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RECOGNITION OF PROPELLER-DRIVEN AIRCRAFT IN PASSIVE BISTATIC RADAR'

Abstract. Nowadays passive bistatic radars (PBR) allow for detection, determination of coordinates and tracking of
moving objects. In order to enable PBR integration into air traffic control systems, it is necessary to solve the problem of
recognizing airborne objects, in particular, propeller-driven aircraft (AC). This will increase the degree of aviation safety. To
solve the recognition problem, the analysis of propeller-driven aircraft echo signals, such as helicopter and propeller air-
plane, is performed. The informative features that can be used for recognition of propeller-driven aircraft in PBRs are de-
fined. The method for propeller-driven aircraft recognition is proposed, that is based on extraction of modulation compo-
nents originated from the rotational parts of the aircraft and estimation of their rotation parameters. The algorithm for echo
signal processing is developed, which makes it possible to apply the proposed recognition method for PBRs.

The experimental results of the processing algorithm are presented on the example of real signals reflected from the
Mi-8 helicopter and the Cessna 172 propeller aircraft. The experimental data are recorded by two different PBRs using
DVB-T2 digital terrestrial television signals standard for airspace illumination. The estimated rotation parameters of the
aircraft propeller blades correspond to the actual values. Such a correspondence allows not only to recognize the aircraft
group, but in some cases to identify its type.

Key words: radar recognition, passive bistatic radar, time-frequency analysis
For citation: Vorobev E. N., Veremyev V. |., Kholodnyak D. V. Recognition of Propeller-Driven Aircraft in Passive

Bistatic Radar. Journal of the Russian Universities. Radioelectronics. 2018, no. 6, pp. 83-90. doi:10.32603/1993-8985-
2018-21-6-75-82 (In Russian)

E. H. Bopo6ees, B. NI. Bepemoes, /. B. X0n00HAK
CaHkm-lemepbypackuli 2ocydapcmeeHHebil 31ekmpomexHu4eckull
yHusepcumem "JI3TU" um. B. U. YneaHosa (/leHUHa)

yn. lpogeccopa lMonoesa, 0. 5, CaHkm-lNemep6bype, 197376, Poccus

PACNO3HABAHWE BUHTOMOTOPHbIX NETATE/IbHbIX AMMAPATOB
B MACCUBHOW BUCTATUYECKOW PNIC

AHHOmayus. llaccusHsie bucmamuyeckue paduonokayuoHHele cmaHyuu (MbPJIC) 8 Hacmosiwee speMs No3eo-
IA10M ocyujecmensime 06HapydeHUe, onpedeseHUe KOOPOUHAM U ConpogoxcdeHue 08UMYWUXCS o6bekmos. Ans
obecneyeHus1 803MoxHOCMU uHmMezpayuu [BPJIC 8 cucmemsl ynpaeneHuUs 8030yWIHbIM O8udeHuUeM Heobxooumo
pewiums 300a4y pacnO3HABAHUS 8030YUWHbIX 06BEKMO8, 8 YACMHOCMU BUHMOMOMOPHLIX IeMame/ibHbIX annapamos
(JJA). 3mo no3gosum yeenuvumMs cmeneHs obecneveHuUs 6€30NaCHOCMU nosemoe asuayuu. Ans peweHusi 3moli 300a-
Yyu nposedeH AHA/AU3 3XOCU2HA/A08 OM BUHMOMOMOPHSIX JIA - makux, kak eepmosem u suHmosoli camonem. Coop-
MyAuposaHsl UHGOPMAMUBHbIE NPU3HAKU, KOmopsle Mo2ym 6biMb UCN0A6308aHbI NPU PACNO3HABAHUU 8UHMOMO-
mopHsix JIA e TTbPJIC. [MpednoxeH Memod pacno3Has8aHUs 8UHMOMOMOPHSLIX JIA, Komopelli OCHOBAH HA U38/AeYeHUU
MOOYAAYUOHHbIX COCMABASIOWUX IXOCUZHAAA, 00YC108/1EHHbIX 8PAWYAOUUMUCA YacmAamu d8u2amensHol ycmaHo8KU
JIA, U Ha oyeHKe napamempoe Ux 8pawjeHus. PaspabomaH anzopumm obpabomku 3X0CuzHaA08, no3eossawWul pea-
U3080Mb NPeOAoHEHHbIT Memod pacno3HaeaHus Ha npakmuke e [1bPJIC. [lpedcmaesneHsl 3KCnepuMeHmanbHele
pe3ynbmamsl pabomsi an120pUMMAa 06PABOMKU HA NPUMEPe PeasbHbIX CUZHA/08, OMpPaX(eHHbIX om gepmosema Mu-
8 u suHmMosozo camosema Cessna 172. IkcnepumeHmMasneHele OaHHbIE 3aNUCAHbI 08yMSs pasHeiMu TBPJIC, ucnone3y-
OWUMU CU2HAALI YUPPOBO20 3UPHO20 menesudeHUss cmaHdapma DVB-T2 e kayecmae paduo/noKayUOHHO20 Noo-
cgema 8030ywWHO20 npocmpaHcmea. OyeHeHHble napamempes 8pawjeHus aonacmeli BUHMO8 BUHMOMOMOPHebIX JIA
coomeemcmayrom Gakmu4eckumM 3Ha4eHUsAM. Takoe coomeemcmeue no380/sem He Mosbko pacno3Ha8amsb KAAcCc, HO
U 8 HeKomopeix cayqasx udeHmuuyuposames mun JIA.

! In preparing the publication, the authors used the results of the project "Development of Multi Station Complex of Semi Active Radiolocation and Radio
Monitoring of Radiating and Silent Objects" (Agreement of November 21, 2018. No. 075-11-2018-035) using government support measures in compli-
ance with RF Government Regulation of April 9, 2010. No. 218.
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Introduction. In recent decades, passive bistatic
radars (PBRs) have been actively developed and
have found wide range of applications [1]-[4]. The
PBR special feature is the use of third-party transmit-
ter signals as radar illumination. Nowadays PBRs are
used mainly for detecting, position determining and
tracking of moving objects. Moreover, they represent
the most advanced tool for modern security systems,
air traffic control and ship traffic control. However,
the problem of airborne object recognition by means
of PBR is still unsolved. Recognition should be un-
derstood to mean the solution of the problem of as-
signing detected object to a certain class, i.e., a group
of aircraft (AC) similar in their design features. Of
particular interest is the recognition of propeller-
driven aircraft of such classes as helicopter and pro-
peller aircraft, since they have similar informative
features (radar cross-section, speed and altitude).This
makes recognition of such AC more complicated.

Recognition of propeller-driven objects in conven-
tional active radars is based on the reflected signal struc-
tural feature analysis [5]-[7]. The signal reflected from
the objects of these classes has a complex structure,
which consists of a powerful signal component reflected
from the fuselage and weaker signal components caused
by rotating blades and hubs of the propellers [8]. In pulse
radars, recognition of propeller-driven aircraft requires
quite a long accumulation time and applying of recogni-
tion algorithms requiring high computation power [5].

In their turn, PBRs do not have such require-
ments that are typically applied to pulse radar signal
parameters as PBRs use continuous signal for object
illumination. Capabilities for helicopter detection and
recognition by means of PBRs using GPS, DVB-T
and FM signals as illumination ones have been ex-
tensively studied over the last years [9]-[11]. For
helicopter recognition, the same features are used
both in PBRs and in active radars. For successful and
actual recognition, the information on rotary parame-
ters for the main and tail rotors is required. However,
the modulation components of the helicopter echo
signal caused by tail rotor are weak or not at all no-
ticeable in experimental measurements. The use of
the main rotor parameters alone complicates the
recognition process.
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Problems arising from recognition of propeller-
driven AC in PBR are mainly related to the parame-
ters of third-party transmitter signals used as a radar
illumination. The use of digital signals of terrestrial
broadcasting appears more preferable than analog
ones, since their frequency band is wider (and there-
fore, the range resolution is better) and their charac-
teristics do not depend on the transmitted content
(which ensures the PBR characteristics stability).
Russia has a well-developed infrastructure with a
large coverage area of digital terrestrial television
(DTTV) of DVB-T2 standard. Signals of this stand-
ard are used as illumination for PBR developed in
Saint Petersburg Electrotechnical University "LETI"
and providing detection and tracking of moving ob-
jects, including helicopters and propeller-driven air-
crafts [4], [12].

Solution to a problem of propeller-driven AC
recognition will expand the PBR application area. The
ability to recognize weakly distinguishable propeller-
driven AC will make PBRs an effective tool for de-
tecting and signaling unauthorized flights. This will
allow, in particular, the integration of PBRs into the
air traffic control systems of civil airports and private
airfields for the purpose of flight operation safety.

Research objective. To solve a problem of pro-
peller-driven AC recognition in PBRs it is necessary to
carry out the helicopter and propeller-driven AC echo
signal structure analysis, to define their informative
features, develop an algorithm for processing echo
signals reflected from propeller-driven AC. The pro-
cessing algorithm efficiency is to be verified on ex-
perimental data obtained by means of PBR using
DVB-T2 DTTV signals as radar illumination.

Reflected signal structure. Signal reflected
from propeller-driven AC is unique from the point of
view of radar recognition due to specifics of the sec-
ondary radiation. It is caused by reflections from the
fuselage, rotor blades (main and tail for a helicopter)
and rotor head. The most useful for recognition is the
signal reflected from the rotating rotor blades, as in
the frequency domain there are quasi-symmetric
modulation components around the fuselage line.
Such a multi-component signal structure is called
micro-Doppler or micro-Doppler signature, i.e. mo-
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tion characteristic containing the law of modulation

of the Doppler frequency of an echo signal [13].
Micro-Doppler signature is represented as distribu-

tion in frequency and time domains. The typical struc-

ture of the amplitude spectrum for the signal A( /), re-

flected from propeller-driven objects is shown in Fig. 1,
a. The most powerful component corresponds to the
reflection from the fuselage, while the quasi-
symmetrical components around the fuselage line are
caused by the blades and rotor hubs rotation. The ap-
proaching tip of the rotor blade corresponds to the com-
ponent with the highest Doppler frequency, whereas the
component with the lowest Doppler frequency results
from the receding tip of the rotor blade.

The echo signal in the time domain consists of peri-
odic modulation components (characteristic peaks)
caused by rotating blades at a time when the blade is
perpendicular to the direction of illumination. As an
example, Fig.1, b demonstrates A(7) signal structure re-
flected from helicopter in the time domain. Characteristic
peaks with bigger repetition interval correspond to reflec-
tions from the main rotor blades, and with smaller repeti-
tion interval correspond to reflections from the tail rotor
blades of the helicopter. In turn, the echo signal of an
aircraft with one propeller in the time domain contains
one set of periodic components with the same period.

actual parameters, i.e. rotation frequency f, (or rotation
of blades Ny :
Ty =1/(f;Np)=T;/Ny. Thus, this ratio determines

the relationship of the echo signal features selected for
recognition and the actual parameters of the propellers.
As an example, we will provide calculation of the modu-
lation components desired repetition period for the Mi-8
helicopter main rotor, which consists of Ny, =5 blades

period 7,) and the number

and rotates with the frequency of f.=192 r.p.m. or
fr=3.2 Hz. The repetition period of modulation com-

ponents of the main rotor echo signal is to amount
T, =1/(3.2-5)=62.5 msec.

Processing algorithm. Fig. 2 provides block dia-
gram of the developed algorithm for propeller-driven
AC echo signal processing for the purpose of their
recognition. The algorithm allows estimating parame-
ters of the AC propeller rotation, determining the class
and in some cases the type of aircraft, i.e. performing
recognition. The input data for the algorithm are the
samples of the two-dimensional cross ambiguity func-

tion (CAF) |‘I’(l,d )|, which, when implemented in

PBRes, is calculated according to the expressions [14]

M-1 —i2nd—
J 4T
These features can be used as informative for recognition |‘P (1,d )| = Z 1, (De M. (1)
of propeller-driven AC. Repetition period of modulation m=0
components 7, strongly depends on the AC propeller
Input
(CAF)
Search for micro- ] Detection of modulation Periodicity . .
Doppler signature | iFFT [ components estimation | Classification
Helicopter/Propeller-
driven AC
Comparison L > T £AC
with database ypeo
Fig. 2
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N-1
1y (1) = ZS(mN+n)s:ef(mN+n—l), )
n=0

where [/ is sampled delay; d is sampled frequency
(Doppler) shift; M is the number of segments into
which the signal is decomposed when processed;

m=0,M —1 is the segment number; N is the number
of samples of the received signal in the processed

segment; n=0,N —1 is the sample number within

the segment; s is the received signal; s..¢ is com-

plex-conjugate reference signal ("*" is a symbol char-
acter for complex-conjugate).

When calculating the CAF, reconstructed refer-
ence copy of the transmitter signal, free of noise and
distortion, is used as a reference signal s.¢ . In addi-

tion, the received signal s first pass through adaptive
filtering stage designed to suppress the direct signal
and its powerful copies in the channel, arising due to
reflection from local objects and multipath propaga-
tion. Detailed description of all the signal processing
stages in PBRs is provided in [4].

Besides, the matrix X of the same dimension as
the CAF array, which contains units in those cells
where the targets are detected, arrives at the input of
the algorithm from the target detector. To detect tar-
gets in PBRs, two-dimensional cell-averaging con-
stant false alarm rate (Cell-Averaging CFAR, CA-
CFAR) adaptive algorithm is used [4], [15]:

a arn alj

ayy 4ayy ... dayj
X = I,

an apn aij

where i €1,2D +1 is a number of the line (D is a max-

imum frequency shift, the number of lines corresponds
to the number of frequency shift elements 2D +1);
J el,L is a number of column (the number of col-
umns corresponds to the number of delay elements L).
At the first algorithm step, on all the elements for
delay in the matrix X of detected targets, there per-
formed a search for the delay element /,p, in which

there is a micro-Doppler signature (LD comes from the

English micro-Doppler), caused by the AC rotating
parts. As a criterion for making a decision on micro-
Doppler signature detection in the delay under investi-
gation, the parameter ¢ (the number of detections in one
delay element) is used, which is set in relation to inter-
ference environment. If the number of detections
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(amount of units in X matrix) in one of the delay ele-
ments exceeds the parameter ¢ value, for further pro-
cessing the CAF cross sections is selected in this delay:

2D+1
luD =7 Z 4 >c,
i=1
where "|" is a symbol of condition.
For each CAF cross section, i.e. for each value of
the delay /, the expression (1) represents the discrete

H|Vl

Fourier transformation of the vector

[ro D, n(D,....ny (l)] and is calculated by means

of discrete fast Fourier transformation (DFFT) [14].
The result of DFFT of signal convolution (2) is their
cross spectrum [16]. Thus, the CAF cross section is a
vector of values W = ‘P(ZHD,d )of the received and

reference signal cross spectrum. Applying the inverse
fast Fourier transformation (IFFT) to the CAF cross
section at the next step of the algorithm, we obtain the
received and reference signal cross correlation vector

b with the length of 2D +11in the selected delay /,p :
b=Fp' [W],

where Fp! is IFFT.

The obtained vector of cross correlation values
can serve as an estimate of the propeller-driven AC
echo signal and can be used to detect modulation
components and estimate their periodicity. The de-
tection of modulation components caused by blade
rotation is performed using CA-CFAR one-
dimensional adaptive detection algorithm the output
of which is vector b’,containing b vector element
numbers in which the detection of modulation com-
ponents occurred.

At the next step, the modulation component repe-
tition periods are evaluated. Instant vector is formed

¢ = i
YAr@2D+1)’

where i €1,2D +1 is frequency shift element number;
Af is frequency step when calculating CAF.

Elements that correspond to the b' vector values are
selected from thet vector and a vector of instants of
modulation components p is formed. Next, we solve the
problem of separating the detected modulation compo-
nents into groups of periodicities with respect to repeti-
tion factor within the given confidence error according to
the following system of hypotheses:

Hy :mod[p(k),p(k")]> At;



Hy :mod[p(k),p(k")]< At

where H( hypothesis specifies that the investigated
modulation components are not periodic; H; speci-

fies that modulation components are periodic with
the period of T;; k, k' are the p vector investigated

element numbers; A¢ is the confidence error.

If the repetition periods of all the modulation com-
ponents are similar, then the decision is made to detect
one-propeller or two-propeller object with the same rota-
tion period. Such object can be classified as "propeller-
driven airplane" or single-propeller "helicopter”. If the
two groups of modulation components with different
repetition period are observed, then the decision is made
to detect the "helicopter" class object. In this case, the
modulation components with longer repetition period are
caused by reflections from the main rotor blades, and the
modulation components with shorter period are caused
by reflections from the helicopter rotor blades. The ob-
tained estimates of the modulation component repetition
periods can be used to further identify the AC type by
comparing these values with the developed database.

Experimental investigation. Experimental cam-
paign was performed by means of PBR developed in the
Saint Petersburg State Electrotechnical University
"LETI" [12]. The signal reflected from the Mi-8 helicop-
ter was recorded by PBR located in the city on the roof of
the building of the St. Petersburg Electrotechnical Uni-
versity "LETI". The signal of the first multiplex of the
Leningrad Radio and Television Transmitting Center
(LRTTC) on the 35th channel of the DVB-T2 standard
(586 MHz) is used for radar illumination. The distance
between the receiver and the DVB-T2 transmitter is
600 m, and the transmitter is allocated at the height of
about 300 m. The helicopter was in the PBR observation
sector at the distance of 2.5...3 km from the receiver

position. Cross-ambiguity function in the "delay (ty, )-
Doppler frequency (/)" coordinates calculated during

the recorded signal processing, is shown in Fig, 3.
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Fuselage

Fig. 4

The helicopter signature is clearly visible and can
be extracted from the CAF. In the micro-Doppler signa-
ture of the helicopter, it is possible to distinguish the
component of the signal reflected from the fuselage,
and the Doppler spectrum expansion caused by the
rotation of the main rotor and tail rotor blades (Fig. 4).

Fig. 5 shows the helicopter echo signal in time
domain after Micro-Doppler signature conversion
using IFFT. Modulation components with long repeti-
tion period of 62.44 msec are caused by reflections
from the main rotor blades (triangular markers). The
modulation components with shorter repetition period
of 17.48 msec are caused by reflections from the heli-
copter tail rotor blades (square markers). The obtained
estimates of repetition periods can be used for the
helicopter classification by comparing with the typical
parameters of the helicopters from the database. The
derived values correlate with the theoretical repetition
periods of the modulation components for the Mi-8
helicopter, which amount to 62.5 msec for reflections
from the main rotor blades and 17.5 msec for the tail
rotor blades.

The Cessna 172 airplane echo signal was recorded
by experimental PBR located at the distance of 49.2 km
from the transmitter. The signal of the second multiplex
of the LRTTC on the 45th channel of the DVB-T2
standard (666 MHz) is used for radar illumination.
The Cessna 172 airplane was located in the PBR ob-
serving sector at the height of 300 m at the distance of
about 3.5 km from the receiver.

b
0.8
0.6
0.4

0.2—

100 ¢, msec
Fig. 5
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The calculated CAF with micro Doppler signature
of propeller-driven aircraft is given in Fig.6. The CAF
values around the zero Doppler frequency were nor-
malized for better visualization of the signature caused
by the rotation of the airplane propeller blades.

The derived micro Doppler signature of the
Cessna 172 airplane is provided in Fig. 7. It consists
of the powerful reflection from the fuselage and the
weaker components around the fuselage line, corre-

0.4

0.2

0 50 100
Fig. 8

¢, msec

sponding to the illumination signal reflection from
the aircraft rotating propeller blades.

In the time domain in Fig.8 the Cessna 172 echo sig-
nal is shown, received after IFFT was applied to the
micro Doppler signature. Only one group of periodic
components with the same repetition period (square
markers) was found. The derived value of the peak repe-
tition period makes 13.3 msec, which strictly corresponds
to the real value of the Cessna 172 three-blade propeller
rotation period in its cruising flight ( /, =1500 r.p.m.).

Conclusion. The proposed echo processing algo-
rithm can be used for recognition of propeller-driven AC
in PBR using third-party transmitters for radar illumina-
tion. The experimental results have demonstrated the
algorithm performance efficiency. However, to evaluate
the efficiency and probabilistic characteristics, as well as
to adjust the proposed algorithm for processing echo
signals reflected from AC with different propeller con-
figurations, at various bistatic angles and aspect angles of
AC, a large number of additional field or simulation
experimental investigations are required.
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