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Detection of Moving Targets by Passive Radar Using FM Signals on Moving Platforms

Kadir ILERI*, Necmi Serkan TEZEL

Abstract: In this study, using FM radio signals for transmitters of opportunity, detection of moving targets by passive radar on moving platforms is investigated. Ground
reflectivity is modelled as discrete patch approximation with uniform distribution in phase and Rayleigh distribution in amplitude. The target echo is modelled as Doppler
shifted and delayed form of the transmit signal based on the target's angular position, range, and velocity. The clutter echoes, received by surveillance antennas, are also
modelled by the superposition of Doppler shifted and delayed form of the transmit signal. Displaced Phase Center Array (DPCA) method is used for clutter rejection and
moving target detection. Both matched filter and reciprocal filter are used in the pulse compression stage. The performance of the proposed method is evaluated by using
an improvement factor (IF). DPCA with reciprocal filter outperforms DPCA with matched filter with the improvement value of 5,1 dB due to the reciprocal filter producing time-

invariant impulse responses.
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1 INTRODUCTION

Recently, the interest in passive radars also known as
passive coherent location for surveillance purposes has
increased considerably [1-8].

Target detection and localization perform with various
benefits such as operating covertly, low-cost hardware
setup, reduced electromagnetic pollution, and low
vulnerability to electronic countermeasure due to the lack
of dedicated transmitter in passive radar systems. On the
other hand, the lack of the transmitter in the passive radar
systems brings drawbacks such as not having control over
the transmitted signal and complicated signal processing.
Countless transmitters can be used as transmitters of
opportunity for radio navigation, remote sensing
applications, and telecommunications [3, 9-13]. Each
transmitter has its own advantages such as being non-
commercial, long-range coverage area, and high range
resolution. The range resolution of GSM transmitter is low
due to narrow band frequency [13]. On the other hand, the
range resolution of DVB-T transmitter is high due to wide
band frequency [3]. For long-range surveillance
applications, the broadcast transmitters are the most
attractive choices because of their high transmit powers. In
particular, FM radio transmitters which are noncooperative
and commercial stations, are the most prevalent signals for
passive radar systems due to their fine trade-off between
entire system development cost and performance [12]. The
FM radio transmitter has long-range coverage area thanks
to high transmit power. On the contrary, its range
resolution is low. Many researches have been conducted
for using different analogue signals such as UHF television
and HF radio broadcasts for a transmitter of opportunity in
passive radar applications [14-16].

Most of the passive radar systems are ground-based
and stationary. Recently, passive radar systems are
installed on moving platforms. In 2007, the practicability
of applying passive radar to a mobile platform
configuration was demonstrated with an experiment
performed by using a ground vehicle [17]. In this
experiment, aircraft has been successfully detected by
surveillance antennas mounted on a vehicle. In the second
experiment, the passive radar system mounted on an
airborne platform has been tested for the first time in 2008

[18]. Since the signal of the target aircraft located in the
exo-clutter region due to its high velocity, detection of
moving aircrafts by ground based passive radar is based on
only temporal processing. However, because of motion
induced clutter spread, airborne ground moving target
indication (GMTI) is based on spatial and temporal
processing and exploiting the angle-Doppler relationship
of clutter to reduce clutter power.

The studies on airborne passive GMTI are still at a
research phase. Due to waveform instability in passive
radar systems, clutter analysis, suppression, and detection
performance are different from active radars and have to be
investigated. In the literature, a series of airborne passive
GMTI related papers are from University College London
[19, 20], Research Centre of the French Air Force [21, 22],
and Warsaw University of Technology [23, 24].

The main difference between active radar and passive
radar is that passive radar uses existing signals in an
environment for the transmitter of opportunity. The source
of these signals comes from mainly civilian applications
such as GSM, GPS, Wi-Fi, or radio broadcasting, and they
are not proper for radar application because of waveform
instability. In radar applications, a signal ambiguity
function is required to stable for clutter cancellation.

To deal with waveform instability, the reciprocal
filtering in passive radar has been proposed to control the
sidelobes level and to mitigate the undesired properties
obtained in the signal ambiguity function (AF), especially
for OFDM signals [25-29]. Recently, performances of
passive GMTI on moving platforms with matched filtered
DPCA for different FM waveforms and clutter modelled
by discrete patch approximation are investigated [30].
Similarly, the GMTI problem for passive radar on mobile
platforms which is using digital video broadcast-terrestrial
(DVB-T) signals for transmitter of opportunity is
investigated by a processing scheme based on the cascade
of the reciprocal filtering (RF) stage and the DPCA in [31].

In this study, GMTI performance of both matched
filtered and reciprocal filtered based DPCA passive radar
on moving platforms, which uses frequency modulated
(FM) radio signal for the transmitter of opportunity, is
investigated. Clutter is modelled by discrete patch
approximation. For matched filtered DPCA, it is observed
that some decrease and instability exist in performance due
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to waveform instability. But this drawback can be removed
by using the reciprocal filter instead of matched filter in the
pulse compression stage, since the shape of compressed
pulse obtained by the reciprocal filter is the same from
batch to batch that results in perfect removal of clutter. The
reciprocal filter outperforms matched filter due to the
reciprocal filter producing time-invariant impulse
responses in the pulse compression stage for the clutter
removal with the DPCA. Besides, blind velocities, which
are some particular velocities of targets which cannot be
detected by the passive radar system, are analysed.

2 SIGNAL, CLUTTER, MODEL, AND DPCA PROCESSING
2.1 Reference Scenario

Let's assume that a passive radar system installed on a
moving platform, which has two surveillance channels (4o,
Ar) with spatial separation d and one reference channel
(4r), uses an FM radio signal as a transmitter of
opportunity (7x). The platform moves with constant
velocity (v,) at the constant altitude (Hp) along the y-axis
(see Fig. 1). The intercepted transmit signal by a reference
channel is given by s(¢) in the baseband. s(¢) is called a
reference signal which is assumed to be multipath free. The
Doppler shift induced by platform motion can be
suppressed by means of the cancellation stage [32].

Clutter
Ao patches

Figure 1 System geometry

The region of interest on the ground is illuminated by
an FM radio transmitter. This region contains scatterer and
may contain moving targets. Since we are interested in the
GMTI mode of radar, detection of moving targets is our
interest. Transmitted signal scattered from the ground and
intercepted by surveillance channels, this signal, which is
out of our interest, is called as clutter c(, n) for n =0,1.

For the clutter model, by using discrete patch
approximation, the clutter is the result of scattering from
many scatterers on the ground which is illuminated by a
surveillance antenna beam. The amplitudes of these
scatterers are assumed to be complex Gaussian distributed.
It is also assumed that clutter is stationary or does not have
any internal clutter motion (ICM).

2.2 Signal Model

The clutter can be given by:

Na Ny i 2n cos( Gy, )\ vpt+na
c(t,n) = ZZAmks(t—Rk /¢cy)e ( g ) ()t

m=lk=1

M

where n = 0,1 is surveillance channel index and channel
index decreases along platform velocity direction, N, and
N, are number of scatterers along with angular and range

mn
M

location of scatterers, this angle is defined as between
platform velocity and direction from platform to the m-th
scatterer, ARy is the k-th bistatic range, v, is the velocity of
aircraft, A is the wavelength, ¢y is the velocity of light and
A 1s complex amplitude of scatterer located at m-th
angular and 4-th bistatic range location.

Target signal can be written as:

directions respectively, 6, =( j—% is m-th angular

2n
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s(t,n)= Ats(t ——’je ( A j e/2Wd! )
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where A4, is the amplitude of the signal, which is governed

by the radar range equation,d,is the angle between

platform velocity and direction from platform to target, R,
and f; are bistatic range and bistatic Doppler of the target,
respectively.

Bistatic Doppler f;can be written as:

Yp

f4 =——cos, +—§t'(ﬁtT +ﬁtR)
ﬂv t
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where V,is target velocity vector, u,,and i, are unit

vectors from target to transmitter and from target to
receiver, respectively. The received signal can be written
as:

r=s+c+n, “)

where n,, is statistical independent identical distributed
additive complex Gaussian white noise whose power is

E [|nw|2} =02, The received signal is discretized by an

analog-digital converter (ADC) as:
rd(l,n):r(lTS,n) &)

where 7 is the sampling period of the ADC and this signal
is segmented as:

u(l,m,n)=rd(l+(m-1)L,n) (6)

where /, 1</<2L is range samples also called as fast
time samples, m,0<m <M —1 is segment number also
called as slow time samples or batch number. This
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segmented signal is passed through the pulse compressing
stage as:

x(l,m,n)=2u(l—b,m,n)hm (b) (7

where A, (1),0 </ < L1 pulse compressing filter for each

segment of the signal, /,, (l ) is usually chosen as a matched

filter to maximize signal to noise ratio as:
m" (1) =ref, (L-1-1) (8)

or,h, (I)is chosen as a reciprocal filter to avoid

fluctuations of the compressed pulse from batch to batch as
[32]:

he" (1) = IDFT(1/ (DFT (ref,, (1)) ©9)

where ref,, (l ) is sampled and segmented version of the

reference signal received by reference antenna as:
ref,, (1)=s(IT,+mLT,), 0<I<L-1,0<m<M—-1 (10)

DFT and IDFT are discrete Fourier transform and
inverse discrete Fourier transform, respectively. In Eq. (9),
DFT and IDFT are performed over /.

The reference signal has Doppler shift because of
platform motion and may have multipath signal. The
Doppler shift in reference signal can be suppressed by the
cancellation process [32]. Multipath signal in reference
signal can be removed by constant modules algorithm [33].

2.3 DPCA Processing

The clutter effects which are caused by the platform
motion appear in passive GMTIL. These clutter effects
affect the target detection in a negative way. The DCPA
method is used to suppress these clutter effects for proper
target detection in passive GMTI [23, 24].

DPCA Output
t Up

Figure 2 Demonstration of the DPCA processing

The DCPA method is performed by subtracting the
received echoes by the two surveillance channels as shown
in Fig. 2. The channels are mounted in side-looking
condition and their phase centres occupy the same spatial
position at different points of time.

DPCA processing is performed as:

y(l,m):x(l,m,l)—x(l,m—K,O) (11)

where K = . If K is not integer, we can apply

v, I
interpolation to evaluate second term of Eq. (11) or apply
the approximation given in [31]. This processing in Eq.
1 causes notch filters located on

mv
fo= TP, m=0,F1,72,... After DPCA processing, DFT
is applied to signal ¥ over slow time dimension and M

. . 1 .
frequency bins are formed with £, :E unambiguous

Doppler as:
M-I '

Y(Lk)="> y(I,m)e?""M (12)
m=0

where M is the total number of batches collected during the
coherent processing interval (CPI).

The performance of the DPCA processing is evaluated
by using IF as a metric over Doppler frequency of interest
given by:

_ SCNR,,

IF =
SCNR,

(13)

where SCNR,, is the signal to clutter plus noise ratio at the
input before DPCA processing is performed, and is given

by:
2
E[ X (10=P05107P0)‘ }

Xelloopo )| [ Ea Xl ()

SCNR,, (5, p) = (14)

dl

where X; is FFT of the target signal whose bistatic range
bin /y and bistatic Doppler bin po at generic bistatic range
bin / and generic Doppler bin p before DPCA is given by:

M-1
Xs (LPSlo;Po): zxs (l,m,o)e—iZﬂ:pm/M (15)

m=0

and X. is FFT of the clutter at bistatic range bin /y and
bistatic Doppler bin py before DPCA given by:

M-1
X (los po) = D% (L,m,0)e2mm ™ (16)

¢
m=0

SCNR

ut » that is signal to clutter plus noise ratio at the

output after DPCA processing, can be calculated as:
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2
E[ Y, (lo:Po;l()aPo)‘ }

Vo) [+20° 2003 )

SCNRout (109170) = (17)

dl

where Y is FFT of the target signal whose bistatic range
bin /y and bistatic Doppler bin p, at generic bistatic range
bin / and generic Doppler bin p after DPCA and is given
by:

M-1
Y, (L, pily, po) = D vy (1,m)e 2™ (18)
m=0

Y. is FFT of the clutter at bistatic range bin /, and
bistatic Doppler bin po after DPCA and is given by:

M-
loapo z —thpm/M (19)

where first and second terms in Eq. (14) and Eq. (17) are
clutter power and white noise power, respectively. The
white noise power is calculated based on statistical
independent and identically distributed assumption of
white noise.

Substituting Eq. (17) and Eq. (14) into Eq. (13), one
gets /F in Eq. (11) as:

o e BT 0F
(oo [ 20 T

(20)
E Yb 105p0a105p0)| :|
EI:|X 107p05107p0)| :|
IF depends on CNR at the input that is given by:
E|le(r.0) |
CNR = ————= 21

(o2

Since clutter on each bistatic range and angular
direction is assumed to be statistically independent, Eq.
(21) can be calculated as:

£l |20 S 4l
CNR = = 22)

Once the range and Doppler shift of the target are
obtained from single platform, the exact location of the
target in 3D coordinate system can be extracted by
triangulation [11].

3 RESULTS AND DISCUSSION

In this study, detection of moving targets by passive
radar using FM radio signals on moving platforms is
investigated. The proposed DPCA method using both the

matched filter and the reciprocal filter is applied and
improvement factors are obtained. FM waveform with the
duration of 1,4 s and sampled at 200 kHz is used as an
illumination opportunity which gives about 2km range
resolution. The common parameters for simulations are the
platform velocity v, = 500 m/s, wavelength 4 = 3 m, CNR
40 dB, batch size L = 100, batch number M = 93, the
distance between antennas d = 0,5 m, which should be less
than 4/2=1,5 m. Ground clutter is modelled by scattering
from the ground with N, = 100 and N, = 30 complex
Gaussian distributed scatterers along with range and angle
directions, respectively.

We compare the performances of the matched filter
and the reciprocal filter for DPCA. Range-Doppler maps
are obtained before and after DPCA processing for both
matched filter and reciprocal filter.
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Figure 3 Range-Doppler map for matched filter including clutter echoes only: (a)
before DPCA processing; (b) after DPCA processing

As seen in Fig. 3a, strong clutter echoes occur at
[-166 Hz, 166 Hz] Doppler interval (endo-clutter region)
for entire range bins. This Doppler interval value depends
on the wavelength 4 and platform velocity v,. The detection
of slowly moving targets (whose Doppler shift is between

A

Besides, clutter echoes appear at higher Doppler
frequencies (exo-clutter region) because of the
uncontrollable characteristics of the employed signal [28].

After DPCA processing, the contributions of strong
clutter echoes decreased by an average of 10 dB as seen in

v, v
{——P,Tp} ) is masked due to these strong clutter echoes.
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Fig. 3b. This decrease is not sufficient for slowly moving
target detection. In addition, the clutter echoes at higher
Doppler frequencies increased by an average of 5 dB. This
increase makes the target detection difficult.

As seen in Fig. 4a, strong clutter echoes occur at
[-166 Hz, 166 Hz] Doppler interval for entire range bins
which masks the slowly moving targets. After DPCA
processing, all the contributions of strong clutter echoes are
removed as seen in Fig. 4b. Furthermore, the clutter echoes
at higher Doppler frequencies are completely removed.
However, as a result of the DPCA processing, only
residues from the noise in the receiving system remained.
These residues are too small to interfere with target
detection.

Bistatic range (km)
Power (dB)

-800 -600 400 -200 O 200 400 800 800
Doppler frequency (Hz)

Bistatic range (km)
Power (dB)

-800 -600 400 -200 O 200 400 800 800
Doppler frequency (Hz)

(b)
Figure 4 Range-Doppler map for reciprocal filter including clutter echoes only:
(a) before DPCA processing; (b) after DPCA processing

IF (dB)

Matched filter
Reciprocal filter

-800 -600 400 -200 O 200 400 600 800
Doppler frequency (Hz)
Figure 5 IF with respect to bistatic Doppler of DPCA for matched filter and
reciprocal filter

The obtained IF of DPCA for matched filter and
reciprocal filter by using Eq. (20) is depicted in Fig. 5. The
reciprocal filter outperforms matched filter with the
improvement value of 5,1dB. The reason for the difference
between matched filter and reciprocal filter results is due
to waveform instability. While the matched filter produces
time-variant impulse responses in the pulse compression
stage for the clutter removal with the DPCA, the reciprocal
filter produces time-invariant impulse responses. This
difference is not negligible because of affecting target
detection as seen in Fig. 6, Fig. 7, Fig. 8, and Fig. 9.

3.1 Results for Targets at Different Velocities and Ranges

We compare the performances of the DPCA with
matched filter and the DPCA with reciprocal filter for two
targets at different velocities and ranges (assumed in
broadside direction). One of the targets (Target;) has a
velocity of 131 m/s and is at a range of 67,5 km, the other
(Target,) has a velocity of 1977 m/s and is at a range of
37,5 km.

For the Target;, target detection is failed before and
after DPCA with matched filter due to strong clutter echoes
as seen in Fig. 6.

3

Power (dB)
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g8 5

-800 -600 -400 -200 O 200 400 600 800
Doppler frequency (Hz)

3

8
Power (dB)

Bistatic range (km)
8

-800 -600 -400 -200 O 200 400 600 800
Doppler frequency (Hz)

(b)
Figure 6 Range-Doppler map for matched filter including target (Target1),
clutter, and noise: (a) before DPCA processing; (b) after DPCA processing

As seen in Fig. 7a, target detection is failed before
DPCA with reciprocal filter due to strong clutter echoes.
On the contrary, target detection is successful after DPCA
with reciprocal filter thanks to perfect clutter removal as
seen in Fig. 7b.
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Figure 7 Range-Doppler map for reciprocal filter including target (Targets),
clutter, and noise: (a) before DPCA processing; (b) after DPCA processing
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(b)
Figure 8 Range-Doppler map for matched filter including target (Targetz),
clutter, and noise: (a) before DPCA processing; (b) after DPCA processing

For the Target,, target detection is failed before and
after DPCA with matched filter due to clutter echoes as
seen in Fig. 8.
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Figure 9 Range-Doppler map for reciprocal filter including target (Targetz),
clutter, and noise: (a) before DPCA processing; (b) after DPCA processing

As seen in Fig. 9a, target is relatively detectable before
DPCA with reciprocal filter due to being outside of the
Doppler interval of slowly moving target. But this is not
enough for perfect target detection. On the contrary, target
detection is successful after DPCA with reciprocal filter
thanks to perfect clutter removal as seen in Fig. 9b.

3.2 Analysis of Blind Velocities

The passive radar system cannot detect the targets
which have some particular velocities. These velocities are
called blind velocities and occur at f, Doppler shift values
of target (see Section 2.3).

Blind velocities depend on Tdpca time which is given
as follows:

Tdpca = KT, (23)

For the simulated scenario, d = 0,5 m and v, = 500 m/s,
K=2,T,=0,5 ms and Tdpca = 1 ms. Therefore, blind
velocities occur at f, =m-1000 (m = 0,F1,%2,...) which
can be clearly seen in Fig. 10.

The number of blind velocities increases as the Tdpca
time increases. On the other hand, increasing the Tdpca
time makes it possible to detect very slow moving targets
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with a low Doppler shift. The 7dpca time should be
adjusted considering these effects on blind velocities.
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Figure 10 Blind velocities for different Tdpca times
4 CONCLUSION

In this study, the GMTI performance of the passive
radar using FM waveform as an illumination opportunity
on moving platforms based on DPCA processing using
both matched filter and reciprocal filter on range
compression stage is evaluated by using IF as a metric.
Although FM signal provides poor range resolution
because of small bandwidth but high transmit power, it can
be used in naval application such as detection of ships by
secret operation. The matched filter is the filter that
maximizes the signal to noise ratio in the pulse
compression stage but has an unstable response from batch
to batch; on the other hand reciprocal filter provides stable
compressed pulse from batch to batch but does not
maximize signal to noise ratio in pulse compression stage.

Range-Doppler maps are obtained for targets at
different velocities and ranges to analyse exo-clutter and
endo-clutter target detection performance of passive radar
system. DPCA with reciprocal filter outperforms DPCA
with matched filter due to the reciprocal filter producing
time-invariant impulse responses in the pulse compression
stage. Moreover, blind velocities, which are some
particular velocities of targets and cannot be detected by
the passive radar system, are investigated.
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