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Forward M-ary Hypothesis Testing Based Detection
Approach for Passive Radar
Amir Zaimbashi

Abstract—In contrast to active radar systems, in which the
transmitted waveforms are carefully selected and designed in
relation to the radar operational modes and requirements,
passive radars(PRs) exploiting non-cooperative illuminators of
opportunity need to cope with waveforms that are not tailored
for the radar applications. In the latter case, it is likely that
target echoes are masked by echoes from other strong targets in
multi-target scenarios. This fact inspired us to model the multitarget detection problem in the PRs as an M-ary hypothesis
testing problem. We then employ the generalized likelihood ratio
(GLR) principle to derive the GLR-based detector. A parallel
and recursive implementation of the detector is presented for
computationally efficient implementation, in which the targets
are detected sequentially and the previously detected targets are
treated as interferences to be removed yielding the detection of
the weakest ones. The false alarm and detection performance
of the proposed sequential GLR-based detector are analytically
studied using asymptotic distribution and also their accuracies
are verified numerically. Simulation results show that there is
a high agreement between asymptotic performance and the one
obtained by simulation results. Extensive simulation results for
both FM and DVB-T based passive radars are presented to
demonstrate the effectiveness of the proposed detection algorithm. Furthermore, it can be revealed from our simulation
results that the proposed detection algorithm significantly outperforms the existing methods without adding significant complexity
to them.
Index Terms—Passive radar, M-ary hypothesis testing problem,
generalized likelihood ratio test, FM and DVB-T opportunity
signals.

I. INTRODUCTION
Assive radar (PR) systems have received a growing interest over the last decade, which use signals of such as
analogue television (TV) [1], frequency modulated (FM) commercial radio [2], digital video broadcast-terrestrial (DVB-T)
[3]–[5], digital audio broadcast (DAB) [6], global system for
mobile communications (GSM) [7], and long-term evolution
(LTE) [8], as illuminators for target detection, localization,
and tracking. Broadly speaking, arguments for the selection of
an opportunity transmitter include spatial and time coverage,
transmitter power, transmitter central frequency, bandwidth
of broadcast signals, shape of the ambiguity function and
so on. More precisely, the bandwidth of a signal dictates
the achievable range-resolution, the shape of the ambiguity
function is crucial in determining the detection performance of
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a PR system, and the others parameters can affect the coverage
diagram of a PR. In the case of digital broadcast signals, DVBT signals generally offer a close-to-ideal ambiguity function
for target detection, but it often have low power transmitters.
Among all the emitters available in the environment, however,
the commercial FM radio stations offer a good tradeoff between performance and overall system development costs [9][11].
It is known that the detection and localization performance
of a radar system depend on the transmitted waveform. Unfortunately, the characteristics of the transmitted waveform in
a PR system are not under the control of a radar designer;
moreover, these characteristics can unpredictably change with
time. This is clearly the case with the transmitted FM radio
waveforms, which result in a PR ambiguity function with
usually time-varying characteristics, involving both range resolution and sidelobe level, which exist at a level not much
lower than that of mainlobe. In the case of DVB-T signal, the
presence of specific features such as guard intervals and pilot
subcarriers in the orthogonal frequency division multiplexing
(OFDM) modulation yields in a number of undesired peaks
in the corresponding ambiguity function [12]. This behavior
of waveforms that are not tailored for radar applications
leads to the greatest limitation of a PR system known as
the masking effect of nuisance signals, including the direct
signal, multipath/clutter echoes and strong targets echoes, for
the weakest targets present in a considered scenario [10]- [19].
In addition, this might be the cause for increasing actual false
alarm rate and thus significantly limit the detection capability
of a PR system. This standpoint clears the key distinction
between target detection in active radar and that of passive
one, which necessitates considering both the presence of the
receiver noise and clutter echoes in the PR detection problem
as well as the presence of the direct path signal and interfering
targets in a multi-target detection problem.
In a bistatic framework, a number of passive target detection
approaches have been studied in the literature [5]- [19]. With
the exception of [11] and our previous works [14]- [19],
most of the existing literature ignores the detrimental effect of
stronger targets on the weak ones and develops some detectors
based on the single-target assumption. Also, the works in [21][25] focus on passive radar imaging of moving targets or target
detection problem in a multistatic framework. In this case,
authors of [24] and [25] also ignored the harmful effect of
clutter and interfering target signals on the calculation and
analysis of their detectors in passive multiple-input multipleoutput (MIMO) radar networks and passive multistatic radar,
respectively. In our previous works presented in [14]- [19],
we formulated the target detection problem in single- and
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multi-band FM-based bistatic PR system as a composite and
binary hypothesis testing problem in the presence of above
nuisance signals, in which a two-step generalized likelihood
ratio (GLR)-based detector was suggested. To implement the
GLR test, interfering targets delay-Doppler coordinates should
be estimated, so it would be a two step GLR (2S-GLR)-based
detector. In the first step of the 2S-GLR-based detector, a
heuristic algorithm referred to as imperative target positioning
(ITP) algorithm has been developed to estimate the Dopplerrange coordinate of the interfering targets. In the second step,
one target is considered as the target under test and others
are considered as the interfering targets to regulate the false
alarm of the proposed detector. Simulation results of [14][16] showed that the 2S-GLR based detector significantly
outperforms the detectors presented in [11]- [13]. In contrast to
our previous works, here, we model the single- channel target
detection problem as an M-ary hypothesis testing problem.
To solve this new detection problem, we consider the M-ary
hypothesis testing problem as a series of binary hypothesis
testing problem and propose a forward and sequential GLRbased detector. Compared with our previous works [14]- [19],
our main contributions are as follows:
•

•

•

•

•

To cope with the severe masking effect of strong targets
on the weak ones or increasing the false alarm rate, for
the first time, we model the target detection problem
in a bistatic PR system as an M-ary hypothesis testing
problem, in which targets must be detected one after
the other, whereas this problem is modeled as a binary
composite hypothesis testing problem in our previous
works.
We propose a forward implementation of GLR-based
detector by considering the M-ary hypothesis testing
problem as a series of binary hypothesis testing problem.
The proposed detection strategy is based on the sequential
use of the generalized likelihood ratio test exploited for
binary composite case. The obtained binary GLR-based
detector differs from the one in our previous works in
the sense that it aims at detecting targets with unknown
delay-Doppler coordinates, whereas the detectors of our
previous works detect the presence of a target in a specific
delay-doppler coordinate.
To reduce the computational complexity and the amount
of memory required to implement the proposed detector,
a parallel and recursive implementation of the forward
GLR-based detector is presented, in which targets from
strongest to weakest ones are sequentially detected and
the previously detected targets are treated as interferences
to be removed thus allowing the detection of the weakest
ones.
In the new derived detector, the false alarm and detection
performances of the proposed GLR-based detector are
analytically studied using asymptotic distribution, and
their accuracies are numerically verified.
Our previous works focused only on FM radio signals,
but the efficacy of the proposed detector for both FM
radio and DVB-T signals are considered in this paper.
More importantly, this paper also shows that designing a

2

•

constant false alarm rate (CFAR) detector, with respect
to opportunity waveforms used over different processing
times, is not easily accessible in an FM-based PR with
time-varying waveforms, whereas it is expected for DVBT-based PR systems with approximately time-invariant
waveforms. In this case, it is shown that the proposed
detector guarantees a lower false alarm rate than the one
used for threshold setting in an FM-based PR system,
while it has CFAR property when used for the DVB-T
-based PR systems.
Finally, we show that the proposed detector is simpler
than the 2S-GLR-based detector of [15], and thus has
lower computational complexity. Furthermore, we compare the performance of the proposed detector with the
existing methods in the literature and demonstrate the
superiority of the proposed detection algorithm over wellknown methods without adding significant complexity to
them.

In the sections to follow, we will discuss these contributions in detail.
In this paper, scalars are denoted by nonboldface lowercase
letter, e.g., a. Vectors are denoted by boldface lowercase
letters, e.g., a, and matrices by boldface uppercase letters, e.g.,
A. Superscripts (.)T , (.)∗ and (.)H denote transpose, complex
conjugate and complex conjugate transpose, respectively. The
Euclidean norm of vector x is denoted by ∥x∥, |x| represents
the modulus of x, and the symbol ⊙ represents the Hadamard
elementwise product. Here, F1,N −(Pe +m) denotes a central
complex F distribution with 1 numerator complex degree of
freedom and N − (Pe + m) denominator complex degree
of freedom, and F1,N −(Pe +m) (δm ) denotes an noncentral
complex F distribution with 1 numerator complex degree of
freedom and N − (Pe + m) denominator complex degree of
freedom and the non-centrality parameter δm . Here, X2r (λ)
denotes a real complex chi-square distribution with r real
degree of freedom and the real non-centrality parameter λ.
II. S YSTEM M ODEL
Consider a bistatic PR system, in which receiver isolates the
direct-path and target-path signals into reference and surveillance channels, respectively. This is accomplished by pointing
directional antennas at the transmitter and the anticipated
target region, respectively [20]. In a multi-target scenario
with M targets, and in the presence of the system thermal
noise, direct signal and clutter/multipath returns, the base-band
received surveillance signal vector can be compactly described
by the following model:
x = Sa + Hc + n

(1)

where
•

x ∈ C N ×1 is the N × 1 vector obtained after sampling
a window of the surveillance signal. The size of the
window, say T , is called the coherent processing interval(CPI) and determines the Doppler resolution and the
processing gain of the system. As such, N = T fs with
fs being the sampling frequency.
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•

3

Target signal matrix S is an N × M matrix defined as:
S , [s1 , ..., sM ] ,

(2)

sm = (y(nm ) ⊙ e(fm ) )

(3)

where

•

where (nm , fm ) represents the delay-Doppler coordinates
of the mth targets; y(nm ) = Pnm y where y is the
reference signal after an equalization technique is applied
to it to further isolate the direct-path signals received; P
is an N × N permutation matrix defined as [P]ij = 1
if i = j + 1 and 0 otherwise for i = 0, ..., N − 1;
j = 0, ..., N − 1. Here, [e(fm ) ]n = ej2πfm nTs with
n = 0, ..., N −1; a = [α1 , ..., αM ]T is the M -dimensional
column vector containing all complex amplitudes of the
desired targets.
Clutter signature matrix H is an N × P matrix defined
as:
H , [h1 , ..., hp , ..., hP ] ,
n(p)
c

•

(4)

fc(p)

where hp = (y
⊙ e ) where n = 0, ..., N − 1.
(p)
(p)
In this case, nc and fc are determined based on the
delay-Doppler coordinates of the clutter signature for
p = 1, ..., P ; c = [c1 , ..., cP ]T is the P -dimensional
unknown column vector containing all amplitudes corresponding to any delay-Doppler coordinates of the clutter
signature. Since our focus of the present work is on the
target detection, we use the clutter model presented in
[15], and the interested reader is refereed to it for more
detail about clutter modeling.
n ∈ C N ×1 represents additive Gaussian noise in the
surveillance channel of PR system and has the distribution CN (0N ×1 , σ 2 IN ) with unknown variance σ 2 .

III. M- ARY H YPOTHESIS T ESTING BASED D ETECTION
A PPROACH
In a multi-target scenario, since the weak targets are susceptible to masking in presence of other strong targets, even in the
presence of large range-Doppler separations, it makes sense to
develop a detection strategy, in which targets are detected one
after another. To do this, for the first time, we aim to formulate
the target-detection problem of PR systems for multi-target
scenarios as a composite M-ary hypothesis problem and solve
it based on the detection theory framework. Thus, According
to the expression for the received signal from (1) to (4), the
hypothesis test can be formulated as (5), shown at the top of
the next page, where hypothesis Hm denotes the presence of
the mth targets in the presence of the system thermal noise,
direct signal and clutter/multipath returns. In (5), we have a set
of hypotheses H0 ⊂ H1 ... ⊂ Hm ⊂ ..., and that each hypothesis specifies a probability density function (pdf) fm (x; θm )
with a parameter vector θm of dimension Lm = dim(θm |Hm )
in the parameter space Θm . For the notational convenience
we, in the sequel, suppress the subscript m from θm and Θm
but the reader should keep in mind that these differ for each
hypothesis. For the mth hypothesis, let
ℓm (θ; x) = ln(fm (x; θ))

(6)

denote the log-likelihood function of the observation under the
mth hypothesis. Generally, the problem of multiple composite
hypothesis testing is more difficult than the binary composite
case [26]. In the problem at hand, we would like to test the
hypotheses sequentially, taking advantage of the fact that as a
strong target is detected, we can remove its effect, so that
we may be able to detect lower power targets. To do so,
we propose a new detection strategy which is based on the
sequential use of the generalized likelihood ratio test used for
binary composite case. In a binary composite case, the GLRT
statistic for testing Hm against Hm−1 , defined as [26]
Λm (x) = 2(ℓm (θ̂; x) − ℓm−1 (θ̂; x))

Hm
≷ ηm
Hm−1

(7)

where the threshold ηm is chosen to satisfy a specified
probability of false alarm pf a , and the natural point estimate of θ is the maximum likelihood estimate (MLE) θ̂ =
argmaxΘm ℓm (θ; x) which is assumed to be unique. By the
general maximum likelihood theory, Λm (x) has χ2DOF (m)
distribution asymptotically (i.e., chi-squared distribution with
DOF(m) degrees of freedom), where
DOF (m) = dim(θ|Hm ) − dim(θ|Hm−1 ).

(8)

where DOF (m) is the number of scalar unknowns that take
different values under Hm and Hm−1 [27]. In the sequel,
Hm−1 (Hm ) is referred to as null (alternative) hypothesis, and
we will derive Binary Hypothesis GLRT (BH-GLRT)-based
detector when testing Hm against Hm−1 .
A. Binary Hypothesis GLRT-Based Detector
As mentioned before, in our detection strategy, we consider
a series of binary composite hypotheses. For example, to test
Hm against Hm−1 , we can consider the binary composite
hypothesis problem of (9), shown at the top of the next page.
We can also express detection problem (9) compactly as
{
Hm−1 : x = Tm−1 gm−1 + Hc + n,
(10)
Hm : x = sm αm + Tm−1 gm−1 + Hc + n
where
Tm−1 = [s1 , ..., sm−1 ]

(11)

gm−1 = [α1 , ..., αm−1 ]T

(12)

and
To test Hm against Hm−1 with the set of unknown parameters
Θm = {(nm , fm ), αm , gm−1 , c, σ 2 }

(13)

Θm−1 = {gm−1 , c, σ 2 },

(14)

one can replace the unknown parameters under Hm−1 and Hm
with their MLE in the GLRT form presented in (7) to obtain
(
) Hm
≷ ηm (15)
Λm (x) = −2N ln 1 − max im (nm , fm )
(nm ,fm )
Hm−1
where
im (n, f ) =

2
|s(n, f )H Π⊥
U(P +m−1) x|
⊥
2
2
||Π⊥
U(P +m−1) s(n, f )|| ||ΠU(P +m−1) x||

(16)
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{

H0 : x = Hc + n,
H1 : x = s1 α1 + Hc + n,
H2 : x = s2 α2 + s1 α1 + Hc + n,
H3 : x = s3 α3 + [s1 , s2 ][α1 , α1 ]T + Hc + n,
..
..


. :
.




H
:
x
=
s
α
+
[s
,
...,
sm−1 ][α1 , ..., αm−1 ]T + Hc + n,

m
m
m
1



..
 ..
. :
.

(5)

Hm−1 : x = sm−1 αm−1 + [s1 , ..., sm−2 ][α1 , ..., αm−2 ]T + Hc + n,
Hm : x = sm αm + [s1 , ..., sm−1 ][α1 , ..., αm−1 ]T + Hc + n.

(9)

where
target delay-Doppler coordinate denoting by (n̂m , fˆm ). When
⊥
(nm , fm ) is known, the GLRT of (19) becomes
ΠU(P +m−1) =
(17)
−1 H
I − U(P +m−1) (UH
U(P +m−1)
Hm
(P +m−1) U(P +m−1) )
λ′m (x) = 2N im (nm , fm ) ≷ η ′
(20)
Hm−1
Here, the interference matrix U(P +m−1) is defined as
U(P +m−1) = [H, Tm−1 ] where U(P ) = H1 . We see that It is not difficult to show that, for large values of N,
the direct signal, clutter and the previously detected targets 2N i (n , f ) ∼ X2 and 2N i (n , f ) ∼ X2 (2δ ) under
m m m
m m m
m
2
2
are treated as interferences in the the interference matrix H
m−1 and Hm hypotheses, respectively. In this case, the
U(P +m−1) to be removed thus allowing the detection of mth threshold η ′ is chosen to satisfy
target (if exist). In order to determine the value of the threshold
{
}
′
(21)
p′f a = P r 2N im (nm , fm ) > η ′ |Hm−1 = e−0.5η
ηm , it is shown in [15] that
Υm (x) =
∼

im (nm ,fm )
1
1−im (nm ,fm )
N −(P +m)

{

F1,N −(P +m)
F1,N −(P +m) (δm )

under Hm−1
under Hm

(18)

where (nm , fm ) is the true delay-Doppler coordinate of mth
2
2
target under test, and δm = |ασm2| ∥Π⊥
U(P +m−1) s(nm , fm )∥ .
In order to give a desired integration gain in PR systems,
N gets a large value, so F1,N −(P +m) and F1,N −(P +m) (δm )
tend to the complex χ21 and χ21 (δm ), respectively. Note that
im (nm , fm ) gets value close to(zero under Hm−1 hypothesis,)
so we can approximate −2N ln 1−max(nm ,fm ) im (nm , fm )
with 2N max(nm ,fm ) im (nm , fm ). Hence, the GLRT of (15)
is asymptotically equivalent to
λm (x) = 2N max im (nm , fm )
(nm ,fm )

Hm
≷ ηm
Hm−1

(19)

Note that, for decision-making with the statistic Υm (x), we
compare Υm (x) against a threshold, denoted here by η. From
η
(18) and (19), one can obtain that ηm = N −(PN+m)−η
. Under
the large values of N, which is typical in PR systems, this
threshold may be approximated by η. As one can notice, the
threshold ηm does not depend on m. This means that the
threshold of the proposed detector does not depend on the
maximum number of targets to be detected under hypothesis
Hm , say m. Thus, in the sequel, we denote ηm by η.
In essence the proposed detector decides that a new target with
respect to that of hypothesis Hm−1 is present, say mth target,
if the peak value of im (nm , fm ) exceed a threshold, and if so,
the delay-Doppler coordinate of that peak is the MLE of the
1 Note

that (m-1) is the number of interfering targets been detected.

It should be noted that p′f a is the probability of false alarm
if we examine known delay-Doppler bin (nm , fm ). In the
case of unknown (nm , fm ) and for large values of N, the
only difference is that the false alarm probability increases
approximately linearly with the number of delay-Doppler
coordinates searched over [26]. Henceforth, the corresponding
threshold, η, based on test statistic λm (x) is derived as
pf a = ζDd e−0.5η

(22)

where Dd is the number of delay-Doppler coordinates
searched over, and ζ is a value less than one. Generally
speaking, parameter ζ takes different values according to the
characteristics of the opportunity signals used over different
CPIs. In simulation section, we will discuss the selection of
parameter ζ in more detail.
B. Forward and Recursive Implementation of the BH-GLRTBased Algorithm
In the proposed multi-target detection algorithm, we first
test H1 against H0 , if it is accepted by the BH-GLRT statistic,
i.e., λ1 (x) > η for some predetermined false alarm probability,
then test H2 against H1 , etc. until the first rejection, i.e., until
λm (x) < η. More precisely, the sequence of hypotheses (H0 ,
H1 ), (H1 , H2 ), ...,(Hm−1 , Hm ), (Hm , Hm+1 ), ..., (HM ,
HM +1 ) from the direct direction are tested to find new targets
in the proposed detector. For instance, if Hm is accepted
when testing Hm against Hm−1 , a new target (mth target)
is declared as detected and the test procedure proceeds to
the next hypothesis to test Hm+1 against Hm . It stops when
the Hm−1 hypothesis is accepted, implying that no further
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target can be detected. The number of targets, say M , is
then estimated by the dimension of the signal vector under
the accepted null hypothesis. We call this as Forward M-ary
hypothesis testing strategy. In the following, we implement this
target-detection strategy in a recursive manner to use some
of previous computations in order to reduce computational
complexity of proposed detector. To do so, we first rewrite
(16) as
im (n, f ) =

|s(n, f )H x⊥(P +m−1) |2
∥p∥2 ∥x⊥(P +m−1) ∥2

(23)

where, the N-dimensional vectors s, p and x⊥(P +m−1) are
partitioned into R subvectors with dimension L × 1 as 2
s = [sT1 , ..., sTR ]T , p = [pT1 , ..., pTR ]T and x⊥(P +m−1) =
⊥(P +m−1) T

[x1

where

⊥(P +m−1)

p = Π⊥
U(P +m−1) s(n, f )

(24)

where x⊥(P +m−1) = Π⊥
U(P +m−1) x represents the component of x orthogonal to the space spanned by the columns
of U(P +m−1) . Hereafter, for simplicity of notation, the interference matrix U(P +m−1) is written as U(P +m−1) =
[U(P ) , uP +1 , ..., uP +m−1 ] where U(P ) = H and uP +i =
si . Using the recursive orthogonal projection of matrix
Π⊥
U(P +m−1) , given by (for m ≥ 2) [28]
⊥
Π⊥
U(P +m−1) = ΠU(P +m−2) −
Π⊥
U

⊥
uP +m−1 uH
P +m−1 ΠU(P +m−2)
(P +m−2)
⊥
uH
Π
u
P +m−1
U(P +m−2) P +m−1

(25)

where U(P +m−1) = [U(P +m−2) , uP +m−1 ], we then update
x⊥(P +m−1) recursively as follows
x

following, we will show that the parallel implementation of
the FR-BH-GLR detector has the capability to be executed on
parallel platforms such as CUDA graphic cards. To perform
this, we can rewrite (23) as
∑R
⊥(P +m−1) 2
| r=1 sH
|
r xr
(30)
im (n, f ) = ∑R
∑
⊥(P +m−1) 2
R
2
∥
r=1 ∥pr ∥
r=1 ∥xr

⊥(P +m−1)

=x

⊥(P +m−2)

−

⊥(P +m−2)

⊥(P +m−2) H

uP +m−1

uP +m−1

x⊥(P +m−2)

(26)

⊥(P +m−2) 2
∥

∥uP +m−1

where x⊥(P )

=

x − U(P ) RP UH
(P ) x with RP

=

⊥(P +m−2)

−1
(UH
. Here, uP +m−1
= Π⊥
U(P +m−2) uP +m−1
(P ) U(P ) )
represents the component of uP +m−1 orthogonal to the space
spanned by the columns of U(P +m−2) . Similarly, this may be
recursively updated by using (for m ≥ 3)
⊥(P +m−2)

uP +m−1

⊥(P +m−3)

= uP +m−1

⊥(P +m−3)

−

⊥(P +m−3) H

⊥(P +m−3)

(27)

uP +m−1 = uP +m−1 − U(P ) RP UH
(P ) uP +m−1

(28)

uP +m−2

uP +m−2

uP +m−1

⊥(P +m−3) 2
∥uP +m−2
∥

but
⊥(P )

⊥(P +k)

In general, to update uP +m−1 we use (29), shown at the top
of the next page. Now, using (26) and (29), we can recursively
update the binary GLR statistic of (23) when testing Hm
against Hm−1 . Based on this, it is referred to as Forward
and Recursive BH-GLRT(FR-BH-GLRT)-based algorithm in
the sequel.
C. Parallel Implementation of FR-BH-GLR Detector
To give a desired integration gain in PR systems, N takes
a large value. This means that direct implementation of the
FR-BH-GLR detector, which works with whole signal at
once, seems to be impractical in the PR systems due to
the dramatically large number of observation samples. In the

xr

⊥(P +m−1) T T

, ..., xR

⊥(P +m−2)

= xr

∑R

] . From (26), we have

−

⊥(P +m−2) H ⊥(P +m−2)
]i xi
i=1 [uP +m−1
∑R
⊥(P +m−2) H
⊥(P +m−2)
[u
]
[uP +m−1
]i
i
i=1
P +m−1

⊥(P +m−2)

[uP +m−1

]r

(31)

but
)
x⊥(P
r

= xr − [U(P ) ]r RP

R
∑

H

[U(P ) ]i xi

(32)

i=1
⊥(P +m−2)

where x
=
[xT1 , ..., xTR ]T , uP +m−1
=
[ ⊥(P +m−2) T
⊥(P +m−2) T ]T
[uP +m−1 ]1 , ..., [uP +m−1 ]R
and [U(P ) ]r is the
rth submatrix with dimension L × P of matrix U(P ) , i.e.,


[U(P ) ]1
 [U(P ) ]2 


U(P ) =  .
(33)

.
 .

[U(P ) ]R
Next, we use (29) to find (34), shown at the top
⊥(P +k−q)
of the next page, where the vectors uP +m−j
and
uP +m−1 may be presented in the block form of
[ ⊥(P +k−q) T
⊥(P +k−q)
⊥(P +k−q) ]T
and
uP +m−j
=
[uP +m−j ]1 , ..., [uP +m−j ]TR
]
[
T T
T
uP +m−1 = [uP +m−1 ]1 , ..., [uP +m−1 ]R . From the
representation of (30), it is clear that all vectors are
partitioned into R non-overlapping sequences of length L and
the total length of each vector is equal to N = RL. In a similar
way, matrix U(P ) is partitioned into R non-overlapping row
matrices of dimension L × P . As a result, it is possible to
execute calculations for each segment on a separate processor.
Afterwards, the results of each segment are summed in one
of processors. Hence, the new binary hypothesis detector is a
parallel implementation (PI) of FR-BH-GLR detector, named
PI-FR-BH-GLRT.
D. FFT-Based Implementation of PI-FR-BH-GLR Detector
Since the delay-Doppler coordinates of interested targets
are unknown, we need to compute the test statistic im (n, f )
for a desired delay-Doppler map, in which n = 1, ..., Nd
with Nd being the time delay index corresponding to the
maximum relative bistatic range of interest, and |f | < fmax
with fmax being the maximum Doppler frequency of the
interested targets. In practice, this can be implemented very
efficiently by fast Fourier transform (FFT) as follows
∗

fn (x⊥(P +m−1) ) ⊙ fn (x⊥(P +m−1) )
ia (x⊥(P +m−1) , n) = ∑R
(35)
(n) 2 ∑R
⊥(P +m−1) 2
∥
r=1 ∥yr ∥
r=1 ∥xr
2N

is considered a multiple integer of L.

1053-587X (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSP.2017.2666778, IEEE
Transactions on Signal Processing
IEEE TRANSACTIONS ON SIGNAL PROCESSING

⊥(P +k)
uP +m−1

⊥(P +k)
[uP +m−1 ]r

(n) T

6


 uP +m−1 − U(P ) RP UH
(P ) uP +m−1
=

+k−1)
 u⊥(P
−
P +m−1

k=0

⊥(P +k−1) ⊥(P +k−1) H ⊥(P +k−1)
uP +m−2 uP +m−2
uP +m−1
⊥(P +k−1)
∥uP +m−2 ∥2


∑R
H
 [uP +m−1 ]r − [U(P ) ]r RP i=1 [U(P ) ]i [uP +m−1 ]i
=



⊥(P +k−1)
[uP +m−1 ]r

−

∑R

i=1

∑R

⊥(P +k−1)

[uP +m−2

⊥(P +k−1)

i=1 [uP +m−2

(n) T

where( y(n) = [y1 , ..., yR ]T ,) and fn (x⊥(P +m−1) ) =
∗
⊙ x⊥(P +m−1) , Nf
denotes an Nf F F T y(n)

H

⊥(P +k−1)

H

⊥(P +k−1)

]i [uP +m−1
]i [uP +m−2

]i
]i

(29)

k = 1, ..., m − 2

k=0

⊥(P +k−1)
[uP +m−2 ]r

(34)

k = 1, ..., m − 2

TABLE I
S UMMARY OF THE P ROPOSED D ETECTION A LGORITHM

∗

point FFT of the vector y(n) ⊙ x⊥(P +m−1) . As
a result, we can define matrix Ia (x⊥(P +m−1) ) =
[ia (x⊥(P +m−1) , 1), ..., ia (x⊥(P +m−1) , Nd )] with dimension
Nf ×Nd referred to as a range-Doppler map with Nf Doppler
bins and Nd range bins. In this case, the kth Doppler bin
corresponds to the Doppler frequency of fk = − f2s +(k−1) Nfsf
for k = 1, ..., Nf , and the relative bistatic range corresponding
to the nth range bin is Rn = cn
fs , where c is the speed of
light. In the denominator of (35), we also approximate vector
p with y(n) in order to further reduce the computational
complexity of the proposed detection algorithm. In this case,
subscript ’a’ is used to emphasis on this approximation,
which is a reasonable approximate for target detection as
shown in [15].
In actual practice, the Doppler frequencies of the interested
targets are much lower than the sampling frequency (fs ),
so it is possible to employ a decimation technique to
reduce the excessive processing load of calculating the
Nf -point FFT with almost no loss in signal processing
gain [29]. The cascaded integrator-comb(CIC) is a very
efficient implementation of a decimation filter [30]- [31].
After applying a CIC filter, the decimated signal is low-pass
filtered in order to remove the signal components out of
the desired frequency band. Finally, the Nf -point FFT can
N
be replaced by the NF -point FFT, where NF = Df and
D ≥ 1 is a decimation factor described in [29]. As such, the
number of range-Doppler bins of the matrix Ia (x⊥(P +m−1) )
to be examined may be reduced to Dd = NF Nd rather that
Dd = Nf Nd [see eq.(22)].
From the proposed PI-FR-BH-GLRT-based algorithm it is
seen that when a target is detected, it will be considered as
an interfering target in the next target detection stage, and
it should be removed to detect new targets. After ending
the PI-FR-BH-GLRT-based algorithm, the number of radar
targets been detected, say M , and their locations in delay and
Doppler have been identified. A summary of the proposed
detection algorithm is provided in Table I.

Input: Threshold η, received vector x, and clutter signature matrix H;
1) Initialization:
• Set threshold η as (22), m = 0 and partition the vector x as
T T
x = [xT
1 , ..., xR ] .
2) Cancellation of direct signal and clutter:
H
• Calculate RP = (U(P ) U(P ) )−1 where U(P ) = H;
∑
⊥(P )
H
• Calculate xr
= xr − [U(P ) ]r RP R
i=1 [U(P ) ]i xi for
r = 1, ..., R.
3) Successive target detection:
While maxn,k Ia (x⊥(P +m) ) > η; then
• Increase m by 1;
• Find and save the MLE of Delay-Doppler coordinate of
the mth target, say (nm , fm ), which is the location of
the maximum of Ia (x⊥(P +m) );
• Construct uP +m = (y(nm ) ⊙ e(fm ) ), and partition it
[
]
T T.
as uP +m = [uP +m ]T
1 , ..., [uP +m ]R
⊥(P )
• Calculate
[u
]r
=
[uP +m ]r
−
∑ P +m
H
[U(P ) ]r RP R
i=1 [U(P ) ]i [uP +m ]i ;
• for k = 1 : m − 1
⊥(P +k)
⊥(P +k−1)
Calculate [uP +m ]r = [uP +m
]r −
∑R

⊥(P +k−1)

i=1

∑R

[uP +m−1

]i

⊥(P +k−1)
]i
i=1 [uP +m−1

•

end
Calculate
∑R

⊥(P +m)

xr

H

H

⊥(P +k−1)

[uP +m

]i

⊥(P +k−1)
[uP +m−1
]i

=

⊥(P +m−1) H ⊥(P +m−1)
]i xi
i=1 [uP +m
∑R
⊥(P +m−2) H
⊥(P +m−1)
]i [uP +m
]i
i=1 [uP +m

1, ..., R and
where r
=
⊥(P +m) T
⊥(P +m) T T
[x1
, ..., xR
] .
end while

⊥(P +k−1)

[uP +m−1

⊥(P +m−1)

xr

]r

−

⊥(P +m−1)
[uP +m
]r ;

x⊥(P +m)

=

Output: Locations of the radar targets in delay and Doppler.

present. With this definition we have
{
}
(m) ′
pd
= P r 2N im (nm , fm ) > η ′ |Hm

(36)

when 2N im (nm , fm ) ∼ X22 or N im (nm , fm ) ∼ χ21 . Hence,
(m) ′
for this case pd
may be asymptotically obtained as
(
)
′
∞
k
k ∑
′ ∑
[ η2 ]n
δm
(m) ′
−(δm + η2 )
pd
=e
(37)
k! n=0 n!
k=0

IV. A NALYTICAL P ERFORMANCE E VALUATION
In a similar way as finding false alarm probability, we first
compute the detection probability of the mth target defined as
the probability that the maximum of the delay-Doppler map
occurs in the correct bin (nm , fm ) when the mth target is

2
where δm = |ασm2| ∥Π⊥
U(P +m−1) s(nm , fm )∥ . Making use of
(22), we have finally that
)
(
∞
k [ln( ζDd )]l
k ∑
ζD
δ
−(δm +ln( p d )) ∑
pf a
(m)
m
fa
pd = e
(38)
k!
l!
2

k=0

l=0
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DLm =

2
∥Π⊥
U(P +m−1) s(nm , fm )∥

∥s(nm , fm )∥2

0

Auto-Ambiguity Function, dB

It should be noted that the detection probability of the mth
target is an increasing function of δm . Based on this, if
2
SN Rm = |ασm2| is referred to as the input SNR of the
2
mth target, then Gm = ∥Π⊥
U(P +m−1) s(nm , fm )∥ may be
considered as the SNR gain of the mth target provided by the
proposed detector. Since Π⊥
U(P +m−1) is an idempotent matrix,
it can be concluded that 0 ≤ Gm ≤ ∥s(nm , fm )∥2 . This
means that the mth target may experience a big loss when
its delay-Doppler coordinate is near to that of the interference
signals including clutter and previously detected targets. In
contrast, Gm may take its maximum ∥s(nm , fm )∥2 (known as
maximum integration gain) in the delay-Doppler coordinates
far from that of the interference signals. Based on this, we can
define detection loss experienced by the mth target, given by
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Fig. 1. Auto-ambiguity function at zero velocity for the FM S1 and

S2 signals corresponding to the silence and music voice track of an
FM radio waveform, respectively.

(39)

Note that DLm depends on the target under test position
denoted by (nm , fm ), the positions of previously detected
targets and the characteristics of opportunity signal used for
PR detection.

V. S IMULATION R ESULTS AND D ISCUSSIONS
In this section, first we evaluate the performance of the
proposed PI-FR-BH-GLRT-based algorithm when exploited
for both FM and DVB-T based bistatic PRs. Then, the
detection performance of the proposed method is compared
with other existing methods. For the FM-based bistatic PR,
we consider an FM signal with 100 MHz carrier frequency,
100kHz transmitter bandwidth and sampling frequency of
200kHz for both the reference and surveillance channels. For
DVB-T signal, we consider 8k DVB-T signal with 600 MHz
carrier frequency, 8MHz bandwidth, sampling frequency of
9.1429 MHz, code rate of 23 , constellation of ”64-QAM” and
a cyclic prefix ratio of 81 . For FM and DVB-T -based PR
systems an integration time of 0.8s and 28ms are considered,
respectively. Other parameters such as R, Nf , NF , D, Nd
and Dd are set, respectively, equal to 32, 524288, 2048, 256,
60 and 56242 for the FM signal, while they are considered
equal to 32, 524288, 256, 2048, 2743 and 373184 when using
the DVB-T signal. Also, to see the effect of time-varying
nature of FM signals on threshold setting and target detection
performance, we consider two FM signals named as FM S1
and S2 signals with auto-ambiguity functions as shown in
Fig.1.
In our simulations, we consider direct signals with input direct
signal-to-noise ratio (DNRi )of about 60. Also, ten clutter
spikes with zero Doppler and relative bistatic ranges between
0 and 55 km are considered with different input clutter-tonoise ratios (CNRi ) over the interval 5dB ≤ CNRi ≤ 45dB.
Note that the clutter cancellation capability of the proposed
detector is similar to the detector presented in [15], hence,
the interested reader is referred to [15], for more performance
curves, analyses, and discussions which are not repeated here
in the interest of brevity.

A. Performance of the Proposed Detector
Here, extensive simulation results for both FM and DVBT based passive radars are presented to demonstrate the
effectiveness of the proposed detection algorithm. First, to
demonstrate the validity of the asymptotic theoretical results
presented in section III, Fig.2 presents estimated false alarm
probability of the proposed detector against the predefined
false alarm probability pf a for different values of parameter ζ.
The estimated false alarm probability, denoted here by Pf a ,
is obtained from 108 Monte Carlo simulation runs. We can
observe that Pf a is very close to the asymptotic ones calculated from (22) when Pf a < 10−2 . For these results we use
Dd = NF Nd and the parameter ζ in (22) is set equal to 0.125
and 0.83 when using the FM S1 and S2 signals, respectively.
In reality, since the transmitted waveforms are not within the
control of the radar designer, it makes sense to calculate the
threshold η based on the closed-form solution derived in (22)
with ζ = 0.83. As such, we could claim that we have designed
a detector with the false alarm probability of level pf a and not
of size pf a . Generally, a detector is said to have a false alarm
probability of level (size) pf a when the estimated false alarm
probability (Pf a ) satisfies Pf a ≤ pf a (Pf a = pf a ) [32]. This
means that for FM-based PR with time-varying waveforms,
designing a constant false alarm rate (CFAR) detector, with
respect to the opportunity signals received over different CPIs,
is not easily accessible, but it has a controlled false alarm
probability. Based on this finding, in the following paragraphs,
the threshold η is set equal to 49.05 based on (22) with
ζ = 0.83 to attain Pf a ≤ 10−6 , i.e. the proposed detector
has a level of 10−6 when using the FM S1 signal, while it
has a size of 10−6 when using the FM S2 signal, as shown
in Fig.2. This is the first contribution of the present work
with respect to my previous work presented in [15]. For DVBT signal, we demonstrate both the asymptotic and estimated
false alarm probability in Fig.2 (b). This figure supports our
argument on the close relationship between asymptotic and
actual false alarm probability of the proposed detector with
parameter ζ = 1 for Pf a < 10−1 . Due to the noise-like
and approximately the time-invariant nature of DVB-T signals,
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Fig. 2. Accuracy of threshold setting is investigated with respect to the
corresponding false alarm probability given in (22) for (a) FM S1 and S2
signals (b) DVB-T signal.

Fig. 3. Detection probability as a function of ϱ for pf a = 10−6 in
a single-target scenario when using (a) FM signal (b) DVB-T signal. For
FM and DVB-T -based PBR system integration times of 0.8s and 28ms are
considered, respectively.

we can say that the proposed detector has CFAR property
with respect to the different opportunity signals received over
different CPIs of a DVB-T-based PR system.
In the sequel, we investigate the accuracy of the analytic
formula for the detection probability when using the FM and
DVB-T signals through numerical examples for pf a = 10−6 .
In this case, the numerical results are obtained from 104
Monte Carlo simulation trials. In this case, we demonstrate
both the asymptotic and numerical detection probability of
the proposed detector for the FM and DVB-T signals in Fig.3
(a) and (b), respectively. Fig.3 shows the detection probability
2
as a function of |α|
ϱ with ϱ being the noise power per unit
bandwidth, setting equal to −197dB/Hz for both FM and
DVB-T based PRs. It can be seen that the estimated detection
probability of the proposed test is very close to the asymptotic
(1)
one, denoted as pd calculated from (38) with U(P ) = H,
in a single-target scenario (STS). By comparing the results
of Fig.3 (a) and (b), it is concluded that an FM-based PR
system offers better detection performance (about 14.7dB)
as compared to that of DVB-T- based PR system thanks to
the higher integration time used for FM-based PR system.
It should be noted that, for the single-target scenario, the
detection performance result using the FM S1 signal is the
same as for the FM S2 signal.

|α|2

To examine the ability of the proposed algorithm in multitarget scenario (MTS), we define a scenario, including five
targets with characteristics listed in Table II. In this multitarget scenario, the performance of the PI-FR-BH-GLRT algorithm for the FM and DVB-T signals are shown in Figs. 4
and 5. In these figures, symbols +, 2 are used to indicate the
original target positions and estimate of target positions by
the PI-FR-BH-GLRT algorithm, respectively. Using the FM
S1 signal, as shown in Fig.4(a), the targets T2 , T3 , T4 and
T5 are correctly resolved and positioned. In this scenario, the
targets T1 and T2 are placed at the same doppler frequency,
but in different relative bistatic ranges. We see that the poor
range resolution of the considered FM signal yields into a big
loss for detecting target T1 in the presence of the target T2
with higher power as compared to the target T1 . For the FM
S2 signal, we can observe that all the targets are correctly
resolved and positioned as shown in Fig.4(b). Form Fig.5, it
is observed that, for the DVB-T signal, the targets T1 , T2 , T4
and T5 are correctly resolved and positioned. In this case, poor
frequency resolution of the DVB-T signal as compared to that
of FM signal leads to the missing of the target T3 , which is in
the same relative bistatic range as T4 , but with lower power
as compared to the target T4 .
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TABLE II
TARGETS CHARACTERISTICS IN THE CONSIDERED MULTI - TARGET

300
Original Targets position
Targets position by proposed algorithm

SCENARIO
200

T1
10
91.55
-27

T2
13
91.55
-3

T3
45
-117.7
-28

T4
45
-122.07
-8

T5
54.79
135.15
-17

100
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Bistatic Range (km)
Bistatic Velocity (m/s)
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Fig. 5. Effectiveness evaluation of the PI-FR-BH-GLRT-based algorithm over
sketch of surveillance signal contribution in desired delay-Doppler plane for
multi-target scenario with targets characteristics listed in Table II for pf a =
10−6 for DVB-T signal.
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(b) FM S2 signal
Fig. 4. Effectiveness evaluation of the PI-FR-BH-GLRT-based algorithm over
sketch of surveillance signal contribution in desired delay-Doppler plane for
multi-target scenario with targets characteristics listed in Table II for pf a =
10−6 for FM S1 and S2 signals.

In order to get further insight into target detection using the
(m)
FM and DVB-T signals, we depicts detection probability pd
|α|2
for m = 1, ..., 5 as a function of ϱ for all the targets in
the considered multi-target scenario. To do this, we change
2
the value of |α|
ϱ corresponding to the mth testing target, Tm
say, in the presence of the other targets known as interfering
2
targets, whose their |α|
ϱ s and their positions are listed in Table
II. For this case, input SNR can be defined as

|α|2
ϱ

divided

by the sampling frequency fs , i.e., SNRi = |α|
ϱf s . The results
of this simulation for FM and DVB-T signals are reported in
Figs.6 and 7, respectively. From Fig. 6, it is seen that different
targets Tm for m = 1, ..., 5 have not the same performance due
to the different characteristic of the considered FM signals.
For the FM S1 signal, the targets T3 , T4 and T5 follow
the performance of the proposed detector in the single target
2

scenario, while the target T1 (T2 ) experiences a performance
loss of about 17.6dB in the presence of the target T2 (T1 ) for
detection probability of 0.9 when compared with the results of
single target scenario shown in Fig.3 (a). Using the FM signal
S2 reduces this loss to about 3dB because of the better signal
characteristic of the FM S2 signal as compared to that of S1
signal[see Fig.1]. In the case of the DVB-T signal, as shown in
Fig. 7, the targets T1 , T2 and T5 follow the performance of the
proposed detector in the single target scenario, whereas target
T3 (T4 ) experiences a performance loss of about 2.5dB in the
presence the target T4 (T3 ). To explain this, it is interesting
to evaluate the detection loss (DL) experienced by different
targets as defined in (39). To do so, for the FM S1 signal, we
plot DL versus the relative bistatic range as shown in Fig. 8,
while for the DVB-T signal we depict DL versus the bistatic
velocity as shown in Fig. 9. In both cases, we assume that an
interfering target is placed in the zero relative bistatic range
and the zero velocity for convenience. Generally speaking, the
detection loss experienced by the mth target depends on the
delay-Doppler coordinate of the mth target, the characteristics
of the opportunity signal used for detection, and also the
delay-Doppler coordinates of the targets detected in previous
steps of the algorithm. Thus, the curve of DL versus bistatic
range (Doppler) can be referred to as range-dimension loss
profile (Doppler-dimension loss profile) and may be used for
justifying the losses experienced by different targets shown in
Fig.6.
B. Performance Comparison to Existing PR detection Algorithms
In the following, our purpose is to compare the detection
performance of the proposed detector with other existing
methods. Among them, the detection algorithms of [11]
and [15] are the main reference comparison for FM-based
PRs, while we consider the detector presented in [5] for
DVB-T-based PRs. The performance comparison of these
detectors with other existing methods can also be found in
[15], [16] and [35]. We begin by considering an FM-based
PBR system with the multi-target scenario of Table II. In [11],
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Fig. 8. DL versus relative bistatic range at the zero Doppler when

using the FM S1 signal for detection.
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Fig. 6. Detection performance of the PI-FR-BH-GLRT-based algorithm as a
|α|2
function of ϱ for the FM S1 and S2 signals in the multi-target scenario
with targets characteristics listed in Table II for pf a = 10−6 .
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Fig. 7. Detection performance of the PI-FR-BH-GLRT-based algorithm as a
|α|2
function of ϱ for the considered DVB-T signal in the multi-target scenario
with targets characteristics listed in Table II for pf a = 10−6 .

a multistage processing algorithm for disturbance removal and
strong targets detection based on projections of the received
signal in a subspace orthogonal to both the disturbance
and previously detected targets was presented. Then, a cellaveraging CFAR detector was applied to the cross-ambiguity
function (CAF) of the cleaned signal to detect weak targets.
Here, the detector proposed in [11] is referred to as the

multistage processing (MP) and cell-averaging(CA) detection
algorithm, abbreviated as MP-CA detector. Throughout the
paper, the CA detector is configured with a total number of
training bins equal to 120, and two guard cells on each side
of the test cell are also used to prevent from the self-masking
effect [11]. Other parameters of the MP-CA detector are the
same as those used in [11] (e.g., ε = 3dB and η = 5dB).
The detection performance of the MP-CA detector when
using the FM S2 signal is presented in Fig.10. By comparing
Figs. 6 (b) and 10, for the FM S2 signal, we can observe
that the detection performance of the proposed algorithm is
superior to that of the MP-CA detector for all the targets in
the considered scenario. Our simulation results show that the
disturbance removal part of the MP-CA detector cannot detect
target T1 (T3 ) when the target under test is T2 (T4 ), i.e., the
MP-CA detector was proposed to only detect and remove
strong targets (targets with high input SNR). As a result, the
interfering target T1 (T3 ) inevitably increases the threshold
of the CA-CFAR detector for detecting the target T2 (T4 );
hence, a severe degradation of the MP-CA detector is seen.
This target detection issue is generally known as the capture
effect [33]- [34], whereas our proposed algorithm does
not have such problems. In this case, the MP-CA detector
experiences an additional loss of about 9.7dB, 8.5dB, 16.1
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Fig. 10. Detection performance of the MP-CA detector of [11] in the multitarget scenario with targets characteristics listed in Table II for pf a = 10−6
when using the FM S2 signal for detection.

and 4.5 dB as compared with that of the proposed detector
for detecting targets T2 to T5 at detection probability of 0.9
and pf a = 10−6 , respectively. Also, the MP-CA detector is
(1)
unable to detect the target T1 , such as we obtain pd = 0 for
2
|α|
ϱ values of between 9dB and 39dB. For the FM S1 signal
with the poor range resolution, the detection probabilities of
zero have been obtained for all the targets in the considered
2
scenario for |α|
ϱ values between 9dB and 39dB when using
the the MP-CA detector. This significant detection loss of the
MP-CA detector is related not only to the self-masking effect
due to the poor range resolution of the FM S1 signal but also
to the heuristic algorithm used to estimate the noise power
in its multistage processing algorithm. As a consequence
of our simulations, it is concluded that most conventional
collaborative PR detectors estimating the noise variance
locally suffer from the self-masking and capture effect,
especially in FM-based PR systems with poor ambiguity
characteristics.
It is known that digital television transmitters offer a
well-defined signal with sufficient bandwidth for reasonable
precision in range and are noise-like, thereby allowing
for good target detection. However, it was shown in [5]
and [12] that the structure of the DVB-T signal has given
rise to some deterministic ambiguities ( or false targets)
consistent in range and Doppler with targets of interest.
Since the transmitted signal structure is beyond the control
of the passive radar system designer, ambiguities must be
managed at the receiver. Authors of work [12] developed
a mismatched signal processing approach after applying
a pre-processing on both the reference and surveillance
channels. This method can be used only to mitigate the
effects of the deterministic ambiguities of the DVB-T signal
at the price of some signal-to-noise ratio mismatched loss and
more computational load. In addition, the signal conditioning
algorithm used in the reference channel of this system
reduces surveillance clutter cancellation capability, thereby
resulting in an excessive false alarm [35]. In [5], a new
signal conditioning approach for DVB-T-based PR systems
was proposed, able to overcome the limitations of [12] in

terms of achievable performance, computational complexity
and system requirements. For disturbance (multipath echoes)
removal, the extensive cancellation algorithm described in
[11] was used. Then, the CA-CFAR threshold was applied on
the obtained 2-dimensional range-Doppler cross-correlation
function (2D-CCF) between the surveillance and the (possibly
mismatched) reference signal to detect weak and strong
targets. Here, the detector proposed in [5] is referred to
as the extensive cancellation algorithm (ECA) and cellaveraging(CA) detection, denoted as the ECA-CA detector.
By comparing the results of Figs.11(a) and 7, we can observe
the performance advantage of the proposed method as
compared to that of the ECA-CA detector even for DVB-T
signal. In this case, the target under test T4 can be detected
with probability of one since the targets T3 and T4 cannot be
resolved by the ECA-CA detector, so they can be considered
as a single target denoted by T3,4 with high input SNR
yielding detection probability of one. Coming back to Fig. 7,
we see that in contrast to the proposed detector, the ECA-CA
detector incurs losses of 4.8, 4.9 and 1.4dB for detecting
the targets T1 , T2 and T5 with detection probability of 0.9
and pf a = 10−6 . More importantly, as mentioned before,
exploiting the proposed detector makes it possible to detect
the target T3 in the presence of the strong interfering target
T4 with a loss of about 2.5dB, whereas this is impossible with
the ECA-CA detector due to the capture effect of the strong
interfering target T4 . Fig.11 (b) also includes the detection
results of applying the MP-CA detector for the DVB-T signal.
It is seen that the MP-CA detector provides about the same
performance as the ECA-CA detector. This is not totally
surprising since the MP-CA detector is based on an intuitive
basis, and no intrinsic optimality or pseudo-optimality has
been associated with it [15]. For both the FM and DVB-T
-based PR cases, our simulation results, not reported here,
show that the detection performance of the PI-FR-BHGLR-based detector matches pretty well with that of the
2S-GLR-based detector presented in [15], while they have
been obtained under two different target-detection problems.
In the following, we will show that the PI-FR-BH-GLR-based
detector is computationally simpler than the 2S-GLR-based
algorithm.
Finally, we would like to remark on the computational
complexity of various detection algorithms considered
in this paper in terms of the number of complex
multiplications (CMs). According to the algorithm
description of Table I, the number of CMs needed to
remove direct signal and clutter from the received signal is
N P 2 + 3N P + O(P 2 log2 P ) + P 2 where N = LR. For the
successive target detection part of the proposed algorithm with
Q iterations, 3N Nd Q + 2N P Q + 4N Q + 1.5N Q(Q − 1) +
QNd NF log2 NF +QNF Nd +QP 2 +QNd +0.5Q(Q−1)+Q,
CMs are required. Thus, the overall CMs during the Q
iteration (Q ≥ M ) of the proposed detection algorithm is
C1× = LRP 2 + 3LRP + O(P 2 log2 P ) + P 2 + 3N Nd Q +
2N P Q + 4N Q + 1.5N Q(Q − 1) + QNd NF log2 NF +
QNF Nd + QP 2 + QNd + 0.5Q(Q − 1) + Q. For the
2S-GLR- based detector the overall complex multiplications
is C2× = C1× + 2N P + 2N Q + 2. This shows a computational
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In conclusion, we model target detection problem in PR
systems as an M-ary hypothesis test problem for multi-target
scenarios. To this problem, a forward and sequential GLRbased detector was proposed in which the targets are detected
sequentially and the previously detected targets are treated
as interferences thus allowing the detection of the weakest
ones. Furthermore, we propose a parallel implementation
of GLR-based detector to reduce the amount of memory
required to implement the proposed algorithm. After that,
we derive the closed-form expressions for the threshold and
detection probability using the asymptotic expression of
GLRT statistics. We also study the accuracies of the proposed
threshold selection method and detection performance through
numerical simulations. Due to dramatically large number of
observation sample in PR systems, it was shown that the
accuracy of our derived expressions is very high.
Through our simulation results, it was also concluded that
the proposed detection algorithm significantly outperformed
the existing methods without adding significant complexity
to them. This does not mean that it is not possible to develop
a heuristic algorithm with smaller computational complexity.
What is important to note is that the proposed detector can
be considered as a benchmark detector of such cases.

(b) MP-CA detector
Fig. 11. Detection performance comparison of the ECA-CA detector and
the MP-CA detector in the multi-target scenario characterized in Table II for
pf a = 10−6 when using the DVB-T signal for detection.

load saving of about 2N P +2N Q+2 when using the proposed
detector. Similarly, one can show that the ECA-CA detector
have complexity C3× = N P 2 + 3N P + O(P 2 log2 P ) + P 2 +
N Nd + Nd NF log2 NF + O(NF Nd ). The overall CMs of
the MP-CA detector after Ns stages
Q) is C4× =
∑Ns (Ns ≤
×
2
C3 +Ns (N +NF log2 NF +NF )+ i=1 (N ni + 4N ni + n2i ),
where ni is the number of Doppler-range bins used to update
the cancellation mask at the ith stage (ni ≥ 1). This
parameter depends on the number of Doppler-range bins at
which a detection was declared, characteristics of opportunity
signal used for detection as well as the SNR levels of the
detected targets [11], [15]. By comparing the computational
complexity of the considered detection algorithms, it follows
that the main computational complexity of these methods
depends on term N P 2 ; hence, they have approximately the
same computational complexity of order O(N P 2 ). More
precisely, the computational complexity of the proposed
detector is tolerably higher than the MP-CA detector for
FM-based PR systems. However, the tolerable increase
in the complexity of the proposed detector can provide
4-16 -dB improvement in the detection performance. For
DVB-T- based PR systems, the ECA-CA detector has lower
computational complexity than that of the proposed detector,
while a detection performance improvement of about 2-5-dB
is achievable by using the proposed detection algorithm.
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