%1 BIERESHEAR Vol. 11 No. 1

20134 2 A Radar Science and Technology February 2013

B35 MIMO PCL gy £ 35 < Bk s st

BERE HNEE .- 0E, BEEE - NiBE, BERE - SRd - e
BXE - BEERE .- FBA, BERE - SR8 - Xt

C—I

-I

W E. @bt SHA S B MIMO) fe £ R 48T 245 (PCL) F 34 69 F AP B 48, 3T A B 6 35 3R i 4
FRARBEBAFTRGRS, RRAELHSNABEAFER S ARE, PR AL BH TR D ARG S
Bl o4 2R T B0 — EOTF A T AP R AL AT SRR, 4252, K IR W & (SFND A S AU A AE 3E A 2 4
AUBF AL A ok — B F M, XA LT, ERKMT R RN S S A HNEMN S A FADHES, Bk, A
THERMMO FEM ) EREFELERRALEFL —REREBKIT A BN L5 B ELHFIA B
AR, EAFHIETCER B X —H A, Z BT H R Ek i kB XAHK,

XKW . SmA S (MIMO); LRAFEE(PCL); HBAHK; LRFTL

FESES . TNIS7 XEkARIZED A XEHES.1672-2337(2013)01-0001-08

Improvement of Data Association in a Single Frequency MIMO PCL
Mohammad Nazari Majd, Mojtaba Radmard, Mohammad Mahdi Chitgarha,
Seyyed Mohammad Karbasi and Mohammad Mahdi Nayebi

(Department of Electrical Engineering s Sharif University of Technology, Tehran, Iran)

Abstract: By combining the two ideas of MIMO(Multiple Input Multiple Output) and PCL(Passive Co-
herent Location) in radar, one can achieve the advantages of both recently developed techniques simultane-
ously. While using multiple antennas in transmitter and receiver provides a spatial diversity of target, using
the illuminators of opportunity, most importantly, makes the radar covert to the interceptors. But the prob-
lem arises when the transmitters of a single frequency network(SFN) are used as the noncooperative trans-
mitters. In this case the signals of multiple transmitters from multiple targets cannot be distinguished in the
receiver. Therefore, to obtain the diversity gain of the MIMO radar and localize the target, it is necessary to
develop a technique to assign each echo in the receiver to a transmitter and a target. In previous works we
have proposed such technique. Here, we improve it by a smart modification in the algorithm.
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tions. The feasibility of different kinds of oppor-

1 Introduction tunistic signals for the passive radar application

1.1 Passive Radar
Recently passive radar has attracted much at-
tention due to its advantages over the active ra-

dar. Low-cost passive radar which requires no

frequency allocation, is a good solution for in- are also excellent candidates”"*, as they are
creased surveillance at a lower cost'?. In addi- widely available and can be easily decoded.

tion, its undetectability as a covert radar signifi- In traditional radar systems, the target’s
cantly increases its importance in military applica- range is defined by comparing the time of the
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has been investigated before, such as FM'™, ana-
logue TVF*, DTV (Digital TV)P™, satellite
systems'®, and GSMP '), New digital signals,
like Digital Audio/Video Broadcast(DAB/DVB),
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transmitted and received pulses. However such
information is not directly available in the case of
the passive radar receiver. Instead, two antennas
are used:one for receiving directly the signal from
its main source without the reflections from tar-
gets(reference antenna) and the other for collec-
ting the reflections from targets in the environ-
ment(target antenna). Figure 1 depicts the over-

all structure of the passive radar.

/\// _ DVBT
[/\/ Transmitter

Reference
Antenna

Target

Receiver
Sensor

Fig. 1 Structure of the passive radar

Detection is done through computation of
CAF (Cross Ambiguity Function) computed ac-
cording to (1). It is a criterion of how much
correlation exists between the reference and the
target signal. A given CAF’s peak in a range-
Doppler cell is a representative of a target in that

range and Doppler frequency.

‘ 1< , b
[x (zs0)? | :|ﬁ21(n)r* (n—1)e ' m |2 (1)
n=1

Where x [ n] is the signal at the target channel,
rln] is the reference signal, v is the Doppler
shift, 7 is the sample shift and N is the number

of samples collected.

1.2 MIMO Radar, an Upcoming Technology

After a spark in communication in 1998
that resulted in MIMO communication, there has
been a great attention towards MIMO in radar
technology recently too. Researchers have studied
this topic from several points of view. Generally
MIMO radars are divided to two categories: MI-

MO radar with widely separated antennas and

MIMO radar with collocated antennas!'*'*'. Gen-
erally in a MIMO radar with widely separated an-
tennas, we use multiple transmitters and multiple
receivers that are widely separated in order to de-
tect the targets. The difference with multistatic
radar is in its jointly processing nature. As shown
in [14] the concepts of spatial diversity and mul-
tiplexing gain emerge here in a dual manner to the
MIMO communication. The main point in this
radar is that, with looking to a target from differ-
ent angles the probability of missed detection de-
creases, a concept called spatial diversity in MI-
MO communication.

On the other hand, in a MIMO radar with
collocated antennas transmitters and receivers in-
stead of being widely separated, are collocated.
That is similar to phased array radar, but here
the signals emitted by each antenna can be totally
uncorrelated with each another.

The studies have shown that we can have en-
hanced detection performance ( Diversity Gain) '
and high resolution target localization (Spatial Multi-
plexing Gain)™"* with a MIMO radar with widely
separated antennas; and significantly improved

[19]

parameter identifiability"'"’, direct applicability of

adaptive arrays for target detection and parameter

200, and much enhanced flexibility for

estimation
transmit beam pattern design®?* with MIMO

radar with collocated antennas.

1.3 MIMO Passive Radar, a New Concept

By combining the subjects explained in sec-
tions 1. 1 and 1. 2, one can get the benefits of
both MIMO radar and passive radar by using
multiple receivers to detect targets illuminated by
multiple noncooperative transmitters. Generally,
even the illuminators can be sending different sig-
nals(e. g. a broadcasting FM radio station with a
GSM base station).

1.4 Data Association Problem in the MIMO PCL
In a DVB-T SFN (Single Frequency Net-
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work) all of the transmitters are broadcasting the
same data on the same frequency. In the DVB-T -
based passive radar, the target antenna at the re-
ceiver side collects the echoes of the DVB-T sig-
nal in the environment. These echoes may be due
to clutters in the region or targets; and also it
may be due to either of the transmitters. Some
techniques have been developed for the signal
processing part of the receiver to detect the tar-
gets according to the CW (continuous wave),
OFDM (Orthogonal Frequency Division Multiple-

xing) DVB-T echoes each target produces™®™. 1

n
all of them the correlator outputs a peak in the
range-Doppler board for each target (of course,
with some probabilities, we have missed detec-
tions and false alarms). The problem arises here,
that we do not know which peak is due to which
target and oriented from which transmitter. This
data association problem becomes important
when we want to benefit the MIMO characteris-
tics of the radar. As mentioned in section 1. 2,
the main contribution of a MIMO radar with
widely separated antennas is its spatial diversity.

As each transmitter looks at the target from
a different angle, when we combine the different
illuminations of the target by different transmit-
ters, it results in diversity at receiver. But, in
the papers studied this feature of the MIMO ra-
dar, waveforms of the transmitters are chosen in
a manner that can be separated in the receiver,
e.g. each transmitter sends through a different
frequency orthogonal to the others'®'. But here
as a result of using noncooperative opportunistic
illuminators we should develop some techniques
to distinguish the echoes. So it is necessary to de-
velope a method to resolve the origins of the ech-
oes, so that each echo(measurements) detected
at the receiver is associated to the transmitter it is
transmitted from. In[ 247, we derived a method
for this problem by a smart use of the algorithm
that has been proposed in [ 25] for the multisen-

sor multi-target tracking. Here, we will propose

a method to improve the aforementioned data as-
sociation algorithm. In fact we will show that
there is some information laid in the data which
was ignored before.

In section 2 we formulate the problem and
suggest an algorithm to solve it. Section 3 is ded-
icated to the results of the simulations of the pro-
posed method. Finally, the paper is concluded in

section 4.

2 Problem Formulation and Solution

First, we introduce briefly the data associa-
tion algorithm for the MIMO PCL suggested in
[24] and then explain the improvement.

Assume there are an unknown number of
targets (N ) with M illuminators of opportunity
(e. g. broadcasting DVB-T signal in a SFN) and
one receiver (including a reference and a target
antenna). The target antenna is omnidirectional
and collects the signal in all directions. Each
transmitter will illuminate each target in the re-
ceiver with the probability P,, also we will have
false alarms with the probability P, . In the re-
ceiver after DPI cancellation, the signal is passed
through a CAF processor to obtain the delays and
Dopplers of different echoes collected from the
targets. We use the term measurement for the in-
formation we get from each echo. Usually each
measurement consists of a delay and a Doppler.
After constructing these measurements there are
two stages to solve the association problem: first
measurement-to-target association and second
measurement-to-transmitter association. It should be
noticed that the two stages are not completely dis-
tinct. But for more clarity, we choose this struc-

ture for the rest of the paper.

2.1 Measurement -to- Target Association

To describe the algorithm more clearly, first
we assume that the measurements are assigned to
the transmitters by some criteria. By this as-

sumption we have M groups of measurements,
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each from a different transmitter. The number of
measurements in the m’th group is denoted by
n,s withi,=1,+,n, , the index of each meas-
urement.

We want to associate the observations from
M groups of n,,, m =1, -+, M, measurements.
Let the position of the transmitter related to the
m’ th group be TX, , then a target, x, will re-
sult in a measurement of T(TX,, ,x,) plus some
additive white Gaussian noise n(t)~N (0,0, ).

In the algorithm we consider only the
TDOASs for the measurements:

w,.; =T(TX,,x,)+nt)
| TX,, —x, I + | RX — =z,

C

|
T(TX, .x,) =

Here we want to estimate the number and
location of the targets. For each M-tuple of meas-
urements (each element from a different group)
we assign a cost by using a generalized likelihood
ratio.

To obtain the likelihood ratios we have

[w,; —T(TX, a1
lz,) = o, €exp “

" V27 20}

p(w,,,,-l
(2)

and

AW, o e =" [1—PJ 0
[(Pip(w,; |x,)]" (3)
where
. 0, if 7, =0
ulin) = {1 , else
The likelihood that all measurements are
spurious (i. e. x,=0) is

ol
AW,y |y =00 =[] (o

m=1
where ¥ is the number of distinct TDOASs the re-
ceiver can sense, for a detailed discussion of
see[ 26].

The cost of assigning a M-tuple to the target

x, is given by

| A(Wil-“iM lz) (
B 4)
C . M n A(Wll'"lM ‘_]9(1 :@)

But as we do not know x,. we use

x, —argmax AW, ) )

q

If we put all these possible costs in a matrix,
it will have M dimensions with n; Xn, X+« Xny
elements, each related to the cost of an individual
M-tuple.

Also we add a dummy measurement, w,, to
each group, representing the targets that were
not detected by the corresponding transmitter.
The goal is to find the most likely set of M-tuples
such that each measurement is assigned to one
and only one target, or declared false, and each
target receives at most one measurement from

each group. This can be reformulated as the fol-

lowing
- g
J = min E '"2611“'%\4#'1“'%«4 (6)
Piyigeipg i =0 iy =0
subject to

2“2 ZHM e
iy =0 iy =0 Piyiyg =13 10 Loeeonmy
”I e ”1\4 f— . ; fr— e
2 ) ZiM*() Pipeiy Ly ip=1,-m, 7

n, Zanl o o
Z' =0 =0 #il"'iM

. 15 iy=1,"sny
‘M—1

where, i iy, S are binary association variables
=1 if the M-tuple W, .., =
1 M

{wl,1 sWa, 9"t s Wi, } is associated with a candi-

such that p; ..
date target. Otherwise, it is set to zero.
Although this generalized assignment algo-
rithm is NP-hard for M =3, Deb et al. have
developed a suboptimal polynomial-time algo-
rithm in [25] (S-D algorithm) for it. By using
this algorithm, the targets will be defined and the
measurements will be assigned to the targets in

an efficient way.

2.2 Measurement -to- Transmitter Association

For each transmitter assignment Cor group
configuration) in the previous section, the algo-
rithm will minimize the cost function and give the
M-tuples corresponding to that minimum. If we
compare the minimized function, J, for all group
configurations, we can choose the minimum J,
so that the group configuration corresponding to
this minimum J will be the solution to the Meas-

urement-to-Transmitter association problem.



1

2013 4F45 1 0] P e mEE .

The block diagram of the algorithm is depic-
ted in Figure 2.

Derive the costs for all
possible M—tuples of the
measurements

'

For all group configurations;
run S-D algorithm to obtain the best cost
of each group

lJ i for each group configuration

Through all the group configurations,
find the best configuration with the
minimum cost

¢ -’np'

Jopt Tesults in the best configuration with
the corresponding association solution

Fig. 2 Block diagram of the proposed algorithm

2.3 Improving the Data Association Algorithm
In (3), in order to compute p (w,,; lz,),

the maximum Rt and Ry are used, i. e. in the
mathematical computation of the cost function for
the true targets, we assume the worst case for
the bistatic range measurement, which is inde-
pendent of the Ry.Rt and is the same for all
measurements. Here, we modify the noise model
(of the measurements) to reduce the cost func-
tion for the true targets and consequently the
number of false targets.

In our multistatic PCL configuration, each
target is illuminated by the signal transmitted by
the noncooperative transmitter, reflected from
the target and received at the receiver. There-
fore, the SNR of this received signal will be pro-

portional to the inverse square of the Rt and Ry

1
i.e. SNR ~ —— ).
(i. e R%R%g)

maximum noise power for the largest range

If we define o, ... as the

(rmax) s we will have:

Z 4% F 4R MIMO PCL P 9 403 & B2 s it 5
Ry R+
O, =0 max % (&)
r7‘wInF\X

Where 6% is the variance of the bistatic range de-
tected at the receiver from the target (x,) located
at a distance Ry from the receiver and R+ from
the transmitter.

By substituting (8) in (9) we will conclude

that: . RiR:
p(wmi ‘xq) - [67‘.max I: - ] X
" 27 7y max
[u'mi 7T(TXM ’xq)jz
= D)
o RiR;

ZEUV.maX 2712

By using this value in the likelihood ratio of
(3) and subsequently in the cost function of (4),
we expect to get better results as we have used

the information laid in the bistatic ranges.

3  Numerical Simulation
3.1 Radar Parameters

In our simulations, we assume a square re-
gion of 30 km sides and DVB-T stations as nonco-
operative illuminators. In our passive platform,
we use a different form of range cells called bi-
static range cells instead of typical range cells de-
fined for monostatic cases. Such cells represent
the resolution of the passive scheme’s object posi-
tion estimation, approximated by [27] as:

AR, ~ — S (10

2‘8(:05%

where 8 is the DVB-T transmitter bandwidth
which is about 6 MHz, and ¢ is the bistatic angle:
Ry + R4 —L*?

¢ = cos ][W] (1)
where L is the transmitter-receiver distance. The
parameters Ry ,R¢ denote the distances between
the object and receiving and transmitting anten-
nas, respectively. Accordingly, spatial resolution
will be approximately in the range of 25~47 m.
For the range-likelihood function p (w,; lx,) s

we use the Gaussian distribution with parameters

N(T(TX, sRX, sx,)s07). The variance of the
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bistatic range is then as follows: 20
ol =c¢? . gt (12) 15} A
where for ¢? we have®/, 10}
1 £ A
P 13 50 »
7" T 2BSNR(z,) (15 z2 0 N
and the SNR(x,) is defined as L‘_S_ %
K
SNR(I{,) _ (14 -10F L4 .
RiR3 g
The parameter K is derived as follows " . . . ‘ * Targe.l .
-5 10 -5 0 5 10 15 20
P.:G.G /12 m-P‘ZFZ —axis/km
K — TUTURA O TR (15) x /k
4k T, (TL) (NF) Fig. 3 Scenario configuration

The receiver and transmitter parameters used
in the above expression are all denoted in Table 1.
These parameters are the transmitter power P ,
gains for transmitter and receiver antennas Gy and
Gy » and the DVB-T signal wavelength A, =c/f,
where f is the DVB-T signal carrier frequency.
The object’s bistatic cross section is denoted by
6.s » where £ is the Boltzmann’s constant, and
F 1 and Fy are the signal propagation factors. T,
denotes the integration interval for the DVB-T
signal in our passive scheme and parameter NF
denotes the receiver noise figure. Based on the
aforementioned parameter values, o, will be de-
rived as a function of Ry (the distance between the
transmitter and the object) and Ry (the distance be-

tween the receiver and the object).

Table 1 System parameters

Parameter Value
Pr 10 kW

Gr = Gr 0dB
Ay 0.6m
O res 10 dBsm

Fr = Fg 0dB
NF 30dB
' 1708

For ¥ we have:

range extent 1.5 X2 X 30 km

7~
- AR 37.5

= 1708 (16)

(1) Scenario configuration: The scenario is
shown in figure 3. Also Table 2 shows the corre-
sponding positions of the receiver, transmitters

and targets.

Table 2 Position of transmitters,
receiver and targets

x/km y/km
Rx1 0 5
Rx2 4 —10
Tx1 —12.45 6.15
Tx2 12.01 14. 46
Target1 —5.37 —5.28
Target?2 5.01 0.01

The positions of the targets detected without
employing the modification discussed in section
2.3 is shown in figure4. As can be observed, one

target is missed and instead, a false target has ap-

peared.
15 A
10
A
g 5 ¢
-y [ ]
.2
=)
F o +
ES
=5
+ —+ True target
® Detected target
—10} m False target
¢ Receiver
Transmitter
-15 L L L L L )
-15 -10 -5 0 5 10 15

x—axis/km
Fig. 4 Target localization without employing
the modification
The results for the same configuration, this
time with employing the aforementioned modifi-
cation is shown in figure 5. It can be seen that the
number of targets and their positions are truly de-
tected. This verifies the improvement of our
modification for the target localization in MIMO

passive radar.
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Fig. 5 Target localization after employing

the modification in the detection part

4 Conclusion

In this paper, we described the new concept
of MIMO passive radar, which seems to get much
more attention during the coming years after the
passive radar did. To make this concept practi-
cal, there are a number of problems that should
be solved efficiently. An important one is the da-
ta association, which aims to associate the meas-
urements(or echoes) in the receiver to the targets
and transmitters (their sources). We stated that
this is essential in order to get the benefit of MI-
MO radar. Having proposed a technique to solve
this problem in the previous works, here, we de-
veloped a technique to improve the localization.
The simulations gave satisfying results for this

method.
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