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A possible algorithm for target detection in a GPS-based Forward Scattering Radar is considered. The FSR
system consists of a transmitter mounted on a satellite of GPS and a receiver located on the Earth’s surface.
Theoretical calculations are presented using the secondary application of the GPS L5 signal. The numerical

results illustrate the idea of target detection in GPS-based FSR.

1 INTRODUCTION

Forward Scattering Radar (FSR) is a specific type of
bistatic radars that operate in the narrow area of the
forward scattering effect where the bistatic angle is
close to 180°, and the target moves near the
transmitter-receiver baseline. In FSR the Babinet’s
principle is exploited to form the forward scatter
signature of a target (Chernyak, 1999). According to
this principle, the drastic enhancement in scattering
is created due to the forward scattering effect. This
type of radar provides a countermeasure to ‘stealth’
technology because due to the forward scattering
effect, the Radar Cross Section (RCS) of targets
extremely increases (by 2-3 orders) and mainly
depends on the target’s physical cross section and is
independent of the target’s surface shape and the
absorbing coating on the surface. However, FSR has
some fundamental limitations, which are the absence
of range resolution and operation within very narrow
angles (£10°) (Cherniakov et al., 2006).

In this paper a passive FSR system where the
satellites of the GPS system are exploited as
‘illuminators of opportunity’ is considered. (Fig. 1).
The civil L1 signal is transmitted by satellites at
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1572.42 MHz and contains the coarse acquisition
(C/A) code, which is unique for each satellite. The
C/A code modulated signal is a BPSK signal with a
chip rate of 1.023 MHz and the repetition interval of
Ims. The L1 signal frequency bandwidth is 2.046
MHz. The idea to apply a GPS L1 receiver to FSR
for air target detection is firstly discussed in (Koch
and Westphal, 1995). Some experimental results of a
GPS L1 receiver concerning detection of air targets
are shown and discussed in (Suberviola et al., 2012).
However, modernization of GPS provides a good
opportunity to use the improved properties of a new
designed civil GPS signal L5 in FSR, which exploits
GPS as a non-cooperative transmitter. The major
innovations of the signal L5 signal, with respect to
GPS L1 signal, are the additional NH code
modulation and the use of a pilot channel free of
data (Mongredien et al., 2006).
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Figure 1. FSR topology
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The L5 signal is transmitted at 1176.45 MHz with a
received power of -154 dBw, which makes the L5
signal four times stronger than the L1 signal. Two
quadrature components of the L5 signal, referred as
I5 and QS, are bi-phase modulated with a different
PRN of length 10230 chips. The PRN codes are
generated at a 10.23 MChips/s rate, resulting in 1 ms
period. Therefore, the bandwidth of the L5 signal is
increased to 20.46 MHz, which is ten times wider
than the bandwidth of the L1 signal. The I5 and Q5
components are then modulated by a 10-bit NH-
sequence and a 20-bit NH-sequence, respectively.
Each bit of the NH-sequences is 1ms, resulting in
10ms period of the I5 component and 20ms period
of the Q5 component, respectively.

A possible algorithm for air target detection in a
GPS L5-based FSR system is described in (Behar
and Kabakchiev, 2011), and the detection
probability characteristics are calculated in (Behar et
al., 2011) for the case when low-flying and poorly
maneuverable (for example, helicopters) air targets
are detected on the background of a white Gaussian
noise, or in the presence of: Urban Interference
Environment or a Stand-off-Jammer (SOJ).

Our main aim in this paper is to show
perspectives of GPS-L5-based FSR systems to
reliably detect ground or marine targets when GPS
satellites are located at small elevation angles. Our
task here is to present a possible algorithm for
marine target detection and target parameter
estimation in a GPS receiver used in FSR and also to
roughly estimate the potential maximum target
detection range in conditions of sea clutter. A set of
experimental records of signals from a small boat
provided by the team of Birmingham University is
used in order to estimate Signal-to-clutter-plus-noise
ratio (SNR) and calculate the probabilities
characteristics.

2 SIGNAL PROCESSING

The general block-scheme of a possible algorithm
for target detection and parameter estimation is
shown in Fig.2.
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Figure 2. FSR signal processing

The Q5 component from the front end including
filtering and down conversion is then sampled by the

A/D converter. The signal from satellite k after the
A/D conversion can be described as

0, (n) = A(n)co (M)NH , (n)cos(@, n) + N(n) (1)

where n is discrete in time, w;z that is the
intermediate frequency to which the front end has
down converted the carrier frequency, N(n) is the
total noise, and cp(n) is the PRN code. The main
goal of acquisition is the roughly estimation of the
Doppler frequency and the (co"NH>) code delay of
the visible satellite. The tracking loops ensure that
the prompt correlator is synchronized with the
incoming pseudorandom (cy"NH>) code. They also
synchronize the receiver local oscillator in frequency
and phase with each satellite signal carrier within the
period of the Q5 component of the GPS L5 signal. In
this manner, the correlation magnitude remains in
the real part only (in-phase component). Two
variants of algorithms can be used for target
detection. The first of them firstly integrates signal
within a moving window and then uses a CFAR
detector to indicate the target signal detection
(CFAR detection with non-coherent integration).
According to the second algorithm, a CFAR detector
firstly indicates whether the target signal is present
in each sample of the correlator output. After that
the binary detector indicates the target signal
detection (CFAR detection with binary integration).

For a GPS LS receiver, the frequency bandwidth
is 20.46 MHz, and the noise level N, in decibels is
nearly -131 dB. The signal-to-noise ratio at the RF
front-end output of the GPS receiver can be written
as (Glennon et al., 2006):

SNR=P, /N, = PG,c/(4nRN,) ()

According to [2,6,7], the forward scatter RCS o of a
target depends only on the physical cross section of
the target (4, ) and can be calculated approximately
as:

o= 47&4; [ 22 =4x(h))* 12 (3)

In (3), A, is the target physical cross section, and the
parameters 4 and / are geometrical dimensions of a
target. In order to obtain the SNR expression at the
input of a CFAR detector in FSR, we replace the
parameter ¢ in (2) by its expression (3).

SNR = PG, (hl)’ (AR N,) 4

At the output of the Code& Tracking loops the
signal-to-noise ratio is given by:

SNR = PG, (hl)*Gg, (AR, N,) 5)

where Ggp is the processing gain of the cross-
correlator.
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3 DETECTION PROBABILITY

The signal to-noise ratio (4) could be improved by
non-coherent or binary integration over M samples.
In the extreme case, when, for example, the target
moving in the forward scattering zone at velocity V
and crosses the baseline at an angle of nearly 90°,
the maximum integration time corresponding to
target visibility within the main lobe of the target
scattering pattern is given by:

T, =2d,’ A /(V1) (6)

where dy is the distance from the receiver to the
point of crossing and it can be assumed that dz=R,.
The number of integrated samples M can be
determined from (5) as:

M = E[T, /Ty] (7)

where Tps =20msec and E[.] is the integer part of the
fraction in brackets.

3.1 CFAR Detection with Non-coherent
Integration

In a CFAR detector, after non-coherent integration
of M samples of the signal intensity at the envelope
detector output, the following test statistics is
formed for each sample 7 in the time domain:
n+M/2-1 X
gy =Y |sk) (8)
k=n-M/2
The intensity in »™ time discrete indicates signal
detection if the test statistics (7) exceeds an adaptive
threshold H,. According to [7], the decision rule for
detection is:

@M(n}:{h g2 H,K)

0, otherwise

The parameter K in (9) is the length of the reference
window used to estimate the total noise level. When
the noise intensity is unknown, the detection
threshold H,(K) in (9) is formed adaptively for each
integrated sample ¢,(M) of the signal intensity at the
envelope detector output. In a cell-average CFAR
detector the threshold H,(K) is formed as:

H,(K)=T, -w,(K) (10)

where Ta is the scale factor, w,(K) is the average
power of the total noise calculated over samples if
the reference window.

w,(K) =Y |s(k)|’ (11)
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The probability of false alarm pp, maintained at the
output of a CFAR detector can be calculated using
the following expression (Behar et al., 2011):

K +n-1) T
P = _Te __ (12)
FA ,,Z(;( K_l J(1+Ta)K+)z

In the worst case when the signal intensity from the
target independently fluctuates according to the -
law, the probability of detection at the output of a
CFAR detector is evaluated as follows [7]:

For 1< M <2:
b L (2-M)\ g’ Z/: K+n-1\ (aTl,)"
b= 1 (+aT,) "

j=L-1 I-j ﬁMﬁH n=0
(13)
For M>2
MM -2-i\(~af (K+j-1) T/
S Rl T (oo WA
i=0 1 yej =0 J a+T7,)
L(M-2-m (—a)l’m n(K+n—1 (T,a)"
+ a7
;}( M_3 jﬂMml ; n J(1+Taa)l(+n
14)

The parameters o and B in (13) and (14) are
evaluated as follows:

a=1/(1+M-SNR/4) and fB=1-a (15)

The parameter SNR in (15) is the average signal-to-
noise ratio evaluated by (5). The scale factor Ta
used in (13) and (14) is determined as a root of the
equation (12) for a fixed value of the false alarm
probability Pr.

3.2 CFAR Detection with Binary
Integration

All decisions @(n) at the CFAR detector output
obtained within M consequential time samples are
summarized and compared with a fixed integer
threshold L. The binary decision rule for target
detection is:

M
o, (L)= 1, lf;q)(")ZL (16)
0, otherwise

The probability of false alarm at the binary detector
output is:
M (M
Py = Z( n J(pFA)n(l_pFA)M "7
n=L
The parameter pr4 in (17) is the probability of false
alarm maintained at the CFAR detector output,
which is calculated by (13). The probability of target
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detection at the binary detector output is calculated
analogically:
M

M
P, = Z[ , J(pD)" (1—p,)"™ (18)

n=L

The parameter pp in (18) is the detection probability
at the CFAR detector output calculated for M=1.

3.3 Probability of Target Detection

According to the block-scheme of signal processing
(Fig.2), the probability of target detection can be
expressed by the following expression:

P, =P P (19)

targ acq

The parameter P, in (19) is the probability of GPS
signal acquisition. For the sake of simplicity we
assume that outside the geometrical shadow of the
target (dead zone) this parameter is close tol.

4 NUMERICAL RESULTS

Before we calculate the probability of target
detection using the expressions (12-19) need to
determine the SNR at the cross-correlator output in
one period of the Q5 component of the GPS L5
signal (7ps=20msec) because the SNR values are
used for calculating the parameters o and f§ in (15).
The SNR at the cross-correlator output is calculated
for a small target (~=1m and /=1m) as a function of
the distance to the target R,. The SNR values
obtained are plotted in Figure 3. The following
parameters of the GPS L5 signal are used in
calculations: carrier frequency - f,=1176MHz
(2=0.2551m); frequency bandwidth -
AF=20.46MHz, the GPS L5 signal power near the
Earth’s surface — P=-154dBW.
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Figure 3. SNR at the correlator output within 20msec

As shown in Figure 3, the SNR is calculated for four
values of the antenna gain: G= [0; 10; 15; 35] dB.
The number of integrated samples at the
correlator output and the corresponding them
integration time for the case when the target crosses
the forward scattering zone and moving within it
perpendicular to the baseline with velocity 7.5 m/s
are plotted in Figure 4 depending on the distance to

the target.
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Figure 4. Number of integration samples (left) and the
corresponding integration time (right)

It can be seen that the integration time can be very
large and can reach to 60-70 sec for a target moving
with velocity 7.5 m/s (27km/hour).

The probability of small target detection with
non-coherent integration of the correlator outputs is
calculated as a function of the target distance and
shown in Figure 5. The probability of detection is
calculated by equations (12, 13, 14) for the false
alarm probability of 10”7. The SNR values at the
correlator output, which are used for calculation of
the probability characteristics by (12, 13, and 14),
are shown in Figure 3.

Pd: non-coherent integration
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Figure 5. Probability of detection with non-coherent
integration for Pr=10"
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The number of integrated samples (M) used for
calculation of the probability characteristics is
shown in Figure 4 (left). The size of a reference
window (K) used in (13) and (14) is K= 60.

The probability of small target detection with

binary integration of the correlator outputs is
calculated as a function of the target distance and
shown in Figure 6. The probability of detection is
calculated by equations (17, 18) for the false alarm
probability of 107. After CFAR detection at the
correlator output the decision rule “L out of M is
used for target detection. The values of the detection
probability plotted in Figure 6 are calculated for the
binary threshold L=2M/3, where M is the number of
integrated samples.
Comparing the two probabilities of detection, with
non-coherent and binary integration, it can be seen
that the detectability of targets strongly depends on
the antenna gain that the receiver creates in the
direction of the visible GPS satellite. Obviously, the
greater the gain of the antenna in the direction of
visible GPS satellites, so at large distances can be
detected a moving target in the forward scattering
area. For example, a small target that crosses the
forward scattering zone can be detected with
probability of 0.9 at the distance 2000m (with non-
coherent integration) or 1700m (with binary
integration) if the receiver antenna creates in the
direction of the visible GPS satellite the gain of at
least 20dB. The numerical results presented in
Figure 5 and 6 also illustrate that in case of the
omnidirectional antenna of the receiver (Gr=0dB),
small targets can be detected only at very close
distances (200m-300m) regardless of the type of
integration (non-coherent or binary).

Obviously, in conditions of interference, the
SNR in Figure 3 must be corrected taking into
account the “’interference-to-noise” ratio (INR).

Pd: binary integration
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Fig.6 Probability of detection with binary integration
L=2M/3 and Pp=10"
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4 CONCLUSIONS

It is shown that forward scattering radar with a non-
cooperative GPS-based transmitter can be used for
detection of small targets on the background of a
white Gaussian noise if the receiver antenna creates
in the direction of the visible GPS satellite the
appropriate gain.
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