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Passive radar is of interest in many aspects. These radars accomplish target localization by receiver sensors. In this paper,
we investigate the effect of the sensors arrangement on the performance of multi-transmitter and multi-receiver passive radar
and present a method to maximize target localization accuracy on the important locations by the optimal arrangement of
receiver sensors. The proposed method is based on the Cramer-Rao lower band. The optimal placement of receiver sensors
can be achieved with the help of the proposed method. We investigate the types of sensors arrangement for better accuracy
in the surveillance area. The provided Cramer-Rao lower band is developed for the use of time difference of arrival
measurements and the angle of arrival measurements. As illustrated in the simulations results, the joint use of both the time
difference of arrival and the angle of arrival is better than the use of them alone. Furthermore, the blind areas caused by the
receiver sensors arrangement are eliminated by the joint use of measurement. On the other hand, the target localization
efficiency increases with the increasing distance between sensors and their dispersion in the environment.
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Introduction

Radars detect targets by receiving electromagnetic
radiation emitting from them. While active radars use
signal transmission and reflection reception to detect
targets. Passive radars use the reflected signals of the
opportunistic transmitters from the target to localize
it. The use of opportunistic transmitters makes the
passive radar invisible in the electromagnetic
spectrum. This property of passive radars has
drawn the attention to this technology in the military
field. On the other hand, since these radars do not
need to transmit signals, the transmitter module and
frequency allocation are not required in the passive
radars. This property has attracted attention in the
commercial field.*”

Various types of opportunistic transmitters have
been investigated for passive radar. These transmitters
are classified into terrestrial and satellite categories.
On the other hand, transmitters are classified
into two types of broadcast transmitters and
communication network transmitters. Terrestrial
broadcast signals such as FM, DAB, DVB-T?,
terrestrial communication networks such as GSM, 3G,
and 4G°, Wi-Fi signal®, and satellite signal such as
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GNSS™ have been investigated for use as
opportunistic transmitters.

Signal processing for passive radars is similar to
the bistatic or multi-static radars. The transmitter and
receiver are geographically separated in such radars.
In bistatic passive radar, it is necessary to receive
the signals of transmitters and target reflection,
simultaneously. By extending the bistatic radar to
multi-static by increasing the number of transmitters
and/or receivers, it is possible to localize the
target by the passive radar.’>™® Scenarios of signal
processing using just reflected signals are possible
too. In these scenarios, there is no need for receiving
the transmitter signals, while detection and
localization can only be performed using the target
reflected signals.!”*®

In this paper, we investigate the effect of receiver
sensors arrangement on the performance of the
passive radar. A procedure for evaluating target
localization performance has been provided.” We use
the same procedure for target localization in the
scenario of passive multi-transmitter multi-receiver
radar localization. The decentralized scenario of
signal processing is considered in receiver sensors. It
is assumed that the receiver sensors can obtain TDOA
and AOA measurements by processing the reflected
signals from the target. The AOA measurements are
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obtained by processing of received signals from the
antenna array, while the TDOA measurements are
obtained by simultaneous processing of received-
reflected signals from the target and the transmitters
signals. The efficiency of the target location
estimation by the number of receiver sensors is
provided for the combined use of TDOA and AOCA
measurements and the use of them alone. The
transmitter network is considered MFN (i.e.
transmitters use different frequencies), and the target
reflected signals can be separated for the different
transmitters in the receiver.

The performance of target localization and
evaluating the effect of sensors arrangement is
provided by the Cramer-Rao lower band (CRLB) of
the target location estimation independent of signal.
Simulation results show the advantages and
disadvantages of using the measurements and the type
of arrangement.

Experimental Details

System Model

The passive radar employs available transmitters in
the environment to target localization. The bistatic
processing of the reflected signals received from the
target needs to receive the reference signals of
transmitters. The geographical scheme of the
passive radar includes M opportunistic transmitters
that continuously emitting their signals in the
environment. The passive radar’s N receiver sensors
use two separate channels to receive reference signals
of the transmitters and reflected signals of the target.
After calculating the TDOA and AOA measurements
in the receiver sensors, these measurements are sent to
the central sensor to estimate the target location. In
this section, we will present the signal and
measurement models.

Signal Model

The receiver sensors use two separate channels to
receive the transmitter signals and the target
reflections, which are called the direct and
surveillance channels, respectively. The reference
signal of the transmitter is received by a directional
antenna, aligned to the transmitter's direction. The
target echoes are received by an array of
omnidirectional antennas. The target direction finding
is made by the signals processing of the array
antenna. The time difference of arrival is calculated
by the bistatic processing of the reference signal and
surveillance signal.

The location of the transmitters and receivers are
indicated by pry, = [X7x,Vrx,2rx,]" @A Py, =
[xij nyjszj]T, respectively, where i is the
transmitter number index and j is the receiver number
index. The target is in pr, = [X7qYraZra]’. The
received direct path signal_and the received reflected
signal at the receiver j that is emitting from the
transmitter i are presented in Egs (1) and (2).

STTx;—Rx; ) =

(1/97x,-rx; )T, (t = Troe;—Rx; )A(O1x,—Rxj- PTx,—Rx;) -+ (1)
SS7x—Ta—rx, (t) =

(1/9r-ra—re)Sre,(t = Trx—Ta—rx )A(O1a -k PTa—rx) --- (2)
where sr,,(t) is the transmitted signal, srry, gy, (t) is
the received direct path signal, SSTx;~Ta—Rx; (t) is the
received reflected signal, gry, gy, is the direct path
signal attenuation, TTx;—Rx; is the delay of direct path
signal, a(ngi—Rx]- . (pTxi_ij) indicates angular function
of transmitter in the receiver sensor location,
9Tx;~Ta—Rx; is the reflected signal's attenuation,
TTx;~Ta—Rx; is the time delay of reflected signal, and
a(Brq—rx,- PTa—Ry;) indicates angular function of target
in the receiver sensor location. The symbols 6 and ¢
indicate azimuth angle and elevation angle, respectively.

We ignore the attenuation parameters due to the
calculation of TDOA and AOA measurements at the
receiver. The delays and the angle parameters calculated
in the receiver sensors are presented in Eqs (3-6).

Trx;—Rx; = rTxi—ij/C - (3)
Trx;~Ta—Rx; = ("rx;—Ta + Tra—px;)/C .. (4
Orqa—px; = atan ((yTa = Yre;)/ (X1a — xRx]-)) ... (5)
®ra-px; = asin ((ZTa - ZRx]-)/rTa—ij) ... (6)

Where r,_, = ||ps — ppl| IS the distance between p,
and p,, locations, ||x|| indicates the norm of x vector,

and ¢ is the signal propagation speed. The power
of the received reflected signal is inversely related
to the square of the range of target (i.e.

- 2y 19
pSSTxifTafoj rTa—ij )

Measurements Model

As mentioned above, after calculating the TDOA
and AOA measurements in the receiver sensors by the
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signal processing, the calculated measurements in the
receiver sensors are sent to the central sensor to the
target location estimation. The vector of the
measurements is shown by k = [z78T¢T]". Where k

is the vector of all measurements, z, 6, and ¢ are

vector of the TDOA measurements, vector of the
azimuth angle of DOA measurements, and vector of
the elevation angle of DOA measurements,
respectively. The delay between the reflected signal
and the direct path signal is calculated using the CAF
processing of them. The delay between the
transmitter’s direct path signal and the target’s
reflected signal is denoted by TTx;~Ta—Rx; Tx;—Rx; and

equal to TTx;—Ta—Rx; ~ TTx;—Rx;- The locations of the

transmitters and receiver sensors are known.
Therefore, the TTx;—Rx; Can be calculated easily.

Therefore, TTx;~Ta—Rx; CaN be calculated by the
calculation of TTx;—Ta—Rx; Tx;—Rx,; and TTx;—Rx; - The z
vector includes the bistatic delays (TTxi—Ta—Rx]-)- The
6 and ¢ vectors also contain the measured azimuth
angles and elevations angles (QTa—ij-(pTa—ij)a

respectively, that are calculated in the receiver
sensors. These angles are obtained by the array
processing of signals of the antenna array in the
receiver sensors.

The measurements vector is easily reducible for the
cases not using the one type of measurements. The
calculation of these measurements is accompanied by
noise, which we model as additive noise. For
simplicity of calculations, we consider measurements'
noises as additive white Gaussian noises. Therefore,
the measured vector is equal to k = k° + n;, where

the vector k represents the noisy measurements, k°
represents the actual values, and n,~N(0.Q) is the

noise vector that diag(Q) = [0,*" 05" g,*"]".
Where, ¢, o/, and g,” are the vector of noise
variances of TDOA measurements, the azimuth
angles of DOA measurements, and the elevation
angles of DOA measurements, respectively. Other
measurement cases are obtained by simplifying and
reducing these vectors. Other possible modes
including TDOA only and AOA only can be achieved
by deleting the unused information vector.

Performance of Target Localization

As mentioned above, the TDOA and AOA
measurements are sent to the central sensor to
estimate the target location. Target location estimation

is calculated based on the known location of the
transmitters and receiver sensors and calculation of
the measurements vector. We use the performance
lower band of target location estimation (CRLB) to
investigate the effect of the sensors arrangement on
the performance of target location estimation. By the
MFN assumption of opportunistic transmitter
networks, the reflected signals from the target can be
separated for each opportunistic transmitter.
Therefore, a TDOA measurement and a DOA
measurement for azimuth and elevation angles can be
calculated for each opportunistic transmitter. As a
result, we will have M x N numbers of TDOA and
DOA measurements in a network consisting of M
transmitters by N receiver sensors. The t, 6, and ¢

are shown in Eq. (7).

— T
- [TTxl—Ta—Rxl TTxl—Ta—RxN TTxM—Ta—RxN]

1S I IN

— T

- [eTa—Rx1|Tx1 HTa—RxN|Tx1 '"HTa—RleTxM]

— T

- [¢Ta—Rx1|Tx1 goTa—RxN|Tx1 "'qua—RleTxM] (7)

According to the Gaussian assumption of noises,
we obtain the CRLB by calculating the Fisher matrix
of information corresponding to the measurements
used and independent of the signal features.

The CRLB matrix of Pra is CRLB (BTQ)=
FIM™! (BTQ).ZO The FIM matrix represents

the  Fisher information  matrix.  According
to the Gaussian assumption of noises, the
Fisher matrix of measurements is equal to

FIM (pra) = @k /9pr")" Q' (80k/0pra")

T
FIM (pro ) = (0k/dpra") Q' (00k/9pr,™) Where, Q
is the covariance matrix of measurements and
0k/0pr, represents the derivative of the

measurements vector relative to the target location.
0k/0pr,” for TDOA measurements and AOA

measurements are presented in Eqg. (8).
aTTxl-—Ta—ij
aETaT

T
¢! [(ETa —Prx)/Tr;-Ta + (Pra — Bij)/rTa—ij]
aeTa—ij
aETaT
T T
(ra—p, ) [([gra - QRX,] z) y- ([Qra - ng,] 3_/) x]
ae(pTov.—ij
aBTaT

T
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T , T
Z) [BTa - Bij] + 7"Ta—ij Z]

. (8)

(rTa—ijlea—ij)_l I:([BTa - Bij]

where lTa—ij = \/(ETU. - &ij)z + (XTa - Xij)Z’E =

[100]",y=[010]T,andz=[001]".

Using the presented CRLB, we can calculate the
performance of target localization for different
locations for utilizing TDOA measurements or AOA
measurements or both.

Results and Discussion

Effective Parameters

SNR

The accuracy of the measurements is directly
related to the SNR of the received signal at the
receiver sensor. The SNR of the received signal
depends on the power of the transmitter, the
attenuations, and the bandwidth of the receiver. The
distance is the major factor of attenuations. The
accuracy of TDOA measurement depends on the SNR
of the direct path signal received from the transmitter
and the reflected signal from the target. The accuracy
of AOA measurement in each sensor depends only on
the SNR of the reflected signal from the target.

The direct path signal only travels between the
transmitter and the receiver sensor. By high-power
assumption of the transmitter (since opportunistic
transmitters used in passive radar cover a large area),
SNR of the received direct-path signal is desirable.
The reflected signal travels from the transmitter to the
target and travels from the target to the receiver
sensor after reflection. This is far greater than the
distance between the transmitter and the receiver
sensor. This signal also has additional major
attenuation due to the target RCS.

According to the signal model, the SNR of the echo
signal increases by a decrease of the distance of the
receiver to the target location. Therefore, by reduction
of the distance of the receiver to the target location,
the accuracy of measurements increases and o is
decreased (i.e. JNl/rTa—ij)- As is clear, a decrease

in o increases FIM and decrease CRLB.

Derivative of the Measurement

According to Eqg. (8), the Derivatives of the
measurements are inversely related to the distance of
the receiver to the target location. Therefore, the
Derivatives of the measurements increase by a
decrease of the distance of the receiver to the target

location. As is clear, an increase in Derivative

increases FIM and decrease CRLB.

Optimum Arrangement
The locations that can be used to place receiver
sensors are practically limited. The {pg,} indicates a

set of the possible locations for receiver sensors.
The optimal arrangement is equal to selecting
N location from {pg,} to place the receiver sensors.

It is clear that each arrangement compared to other
arrangements has better performance in some
locations and worse performance in some others.
Therefore, there isn't an optimum arrangement that
maximizes efficiency for all locations. Therefore, the
set of important target locations for surveillance must
be determined first. The {p;,} indicates the set of

these locations. Then average performance at these
points is optimized.

The optimal arrangement for the target localization
is achieved by minimizing the average CRLB in the
set of important target locations. First, we calculate
the average CRLB for important target locations of
each arrangement. Then, the optimal arrangement is
the arrangement that minimizing the average CRLB.
This arrangement maximizes the target location
estimation accuracy on these important target
locations. The optimal arrangement is obtained by
solving the {pp.}ope = argming, X CRLB(Pra,); Pra, €
{pro} €quation using the search method on all possible
locations of the receiver sensors.

Simulation

In this section, we present the simulation results of
different processing scenarios. The lower band of
RMSE (Root Mean Square Error) of the target
location estimation is provided by the square root of
CRLB. The provided RCRLB denotes the distance
and the meter as its unit. Simulation results are shown
by the colored contours on a two-dimensional plane.
The simulations are presented in two different
categories. The first category illustrates the impact of
the measurements and the number of transmitters on
the performance. The second category illustrates the
sensors arrangement effect on the performance. In all
simulations, the RCRLB is illustrated in the space,
including x = [~150 km 150km], y = [~10 km 300 km],
and the target height is 9 km. The locations of the
transmitters, receiver sensors location for the linear
arrangement, and semicircular arrangement of the
receiver sensors are presented in Table 1. The value
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Table 1—Positions of the transmitters and receiver sensors

X y z sensor
0 km 0 km 200 m 1
20 km 20 km 100 m 2 Transmitters
-20km 20 km 100 m 3
0 km L km 200 m 1 Receiver sensors in
L km L km 100 m 2 the linear
-L km L km 100 m 3 arrangement
-L km 0 km 100 m 1 Sensors in the
0 km L km 200 m 2 semicircular
L km 0 km 100 m 3 arrangement

of L for two different range arrangements of the
receiver sensors is 10 Km for closed arrangement and
30 Km for distant arrangement.

In these figures, the standard deviations of the
TDOA measurements noises are 100 ns, the azimuth
DOA measurements' noises are 1 deg, and the
elevation DOA measurements' noises are 3 deg. For
simplicity, we consider the accuracy of TDOA and
AOA measurements to be constant in all of the areas.
Because the purposes are investigation of the effects
of the integration of measurements and of alignment
of sensors, all results can be generalized without
losing the generality.

The impact of the measurements and the number of
opportunistic transmitters are shown in Fig. 1. The
RCRLB value is shown for the first transmitter of the
Table 1 in figures Fig. 1 a, Fig. 1c, and Fig. 1e and for
3 transmitters of the Table 1 in figures Fig. 1b,
Fig. 1d, and Fig. 1f. These figures show the RCRLB
value for TDOA measurements alone in figures
Fig. la and Fig. 1b, DOA measurements alone in
figures Fig. 1c and Fig. 1d, and combined use of
TDOA and DOA measurements in figures Fig. 1e and
Fig. 1f. The locations of the receiver sensors are
according to the linear arrangement of Table 1 and
sensors are considered at close range in Fig. 1. As
mentioned, the value of L, in this case, is assumed to
be 10 Km.

As shown in Fig. 1, the use of TDOA
measurements has a blind area (Fig. 1a), which is
eliminated by increasing the number of transmitters
(Fig. 1 b). Increasing the number of transmitters
causes an increase in the number of bistatic
pairs per sensor. These zones will appear along the
line of the sensors in Fig. 1 a. The accuracy
performance of the target location estimation has
almost tripled by the increasing number of
transmitters from 1 to 3 (compare Fig. la with

10°

H

X (m)
<10 — . 10

(@) ;.10 Tl (1) 8

y (m)

25
2
1.5
1
05
0

(@,

45 -1 05 0 05
X (m)

Fig. 1—RCRLB on the two-dimensional plane X and Y for
3 linear arrangement receiver sensors at close range by the
use of a) only TDOA measurements and one transmitter, b) only
TDOA measurements and 3 transmitters, c¢) only AOA
measurements and one transmitter, d) only AOA measurements
and 3 transmitters, ) TDOA and AOA measurements together
and one transmitter, and f) TDOA and AOA measurements
together and 3 transmitters

Fig. 1b). The use of DOA measurements provides
the uniform semicircular accuracy area around the
sensors (Fig. 1c and Fig. 1d). In the use of DOA
measurements, the efficiency decreases sharply with
the increasing range. The use of DOA measurements
also has blind areas that cannot be eliminated even by
the increasing number of transmitters (Fig. 1c and
Fig. 1d). As it is shown in the figures Fig. le and
Fig. 1f, the combined use of measurements greatly
improves the performance and also eliminates the
blind areas (compare Fig. 1le and f with Fig. 1a, b,
c, and d).

In Fig. 2 the RCRLB efficiency for the combined
use of DOA and TDOA measurements for the linear
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arrangement of the receiver sensors are shown in the
Fig. 2a and Fig. 2b, and semicircular arrangement are
shown in the Fig. 2c and Fig. 2d. Locations of the
3 considered transmitters are according to 3
transmitters in the Table 1 and locations of the
receiver sensors are according to the linear
arrangement of the Table 1 and the semicircular
arrangement of the Table 1. In these figures, the
distances of the receiver sensors are considered at
close distance (L equal to 10 Km) in the figures
Fig. 2a and Fig. 2c and in the far distance
(L equal to 30 Km) in the figures Fig. 2b and
Fig. 2d.

As illustrated above, increasing the distances of the
receiver sensors improves the efficiency (compare
Fig. 2a with Fig. 2 b and compare Fig. 2c with

(@) 5 p0° : 4500

4000

25

3500

3000

2500

2000

1500

1000

15
x (m) 10°

Fig. 2—RCRLB on the two-dimensional plane X and Y for use of
TDOA and AOA measurements together by 3 transmitters and
a) 3 linear arrangement receiver sensors at close range, b) 3 linear
arrangement receiver sensors at far range, c¢) 3 semicircular
arrangement receiver sensors at close range and d) 3 semicircular
arrangement receiver sensors at far range

Fig. 2 d) but the need of the reference signals
of the transmitters is the limiting factor. On the other
hand, the performance precision depends on the
arrangement of the sensors.

For transparency, a numerical example is
presented in Table 2. This table presents the value
of RCRLB for 3 different points of figures.
The first point (Pr.=[150 km 5 km 9 km]") is part
of blind areas, the second point (Pr,=[15 km 15 km
9 km]") is close to sensors, and the third point
(Pr.=[15 km 150 km 9 km]") is long distant from
sensors. As mentioned in the past paragraphs for
Fig. 1 and Fig. 2 descriptions, the presented
conclusions are clear for increasing the distance
between sensors and increasing the number of
transmitters.

The target height effect on the efficiency is shown
in the Fig. 3. Here Fig. 3a indicates the target in a
position (Pr,=[15 km 50 km h]") at a medium distance
from the sensors and Fig. 3b indicates the target in a
position (Pr,=[15 km 150 km h]") at a long distance
from the sensors. In these figures, h is according to
the axis of the figures. As illustrated, the target height
effect is low on performance, especially in multi-
transmitter modes.

4 4
25/ 10° «10

(@) (b)
5
2 Fig.2. a)
—6—Fig.2.b)
— — —Fig.3.a)
, — & —Fig.3.b)
Fig.2. a) 4
—6—Fig.2.b) Fig.4.2)
P - =Clg 0 35 Fig.4.b)
£ —& —Fig.3.b) E —#+—Fg.3.b)
o Fig.4.a) @ S F!g.G. a
EJ Fig.4.b) EJ 3 & ~Fig.6.b)
O —#— Fig.5.b) o
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2
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0 2000 10000 0 2000

Fig. 3—RCRLB for different target height for the target in a
position at the a) medium-range and b) far range

Table 2—RCRLB for 3 points of figures

Fig. 1

Fig. 2

a b c d e a b c d Point
100km<  1.3km 100 km< 100 km< 3.7km 12km 1.2km 839 m 1.2 km 802m Blind area
2.1km 257m 2.9km 1.6 km 1.3km  200m 200m 167 m 191m 99m Near point
52.4km 2.1km 25.1 km 14.5 km 42km 16km 16km 15km 1.6km 1.1 km Far point
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Conclusions

In this paper, the effect of receiver sensors
arrangement is investigated on the performance of the
passive radar. The Cramer-Rao lower band of the
target location estimation is presented. The presented
CRLB utilizes DOAs as like as TDOAs. The
presented CRLB depends on the accuracy of the
measurements and the locations of the transmitters,
receivers, and Target and is independent of the signal
features. As illustrated, there are blind areas in the
estimation of the target location by the use of TDOA
or AOA measurements individually. These blind areas
depend on the arrangement of the sensors. The blind
areas are eliminated by utilizing DOA and TDOA
together and the accuracy of estimation of the target
location is greatly enhanced. The efficiency improves
to approximately the same rate by increasing the
distance between the sensors and decrease distances
of them to the target location. However, the limiting
factor is the need to receive signals of the
transmitters. The proposed method causes maximum
target localization accuracy on the important target
locations by the optimal arrangement of the receiver
sensors in the set of possible locations for a specific
set of opportunistic transmitter.
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