsignal(anattenuatedcopy
of 3 $ �*) ) andlow-passfiltering, a videosignal . $ �*) �]587:9_; 	 $ �*)>= �B? A � A`?

is obtained.
Thevideosignaldifferentialphase; 	 $ �*) �a; $ �*) � ; � $ �*) canbedescribedby anequation

; 	 $ �Hb8) �]c �
d � � � � d fe $ �B� � ) D &�� $ �B� � )H�Hb>gh= �i� � � A �Hb Aa�i� � �j& ��
d � � � � d fe � D � � � �Hb>g �i� � �i& � A �Hb A@� � � (5)

where�Hb � � �@OR� = O �k� =lV/X:=ZY[Y[Y .
Whenthe instrumentalrangeof a radarequals

� �0� , thesignalreflectedfrom anobjectat this
rangeis delayedby � �0� . Thus,theeffective timeof videosignalobservationin onemodulation
periodequals

��� � ��� .
Substituting(3) into (5) anddeletingunimportantquadraticcomponents,weget; 	 $ �HbJ) # �-d e � � � �'& O �
, � & $ �
	 & �-,^)m�Hb>g �i� � �i& � A �Hb AS� � � (6)

where �-, � DFno � � is a Doppler(velocity) frequency of a signal,and �
	 �p�� � is a video fre-
quency valuecorrespondingto a stationaryobjectat range

���
. It canbe seenthat the object

movementshifts the �J	 frequency by a valueof �-, . Therangemeasurementis disturbedwith
an error dependenton the objectvelocity. This error may be correctedafter determiningthe
velocityvalue.

Therangeinformationis containedin theFourierspectrumof asignal . $ �*)qsr $ut = O ) �av TRw Dx[yzi{}|�~�� . $ �HbJ)������H� KN�>� �Hb (7)

computedfor one(
O
-th) modulationperiod.Its absolutevalue � q�r $�t = O )
� attainsthemaximum

for theangularfrequency t � V �-d $ �
	 & �-,^) . Thespectrum
qsr $�t = O ) is a functionof

O
, asthe

angle
�-d O �-, � in (6) changeswith

O
. The informationon theobjectmovementis containedin

this change.When
qsr $ut = O ) is treatedasa discretefunction of

O
, (with samplingperiod

�
),

its spectrum
q $�t =���) , observedin + consecutivemodulationperiods $ O ��� =[X:=[Y[Y8Y^=�+ � X
) , is

describedby q $�t =���) �k� � C�b�� � qsr $�t = O )*� ��� b�� (8)

where � � t n � , and t n is velocityfrequency(asopposedto range frequencyt ). The object
velocity measurementrequirescomputationof the spectrum(8) andfinding the frequency �[, ,
wherethe absolutevalue of the spectrumattainsits maximum. This frequency is equal to�[, � �
d �-, � where�-, is thesoughtDopplerfrequency. Sincethespectrum

q $�t =���) is aperiodic
functionof � , themeasurementof �-, will beambiguousoutsidetherangeof $ � CD T A �-, A CD T )
— themaximumunambiguouslymeasuredvelocity is equalto  -��� � o� T}�h� .
Two-dimensionalspectrum(8) is usuallydeterminedwith digital methods.The signal . $ �*) is
sampledwith the frequency �>� , then the rangespectrum(7) is computedwith � -point DFT
for every modulationperiod,usingfastFourier transformalgorithms.Finally, spectrum(8) is
computedusing + -pointDFT. Thus,rangecell sizeequals� � � ��� �����8� , whenvelocitycell
sizeis equalto �  � �  -���-��+ .



Example1

Let’s take for examplea radarwith the following parameters:� � � X ����� � , � # X¢¡ 9 ,� ��� �¤£ =�¥%¦P¡ , � ��� �¤� = � ¥§¡ 9 , �>� � X�¨ �j� , � � X � �-© , + � XJª ,  
�0� �¤£ =Q¥%¡�� 9 . With
theseparametervalues,rangeandvelocity cell sizesare: � � # X © =�ª(¥%¡ , �  #�� =�« © ¡¬� 9 .
Figure2 shows thetwo-dimensionalspectrumof a videosignalreflectedby anobjectat range��� �® ¦R¡ , moving towardsradarwith radialvelocity of  � © ¡¬� 9 . Signalto noiseratio of
0 dB wasassumed.

a) b)

c)

Fig. 2. VideosignalfromExample1 – amplitudespectrum:(a) linear scale;(b) logarithmicscale;(c) contourmap.

3. EXTENDING THE UNAMBIGUOUS VELOCITY MEASUREMENT RANGE

UnambiguousDoppler frequency measurementis possibleup to one half of the modulation
periodinverse X
� � (see(7)). This limitation canbe,however, lifted usingdifferent(properly
chosen)modulationperiodsanddifferentsizesof the rangetransforms. If, for example, + C
modulationperiodsof length

� C areused,togetherwith + D periodsof length
� D , thenDoppler

frequency remaindersmodulo X
� � C andmodulo X
� � D maybeobtained.Fromtheseremainders
theDopplerfrequency ambiguitymayberesolvedwith useof ChineseRemainderTheorem[4]
with properchoiceof periodlengths.

With useof ¯ different frequenciesof modulationwaveform repetition, °�� � X
� � �F="± �X:= � =ZY[Y[Y^=²¯ , chosensothatthey areintegerandrelatively primemultiplesof somefrequency° , (i.e. °�� �a³ ��° , where³ � fulfill theChineseRemainderTheoremconditions),Dopplerfre-
quency mayberesolvedfrom theremainders�J� � �-, $ ¡ 7R´ °��µ) in therangee � � n ����� � =0� n ����� � g
where � n ��� �U³ C 1 ³ D 1(Y[Y[Y�1 ³·¶ 1[° .



Example2

Let usassumethat the requiredrangeof unambiguousvelocity measurementwith a radarde-
scribedin Example1 equals -��� � VsX � � ¡¬� 9 , (16 times the rangeof Example1 –  -��� �V £ =Q¥¸¡¬� 9 ). This time,two differentmodulationperiodsareused,

� C ��� =�¹ºX²¡ 9l� X  �ºX[ªf¡¬� 9
and

� D � Xj¡ 9j� X  �ºX  ¡ 9 . In thetransmittedwaveformthereare + C � XJª periodswith pe-
riod length

� C and + D � X  periodswith periodlength
� D . Thisway, in bothcasestheDoppler

frequency bin sizesareequal,as� � n � X+ C 1 � C � X+ D 1 � D � XXJª»1 C�¼C�½ ¡ 9§¾� £ ª}=�« � � (9)

Thevelocity cell equals�  � X:=8X
¥�¡�� 9 . Maximumfrequency of � n �0� �]£ ª}=�« � � 1ºX  1RXJª �XJª ¦ �j� givestherequiredvelocity rangeof V¿X � � ¡�� 9 .

Fig. 3 shows the contourplot of a two-dimensionalspectrumof complex video signal (with
quadraturereception),whenanobjectat range

��� � ª%¦P¡ moveswith radialvelocity of  �� � =Q¥À¡�� 9 . Velocity spectrumhasits maximumfor + C � XJª in cell numbered. C � �
, andfor+ D � X  in cell numbered. D � ¥ . UsingChineseRemainderTheorem,thetruelocationof the

cell canbe found. For thechosenmodulationparameters+ C =Á+ D thereexist numbersÂ C =ÃÂ D ,
thatallow to resolve thetruevalueof unambiguouscell number, .. � Â C 1[. C & Â D 1[. D $ ¡ 7º´§³ C ³ D ) (10)

where,in this case, ³ C � + C � XJª , ³ D � + D � X  , Â C � ª(¥ , Â D � X ©:© . Finally, the
unambiguouscell numberis . � ¹(¥ � $ ¡ 7R´ � � ¹() � X[¹ , andtheestimatedvelocity equals Ä �XJ¹À1 �  � X[¹�1(X�=[X
¥ � � � = £ ¡�� 9 .

a) b)

Fig. 3. Contourplot of amplitudespectruma) ÅPÆÈÇÊÉ*Ë[Ì[É*Í�ÎfÏ ( Ð ÆÈÇ6ÉÑÍ ) , b) Å(Ò�ÇÊÉÑË8Ì[ÉÑË�ÎÁÏÔÓÕÐiÒ�ÇÖÉ*Ë^×
4. TWO-DIMENSION AL SIGNAL ANALYZER FOR AN FMCW RADAR

The basic computationalblock of digital signal processorin an FMCW radar is a two-
dimensionalspectrumanalyzer. Thisblockmaybebuilt with adigital signalprocessorcapable
of addressingbig andfaststaticdatamemory. Let usexemplify this requirement:thestorage
neededfor holdingtwo tablesof 16 modulationperiods(1024samplesin eachperiod),neces-
saryfor thetwo-dimensionalFFT, with quadraturereception,equals64K real words. Neither
16-bitprocessors,nor theolder24-bitones(DSP5600x)arecapableof addressingsuchamount
of datamemory.



Requiredcomputingpower is in orderof onehundredMFLOPS,thustheprocessorspeedmust
betakeninto accounttoo. AmongthenewestgenerationDSP’s— TMS320C8x,TMS320C6xx,
DSP5630x,ADSP2106x— thelastone(known underthename“SHARC”) is theslowest(25
ns instructioncycle), but hasthe biggestinternalmemory, excellentmultiprocessingmecha-
nisms,andthefloating-pointarithmeticunit. The internalmemoryof anADSP21062maybe
configuredas128K of 16-bit wordsor 64K of 32-bit words,which makesit possibleto avoid
usingexternalmemorythroughoutthe FMCW radarsystem. Using this type of processor, a
flexible andscalablesystemmaybeeasilybuilt. Thanksto thepossiblemodulararchitecture,it
maybeadaptedto differentspectralanalysisalgorithms[6].

Two-dimensionalFFT may be implementedby superpositionof two one-dimensionaltrans-
forms,sotheclassical1024-pointFFTwith windowingmaybeusedfor assessingthenumberof
requiredprocessors.Therangespectrumcalculation(with modulationperiodof 1 ms)will use
about65%of single40-MHz SHARCprocessortime. Thevelocity spectrumis computedwith
512 short (about16-point)FFT’s. This will needabout85% of singleprocessortime. Thus,
the whole two-dimensionalFFT will needthe computingpower of two cooperatingSHARC
processors.Oneor two additionalprocessorswill berequiredfor furtherprocessing— object
detectionandparameterestimation.For propersynchronizationanddataflow controlbetween
processors,a multitasking,multiprocessorreal-timeoperatingsystemmustbeemployed.Such
asystem,adequatefor anFMCW radarrequirements,wasproposedin [7].

5. CONCLUSIONS

Thepresentedanalysisof anFMCW radartheoreticalfundamentalsandnumericalcomplexity
of a two-dimensionalsignalanalyzershowsthatthedigital signalprocessingalgorithmsmaybe
implementedin softwareif sufficiently fastdigital signalprocessorsareused.Requiredrange
of unambiguousvelocity measurementis attainedwith properchoiceof differentmodulation
periods,by implementinganalgorithmderivedfrom ChineseRemainderTheorem.
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