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Abstract: Using multiple illuminators of opportunity at the transmit side and multiple antennas at the receiver side in a passive
coherent location (PCL) scheme is expected to improve the detection performance. However, in such multiple-input multipleoutput (MIMO) conﬁguration choosing the position of the receivers is an obstacle that can have signiﬁcant inﬂuence on the
resulting performance. In this study, the authors consider the case of digital video broadcast (DVB)-T stations as noncooperative transmitters and introduce a procedure based on the probability of missed detection to properly place receive
antennas in a MIMO digital video broadcasting (DVB)-T based PCL conﬁguration.

1
1.1

1.2 Multiple-input multiple output (MIMO)
localisation

Introduction
Passive coherent location

As a low-cost technology, passive coherent location (PCL)
has attracted much attention in recent years. Different kinds
of available signals have been investigated for such use, for
example, FM [1 – 3], wireless LAN transmissions [4],
analogue TV [5, 6], digital TV [7 – 10], satellite [11] and
GSM [12 – 14] systems. New digital signals, such as digital
audio/video broadcast, are excellent candidates for such
purpose [15 – 17], as they are widely available and can be
easily decoded.
Traditionally the object’s range is measured by comparing
the time of transmit and receive pulses. However, such
information is not directly available in the case of PCL.
Instead, two sets of antennas are used, one for receiving the
signal directly from its main source (reference antenna) and
another one for collecting reﬂections arriving from the
objects that are to be detected (reﬂection antenna). Fig. 1
depicts the overall structure of this passive scheme.
In such scenarios, detection is done through computation of
cross ambiguity function (CAF), as given in (1), which is a
criterion of how much correlation exists between reference
and reﬂected signals. A given CAF’s peak in a range–
Doppler cell is a representative of a potential object in that
range and Doppler frequency
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|x(t, n)| =  r(t)s (t − t)e
(1)

T

where r (t) is the received signal, s(t) is the reference signal, n
is the Doppler shift, t is the delay shift and T is the integration
interval.
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After a spark in communication in 1998 [18] that developed
MIMO communication, recently there has been a great
attention towards MIMO in localisation. Researchers have
studied this topic from several points of view. Generally,
MIMO localisation is divided into two categories: with use
of widely separated antennas and use of collocated antennas
[19, 20].
In the case of widely separated antennas, we use multiple
transmitters and multiple receivers that are widely separated
in order to detect the objects of interest. The difference of
this approach with multistatic cases is in its jointly
processing nature. As shown in [19] the concepts of spatial
diversity and multiplexing gain emerge here in a dual
manner to the MIMO communication. The main point is
that, by looking at an object from different angles, the
probability of missed detection decreases, a concept known
as spatial diversity in MIMO communication. On the other
hand, in the case of collocated antennas, transmitters and
receivers instead of being widely separated, are collocated.
Such conﬁguration is similar to phased array schemes,
however, here the signals emitted by each antenna can be
totally uncorrelated with each other.
The studies have shown that we can have enhanced
detection performance (diversity gain) [21, 22] and highresolution object localisation (spatial multiplexing gain)
[23] with a widely separated antennas scheme. Similarly,
signiﬁcantly improved parameter identiﬁability [24], direct
applicability of adaptive arrays for target detection and
parameter estimation [25] and much enhanced ﬂexibility for
transmit beampattern design [26, 27] is obtained by using
the collocated antennas scheme.
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derivations. Indeed, when we have Doppler effect, the
received signal will have a Doppler shift. As the receiver
performs match ﬁltering on the received signal, it is ﬁltered
with different copies of the signal with different Doppler
values. Consequently, the Doppler will be removed and
there will be no need to consider it separately in this
manuscript.
The reﬂection antenna is assumed to be omnidirectional,
collecting signals arriving from all directions. At the
receiver side, after direct path interference cancellation [31],
the signal is passed through a CAF processor to obtain the
delays and Doppler frequencies of different echoes
collected from the objects to be localised. The threshold at
the output of CAF processor for declaring that an object is
detected is determined by the desired false alarm rate (Pfa).
In the case of MIMO PCL, the signal received at a receive
antenna is presented by (2)
 M
Et  a i
r(t) =
s(t − ti ) + n(t)
L i=1 r1i r2i

Fig. 1 Structure of a passive scheme

1.3

MIMO PCL, a new concept

As described earlier, it is possible to achieve the beneﬁts of
both MIMO and PCL by using multiple receivers to detect
targets illuminated by multiple non-cooperative transmitters,
even when the illuminators are transmitting different signals
(e.g. a broadcasting FM radio station with a GSM base
station).
Although MIMO localisation is a well-known technique
(e.g. [19, 22, 24– 28]), the problem of positioning transmit
and receive antennas has not been properly addressed in the
literature [29, 30]. In this paper, we introduce a procedure
for proper placement of receive antennas based on
improving the probability of missed detection. It should be
noted that choosing the positions of transmit antennas is not
addressed since in the case of PCL, the illuminators of
opportunity are already installed in the environment and
there is not much control over their location. In the
following, we simulate the case of a 2 × 2 digital video
broadcast (DVB)-T-based MIMO PCL and introduce a
technique for ﬁnding the position of the receive antennas.
The rest of this paper is organised as follows. Section 2
develops the structure of the detector for the DVB-T-based
MIMO PCL and the probability of missed detection is
analysed to derive a closed form. Then, in Section 3, it is
used as a criterion for placing the receive antennas. The
effect of increasing the number of receive antennas on
system performance is analysed in Section 4. Joint
performance of receivers is studied in Section 5, and ﬁnally,
Section 6 concludes the paper.

2

Detection in the DVB-T-based MIMO PCL

In the case of DVB-T signal, the transmitted signals from all
stations are exactly the same (a concept referred to as an
SFN – single frequency network– of DVB-T transmitters), so
that the echoes of the targets illuminated by the transmitters
collected by each receiver all have the same structure.
Assume that there are M illuminators of opportunity (e.g.
broadcasting DVB-T signals in a single frequency network),
a single receiver (including a reference and a reﬂection
antenna) and, an object to be localised. For simpliﬁcation,
we have assumed that the object to be localised has no
Doppler, although this assumption is not critical in our
604
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(2)

where s(t) is the transmitted signal, r1i and r2i are the distance
from the transmitter to the target and the distance from the
target to the receiver respectively, M is the number of
illuminators, ai is the cross-section gain of the object
illuminated by the signal transmitted from the ith
transmitter, Et is the energy of the transmitted signal, L is
the channel loss and ti denotes its delay.
We deﬁne the probability of missed detection (PM) as the
probability that we miss all echoes of the desired object. It
should be noted that in order to ﬁnd the location of the
object by one receiver, we should have at least three echoes
from three transmitters in the two-dimensional plane.
However, the reason that we do not consider the case of
detecting one or two echoes as missed detection is that we
can design the detector such that after detecting one or two
echoes, the threshold can be reduced adaptively in order to
detect sufﬁcient number of echoes (in this case three).
Although by such approach Pfa would increase, the data
association algorithm we have developed in [32], used to
associate these echoes to targets, will eliminate such false
echoes. Another reason is that we can localise the object by
other techniques such as direction-of-arrival estimation after
detecting it at an acceptable PM level. More importantly,
data fusion schemes can be adopted to localise objects by
multiple receivers, in which case it is not required to have
three echoes at each receiver.
2.1

Problem formulation

Next, we explore the probability of missed detection in
MIMO PCL by computing the detection probability.
First, our objective is to ﬁnd the optimum position only for
the ﬁrst receive antenna. Therefore we assume the receiver is
placed at X̃ , an arbitrary place in the region of interest. For the
target located at position Ỹ , the echo of the ith transmitter will
i
be missed with the probability PM
. As described earlier, we
have
PM =

M


i
PM

(3)

i=1

In other words, we consider a target totally missed, if we do
not detect any of its echoes.
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Now, consider the hypothesis in which we assume a target
exists in the speciﬁc bistatic range corresponding to the
position Ỹ . The bistatic range of the echo from the ith
transmitter will be
ri = r1i + r2i

Ip is the processing gain at the receiver, Lc is the scattering
loss and Lr is the receiver loss.
Without loss of generality, we assume that s ¼ 1
||s||2 =

(4)

m


s2i = 1

(10)

i=1

where r1i and r2i represent the target –transmitter and target –
receiver distance, respectively. However, existence of the
target in this cell is a random process with unknown
probability. We use the Neyman– Pearson hypothesis test
because priori probabilities are unknown. So we will obtain
the likelihood ratio to compare it with a threshold (h). The
hypotheses are shown below
H0 : y = n

fC (c) =

where s and n are signal and noise vectors with length m,
respectively. As shown in [8], because of highly
randomised nature of DVB-T symbols, the echo of target in
other bistatic range cells behave as weak uncorrelated noise
that can be ignored in this model.
In the absence of a target, the received signal is white noise
with independent samples with a jointly distributed function
as follows
m


2
2
1
1
√ e−(ni /2sn ) = √
p
s
2
p
sn
2
n
i=1

m

e−



fC (c) =

=

m
y2
i=1 i

2

m

e−(1/2sn )

(13)

fY (y|C = c, H1 )fC (c) dc

(14)

y = n + cs

(15)

fY (y|C = c, H1 ) = fN (y − cs)
1
= √
2psn
(see (17) and (18))

m
i=1

2

m

1

fY (y|H1 ) = a0

e−(1/2sn )

2 2

ce−a1 c

(yi −csi )2

+a2 c−a3

dc

(16)

(19)

(8)
where
a0 =
(9)

In the above equation, Pt is the transmitted power, Gt and Gr
are the transmitting and receiving antenna gains respectively,

0

(12)

0


P t G t G r Ip
Lc Lr

fY (y|H1 ) =

c

For H1 hypothesis

(7)

sv
r1i r2i

1
√
2psn

2 2

0

where

1

ce−(1/2)(r1i r2i /vst )

1

where s2t is the RCS average value.
In (5) the coefﬁcient c (the gain experienced by the signal
from the transmitter to the receiver) is

v=

2

We also obtain
fY (y|H1 ) =

where s2n is the power of receiver noise.
However, if the target exists in the given bistatic range cell,
it reﬂects the transmitted signal in proportion to its RCS. We
assume its radar cross section (RCS) follows the Swerling I
model (also called Rayleigh scatter). If s2 represents RCS,
the distribution function of s is

c=

r1i r2i
vst

1
fY (y|H0 ) = fN (y) = √
2psn

m
n2 /2s2n
i=1 i

s −(s2 /2s2t )
e
s2t


s −(s2 /2s2t ) 
e
(11)

s2t
s=(r1i r2i c/v)

From (5) and (6)

(6)

f s (s ) =



fs (s)
r r
= 1i 2i
v
|∂c/∂s|


(5)

H1 : y = n + cs

fN (n) =

The distribution function of c results from the distribution
function of s. Using (7) and (8), we have

m

2 2
r1i
r2i
√



v2 s2t 2psn

m
i=1

−(1/2s2n )

e

1
m

ce−c

2

(yi −csi )2

((1/2s2n )

a21

2 2
r1i
r2i
√



2
2
v st 2psn

(20)

m



m
1 
1 r1i r2i 2
2
= 2
s +
2sn i=1 i 2 vst



r1i r2i 2 −(1/2)(r1i r2i /vst )2 c2
ce
dc
vst

m
s2 +(1/2)(r1i r2i /vst )2 )+c((1/2s2n )
i=1 i

m
y s )−(1/2s2n )
i=1 i i

(21)

(17)
m
y2
i=1 i

dc

(18)

0
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By using (30) – (32) and simplifying the likelihood ratio, we
have

According to (10)
a21 =



1
1 r1i r2i 2
+
2s2n 2 vst

a2 =

1
s2n

m


(22)
L(y) =

yi si

1
fY (y|H1 ) = a0

2 2

ce−a1 c

m





√ 
a2 p
a2
(a2 /2a1 )2
1+
Q − √ e
a1
a1 2
(33)

(24)

p
In the above equation, the two terms Q(2(a2a1 2)) and
2
e(a2 /2a1 ) increase by increasing a2 . This fact results in
increasing L( y) by increasing a2 . Therefore according to the
Neyman– Pearson lemma

dc
H1

0
1

= a0

+a2 c−a3

√
2psn
2a21

(23)

i=1

m
1 
y2
a3 = 2
2sn i=1 i

a0

−(a1 c−(a2 /2a1 ))2 +((a22 /4a21 )−a3 )

ce

L(y) _ h1
dc (25)

0
(a22 /(4a21 ))−a3

1

= a0 e

so
2

ce−(a1 c−(a2 /2a1 )) dc

H1

0

=

a0 (a22 /4a21 )−a3
e
a21

+

a2
2a1



a2 _ h2

(35)

H0

1

2

xe−x dx

m


−(a2 /2a1 )



1

(34)

H0

H1

yi si _ h

2

e−x dx

(26)

−(a2 /2a1 )

a0 (a2 /2a1 )2 −a3
e
a21

√  √ 

2a2
1 −x2 1
a2 2p
√ Q −
× − e 
+
2a1
2
2
−(a2 /2a1 ) 2a1
=

(36)

H0

i=1

This equation shows that if we use the matched ﬁlter at the
receiver, we have optimal efﬁciency in the detection of the
target placed at a speciﬁc bistatic range cell. Subsequently,
h must be determined to achieve the desired false alarm
probability.
For the H0 hypothesis
y=n

(27)

(37)

The matched ﬁlter output for this hypothesis is deﬁned below

where
1
Q(x) =
x

′2
1
√ e−(x /2) dx′
2p

E=

(28)

m


ni si

(38)

i=1

For E, we have

so


√ 
a0 (a2 /2a1 )2 −a3 1 −(a2 /2a1 )2 a2 p
a2
e
+
Q − √
fY (y|H1 ) = 2 e
2a1
2
a1
a1 2
(29)
=

a0 −a3
e
2a21





√ 
a2 p
a2
(a2 /2a1 )2
1+
Q − √ e
a1
a1 2

(30)

 
1
− e2 / 2s2n
fE (e) = √
e
2
2p s2n m
i=1 si

f (y|H1 )
L(y) = Y
fY (y|H0 )

From (10) and (39)
2
2
1
fE (e) = √ e−(e /2sn )
2psn

(31)

Pfa = Pr


m


1
= √
2psn

(40)


yi si . h|H0

(41)

i=1

For H0 hypothesis, we can write
2

m

(39)

False alarm probability is obtained from (36) and (40) as
follows

The likelihood ratio is deﬁned below

1
fY (y|H0 ) = √
2psn

m
s2
i=1 i

e−(1/2sn )

= Pr

m
y2
i=1 i

−a3
me

606
& The Institution of Engineering and Technology 2012


m



n i si . h

(42)

i=1



(32)

h
= Pr{e . h} = Q
sn


(43)
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By substituting a instead of pfa , the threshold value h is
obtained


h
a=Q
sn



Using (53) and (55) we have
h
Pdi

=

−1

(44)

h = sn Q−1 (a)

(45)

1
Pdi = √
2psn
1
= √
2psn

Now, assume the target is placed in this cell
y = n + cs

(46)

m


(ni + csi )si =

i=1

m


n i si +

m


i=1

G=

m


cs2i = E + G

(47)

h

cs2i =

i=1

m


e−(u
e−u

2



r r
fG (g) = g 1i 2i
vst

2

(50)

−(1/2)(r1i r2i /vst )2 g 2

e

= Pr

2 2

e−b1 u

+b2 u−b3


2 2
1
1
1 1 r1i
r2i
= 2+ 2=
+
2sn 2s1 2 s2n v2 s2t

(61)

−1

b21

1
Pdi = √
2psn

b2 =

2 2
h
hr1i
r2i
=
v2 s2t
s21

(62)

b3 =

h2
b
=h 2
2
2
2s1

(63)

h

e−(b1 u−(b2 /2b1 ))

−1

2
2
1
= √ e(b2 /4b1 )−b3
2psn

(51)

h

2

+((b22 /4b21 )−b3 )

du

(64)

e−(b1 u−(b2 /2b1 )) du

(65)

b2
2b1

(66)

2

−1

By deﬁning u


yi si . h|H1

h

(60)

The detection probability according to (46) and (47) is
obtained as follows
m


du (59)

du

(49)

fG (g) = fC (g)

(58)

((1/2s2n )+(1/2s21 ))+(h/s21 )u−(h2 /2s21 )

i=1

and

du

where

(48)

G=c



/2s2n )−((h−u)2 /2s21 )

(57)

−1

Considering (10), we obtain

Pdi

2

1
Pdi = √
2psn


s2i c

2
2
1
√ e−(u /2sn ) du
2psn

/2s21 )

−1

h

i=1



2

Therefore the detection probability is simpliﬁed below

The matched ﬁlter output for this hypothesis is deﬁned as
F=

e−((h−u)

= Pr


m


i=1


(ni + csi )si . h

i=1

(52)
= Pr{F . h} = Pr{E + G . h}

= Pr{G . h − u|E = u}fE (u) du

u = b1 u −
Pdi is simpliﬁed below
2
2
1
e(b2 /4b1 )−b3
Pdi = √
2psn b1

Pdi
(53)

The independence of noise and RCS results in the
independence of E and G. As a result, we have

b1 h−(b2 /2b1 )

2

e−u du

(67)

−1

 √

√
1 (b22 /4b21 )−b3 1
b 2
√ Q 2
=
e
− b1 h 2
sn b1
2b1
2


√
1
b2
(b22 /4b21 )−b3
√ − 2b1 h
= √
e
Q
b1 2
2sn b1

(68)

(69)

From (63), we have
Pr{G . h − u|E = u} = Pr{G . h − u}

(54)

By computing the cumulative distribution function for
Rayleigh distribution, we obtain
Pr{G . h − u} = e−((h−u)

2

/2s21 )



√
1
b2
(b2 /2b1 )2 −h(b2 /2)
√ − 2b1 h
= √
e
Q
b1 2
2sn b1

(70)

By substituting the threshold value from (45) instead of h
,

u,h

(55)

where

s1 =

Pdi

vst
r1i r2i
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2
−1
1
Pdi = √
e(b2 /2b1 ) −sn Q (a)(b2 /2)
2sn b1


√
b2
−1
√ − 2b1 sn Q (a)
×Q
b1 2

(71)
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The missed detection probability is also deﬁned as follows
i
PM
= 1 − Pdi

(72)

In the following, we will use (3), (72) in order to optimise the
positions of the receive antennas and obtain better detection in
the whole region of interest.
2.2

Illustrative example

The region of interest is a square with sides equal to 30 km.
The conﬁguration of the scenario is shown in Fig. 2. In this
scenario, the reference signal is obtained from the
transmitter located at (26.45, 6.15) km, and the Swirling I
model [33], with sav ¼ 2.4 m2 is assumed for RCS. In
addition, Pfa of (45) is set to 1026.
The parameters of the DVB-T stations and the DVB-T
signal used in the correlator are shown in Table 1.
Fig. 3 shows PM for different target’s positions in the
region of interest. This ﬁgure clearly shows the dependence
of the PM on the target’s position and the geometry of the
receive and transmit antennas. The effect of the distance of
the target from the transmitters and the receiver on PM is
also obvious.

3 PM as a criterion for receive antenna
placement
In our simulations, we choose a priority function that deﬁnes
the value of importance of each location according to the

Fig. 3 PM for different target’s positions

missed probability of the target in that location. In other
words, the places with a higher degree of importance are
assigned higher values in the priority function so that
decreasing missed probability of the target in those places is
emphasised more. The priority function chosen in our
region of interest is formulated as in (73) and is depicted in
Fig. 4.
fp (x, y) = e−(|x−9150|+|y−5350|)/5 + e−(|x+3450|+|y+3550|)/5 (73)
It can be inferred that the two locations of (9.15, 5.35) and
(23.45, 23.55) km are of highest priority to detect the
targets.
Next, we use the aforementioned probability of missed
detection as a criterion to ﬁnd the best position for placing
the receivers. Obviously, for each receiver placement (X̃ ),
PM changes based on where the target is located (Ỹ ).
Each of the region’s positions is a candidate for placing the
ﬁrst receive antenna at that point. Suppose we place the
receiver at the point X̃ . So, for the position X̃ , we can
compute output PM of the detector. However, the value of
PM changes by changing the position of the target (Ỹ ).

Fig. 2 Scenario conﬁguration
Table 1

Simulation parameters

Parameter

Value

PT
BW
GT ¼ GR
lf
s2t
Ip
NF
LcLr
Pfa

1 kW
6 MHz
0 dB
0.6 m
2.4 m2
30 dB
7 dB
15 dB
1026
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Fig. 4 Priority function deﬁned in the region of interest
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Therefore we evaluate the average of the values of PMs after
changing the target’s position (Ỹ ) in the whole region.
The role of the priority function becomes clear at this stage.
Here, before evaluating the average of PM values, we give the
PM of each location a weight proportional to the value of the
priority function at that point. Subsequently, this average PM
can be a criterion of how much X̃ is good for placing the
receiver.
Fig. 5 shows the resulting average PM by changing the
receiver’s position (X̃ ) in the whole region. It can be seen
from the data of Fig. 5 that the best position of the region
to place the receiver is (4.0, 2.3) km, leading to better
detection and subsequently, less missed detection.
Fig. 6 shows PM after placing the receiver at (4.0, 2.3) km
for different target positions.
The effect of path loss (raised in r1ir2i) is clearly seen in this
ﬁgure, a factor that is critical to PM in MIMO localisation.
This factor gets more importance as widely separated
antennas are used for MIMO localisation and detection.
From Fig. 6, it can be noted that as the path from
transmitter to target to receiver becomes longer, signal-tonoise ratio values decrease leading to larger values of PM .

4 Improving detection by increasing number
of receive antennas
In the next step, we consider the effect of adding the second
receive antenna in order to improve the detection performance
and do the localisation by jointly processing the two
receivers. Our goal is then to ﬁnd the best position for the
second receiver. Using an argument similar to the one
presented in the earlier section, we use PM as the criterion.
However, the procedure of ﬁnding a good position for the
second receiver differs from the earlier case, as will be
discussed in the following.
From Fig. 6, it can be seen that after placing the ﬁrst
receiver, high PMs at some locations and low PMs at others
will be observed. Our strategy in placing the second
receiver is to complement the coverage of the ﬁrst receiver.
Therefore we choose the second receiver’s position such
that low PMs is obtained at target positions where the ﬁrst
receiver provides a high PM . Consequently, we can measure
the mean PM at the whole region for placing the second
receiver. However, the main difference is that we compute a
weighted mean PM , weighted by the PMs obtained from the
ﬁrst receiver (multiplied by the weights resulting from the
priority function as given in the previous section). By

Fig. 5 Average PM (weighted by the priority function) obtained by
changing the receiver’s position

Fig. 7 Weighted PM for the second receiver’s position

Fig. 6 PM obtained for different target positions after placing the
ﬁrst receiver

Fig. 8 Joint PM after placing the second receiver’s position
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computing such weighted mean for the region of interest, we
get the PMs shown in Fig. 7 for different receiver positions. It
can be seen that the best position for the second receiver, by
this criterion is (26.0, 26.6) km.

5

Joint PM of two receive antennas

Finally, we explore the joint PM achieved by using both
receivers, placed at the positions determined in the previous
sections. In this case, the probability of missed detection is
obtained in a way similar to the earlier approach, at various
target positions. The results are shown in Fig. 8. By
comparing this ﬁgure with the plot of PM in the case of
only one illuminator (Fig. 6), one can observe the
detection’s improvement by adding the second receiver.

6

Conclusion

After deriving a closed form for PM in a MIMO DVB-T-based
PCL, we showed that in MIMO PCL schemes we can improve
the detection performance by adding more receive antennas.
In addition, we showed that this performance critically
depends on the geometry of the transmit and receive
antennas. As the resulting PM is highly dependent on the
relative position of transmitters, receiver and the object to
be localised, it can be a good criterion for choosing the
positions of the receive antennas. Since in the PCL case,
the illuminators of opportunity are at ﬁxed locations, we
introduced this missed detection probability as a criterion
for ﬁnding the best position for the receiver’s antenna. The
joint PM of using two receive antennas in comparison with
just using one receiver was also investigated.

7
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