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ABSTRACT

This article proposes a new engineering approach to detect targets using multi-static radars. It considers
the aperture angle and the probability of false alarm of detection which allow to improve the
performances of the radar system deployment. This proposed method is tested on three tomographic
modes of multi-static radars: Single Input Multiple Output (SIMO), Multiple Input Multiple Output
(MIMO), and Synthetic Aperture Radar (SAR). In this work, a calculation and estimation method for the
parameters (spacing sensor and tilt angle of baseline) are developed using the deployment of the radar
system based on geometrical arrangements. Employing these parameters, estimated by the proposed
approach, and using them for the calculation of the tomographic resolution, the nearest ambiguity
location, and the scan loss which are radar deployment performances. The results show that the spacing
between sensors varies from 40 to 70% with an increment of aperture angle from 15° to 30° and the step
of 1073 variation in the false alarm probability of detection. The length of the radar system deployment
is also reduced by 6.66%. This approach improves the capabilities of distinction of the targets in a multi-
static radar system and allows a reduction in deployment costs.

doi: 10.5829/ije.2023.36.09c.01

1. INTRODUCTION

The range resolution can be enhanced by decreasing the
bandwidth, which depends on the transmit array
geometry. The achievable resolution of the estimation
direction depends on the receive array geometry [1].
Multi-static radars studies formed into array created
several works based on the estimation methods of the
arrived angles of signals (by coupling them with the types
of the sensor’s radars) [2-6], the geometrical form of
deployment of these sensors [7, 8], and the slope angle of
the radiation pattern [9, 10]. It is the case introduced by
Shen and Wang [7], which they have used planar
geometry in order to solve the problem of extraction of
poles in 2-D. The circular geometry coupled with the
Bayesian method [8] and a linear geometry formed of
monostatic radars [2, 3] are used in considering the
arrived angles of signals.

*Corresponding Author Email: eyembeluc@yahoo.fr (I. E. Luc)

Nowadays, the improvement of the performance of a
radar system is based on the algorithms for the targets
detection and on the deployment environments [11-13].
There are several parameters which allow to evaluate the
performances emanating from the radar equation [14].
The performance can also be analyzed according to
technologies which are characteristic of the nature of the
used signals for the transmitters [15]. Thus, criteria such
as resolution can be used to determine the ability of a
radar to identify several distinct targets [16] and the
location of the nearest ambiguity can be used to
determine how far away the radar can detect the next
ambiguity or replica [17]. In addition to these parameters,
we also have the probability of detection which is the
possibility that a radar receives the echo of a target
compared to the noise [18, 19]. All the multi-static radar
systems have parameters of deployment such as spacing
between the sensors, the physical angle of slope, the slope
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compared to the base line, and the number of sensor’s
radars for the formation of the array [17]. Multi-static
radars is primarily formed of phased antenna arrays [20-
23] and spacing between them is estimated in wavelength
[24]. This method works well for small-scale
deployments at large frequencies, requiring small
antennas [19, 25, 26]. However, for large-scale
deployments, such as satellite radar platforms, it is
difficult to determine the wavelength spacing [27].
Moreover, development of consumer loyalty of the
sensors decreases the fidelity of the simulated scene as
well as the complexity of the formation geometry, which
is a problem.

This paper aims to target detection in multi-static
radars which mainly focus on the specific interesting
area. The approach used consider the aperture angle and
the probability of false alarm detection in order to
improve the performance of the radar system such as
tomographic resolution, location of the nearest
ambiguity, and scanning losses.

This article is organised as follows: The first section
is based on the introduction. Second section explains the
problem, materials technique, along with some working
assumptions, and a suggested solution is offered. Section
3 presents the findings and related discussion.
Conclusions are provided in section 4.

2. MATERIALS METHOD

2. 1. Problem Description Let us consider an
imagery tomographic system for multi-static radar
represented in Figure 1. The system is placed in space up
to altitude H and is composed of N identical sensors
radars having a regular spacing d and deployed on the
N X d distance. 0 represents the angle of sight compared
to the ground, Q is the aperture angle of the sensor radar,
€ is the tilt angle compared to the base line and D is the
range of the radar following the r direction. The geometry
of deployment in Figure 1 admits a symmetry at the level
of the placement of the sensor’s radars. The radar’s
sensors are assumed to be distributed along a line in the
across-track plane and can transmit and receive or be
received-only depending on the tomographic mode
(SIMO, SAR and MIMO). The quality of 2-D
tomographic images on the ground-range (vertical and
horizontal) plane depends on the tomographic
performance along the look direction r and along n
(perpendicular to look direction), which are coupled via
the angle of sight and the local terrain slope u. Therefore,
in addition to resolution and ambiguity along n,
ambiguity along r and range resolution were also
included. The resolution in distance is a function of the
bandwidth of transmission and it is expressed in Equation

(D):

Figure 1. Multi-static observation geometry, relevant
parameters, and spatial directions

5 = 0 = (1)
where c is the speed of the light in the vacuum, B is the
bandwidth of the transmitted signal, and w, is the
coefficient of expansion applied to reduce the side lobes
by considering the effects of fenestration.

The performances of the multi-static radars depend on
two parameters: the spacing between the sensors and the
tomographic resolution along the normal direction (n) in
the plane, which depends on the maximum length of the
basic deployment. Its equation is similar to the equation
of resolution of the SAR, the synthetic aperture length
replaced by the basic tomographic deployment length §,,;:
AD
Pnln (2)

Op = Wy

where A is the wavelength, D = ﬁ is the range of the

sensor radars which is the center of symmetry of the
architecture, L, =N-d-cos (|0 —w]|) is the per-
pendicular maximum length of the base line w,, = w,.
While replacing L,, in the expression (2), we obtained:
_ Wn AH
N ™ ps N-d-cos (|6-w|) cos @ @)

where pjs is the coefficient of resolution depending on
the multi-static mode.

Platform spacing that is periodic leads to ambiguous
returns, often known as target replicas [28, 29]. The
closest (relative to the real target) ambiguity's position is
crucial since it helps define how much of the target may
be photographed without copies overlapping. It should be
noted that ambiguous copies of targets outside the scene
of interest might nonetheless fall within the scene of
interest, even if the scene of interest is smaller than the
position of the nearest ambiguity. The closest ambiguity
for a flat surface, according to Seker and Lavalle [17], is
at:

AH
Padn cos 6

Ap =+ 4)
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where p, is the coefficient of localization of an ambiguity
and d,, = dcos(]60 — w|).

Here, the spacing d between sensor’s radars is
generally determined by deployments requiring large
spacings such as satellites by:

2*xv*PRI
d = —
x m (®)

where v is the orbital velocity, PRI is the pulse repetition
interval and v is a factor to reduce the pulse repetition
rate. The systems, which use Equation (5) to make the
deployment, encounter the problem of radar fidelity on
the area of interest involving noise due to the signals of
the replicas.

2.2.Proposed Solution  To solve the radar retention
problem in the target area, the probability of false
detection alarm and the aperture angle on radar system
were used. The probability a of false alarm is defined as
the probability that a sample of the signal r(t) will
exceed the threshold of tension Vwhen the noise alone
is present in the radar:
a= f;:%exp (— ;7) dr = exp (V—T) (6)

202

where V. = /202 In (é) and o is the variance.

Figure 2 shows the evolution of the probability of
detection according to the signal to noise ratio (SNR)
under several values of the probability of false alarm. We
observe that the probability of false alarm influences the
capacity of a receiver radar in the sense that as o becomes
small, the ratio signal to noise increases. This also
effected on the parameters of deployment and the
performances.

In the case of antennae having only one beam, the
aperture angle of the beam represents the solid angle
through which all the power radiated by the antenna is
concentrated. This aperture angle of the beam, ,, is
given by:

0.5

Probability of detection

0 5 10 15 20
SNR in dB

Figure 2. Probability of detection

0q = $ Kn (6, p) d2. U]

The probability of false alarm detection and the aperture
angle of a radar are used to determine the spacing
between the radars as follows.

Let us consider a multi-static system formed of N
aligned sensors radars and the aperture angle Q as
illustrated in Figure 3. By considering the triangles
(OEB) and (0OAB), we can express cos(£1/2) in the form
as cos(Q/2) =0B/OE and cos(Q1/2)=0A/0B,
respectively.

By multiplying the two values, we obtained:
cos? (2) =2 8)

2 OE
where 0A = OF cos? (%) and OE = aD. In the triangle

(0AB),we haved = OAtan (!2—2) with AB = d. Now, we

obtained a regular spacing d between the sensors as
follows:

n . n
d = aD cos (;) sin (;) 9)
In our case, we proposed to use an elliptic architecture
(Figure 1) having the length of the semi-major and semi-
minor axesa and b: a = NT'd and b = h, where h < NT'd.

In this architecture, we have an angle of the curve ¢
which is formed between the baseline and symmetrical
elliptic architecture. This angle can be expressed in the
form:

e=tan"! ( 2R ) (10)

d(N-1)

By replacing d by its equation (10), we have:

— tan-1 2h
€=tan <(N—1)aD cos(g) sin(%)) (11)

Here, & represents necessary calibration to better
deploy a satellite radar system on the basis of the
principle that the ground has an elliptic form. For
primarily reasons related to the practice, it is necessary
that h < aD. In the tomographic radars the formation of
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Figure 3. Geometry for calculation of spacing
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the spotlight is very significant; this is why the designers
find the compromise between the adequate spacing of the
sensors radars in term of the value of d and the angle
slope compared to the normal of the direction of
observation ¢. We can thus determine ¢ by the following
relation:

0 =5 (12)
Equation (3) presents the parameters entering the
determination of the tomographic resolution without
considering the probability of a false alarm and the
aperture angle. Thus, we propose to insert d of Equation
(9) into Equation (3), we obtained then:

wn A

= 0 (13)

no E acos(;) sin(g) Ncos (|0-w))

Equation (13) allows to focus on the zone delimited by
the aperture angle of the sensor radar to avoid having
information about the not targeted zones which are
sources of perturbations.

Equation (4) does not integrate the aperture angle and
the probability of false alarm and the probability of
having replicas which are not in the zone of interest.
While substituting Equation (9) into Equation (4), the
nearest ambiguity with the aperture angle and the
probability of false alarm is obtained by:

A

1 —
An =t Dal cos(g) sin(g)cos(lﬁ—wl) (14)

3. RESULTS AND DISCUSSION

Figure 4 represents the evolution of spacing between the
sensors as a function of the range of the radar (up to 800
km) for four values of the probability of false alarm of
the detection of order 1073 under three different
apertures angles. The numerical results show that the
spacing between the sensors varies when both the
probability of false alarm detection and the apertures
angle changes.

Aperture angle Q = 30° Aperture angle Q = 45° Aperture angle Q = 60°
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Figure 4. Evolution of spacing between the sensor’s vs radar
sensor range for four values of the probability of false alarm

detection under three different apertures angles

Note that variations of spacing between the probabilities
of false alarm are 200 m for Q = 30°, 285 m for Q =
45°, and 350 m for Q = 60°, respectively.

When the probability of false alarm detection
becomes extremely small for a fixed apertures angle, this
variability of spacing is decreasing. The percentage in the
increase of spacing radar sensor vs. the probability of
false alarm detection under three apertures angles is
shown in Figure 5. When the aperture angle of reference
is taken as Q = 30°, an increase in average distance for
the tested values of o is about 41% as Q varies from 30°
to 60° and 73% as Q varies from 30° to 60°.

The tilted angle of the base line as a function of the
spacing of the sensor’s radars is presented in Figure 6 for
four different probabilities of false alarm (detection of
order 10™2 under three different apertures angles). This
angle, used in Equation (12), is the angular variation of
the normal (r direction) towards the base line.

Note that the angle of inclination of the baseline
decreases when the aperture angle increases and the
probability of false alarm increases. We find that the
variations in angle between the probabilities of false
alarmis 7° for Q = 30°, 9° for Q1 = 45°,and 10° for 2 =
60°. Figure 7 presents the percentage decrease in the
tilted baseline angle vs the probability of false alarm
using the same parameters Figure 6. Percentage of

m30° to 45° m30° to 60°
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Probability of false alarm detection
Figure 5. Percentage in the increase of spacing radar sensor
vs. the probability of false alarm detection under three
apertures angles
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Figure 6. Evolution of the tilted angle of the baseline vs. the
spacing of the sensor’s radars
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increase in spacing radar sensor vs. the probability of
false alarm detection under three apertures angles in
Figure 7. Observe that with a reference of the aperture
angle Q = 30°, the percentage in the angle of inclination
of the base line decreases according to the decrease of a
and the growth of Q.

Figure 8 presents the tomographic resolution with a
bilateral resolution of 4 dB under various multi-static
modes of radars. In the two left figures of Figure 8, three
dashed lines are obtained with parameter values of 6 =
30°,& = 30° (Figure 8(a)) and 6 = 60°, € = 60° (Figure
8(b)) [17].

In the meantime, we add the aperture angle 2 = 30°
(Figure 8(a)) and Q = 60° (Figure 8(b)) and obtain the
tomographic resolution for three multi-static modes
(three solid lines). In the two right figures of Figrue 9, it
is exactly the same situation as the two left ones of Figure
9 except that we have different values of the tilted angle
of the baseline, € = 60° (Figure 8(a)) and &= 45°
(Figure 8(b)).

We obtained a spacing between radars d=1400 m
using our approach, whereas d=1500 m is used by Seker
and Lavalle [17]. We note here that when 8 = 30°, ¢ =
30° or 6 = 60°, € = 60°, the resolution is the same even
if we include the aperture angle in our calculation (two

m30° to 45° m30° to 60°

0,001 0,002 0,003 0,004
0
5 . I
-10
15

, Probability of false alarm detection

Figure 7. Percentage in the tilted angle of the baseline vs.
the probability of false alarm of detection under three
apertures angles
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Figure 8. Tomographic resolution vs. aperture length for
look angle: (a) 6 = 30° and (b) 6 = 60°

X10

left figures of Figure 9). When we consider & =
60°the aperture angle Q = 60° with 8 = 60°, € = 45°,
however, we obtained a resolution increase of 1.84 m in
mode SIMO, of 1.6 m in mode MIMO, and of 1.05 m in
mode SAR for an aperture length of 10 km. (right figure
of Figure 9(b)). In the case of Q = 30° with 8 = 30°, ,
we have a resolution increase of 5.14 m in mode SIMO,
of 3.52m in mode MIMO, and of 2.58 m in mode SAR
when a length of aperture is 10 km (right figure of Figure
8 (a)).

The localization of the nearest ambiguity as a
function of the spacing to sensor’s radars for a probability
of false alarm of detection @ = 4 x 1073 is shown in
Figure 10. Here, Figure 9(a) is obtained with the same
parameters as reported by Seker and Lavalle [17] and
Figure 9(b) presents the localization of nearest ambiguity
while applying Equations (3) and (14). It is interesting to
note that we have the same results when we changed the
basic angle of slope. We obtained a better localization of
the zone of interest by taking into account the aperture
angle and the probability of false alarm detection in the
determination of the localization of the nearest ambiguity
corresponding to the selected spacing. This allows to
fight against the problem of the replicas that we meet out
of tomographic radars.

Figure 10 represents the amplitude of the power
reflected by the target and received by the receivers for
the SIMO, MIMO, and SAR modes. Observe that the
amplitude peaks reproduce in a specific distance to the
SIMO, MIMO and SAR corresponding to the resolution
estimated in left-side of Figure 8(b). The system in SIMO
mode detects two separate targets at 10 m and 20 m while
the two others are at 15 m and 21 m, respectively.

We noted a maximum level of sidelobe is -15 dB in
the MIMO and SAR system and -10 dB in the SIMO
system. The effects of the aperture angle and the
probability of false alarm of detection allow to improve
the precision of the parameter values in the multi-static
radar system.

Table 1 compares the values for Theoretical
Resolution 4dB (TR4dB), Theoretical Ambiguity
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Location (TAL), and Maximum Sidelobe Level
(MLS). This comparison is done between the suggested
approach and that presented in the literature [17]. The
suggested method is less effective in the 4dB resolution
than [17], and this is also true for the sidelobe level.

This approach improves the literature in terms of
ambiguity location and enables, through the introduction
of the false alarm probability and the aperture angle, to
have a spacing that allows for the achievement of a high
signal-to-noise ratio, thereby limiting the impact of the
replicas that raise the noise level and lower the detection
capability of two targets when they are close to one
another.

—+—SIMO —+—MIMO SAR

-10

Normalised amplitude (dB)
b
=)

-60
-10 0 10 20

Distance (m)
Figure 10. Tomographic “images” in 1-D for the SAR,
SIMO, and MIMO modes

TABLE 1. Comparison of results
Ref. [17]

Proposed approach
Spacing = 1400
SIMO  MIMO

Spacing = 1500 m

SAR SIMO MIMO SAR
TR4dB 49m 97m 70m 65m 13m 95m
TAL 58m 117m 117m 10m 15m 21m
MLS -13dB  -13dB  -26dB -13dB -13dB -15dB

4.CONCLUSION

In conclusion, we have considered the aperture angle and
the probability of false alarm detection in the estimation
of the parameters of deployment in order to improve the
multi-static performances of the radars. This new
approach has allowed to develop an estimation method
for the spacing between the sensor’s radars for
deployments on a large scale and the angle of slope of the
baseline. The performance evaluations with the aperture
angle and the probability of false alarm of detection such
as the resolution, the ambiguity and the scan loss have
been examined. We also determined the physical angle of
slope allowing the sensor’s radars to form a spotlight.
Our approach was tested under three multi-static modes
of radars. The results showed that the multi-static
performances of the radars, like their deployment, were
improved. In addition, it solves the problems related to
the complexity of the deployment geometries in the
multi-static radar systems. In particular, the SAR, which
has realistic values of resolution, locates on the area
covered by the spotlight formed by several sensors in
order to avoid noise due to areas of no interest.

Future research on the optimal estimation of the tilt
angle of the baseline and the aperture angle to make a
better compromise to reduce the losses of scanning and
to make an experimental study by applying our approach
will be necessary.
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