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ABSTRACT

Theuseof an FMCW radarfor rangeandvelocity measuremeris outlinedin the paper An FMCW radaremits
a continuouswave, frequengy modulatedby a savtooth function. Objectrangeinformationis deducedrom the
frequeng of homodyne-demodatedreturnsignal. Objectvelocity canbe foundfrom the changeof returnsignal
phasebetweerthe modulationsweepsThus,the measuremennethodinvolvesfinding, usingFFT, themaximum
of the two-dimensionakpectrumof an one-dimensionasignal. In the presentecgaper the useof advancedal-
gebraicmethodsis proposedn orderto determinethe velocity unambiguouslyin a wide range. An outline of a
digital two-dimensionaspectrumanalyzerimplementedvith moderndigital signalprocessorss alsopresented.

1. INTRODUCTION

The ideaof an FMCW radarhasbeendescribedong ago[1]. Recently radarsof this type

gainmuchpopularity asthey make useof the emeging technologie®f high power solid state
microwave transmittersand of very fastdigital circuits, capableof generatingand processing
complec signalsin realtime.

An FMCW radaremits a continuousmicrowave signal, frequeng modulatedwith low fre-
queng waveform,e.g. of a savtooth shapeandof periodT (seefig. 1 — continuoudine). For
a simplified analysisit is usuallyassumed?2] thatthe signalreceved after reflectionfrom a
stationaryobjectis a copy of thetransmittedsignal,delayedoy propagatiortime
=2k ®
C
whereR is anobjectrange,andc is the speedof light. In the homodynereceptionschemethe
receved signalis mixed with an attenuatedransmittedsignal. After low-passfiltering a low
(differential)frequeng signalis obtainedcalledvideosignalin thesequel. Thevideosignalis
approximatelysinusoidal andits frequeng f,,, constanin thetimeinterval T' — 7, equalsthe
changeof thetransmitterfrequeng duringtime 7,

fw = aT (2)



wherea = Af/T is amodulationwaveformslope,andAf = f.. — fmin IS the maximum
frequeny deviation. As it canbeseenfrom (2) and(1), themeasuremerdf a stationaryobject
rangeR is equivalentto the determiningof video signalfrequeng duringthe 7" — 7 interval.

If anobjectwith aninitial rangeR, (att, = 0) moveswith someradialvelocity v, thedelay(1)
won'’t beconstantUndertheconditionv < ¢, it will bealmostlinearfunctionof time
2
TR E (R() + Ut) (3)

As the delaychanges relatively slow, it canbe noticedonly in the phasechangeof the video
signal. If the signalis analyzedn K modulationperiods,the Dopplerfrequeng canbe esti-
matedfrom the phasechangesthusallowing for the objectvelocity to be computed.
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Fig. 1. Frequencyof thetransmittedandreceivedsignals

Theanalyzedoroblemis equivalentto estimatingheunknawn differentialfrequeny f,, andthe
Dopplerfrequeng f,; of anapproximatelysinusoidalideosignalz(t), obseredin sometime
interval with additive noise.If we assumehe noiseis white andGaussianwith zeromeanit is
well-known ([3]) thatthe optimumestimator(reachinghe CramerRaobound)of anunknown
frequeng of asinusoidakignal,obsenedin finite time interval is themaximumlocationof the
Fourierspectrumabsolutevalue.

In orderto determinethe f,, frequeng the range spectrumof a video signalz(t) in the con-
stantinternval of T' — 7,,,, (Wherer,,, iIs amaximumpossibleechodelay)hasto be computed.
The phasechangeof the video signalz(t), effecting from the objectmovement,is very slow
(comparedo themodulationperiodT’, typically in orderof 1 msfor anX-bandradar).Thus,to
estimatef,; — Dopplerfrequenyg — the videosignalz(¢) hasto beanalyzedn alongerinterval
of K - T, i.e. for severalmodulationperiods. In orderto determinethe objectvelocity, abso-
lute value of the spectrumof discretesignal (sampledwith a periodof T") mustbe computed.
This spectrumis calledvelocity spectrumandits maximumappearsat the estimatedDoppler

frequeny f,.

The measuremertf objectrangeandvelocity with an FMCW radarinvolvestwo-dimensional
signalprocessingasthetwo-dimensionaspectrunof anone-dimensionalideosignalz(t) has
to be computed.

2. SPECTRAL ANALYSIS
FMCW radartransmitteremitsthesignalu(t) = U cos ¢(t), — oo < t < oo whosefrequeny

ft)= L8O — Lot —kT), KT—T <t<kT+2%, (k=0, £1, ..) (4)



is a periodicalfunctionof time shovn on Fig. 1.

Therecevedsignalug(t) = Uy cos ¢o(t), — oo < t < oo, reflectedfrom anobjectis delayed
by the propagatiortime 7. Uponmixing u,(¢) with alocal oscillatorsignal(anattenuateadopy
of u(t)) andlow-passfiltering, avideo signalz(t) = cos ¢,,(t), — oo < t < oo is obtained.
Thevideosignaldifferentialphasep,, (t) = ¢(t) — ¢o(t) canbedescribedy anequation

0 = 2 for —ma(T —7)2 +2(T — T)t], —-T/2<tpy<-T/2+T (5)
Gu(tr) = 21 for — malT? — 2714] “T/2+71 <t <T/2

wheret, =t — kT, k=0, £1, ...

Whenthe instrumentarangeof a radarequalsR,,., the signalreflectedfrom an objectat this
rangeis delayedby 7,,,. Thus,the effective time of videosignalobsenationin onemodulation
periodequalsl” — 7,,,;.

Substituting(3) into (5) anddeletingunimportantguadraticcomponentsywe get
¢w(tk) ~ 27T[f07'0 + kde + (fw + fd)tk] —T/2 +7< tk < T/2 (6)

where f; = %fo is a Doppler (velocity) frequeng of a signal,and f,, = ary is a video fre-
gueng value correspondingo a stationaryobjectat rangeR,. It canbe seenthatthe object
movementshiftsthe f,, frequeng by a valueof f;. Therangemeasuremens disturbedwith
an error dependenbn the objectvelocity. This error may be correctedafter determiningthe
velocity value.

Therangeinformationis containedn the Fourierspectrunof a signalz(t)

X, (w, k) = / T e ety (7)

T
5 +Tma

computedor one(k-th) modulationperiod. Its absolutevalue| X, (w, k)| attainsthe maximum
for theangularfrequeny w = +£27(f, + fq4). ThespectrumX,.(w, k) is afunctionof £, asthe
angle2rnk f,T in (6) changewith k. Theinformationon the objectmovementis containedn
this change.When X, (w, k) is treatedasa discretefunction of &, (with samplingperiodT),
its spectrumX (w, #), obsenedin K consecutie modulationperiods(k = 0,1,..., K — 1), is
describedy

K—-1
X(w, 0) = Y X,(w, k)e (8)
k=0
wheref = w,T, andw, is velocityfrequencyasopposedo range frequencyw). The object
velocity measurementequirescomputationof the spectrum(8) andfinding the frequeng 4,,
wherethe absolutevalue of the spectrumattainsits maximum. This frequeng is equalto
0, = 2x f4T wheref, is thesoughtDopplerfrequeng. SincethespectrumX (w, 6) is aperiodic
functionof #, themeasurementf f; will beambiguousutsidethe rangeof (—% < fa< %)
— themaximumunambiguouslyneasuredelocity is equalto v,,, = ﬁ

Two-dimensionabpectrum(8) is usuallydeterminedwith digital methods.The signalz(¢) is
sampledwith the frequeny f,, thenthe rangespectrum(7) is computedwith N-point DFT
for every modulationperiod, usingfastFourier transformalgorithms. Finally, spectrum(8) is
computedusing K-point DFT. Thus,rangecell sizeequalsAR = 2R, /N, whenvelocity cell
sizeis equalto Av = 2v,,,, /K.



Example 1

Let's take for examplea radarwith the following parameters:f, = 10 GHz, T' =~ 1 ms,
Ry = 7,5 km, Ty = 0,05 ms, f, = 1 MHz, N = 1024, K = 16, v, = 7,5 m/s. With
theseparametewalues,rangeandvelocity cell sizesare: AR ~ 14,65 m, Av = 0,94 m/s.
Figure2 shows the two-dimensionakpectrumof a video signalreflectedby anobjectat range
Ry = 3 km, moving towardsradarwith radial velocity of v = 4 m/s. Signalto noiseratio of
0 dB wasassumed.
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Fig. 2. VideosignalfromExamplel —amplitudespectrums(a) linear scale;(b) logarithmicscale;(c) contourmap.

3. EXTENDING THE UNAMBIGUOUS VELOCITY MEASUREMENT RANGE

UnambiguoudDoppler frequeny measuremenis possibleup to one half of the modulation
periodinversel/T (see(7)). This limitation canbe, however, lifted usingdifferent(properly
chosen)modulationperiodsand different sizesof the rangetransforms. If, for example, K,
modulationperiodsof length7; areusedtogethemwith K, periodsof lengthT;, thenDoppler
frequeny remaindes modulo1/7; andmodulo1 /7, maybeobtained Fromtheseremainders
theDopplerfrequeny ambiguitymayberesohedwith useof ChineseRemaindeiTheorem4]
with properchoiceof periodlengths.

With useof M different frequenciesof modulationwaveform repetition, F; = 1/T;, i =
1, 2, ..., M, chosersothatthey areintegerandrelatively prime multiplesof somefrequeng
F, (i.e. F; = m;F, wherem; fulfill the ChineseRemaindeiTheoremconditions),Dopplerfre-
queny mayberesohedfrom theremainders; = f; (mod F;) in therange[— fymz/2, fomz/2]
wherefyme =mq -mg-...-my - F.



Example 2

Let us assumehatthe requiredrangeof unambiguouwelocity measuremenwith aradarde-
scribedin Examplel equalsv,,, = £120 m/s, (16 timesthe rangeof Examplel — v,,, =
+7,5m/s). Thistime,two differentmodulationperiodsareused,7; = 0,81 ms = 13/16 m/s
andT; = 1 ms = 13/13 ms. In thetransmittedvaveformthereare K; = 16 periodswith pe-
riod length7; and K, = 13 periodswith periodlengthT;. Thisway, in bothcaseshe Doppler
frequeny bin sizesareequal,as

1 1

A’U: = =
4 Ki-Tv Ky T, 16-2ms

~ 76 9 Hz (9)

The velocity cell equalsAv = 1, 15m/s. Maximumfrequeny of f,,,, = 76,9Hz - 13 - 16 =
16 kHz givestherequiredvelocity rangeof £120 m/s .

Fig. 3 shaws the contourplot of a two-dimensionakpectrumof comple video signal (with
quadratureeception) whenanobjectat rangeR, = 6 km moveswith radial velocity of v =
20,5 m/s. Velocity spectrumhasits maximumfor K; = 16 in cell numberedr; = 2, andfor
Ky = 13 in cellnumberedr, = 5. Using ChineseRemaindeheoremthetruelocationof the
cell canbe found. For the chosenmodulationparameterds;, K, thereexist numbersg;, g-,
thatallow to resolhe thetrue valueof unambiguougell number z

T = g1-%1 + g2 - To(mod mymy) (10)

where,in thiscase,m; = K; = 16, my = Ky = 13, g1 = 65, g0 = 144 . Finally, the
unambiguougell numberis z = 850(mod 208) = 18, andthe estimatedvelocity equalsi =
18- Av =18-1,15 = 20,7 m/s.
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Fig. 3. Contourplot of amplitudespectrumg) T; = 13/16 ms (K; = 16),b) T, = 13/13 ms (K, = 13)

4. TWO-DIMENSION AL SIGNAL ANALYZER FOR AN FMCW RADAR

The basic computationalblock of digital signal processorin an FMCW radar is a two-

dimensionakpectrumanalyzer This block may be built with a digital signalprocessocapable
of addressindig andfaststaticdatamemory Let us exemplify this requirement:the storage
neededor holding two tablesof 16 modulationperiods(1024samplesn eachperiod),neces-
saryfor the two-dimensionaFFT, with quadraturgeceptionequals64K real words. Neither
16-bit processorsyortheolder24-bitones(DSP5600x)arecapableof addressinguchamount
of datamemory



Requiredcomputingpoweris in orderof onehundredVIFLOPS, thusthe processospeednust
betakeninto accountoo. AmongthenewestgeneratiorDSP5s— TMS320C8x,TMS320C6xX,
DSP5630xADSP2106x— thelastone(known underthe name“*SHARC”) is the slowest(25

ns instructioncycle), but hasthe biggestinternalmemory excellent multiprocessingnecha-
nisms,andthe floating-pointarithmeticunit. Theinternalmemoryof an ADSP21062may be
configuredas 128K of 16-bit wordsor 64K of 32-bit words,which makesit possibleto avoid

using externalmemorythroughoutthe FMCW radarsystem. Using this type of processqra
flexible andscalablesystemmaybe easilybuilt. Thanksto the possiblemodulararchitectureit

may be adaptedo differentspectralnalysisalgorithms[6].

Two-dimensionalFFT may be implementedby superpositionof two one-dimensionatrans-
forms,sotheclassicall024-point~FT with windowing maybeusedfor assessinthenumberof
requiredprocessorsTherangespectruncalculation(with modulationperiodof 1 ms)will use
about65% of single40-MHz SHARC processotime. Thevelocity spectrums computedwith
512 short(about16-point) FFT’s. This will needabout85% of single processotime. Thus,
the whole two-dimensionaFFT will needthe computingpower of two cooperatingSHARC
processorsOneor two additionalprocessorsvill berequiredfor further processing— object
detectionandparameteestimation.For propersynchronizatioranddataflow controlbetween
processorsa multitasking,multiprocessoreal-timeoperatingsystemmustbe employed. Such
asystemadequatdéor anFMCW radarrequirementsyasproposedn [7].

5. CONCLUSIONS

The presentednalysisof an FMCW radartheoreticafundamental@ndnumericalcompleity

of atwo-dimensionasignalanalyzershovsthatthedigital signalprocessinglgorithmsmaybe
implementedn softwareif sufficiently fastdigital signalprocessorareused. Requiredrange
of unambiguouwelocity measuremens attainedwith properchoiceof differentmodulation
periods by implementinganalgorithmdervedfrom ChineseRemaindelheorem.
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