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ALGORITHM OF SIGNAL PROCESSING IN THE RADAR SYSTEM WITH CONTINUOUS
FREQUENCY MODULATED RADIATION FOR DETECTION OF SMALL-SIZED AERIAL
OBJECTS, ESTIMATION OF THEIR RANGE AND VELOCITY

Abstract. Nowadays the interest in search of ways of improving the efficiency of small radar cross-section aerial objects
detection and localization rises against the background of widespread use of light and unmanned aerial vehicles. As a result,
researchers pay attention to radar systems (RS) with continuous linear frequency modulation (linear FM) signal. The use of
such signals gives the measurable opportunity to reduce radar system peak-speech power and to cut the cost and weight-
size parameters of the RS. The paper observes low-power ground based radar implementation prospects for purposes of
detection and estimation of motion rates of small-sized aerial objects. The proposed algorithm of radar signals processing
enables to simplify the detection of such tar-gets. The paper reveals the structure and defines the steps of the algorithm. The
fundamental for the algorithm under consideration is the method of the range-Doppler image composition of the scanned
area using digital signal processing. The paper presents the results of the algorithm operation in the low-power RS of C-band
radar, obtained by processing of quadrotor echo-signals during the real experiment. The results show successful solvation of
the applied problem of detection and tracking on the small-sized aerial object with the radar cross-section equal to less than
0.5 m? and the spectrum of secondary radiation characterized by the expressed multimodality. The results of the experiment
validate the application of the algorithm and demonstrate the possibility of the algorithm implementation in design of port-
able RS and automated target acquisition centers for detecting and tracking of the small-sized aerial targets (both, single as
multi agent) with the information display on operator control panel.
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ANrOPUTM OBPABOTKN CUTHANOB B PAANOIOKALMOHHON CUCTEME
C HENPEPbIBHbIM YHACTOTHO-MOAY/IMPOBAHHbLIM U3TYHYEHUEM

B MHTEPECAX OBHAPY)XXEHA MAZTOSAMETHbBLIX BO34AYLUHbIX OBBbEKTOB,
OLEHKN X AANTBHOCTU N CKOPOCTU ABVDKEHWUA

AHHOmMayusA. Ha PoHe noscemMecmHoO20 UCNO/ML30BAHUA 6ECNUAOMHbIX 1eMamesbHbIX annapamos U /e2KoMo-
mopHol asuayuu pacmem uHmMepec K NOUCKy nymel nosbileHus 3$pekmusHOCMU A0KAAU3AYUUU U onpedeneHus
napamempos 08uxeHUA 8030yWHbIX 06beKkmoes ¢ Maaol 3ppekmueHOU naowjadsro paccesHUs. B ces3u ¢ samum 30Ko-
HOMepHO 8HUMAHUE K paduonoKayuoHHeIM cucmemam (PJIC) ¢ HenpepblI8HbIM AUHEUHO-4aCMOMHO-MOOYAUPOBAHHbIM
(JIYM) u3nyqeHueM. MIcnosb308aHUE MAKUX 30HOUPYHOUUX CUZHGA08 N0380/5iem 3HQYUME/bHO CHU3UMb NUKOBYH
MoujHocms PJIC U yMeHbWUMb ee Macco2abapumHsle U CMOUMOCMHbIe xapakmepucmuku. Cmames nocesueHa uc-
1e008GHUK nepcnekmuesl npumMeHeHUs MaaoMowHol HasemHol PJIC ¢ HenpepoigHbIM JIYM-cuzHaiOM 8 UHMepecax
06HapyX*ceHUs, 0 MaKXce onpedeneHuss KOOPOUHAM U NapaMempo8 08UXCEHUS MA03aMeMHbIX 8030YUWHbIX 06bEeKMoe.
MpednoxeH anzopumm 06pabOMKU PACUOIOKAYUOHHbIX CUZHAA08, N0380/AAWUL ynpocmume npoyedypy 06Hapy-
JHCeHUsA MAaKUX yenel, packpblma cmpykmypa u npusedeHo onucaHue 3manos aa20pumma. B ocHoge paccmampusae-
MO020 Q/120pUMMA /IEXCUM MemoouKka $opMUPOBAHUS 0aAbHOCMHO-00N1ePOBCKO20 Nopmpema 30HsI 0630pa C UC-
nosae3oeaHuem yupposoli obpabomku cueHana. lpusedeHsl pe3yabmamel NPUMEHeHUs aA20pUMMa 8 ManoMOWHoU
PJIC C-Ouana3oHa, nosy4yeHHsle npu 0bpabomke 3X0CU2HAN08 K8AOpOoKonmepa, 3ape2ucmpuposaHHsLIX 8 Xo0e Hamyp-
HO20 3KchepumMeHma. [ToKa3aHo ychewHoe peweHue npakmu4veckol 300a4U 06HAPYHEHUS U CONPOBONOeHUS Maso-
pazMepHo20 8030yWHO20 06bekma ¢ IppekmusHol naoujadsio paccesHus 0o 0.5 M?, cnekmp mopuYHO20 U3/yYeHUs
KOmopoz20 Xxapakmepu3yemcs 8blpaxeHHolU MH020M00aA16HOCMbK. Pe3yssmamesl 3KchepuMeHma nhodmeepounu
NpaKmMu4eckyro 3Ha4UMOCMb NPedaazaemo20o aA20pUMMa U 803MOXHOCMb €20 peaau3ayuu npu co30aHUU MoBUbL-
HbIX NepeHOCHbIX PaduoAOKAYUOHHbIX KOMNAEKCO8 U NOCMO8 a8momMamu4yecko20 0bHOPY#EeHUA U CONPOBONOeHUS
Ma103aMemHbIX 0OUHOYHBbIX U 2pynnoseix yeaeli ¢ ebidavell UHPOpMaAYUU Ha nybm onepamopa.

KnioueBble C/10Ba: pajuosoKaLMoHHas cicTemMa, 06paboTka CUrHaIoB, MasiopasMepHast BO3AyLUHas Liesb,
3XOCUrHaN, JanbHOCTHO-AOMIEPOBCKMA NOpPTPeT

Ana yutmnposaHma: KynpawkmH U. @., Cokonunk H. B. Anroputm 06paboTkn CUrHanoB B pagnonoKaunoHHOM
cucTemMe C HernpepblBHbIM YaCTOTHO-MOAY/IMPOBaHHbBIM N3y4YeHVeM B MHTepecax 0bHapyXeHs
Masio3aMeTHbIX BO3AYLUHbIX 06 bEKTOB, OLeHKMN NX AaNbHOCTU N CKOPOCTU ABUXeHWs // 13B. By30B Poccuu.
PagnoanektpoHumka. 2019. T. 22, Ne 1. C. 48-55. doi: 10.32603/1993-8985-2019-22-1-39-47

Introduction. Detection of small-sized aerial ob-
jects (light-engine aircrafts, helicopters and drones) is
one of the most important tasks of modern radioelec-
tronic surveillance systems [1]. The significant growth
in manufacturing of small-sized aerial vehicles and the
increase in the degree of threats caused by their
widespread determine the relevance of the problem.
At the same time, selection and determination of such
targets motion rates against the background of clutter
is a challenging task [2].

Recently, researchers pay significant interest to the
radar systems (RS) with continuous linear-frequency-
modulated probing signal [2]-[5], since the use of this
signal gives the opportunity to reduce the peak power of
RS radiation, and, as a result, to decrease the energy
consumption and improve the mass-dimensional and
cost characteristics of the system.

Researchers usually characterize small-sized aeri-
al objects by radar cross-section of the order of
0.001...0.1 m? [6]-[8]. This characteristic in case of
the continuous relatively low radar power
(0.01...1 W) leads to the requirement to increase the

echo-signal coherent integration time in order to pro-
vide the quality of the target detection. However, the
echo-signals of such objects, as for instance multi
copters, are characterized by Doppler frequency
spectrum multimodality [6], [7]. This fact signifi-
cantly complicates the target velocity determination
using traditional approaches applied in pulse-
Doppler radars.

Consequently, the purpose of the paper is to cre-
ate signal processing algorithm for the continuous
radiation radar, providing an effective filtering of
echo-signals of small-sized aerial objects on the
background of clutter and ambient noise.

Description of the algorithm. Continuous wave
RS block diagram (Fig. 1) includes the transmitting
unit (TU), the receiving unit (RU), the mixing unit

s(2)
B— RU P MU 3 LPF —® ADS B DPS
sty ()
b i TU

Fig. 1. Block Diagram of a Radar System with Continuous
Linear FM-Signal
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(MU), the low-pass filter (LPF), analog-to-digit con-
verter (ADC) and digital signal processing system
(DPS). Continuous wave radar system using the pro-
posed algorithm of processing of the received signals
includes the following main steps:

— formation and radiation of the probing signal,;

— echo reception and demodulation of the prob-
ing signal;

— conversion of the received signal into digital form;

— discrete Fourier transformation (DFT) of the
signal samples recorded during the given coherent
accumulation time interval (formation of the set of
complex long-range portraits of the viewing area);

— clutter filtering;

— selection of target echo targets in the range-
Doppler image using the adaptive detector of local inho-
mogeneity;

— inter-period average signal amplitudes in individu-
al range channels.

Below the steps of the signal processing algo-
rithm on the example of the isotropic point reflector
are considered.

Formation and emission of the probing signal.
The signal generated by the RS transmitter with con-
tinuous radiation and emitted during a separate sens-
ing period T can be described by the following corre-
spondence

sty (1) = 4 cos[2nf0t +(b/2)t2 + \I’Ol tel0; T,
where 4, — is the probing signal amplitude; f; —is
the initial frequency; b=2nAf; /T — is the speed of
the frequency change; Af; — is the signal bandwidth;
y( —is the initial phase.

Receiving and demodulation of the echo-signal.
The received echo-signal is multiplied with the refer-
ence one in MU (Fig. 1), and then, as a result of LPF
filtering, the differential frequency signal is generated.

The equation below identifies the LPF cutoff fre-
quency

Jeut = Rimax /Cr )
where Ry, — is the restriction on the far edge of the
RS area; C, =cT/(24f;) — is the coefficient of con-

version values of the distance to the target in the corre-
sponding values of the difference frequency; ¢ — is the
speed of light.

The LPF output signal is defined as follows:

s(#) = 4y cos [2nfot(t) +bt(t)t -
—(b/2)r2(z)+\|;0}, tel0; T,
where t(#) =2R(t)/c —time delay; R(¢) — is the law

of change distance between the radar and the target.
50

In the most practical cases, it is able to neglect
the change in echo delay time during the modulation
period. Then demodulated echo-signal is described
on the n-th probing by the simplified expression:

s, (8) = Ay cos (2nf gt + v, ), (1)
te[0; 7], n=1, N/,

where fy, =bt,/(2n) — is the demodulated return

difference  frequency of the  echo-signal;
v, =27fyT, + Wo— is the initial phase, t,, =2RnT/c —
the return time delay at the beginning of the n-th prob-
ing; Ny =Ty /T (Tp — coherent integration time).

The conversion of the obtained signal into digital
form. The sampling frequency of the demodulated re-
turn signal with its analog-to-digital conversion is cho-

sen  according to the classical relation
[6] Faps =2 fcut- After sampling and memorizing in
DSP memory (Fig. 1) the demodulated signal contrib-
utes a two-dimensional array of readouts of the form

S :{Si,n}§ Sion =Sn (ti)’ (2)

i=0, Ne—1,n=0, N, -1,

where #; =iAt =i/Fapg; N, =FapsT-

Formation of complex set of range images of the
scanned area. The following equation forms the 2D
range image by the following equation:

S, =F{S; K.}, (3)
where F {-} — is DFT operator implemented with the

frequency interpolation coefficient K, over all
Ny columns of the two-dimensional discretized echo-
signal readings S (2), registered during the coherent
integration time 7j.

The ratio below describes the spectrum of the echo-

signal (1) received in the separate probing period

. A0T|sin[nT(fdn—f)}|

S, = X
Dt G|
xexp{ j[ 7T (fan = )]+ Vn}- )

The equation determines the spectrum of the echo-
signal radar range images in the following form:

_ g7 [sin[nT (fan = S]]
k2| AT (fan— fk) |
Xexp{j[ﬂT(fdn - Jk )]+\|/n}»
where f; =kdfy =k/(K,T), and 8y =1/(K,T) —

spacing of the difference frequency changing on the
radar range image.

s
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Formation of the range-Doppler image of the
scanned area. It follows from (4) that the position of
the maximum of the spectrum corresponds to the
difference frequency of the demodulated signal, with
the harmonic phase at this frequency being deter-
mined by the time delay of the echo-signal at the n-th
sounding. Then, the average value of the Doppler
frequency change over the observation interval is
determined by the ratio of the phase increment to the
signal modulation period:

Jon = (Wn —Wn-1 )/(2ﬂT).

Range-Doppler scanned area image is derived by
performing

Sp=F{S$;: Ky}, (5)
where F_{-} — is the DFT operator performed with the
frequency interpolation coefficient K fl over all N, lines
of the two-dimensional array of distance image readouts

S'r (3) registered during the coherent integration time.

Based on the estimation of the echo-signal of two-
dimensional spectrum envelope peak position (i.e.
determining of the number of its row & and m column
of the range-Doppler image) it is possible to proceed
to the estimation of the target distance and velocity

}%:Cr(fdk_fDm); ‘}r:_fDmC/(sz)ﬂ (6)
where  fp,, :(m—Kfo/2)6fD — is the Doppler

shift of the
Ofp = 1/ (K fTO) — Doppler frequency step value on

frequency target return, and

the range-Doppler image.

Clutter filtering. Before the implementation of the
frequency peaks search procedure (finding £ and m in-
dexes) the spectral components located in the area of
Doppler frequency shifts zero values should be rejected
to avoid detection and estimation of parameters of the
echo-signal of stationary reflectors.

Works [9], [10] note that the spectral power den-
sity envelope of passive clutters accurately approxi-
mates by the exponential model:

1)~ exp(ﬁ'f 'J,

where o, =20, /A, and o, — is the mean square

value of the passive reflectors velocity (from
0.12 m/s in case of light wind to 0.37 m/s in case of
storm); A =c/ fy.

! Frequency interpolation coefficients K, and K  determine the

number of digital readouts per spectral component. The values
range from 1..8 are determined by the performance of the DSP
device and the required detailing of the range-Doppler image.

M3Bectua By3oB Poccun. PagroanektpoHuka. 2019. T. 22, Ne 1

Taking into account estimation (6) clutters can be
rejected by alternately multiplying the array S r el

ements (5) with readouts vector U. U elements can
be defined as

Selection of echo-signal marks on the range-
Doppler image. The frequency peaks adaptive detec-
tion can be carried out using a Constant False Alarm
Rate (CFAR) detector [11]-{13]. CFAR operates (in
general terms) to analyze the readouts localized within
a rectangular moving area (Fig. 2).

Fig. 2, 3 show the detection of threshold determi-
nation based on readouts of density distribution esti-
mation in background reflection zone. In case of suffi-
cient statistic value determined by the readouts of the
tested zone (Fig. 2, /) exceeds the threshold value, the
algorithm takes the decision to detect the target.

The expected range of air vehicles velocity de-
termines the test zone dimensions. The algorithm
determines the minimum length at the range as

n. =(1.3...1.5) ARy /(C,8fy),
and at the Doppler shift as
np =(1.3...1.5)(2/0Avinax ) /(c¥/D )

where AR, =VmaxIp — i the change of the dis-
tance between the radar and the object moving with
the maximum velocity vy, during the coherent
integration time Tj; Avp,, — is the maximum change
of the object radial velocity (the object is moving at
the maximum velocity vy, at the same coherent

integration time).

©)
)

Fig. 2. CFAR Algorithm Operating Space

The size of the critical zone is selected (Fig. 2, 2)
to exclude the influence of target marks on the result
of the parameters estimation of readouts density dis-
tribution in the zone of background reflections [13].
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Signal amplitudes period averaging in separate
range channels. The main feature of the range-
Doppler image of small-sized aerial objects (mainly
multicopters) is Doppler frequency spectrum multi-
modality [6], [7]. As a result, the precise target veloci-
ty determination is difficult due to significant ambigui-
ty of Doppler frequency shift of the target echo-signal.

In this situation, it is rational to use CFAR-detector
not for the precise target mark locating, but to suppress
range-Doppler image areas, in which the signal level
did not exceed the threshold one. Further incoherent
summation of the columns (which envelope range-
Doppler images in separate channels), allows forming the
averaged one-dimensional scanned zone range portrait:

i Jﬁ:‘ < . ' : # :
Fig. 3. Appearance of the Quadrotor Used In the Experiment

Fig 4. Apearance of the Radar Used in the Quadrotor
Detecting Experiment
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Fig. 5. Range-Doppler Image of Scanned Area before Clutter Rejecting

52

o1 ‘
Npky oy en?

where S 1= {5‘ fi m} — is the range-Doppler image of

scanning zone of the readouts after implementation of
suppression procedures of clutter and background noise.

Results of the experiment. Researchers from
N. E. Zhukovsky and Y. A. Gagarin Air Force Acad-
emy together with the researchers from the Research
institute of telecommunication technologies (Smo-
lensk) carried out the described processing algorithm
in the experiment (Fig. 3) to detect the quadrotor
(Fig. 3). The Table shows the radar parameters.

Fig. 5 presents the example of the range-Doppler
image of radar scanning zone. The bright vertical
stripe is caused by the clutter. Fig. 6 shows the range
profile correspondent to this portrait averaged over
the observation interval 7y = 0.24 s.

Fig. 7 shows the range-Doppler image of the
observation sector after the rejection of clutters (the result

Radar basic specifications

Parameter Specifications
Wavelength, cm 347
i, (C-band)
Radiated signal power, W 1
Signal spectrum width, MHz 475
Modulation period 7, us 1200
Maximum range, km 4
Weight, kg 4
Polarization HH, VV, VH, HV
150 fp, Hz 0 05 1.0 15 205,V
200

240

280

320

360

Fig. 6. Averaged Range Image
before Clutter Rejecting
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Fig. 7. Range-Doppler Image of Scanned Area after Clutter Rejecting

of filtering at &, =0.2 m/ s), Fig. 8 shows the corre-

spondent to this image range profile averaging during the
Ty =0.24 s interval.

All range-Doppler images of the radar field of
view (Fig. 5 and 7) have a horizontal band of varying
intensity at a fixed range, generated by the Doppler
components of the echoes of the quadrocopter rotat-
ing screws. The presence of such a mark can be con-
sidered as an informative sign of as a multikopter.

Further processing of the averaged range image can
include target range detection and evaluation. Determi-
nation of velocity in this case bases on the estimation of
target range mark shift in time between nearby intervals
of coherent integration, i.e. with the traditional methods
of radar signals secondary processing [14], [15]. The
disadvantage of the approach is the inability to resolve
same range targets by their Doppler shifts. However, if
to consider that frequency band in modern radars with
the continuous radiation is equal to hundreds of mega-
hertz, i.e. that inclined range resolution is about a meter
or better, this situation can be considered improbable or
of a very short time.

Conclusion. Thus, in order to reduce the radia-
tion power and, as a result, to increase the mobility,
energy efficiency and secrecy of the ground-based
radar, it is proposed to use continuous linear-

M3Bectua By3oB Poccun. PagroanektpoHuka. 2019. T. 22, Ne 1
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Fig. 8. Averaged Range Image after Clutter
Rejecting and Quadrotor Discrimination

frequency-modulated signals. The paper describes in
detail the algorithm for processing of such signals,
based on creating of the set of complex range images
of the radar field on the interval of coherent accumu-
lation of information with the further formation on
this basis of the range-Doppler image of the observed
sector of space. The subsequent rejection of the sta-
ble spectral components of the passive reflectors and
selection of the target echo spectrum using the CFAR
algorithm form the basis for the formation of the av-
eraged range portrait of the radar area with the
unique selection of the real targets on it.

During the field experiment using C-band radar
with the average radiation power equal to 1 W, it was
achieved the accuracy of determining the oblique range
of the observed complex target with multimodal sec-
ondary radiation (quadrotor) up to 1 m, the radial veloc-
ity up to 1 m/s, and the possibility to determine the type
of target was discerned.

The conducted field experiment showed the pos-
sibility of practical implementation of the described
algorithm for processing linear-
frequency-modulated signals in order to effectively
detect and determine the motion parameters of small-
sized low-altitude aerial objects characterized by low
radar visibility.

continuous
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