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ABSTRACT Recently, a range-Doppler map-based direction-of-arrival (DOA) estimation method was
proposed for amplitude modulation (AM) radio-based passive bistatic radar (PBR). This method estimates
the incident angle from the phase difference of the range-Doppler-bin (RD-bin) for the specific bistatic range
of the cross-ambiguity function (CAF) and the Doppler frequency value rather than the phase difference
between each antenna signal. In particular, in AM radio-based PBR, the RD-bin-based signal processing
technique was adequately used to transform the range dimension of the CAF into an angular dimension.
In this study, we improve the RD-bin–based DOA estimation method for frequency modulation (FM)
radio-based PBR. The two main contributions of this paper are as follows. First, we present a criterion for
deciding on the number of RD-bins using theoretical analysis. Second, we suggest that other target signals
may become interference signals in the presence of multiple targets, which may degrade the DOA estimation
accuracy.We also propose a least-squares-based algorithm to solve this problem. From the simulation results,
we show that the proposed criterion for deciding on the number of RD-bins is appropriate for FM radio-based
PBR and that the proposed least-squares algorithm successfully removes the target interferences.

INDEX TERMS Direction of arrival estimation, frequency modulation, interference cancellation, passive
radar, array signal processing.

I. INTRODUCTION
A. BRIEF INTRODUCTION OF PASSIVE BISTATIC RADAR
Passive bistatic radar (PBR) is a passive radar system
for localizing fast-moving targets by exploiting multiple
illuminators of opportunity (IoO). Such IoOs were origi-
nally designed for broadcasting and communications. For
example, PBR has used frequency modulation (FM) radio
[1]–[4], amplitude modulation (AM) radio [5], digital tele-
vision [6]–[9], digital audio broadcasting [10], global sys-
tems for mobile communications [11], [12], Wi-Fi [13], and
satellite signals [14].

Among these IoOs, FM radio transmitters have been
widely exploited because of their practical transmitting power
(i.e., a few kilowatts). In addition, FM radio transmitters have
carrier frequencies within the very high frequency (VHF)
band, which is 88-108 MHz, lower than those of monostatic
conventional radar systems using L, S, C, X, Ku, and Ka
bands. This difference makes it possible to detect stealthy
targets because stealth aircraft are known to only be able
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to avoid radio propagation in the frequency bands used by
conventional radar systems [15].

FM radio-based PBR generally exploits a multistatic con-
figuration, which is composed of one receiver and more than
three FM transmitters. From each receiver-transmitter pair,
we can estimate the time difference between a target-reflected
signal and a line-of-sight (LOS) signal, also referred to
as a reference signal, propagating the receiver-transmitter
baseline. This time difference measurement can be trans-
formed to bistatic range measurement. PBR can represent
the target location as multiple ellipsoids whose foci are
the locations of the receiver and the multiple transmitters
using bistatic range measurements and transmitter-target-
receiver distances. From an intersection point of these ellip-
soids, the target location can be extracted as a point in
three-dimensional (3D) space.

B. MOTIVATION BEHIND THIS STUDY
There needs to be more than three transmitter-receiver
pairs for unambiguous target localization. However, due
to the topographic conditions of the receiver location,
it may be challenging to obtain all of the target detection
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results from multiple transmitter-receiver pairs. If one of
the transmitter-receiver pairs cannot provide a sufficient
signal-to-noise ratio (SNR) of the reference signal and the
target signal, it may be difficult to perform target localization.
In particular, mountainous terrain makes it difficult to obtain
multiple measurements simultaneously.

One way to solve this problem is to obtain the target direc-
tion, i.e., the direction-of-arrival (DOA) of the target using
a phased antenna array configuration. The target direction
can provide the target location unambiguously, even using
only one transmitter-receiver pair, because the estimate of
the incident angle indicates the target location as a line. This
method also improves the performance of target localization
in the target-tracking process. Therefore, it is essential to
estimate the DOA of a target, particularly in mountainous or
urban areas.

Conventional, well-known DOA estimation algorithms,
such as Bartlett [16], Capon [17], multiple signal classifica-
tion (MUSIC) [18], root-MUSIC [19], estimation of signal
parameters via a rotational invariance technique (ESPRIT)
[20], min-norm [21], and the recent variants of these algo-
rithms [22]–[27], have been applied in the area of passive
radar [28]–[33]. However, most of these estimation algo-
rithms are not appropriate for SNR values smaller than
0 dB because the estimation accuracy of these algorithms
becomes dramatically degraded in the low SNR region
(e.g., SNRs below −30 dB). The reason why we consider
the low SNR region in PBR is to both improve the detection
range and secure the possibility of target localization. Most
FM radio-based PBRs can achieve a certain level of the detec-
tion probability even below −30 dB SNRs by increasing the
processing gain in the range-Doppler (RD) map. If the DOA
estimation accuracy is secured in the low SNR region, it is
possible to deduce the target location as a point. Specifically,
as the detection result in the RD map only gives the bistatic
range and velocity information, we have tried to accurately
estimate the DOAs of target signals to derive the target loca-
tion, even using only a bistatic configuration. To this end,
we have attempted to determine the incident angle in the low
SNR region.

It is known that the Cramér-Rao bounds with unknown
and known signal waveforms have significant differences
mainly in the low SNR region (see [34] in Chapter 8), and the
conventional algorithms are based on the assumption that the
source signal is unknown. Therefore, traditional algorithms
may have much higher estimation errors, particularly in the
low SNR region, compared to those of other algorithms using
the source signal information. Our simulation results also
show the difference between the two types of DOA estimation
algorithms.

Furthermore, Capon and MUSIC have limited degrees-
of-freedom (DOFs), which limits the resolvable number of
signals. This problem is particularly significant for FM-based
passive radar. Due to the low carrier frequency of IoOs with
this approach, it is not easy to establish more than tens of
antennas in a restricted space. In other words, the number of

resolvable target signals for DOA estimation is limited to the
number of antennas when we use DOA algorithms such as
Bartlett, Capon, and MUSIC.

C. RELATED WORK
As previously mentioned, the conventional DOA estimation
methods have been used for finding target direction in pas-
sive radar systems. In [29], the angles of arrival were esti-
mated by applying the ESPRIT algorithm under a semi-urban
digital video broadcasting–terrestrial (DVB-T) passive radar
scenario. Most of the works reported in the literature have
applied the MUSIC algorithm for bearing estimation of tar-
get signals [30]. A maximum-likelihood (ML) estimator for
multiband-based PBR configurations was also proposed in
[31], [32]; however, it is not directly applicable to practical
implementation due to its underlying assumption that the
delay and Doppler frequency of the target signal are known.
A beam space transformation-based DOA estimation scheme
was derived in [35], and three different DOA estimation
methods were considered: Capon, Taylor, and a modified
Bucci algorithm; however, this system also does not utilize
any information about the reference signal.

Some of the literature is limited to a particular configu-
ration of the antenna array. A four-element Adcock antenna
array-based DOA estimation method was suggested in [36],
[37]. A DOA estimation algorithm for a five-element circu-
lar array was proposed in [36]. Thus, the DOA estimation
algorithms in [36], [36], [37] are strictly limited to specific
antenna configurations.

Many studies have presented RD map-based DOA estima-
tion methods [5], [6], [12], [33], [35], [38]–[40]. The passive
radar systems in these studies showed that range-Doppler
processing is performed by correlating the reference signal
with the signal received at the array of antennas. In particular,
a DOA estimation algorithm using the phase information of
range-Doppler bins (RD-bins) derived from two antennas was
proposed [33]. However, this method is also limited, in this
case, to only a two-antenna array configuration.

The DOA estimation method was also applied in an AM
radio-based passive radar [5]. As an AM radio signal has
a much narrower instantaneous bandwidth (10 kHz) than
an FM radio signal (200 kHz), it is not easy to resolve
numerous targets in the bistatic range domain. Nonetheless,
the authors in [5] proposed a multiple RD-bin-based DOA
estimationmethod, which can resolve targets by transforming
the range-Doppler domain to the angle-Doppler domain. In
this paper, we will mainly focus on the RD-bin-based DOA
estimation algorithm presented in [5] for FM radio-based
PBR instead of AM radio-based PBR.

D. CONTRIBUTIONS OF THE STUDY
In this paper, we consider an RD map-based DOA estimation
method in PBR using FM radio-based IoOs.

We propose the following points:

• We evaluate the theoretical performance of single
RD-bin- and multiple RD-bin-based DOA
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estimation methods. We provide a theoretical analysis of
the steering vector estimation process by comparing the
input and output SNR of the steering vector estimation
results and present the appropriate method to estimate
the steering vector in FM radio-based PBR.

• In the case of using the single RD-bin-based DOA esti-
mation method, we show that one target signal compo-
nent on the cross-ambiguity function (CAF) may become
an interference signal to other target signals. To solve
this problem, we propose an interference cancellation
method that is based on the least-squares approach.

• The proposed method removes the target interferences
by using the steering vector estimate, and it may
cause SNR loss of the target component of interest.
Thus, we explicitly derive the SNR loss of the target
interference cancellation method based on a two-target
case.

E. OUTLINE
The rest of this paper is organized as follows. The sig-
nal model of the received signal for the range-Doppler
map-based DOA estimation is presented in section II. In
section III, the theoretical performance analysis of single
RD-bin- and multiple RD-bin-based DOA estimation is
derived. In section IV, the target interference cancellation
method is proposed, and the theoretical analysis of SNR loss
is described. The numerical results are detailed in section V,
and conclusions are given in section VI.

F. NOTATIONS
Throughout the paper, the following notations are used. The
superscript (·)T denotes the transpose operator of a matrix;
(·)H stands for the Hermitian transpose of a matrix; (·)∗

denotes the conjugate operator of a matrix, or a constant
value; Cn×m and Rn×m denote a set of n×m complex-valued
matrices and a set of n×m real-valued matrices, respectively;
and E[·] stands for an expected value of a random variable or
a random process.

II. RANGE-DOPPLER MAP-BASED DOA ESTIMATION
In this section, we describe the received signal model of the
target signals. Consider an FM radio transmitter, a receiver
antenna arraywithM omnidirectional antennas andN targets.
It is assumed that the target signals and the reference signal
are perfectly separated using beamforming techniques and
interference cancellation algorithms (see [41]–[43]). Then,
the received signal x(k) = [x0(k), x1(k), . . . , xM−1(k)]T can
be written as

x(k) =
N−1∑
i=0

ηia(θi, φi)si(k) + v(k), k = 0, 1, . . . ,K − 1,

(1)

where ηi denotes the complex amplitude of the ith target,
a(θi, φi) ∈ CM×1 is the steering vector with target elevation
θi and azimuth φi, si(k) = s(k−τi)ej2πνik is the ith target echo
signal, and v(k) ∈ CM×1 denotes a spatially white Gaussian

FIGURE 1. Range-Doppler-array map-based data cube.

noise process. In our received signal model, we assume that
the received signals of each antenna are synchronized using
various calibration techniques [44], [45]. As the SNR of the
reference signal is much higher than that of the target echoes,
the reference signal xr (k) can be written as xr (k) ≈ s(k).

Target detection is performed on a CAF. The received
signal at the mth antenna, xm(k),m = 0, . . . ,M − 1, and the
reference signal s(k) can produce the CAF of each antenna,
which is defined as

cm(τ, ν) =
K−1∑
k=0

s(k) x∗m(k + τ )e
−j2πνk , (2)

where τ and ν denote the sample delay and the normalized
Doppler frequency, respectively. From (2), the RD-bin
c(τ, ν) ∈ CM×1 in the range-Doppler domain is represented
as:

c(τ, ν) = [c0(τ, ν), c1(τ, ν), . . . , cM−1(τ, ν)]T . (3)

The RD-bin c(τ, ν) is our main concern in this study, and it
can be viewed as a data cube or a multidimensional array,
as shown in Fig. 1. As shown in this figure, the steering vector
a(θ, φ) can be estimated from the RD-bin c(τ, ν). To show
this, the RD-bin c(τ, ν) can be also derived in vector form
using (1) and written as:

c(τ, ν) =
K−1∑
k=0

s(k)x∗(k + τ )e−j2πνk . (4)

Substituting (1) into (4), we obtain

c(τ, ν) =
N−1∑
i=0

η∗i A(τ − τi, ν − νi)a
∗
i

+

K−1∑
k=0

s(k)v∗(k + τ )e−j2πνk , (5)

where A(τ, ν) denotes the ambiguity function of s(k) and ai
is a simplified notation for a(θi, φi). The ambiguity function
A(τ, ν) is defined as:

A(τ, ν) =
K−1∑
k=0

s(k)s∗(k + τ )e−j2πνk . (6)
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If the target signals are assumed to be uncorrelated with each
other, then the RD-bin for τ = τi and ν = νi in (5) can be
rewritten as:

c(τi, νi) = η∗i A(0, 0)a
∗
i +

K−1∑
k=0

s(k)v∗(k + τi)e−j2πνik , (7)

where A(0, 0) =
∑K−1

k=0 |s(k)|
2
= K . This equation shows

that the RD-bin of c(τi, νi) can be used to obtain the steer-
ing vector estimate of ai. Therefore, to obtain ai, the target
detection should be performed on the CAF in advance. A
constant false alarm rate (CFAR) detector can be used to
estimate the number of targets, range, and Doppler frequency
measurements [46]. In this study, we assume that the number
of targetsN , range, and Doppler frequency measurements are
known by using the CFAR detector.

If we denote an estimate of the steering vector as b̂i, which
is a function of c(τ, ν), then the spatial spectrum of the ith
target is obtained from

Pi(θ, φ) = aH (θ, φ)b̂i. (8)

The derivation of b̂i will be discussed in the next subsection.
The final estimate of the incident angle is followed by:

{θ̂i, φ̂i} = argmax
θ,φ
|Pi(θ, φ)|2, i = 1, . . . ,N . (9)

As described in [5], we can consider using other DOA
estimation methods, such as the Capon and MUSIC
algorithms, instead of the Bartlett method.

III. STEERING VECTOR ESTIMATION METHODS AND
PERFORMANCE ANALYSIS
A. DEFINITION OF SINGLE RD-BIN- AND MULTIPLE
RD-BIN-BASED DOA ESTIMATION
An estimate of the steering vector b̂i, which is used to com-
pute the spatial spectrum, can be derived in two ways. First,
the single RD-bin can be directly selected to calculate the
spatial spectrum, i.e.,

b̂i = c(τi, νi), i = 1, . . . ,K . (10)

As this method only depends on a single RD-bin, it is referred
to as single RD-bin-based DOA estimation in this paper.
Second, multiple RD-bins may be selected to produce the
estimate b̂i. If we consider the arithmeticmean of themultiple
RD-bins, then

b̂i =
1
Li

Li∑
l=1

c(τ (l)i , ν
(l)
i ), i = 1, . . . ,K , (11)

where (τ (l)i , ν
(l)
i ) is a pair element of time-delay and

Doppler frequency measurement included in a set of Ai =

{(τ (l)i , ν
(l)
i ), l = 1, . . . ,Li}. This is derived from the multiple

RD-bins; therefore, it is referred to as multiple RD-bin-based
DOA estimation in this paper. The estimate obtained based on
the multiple RD-bins may be computed in various ways.

The multiple RD-bin-based DOA estimation can be used
when the CAF is as shown in Fig. 2, which is derived when
the FM stereo message signal only has a 19 kHz pilot tone. If

FIGURE 2. CAF of FM-radio-based PBR when the message signal includes
only a 19 kHz pilot tone signal.

A(τ, νi) ≈ A(0, νi) for all τ , as shown in Fig. 2, all RD-bins
lying on a specific Doppler frequency νi include the steering
vector component ai as follows:

c(τ, νi) = η∗i A(0, 0)a
∗
i +

K−1∑
k=0

s(k)v∗(k + τ )e−j2πνik . (12)

Note that (12) is distinguished from (7). Specifically, (12)
is a function of τ , whereas (7) holds only for a specific τi
and νi. To extract ai from the multiple RD-bins of c(τ, νi),
the arithmetic mean of all c(τ, νi) with respect to τ is a
solution.

B. THEORETICAL PERFORMANCE ANALYSIS OF
STEERING VECTOR ESTIMATION METHODS
To investigate whether or not the multiple RD-bin-based
steering vector estimation has a higher SNR than that of
the single RD-bin-based estimation, the SNR analysis is dis-
cussed in this subsection. The multiple RD-bin-based DOA
estimation method was applied to AM radio-based PBR [5].
As the AM radio signal features a narrow instantaneous band-
width, the transformation of a range measurement to an angle
is effective for detecting multiple targets. Therefore, it may
be concluded that the multiple RD-bin-based steering vector
estimation and the transformation could be a solution to
resolving the multiple target signals in AM-radio-based PBR.

In this paper, it would be useful to analyze the estimation
accuracy of both the single RD-bin- and multiple RD-bin-
based DOA estimations. As the DOA estimation error is
deeply involved in the SNR of b̂i, we derive the theoretical
SNR.

1) SNR ANALYSIS OF SINGLE RD-BIN-BASED STEERING
VECTOR ESTIMATION
Our objective is to derive the theoretical SNR of b̂i. First,
we consider the single RD-bin-based steering vector estima-
tion. From (1), the received signal x(k) for N = 1 is written
as:

x(k) = η0 s(k − τ0)e−j2πν0 ka(θ0, φ0)+ v(k). (13)

VOLUME 8, 2020 56883



G.-H. Park et al.: Range-Doppler Domain-Based DOA Estimation Method for FM-Band PBR

Substituting (13) in (4) with some mathematical modifica-
tions, the RD-bin at the mth antenna for τ = τ0 and ν = ν0
can be obtained as:

cm(τ0, ν0) =
K−1∑
k=0

s(k)x∗m(k + τ0)e
−j2πν0k

= η∗0a
∗
m(θ0, φ0)A(0, 0)

+

K−1∑
k=0

s(k)ν∗m(k + τ0)e
−j2πν0k , (14)

where am(θ0, φ0) denotes the mth element of the steering
vector a(θ0, φ0). We also assume that E

[
|s(k)|2

]
= 1 in (14).

As η∗0 a
∗
m(θ0, φ0)A(0, 0) and

∑K−1
k=0 s(k)ν

∗
m(k + τ0)e

−j2πν0 k

represent the component contributing to the peak value and
noise, respectively, the SNR of the target signal in cm(τ0, ν0)
can be derived from:

SNR =
|η0|

2
|A(0, 0)|2

E
[ ∣∣∣∑K−1

k=0 s(k)ν
∗
m(k + τ0)e−j2πν0k

∣∣∣2] . (15)

To simplify (15), the denominator in (15) can be expressed as:
K−1∑
k1=0

K−1∑
k2=0

E
[
s(k1)s∗(k2)ν̃∗m(k1 + τ0)ν̃m(k2 + τ0)

]
, (16)

where ν̃m(k + τ ) = νm(k + τ )e−j2πν0 k . As the expectation
of the noise components in (16) approaches zero for k1 6= k2,
we obtain

K−1∑
k=0

E
[
|s(k)|2

]
E
[
|νm(k + τ0)|2

]
= KPν, (17)

where E
[
|νm(k + τ0)|2

]
= Pν . Subsequently, we have

SNR1 =
|η0|

2 K 2

KPν
=
|η0|

2 K
Pν

. (18)

This result indicates that the SNR of the single RD-bin-
based steering vector estimation increases as the number of
observation samples of K and the power of the target echo
signal increases.

2) SNR ANALYSIS OF MULTIPLE RD-BIN-BASED
STEERING VECTOR ESTIMATION
In this subsection, the theoretical SNR of the multiple
RD-bin-based steering vector estimation is discussed. The
derivation is similar; however, there is a difference from the
single RD-bin method, particularly in the calculation of the
noise variance.

If we consider the sample mean of R RD-bins at the mth
antenna, zm(ν), we have

zm(ν) =
1
R

R−1∑
r=0

cm(τr , ν)

=
η∗0a
∗
m(θ0, φ0)

R

R−1∑
r=0

A(τr − τ0, ν − ν0)

+
1
R

R−1∑
r=0

K−1∑
k=0

s(k)ν∗m(k + τr )e
−j2πνk . (19)

When we assume A(τr , 0) ≈ A(0, 0) for all τr ≥ 0, as shown
in Fig. 2, (19) for ν = ν0 can be rewritten as follows:
zm(ν0) = η∗0a

∗
m(θ0, φ0)A(0, 0)

+
1
R

R−1∑
r=0

K−1∑
k=0

s(k)ν∗m(k + τr )e
−j2πν0k . (20)

From (14) and (20), we can see that the multiple
RD-bin-based steering vector estimation has a different noise
component. For the calculation of the SNR, we need to
simplify

E

∣∣∣∣∣ 1R
R−1∑
r=0

K−1∑
k=0

s(k)ν∗m(k + r)e
−j2πν0k

∣∣∣∣∣
2 . (21)

Similar to the single RD-bin case, the expectation of the noise
component becomes

1
R2

R−1∑
r1=0

R−1∑
r2=0

K−1∑
k1=0

K−1∑
k2=0

E
[
s(k1)s∗(k2)e−j2πν0(k1−k2)

]
·E
[
ν∗m(k1 + r1)νm(k2 + r2)

]
. (22)

As E
[
s(k1)s∗(k2)e−j2πν0(k1−k2)

]
5 1, (22) has an upper

bound of

1
R2

R−1∑
r1=0

R−1∑
r2=0

K−1∑
k1=0

K−1∑
k2=0

E
[
ν∗m(k1 + r1)νm(k2 + r2)

]
. (23)

The expectation of (23) with respect to k1 and k2 satisfies
E
[
ν∗m(q1)νm(q2)

]
= 0 for q1 6= q2, where qm = km+rm. The

simplification problem of (23) can be easily accomplished
by counting the number of cases that satisfy q1 = q2 for
k1, k2 ∈ {0, 1, . . . ,K − 1} and r1, r2 ∈ {0, 1, . . . ,R − 1}.
This problem can be solved using the following Lemma 1.
Lemma 1: The number of cases that satisfy k1+r1 = k2+

r2 for k1, k2 ∈ {0, 1, . . . ,K−1} and r1, r2 ∈ {0, 1, . . . ,R−1}
is derived by:

R(3KR− R2 + 1)
3

. (24)

Proof: If we denote k2− k1 = 1k and r1− r2 = 1r where
1k ∈ {−K + 1, . . . ,K − 1} and1r ∈ {−R+ 1, . . . ,R− 1},
then the number of cases satisfying1r = 1k is equivalent to
(R− |1r|)(K − |1r|) for all1r. Therefore, the total number
of the cases is equal to

KR+ 2
R−1∑
1r=1

(R−1r)(K −1r), (25)

and this is simplified as the result of Lemma 1.
Therefore, we can simplify (23) as follows:

(3KR− R2 + 1)Pν
3R

, q1 = q2,

0, q1 6= q2.
(26)

The SNR of themultiple RD-bins at themth antenna is readily
derived as:

SNR2 5
|η0|

2K 2

(3KR−R2+1)Pν
3R

=
3R |η0|2 K 2

(3KR− R2 + 1)Pν
. (27)
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The number of RD-bins, R, is significantly fewer than the
observation samples, K , in FM radio-based PBR. For exam-
ple, the observation time is generally 1 s, and the sampling
frequency is 200 kHz; thus, K = 200, 000. If we consider
a maximum bistatic range of 300 km, then R = 200. The
approximation in (27) using K � R� 1 leads to

SNR2 5
3R |η0|2 K 2

(3KR− R2 + 1)Pν
≈
|η0|

2 K
Pν

. (28)

The interesting point in the SNR analysis is that the mul-
tiple RD-bin-based steering vector estimation has an upper
bound, which is the SNR of the single RD-bin case. In
other words, the SNR of the multiple RD-bin-based method
in (28) cannot exceed the SNR of the single RD-bin-based
method (see (18)). The equality of (28) holds only for IoOs
whose transmit signals have narrow instantaneous bandwidth
(e.g., the silent message signal in FM-radio broadcasting).
However, if the instantaneous bandwidth increases, the SNR
of the multiple RD-bins may decrease because the equality of
E
[
s(k1)s∗(k2)e−j2πν0(k1−k2)

]
5 1 no longer holds.

Compared to an AM radio signal, the FM-radio signal
has a much wider instantaneous bandwidth. In addition, the
occurrence of the silent message signal in FM-broadcasting
is not that common, and the estimation performance of the
multiple RD-bin-basedmethod would be degraded.We there-
fore consider and propose to use the single RD-bin-based
steering vector estimation method in FM-radio-based PBR.
This proposal will also be verified from the simulation results
in Section V.

IV. RANGE-DOPPLER MAP-BASED DOA ESTIMATION
IN THE PRESENCE OF TARGET INTERFERENCE
Consider that multiple target signals are received and assume
that these are uncorrelated with each other. That is, the dif-
ference between the bistatic range and the Doppler frequency
cannot be neglected, i.e., A(τ0−τ1, ν0−ν1) ≈ 0 forN = 2. In
this case, the RD-bins for (τ0, ν0) and (τ1, ν1) are as follows:

c(τ0, ν0) = η∗0A(0, 0)a
∗

0 + ε(τ0, ν0),

c(τ1, ν1) = η∗1A(0, 0)a
∗

1 + ε(τ1, ν1), (29)

where ε(τi, νi) is defined as the noise component as follows:

ε(τi, νi) =
K−1∑
k=0

s(k)v∗(k + τi)e−j2πνik . (30)

In (29), none of the RD-bins are affected by other RD-bins.
However, ifA(τi−τj, νi−νj) 6≈ 0, then (29) can be rewritten

as

c0 = η∗0A00a
∗

0 + η
∗

1A01a
∗

1 + ε0,

c1 = η∗0A10a
∗

0 + η
∗

1A00a
∗

1 + ε1, (31)

where the notation of ε(τi, νi) for i = 0, 1 is abbreviated
as εi, and A(τi − τj, νi − νj) is abbreviated as Aij. Note that
Aii = Ajj = K . If c0 contains a1, then the spatial spectrum
may construct an additional peak of target 2. Fig. 3 shows an
example of a CAF where the two targets are closely spaced,

FIGURE 3. Closely spaced two-targets in CAF.

especially in the Doppler frequency dimension, and this may
cause the problem of target interference.

Our objective is to remove other target components in the
steering vector of interest and to extract the steering vector
estimate. For example, in (31), the objective is to remove a1
from c0. Similarly, a0 should be removed from c1.

3) TARGET INTERFERENCE CANCELLATION FOR A
TWO-TARGET CASE
Consider the problem of target interference cancellation with
a two-target case. As previously described in (31), a0 and a1
should be extracted from c0 and c1, respectively.

The simplest way to do this is to use the weighted sum
approach. The following equation would be a solution for the
estimation of a0:

c̃0 = c0 − α0c1 = η∗0(A00 − α0 A10)a
∗

0

+η∗1(A01 − α0 A00)a
∗

1 + ε0 − α0ε1, (32)

where α0 is a weight for interference mitigation. To remove
the component of a1 from c0, we have

α0 =
A01
A00

, (33)

and (32) can be rewritten as

c̃0 = η∗0

(
A00 −

A01A10
A00

)
a∗0 + ε0 −

A01
A00

ε1. (34)

As we can see, the weighted sum approach can remove the
component of a1 from c0. This approach can also be applied
to the extraction of a1.
Before starting the analysis, it is crucial to know whether

(33) is computable or not. Because A00 is the ambiguity
function of the reference signal, the equation is computable.
In addition, we already have the measurements of the bistatic
range and the Doppler frequency of the multiple targets; thus,
A01 and A10 can easily be obtained.

4) SNR LOSS OF TARGET INTERFERENCE CANCELLATION
FOR TWO-TARGET CASE
As previously described, the target interference can be mit-
igated using (34). However, the magnitude of a0 would be
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reduced by the weighted sum method. In this subsection,
we consider the SNR loss of the target interference
cancellation with a two-target case.

Let

σ 2
s = |η0|

2
∣∣∣∣A00 − A01A10

A00

∣∣∣∣2 (35)

and

σ 2
n = E

[∣∣ε0,m − α0ε1,m∣∣2] , (36)

where εi,m denotes themth entry of εi. To simplify the deriva-
tion, we only consider the mth entry of ε0 − α0ε1, ε0,m, and
ε1,m. Then, we have SNRc̃0 = σ

2
s /σ

2
n .

The first step is to derive the inequality about the
squared magnitude of η∗0 (A00 − A01A10/A00). Using A00 =∑K−1

k=0 |s(k)|
2
= K and Aij = A∗ji for ν1 = ν0, we have∣∣∣∣η∗0 (A00 − A01A10

A00

)∣∣∣∣2 = |η0|2 (K − |A10|2K

)2

. (37)

As 0 5 |A10| 5 K , the above term is represented by the
following inequality:

0 5 K −
|A10|2

K
5 K . (38)

The component of the ambiguity function A10 is related to the
range resolution and the message signal. In other words, A10
is a random variable in a single period of the observation time.
From (38), we can see that the signal power may decrease
slightly.

The second step is to compute σ 2
s , which can be derived by

σ 2
s = K 2

|η0|
2(1− |α0|2). (39)

The final step is to compute σ 2
n , which is obtained by

σ 2
n = E[|ε0,m|2 − α∗0ε0,mε

∗

1,m

−α0ε
∗

0,mε1,m + |α0|
2
|ε1,m|

2]. (40)

As previously described in (17), we have E
[
|ε0,m|

2
]
=

E
[
|ε1,m|

2
]
= PνK , where Pν = E

[
|νm(k)|2

]
. The expec-

tation of ε0,mε∗1,m is

E
[
ε0,mε

∗

1,m
]

= E

K−1∑
k0=0

K−1∑
k1=0

s(k0)s∗(k1)ν∗m(k0 + τ0)νm(k1 + τ1)

. (41)

If k0+τ0 6= k1+τ1, the term in the above summation becomes
zero. As the number of cases satisfying k0 + τ0 = k1 + τ1 is
K − |τ0 − τ1| for k0, k1 = 0, . . . ,K − 1, (41) is written as

E
[
ε0,mε

∗

1,m
]
=

{
(K − |τ0 − τ1|) α0 Pν, q0 = q1,
0, q0 6= q1,

(42)

and

E
[
ε∗0,mε1,m

]
=

{
(K − |τ0 − τ1|) α∗0Pν, q0 = q1,
0, q0 6= q1,

(43)

FIGURE 4. An example of CAF for three targets whose Doppler
frequencies are the same.

where qi = ki + τi. Then, (40) can be simplified as

σ 2
n = KPν

(
1− |α0|2 +

2|τ0 − τ1||α0|2

K

)
. (44)

By using (39) and (44), we can finally derive the SNR as
follows:

SNRc̃0 =
σ 2
s

σ 2
n
=

K |η0|2(1− |α0|2)

Pν
(
1− |α0|2 +

2|τ0−τ1||α0|2
K

) . (45)

The remarkable thing in (45) is that the interference can-
cellation result has an almost equivalent value in (18). If
2|τ0 − τ1||α0|2/K ≈ 0, then the SNR is expressed as

SNRc̃0 ≈
K |η0|2

Pν
, (46)

which is the same as the initial value of the SNR in (18). In
general, K � 2|τ0−τ1||α0|2 is satisfied. For example, in FM
radio-based PBR, the observation samples of K = 200, 000
are used. As |α0|2 5 1 and |τ0−τ1| have much smaller values
than K , the approximation is reasonable. Hence, it can be
concluded that the SNR loss in the example of the two-target
case can be ignored.

5) GENERALIZATION OF TARGET INTERFERENCE
CANCELLATION FOR A MULTITARGET CASE
Nowwe are ready to discuss a general problem of the existing
N target case. If we have N = 3 targets lying on the same
Doppler frequency dimension, the CAF will be represented
as shown in Fig. 4. In this case, a single target is influenced
by the other two targets. We may try to solve this problem
using the weighted sum approach, as in the two-target case,
but it is not easy to derive the solution due to its complexity.

Instead of using the weighted sum approach, the optimiza-
tion method is much simpler. The proposed method is based
on the following optimization problem:

min
α
||x− Uα||2, (47)

where α ∈ C(N−1)×1 denotes the weight vector for the
interference rejection, U = [u1, . . . ,uN−1] represents the
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target interference signals, and x denotes the input signal,
which includes the desired signal and the interference signal.
All of these signal matrices, such as U and x, can be recon-
structed from the result of the CFAR detection algorithm, i.e.,
ui(k) = s(k − τi)ej2πνik and ui = [ui(0), . . . , ui(K − 1)]T .
As our objective is to obtain α, the minimization problem

can be rewritten as

α̂ = argmin
α
||x− Uα||2. (48)

The minimization with respect to α leads to the least-squares
problem, and we have

α̂ = (UHU)−1UHx. (49)

When the steering vector of interest is denoted by bd and
the steering vectors of the interferences are written as Bu =
[b1, . . . ,bN−1], then the output of the target interference
cancellation is

c̃d = Bw = bd − Buα, (50)

where B = [bd ,Bu] and w = [1,−αT ]T . Finally, c̃d is the
steering vector estimate of interest.

The target interference cancellation algorithm may be
summarized as follows:
• Step 1: Compute the steering vector of interest bd using
the detection results.

• Step 2: Determine the steering vectors of the target inter-
ferencesBu that may cause the performance degradation
in DOA estimation.

• Step 3: Derive the target signal of interest x and the tar-
get interference signals U based on the target detection
results.

• Step 4: Determine α and w with (49).
• Step 5: Compute the final steering vector estimate of c̃d
with (50).

V. SIMULATIONS
In this section, we present the simulation results to verify the
theoretical results. Note that, in all examples, a uniform circu-
lar array withM antennas and a radius of 1.5 m is considered.
The complex envelope of FM radio can be generated by

s(k) = exp

(
j2π1f

K−1∑
k=0

m(k)1t

)
, (51)

where1f denotes the frequency deviation of 75 kHz, m(k) is
a sampled message signal, and1t denotes a sampling period
(i.e., 1/fs). A sampling frequency of 198.45 kHz is also used
to generate the signals. Because the FM radio broadcasting
supports stereo sound, the message signal m(k) contains both
a left (L) and a right signal (R). The message signal m(k) can
be modeled as

m(k) = 0.9(0.5(L + R)+ 0.5(L − R) sin(4π fpk1t)

+ 0.1 sin(2π fpk1t)), (52)

where fp denotes a pilot tone signal of 19 kHz.

FIGURE 5. RMSEs of azimuth (left) and elevation (right) versus SNR with
RD map-based DOA estimation of L = 1, Bartlett algorithm and MUSIC
(M = 8, observation time: 1 sec).

FIGURE 6. RMSEs of azimuth (left) and elevation (right) versus the
number of antennas with RD map-based DOA estimation of L = 1, Bartlett
algorithm and MUSIC (observation time: 1 sec, SNR: −20 dB).

We have not included the CRLB in all the simulation
results. To the best of our knowledge, there is no previ-
ously published work that covers our signal model and sce-
nario in which we consider the joint estimation of azimuth
and elevation angle. There have been several related works
(see [47]–[49]), but they only deal with a scenario assuming
that the signal sources are located on a plane at z = 0 where
the antennas are also placed (i.e., assuming that the elevation
angle is equal to 90◦).
Simulation 1: In this example, the root-mean-square

error (RMSE) of the RD map-based DOA estimation with
L = 1 is presented. To compare the estimation performance,
we also consider the conventional Bartlett and the MUSIC
algorithm. It is assumed that only one target signal is received
and that the detection probability is equal to 1. We also
assume that the measurements, such as the bistatic range and
Doppler frequency of a target signal, are known. The target
signal has an azimuth angle of 90◦ and an elevation angle of
70◦. We conducted 500 Monte-Carlo simulations.

Figs. 5, 6, and 7 show the RMSEs of the RD
map-based DOA estimation method, Bartlett algorithm and
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FIGURE 7. RMSEs of azimuth (left) and elevation (right) versus
observation time with RD map-based DOA estimation of L = 1, Bartlett
algorithm and MUSIC (M = 8, SNR: −20 dB).

MUSIC algorithm. Several DOA estimation algorithms such
as ESPRIT and Capon are not considered because these
algorithms have almost the same estimation performance as
that of Bartlett and MUSIC in the single-target environment.

Fig. 5 shows the RMSE versus the SNR of the target signal
for the case of M = 8 and an observation time of 1 sec.
The RD map-based DOA estimation with a single RD-bin
shows a much lower estimation error than that of the Bartlett
and MUSIC algorithms in cases of both azimuth and eleva-
tion estimations. In particular, with low SNRs ranging from
−30 dB to −20 dB, the difference between the two methods
is clearly seen.

Fig. 6 shows the RMSE versus the number of anten-
nas. As in Fig. 5, the difference between RD-bin-based
estimator and other algorithms can be observed. Fig. 7
also presents the RMSE versus the observation time.
Because the RD map-based DOA estimation method prop-
erly uses the reference signal, the RD-bin-based estimator
increases the processing gain of the target signal, and this
leads to the performance improvement.
Simulation 2: Consider that the FM signal is generated

from a silent signal (i.e., L = R = 0 in (52)). Then,
the message signal has only a 19 kHz pilot tone, which is used
for FM stereo. To simplify the simulations, we consider only
the azimuth angle and assume θ = 90◦. In this case, the CAF
has infinite range resolution, as in Fig. 2. Fig. 8 shows the
RMSEs with L = 1 and L = 50. The difference between the
two methods with single RD-bin and multiple RD-bins is not
observed. As we derived in Section III, it is obvious that we
have almost the same performance because of the theoretical
output SNR.
Simulation 3: Fig. 9 shows the RMSE of RD map-based

DOA estimation with L = 1, 25, 50, 75 and 100 when
a music signal is used in the FM message. The CAF corre-
sponding to this music message signal is shown in Fig. 4.
As shown in Fig. 9, the RMSE of a method with multiple
RD-bins is higher than that of the single RD-bin. We also

FIGURE 8. Root-mean-square errors of single RD-bin- and multiple
RD-bin-based DOA estimation methods when the message is silent.

FIGURE 9. Root-mean-square errors of single RD-bin- and multiple
RD-bin-based DOA estimation methods with the music message signal.

can see that the RMSE increases as the number of RD-bins
increases. These results show that the steering vector estimate
includes more nonsignal components as L increases.
When a music signal is used for FM radio, it has

a considerably wider instantaneous bandwidth. Therefore,
the covariance matrix estimation performance with multiple
bins is degraded by including several noise components. It is
common to have much wider instantaneous bandwidth with
FM radio than with AM radio. Therefore, we can conclude
that it is more effective to use only one RD-bin for the DOA
estimation in FM radio-based PBR.
Simulation 4: In this simulation, we consider the perfor-

mance of the proposed algorithm for interference cancella-
tion. We assume that N = 5 targets are lying on the same
Doppler frequency dimension of −30 Hz and that the targets
have a bistatic range of 50, 75, 100, 125, and 150 km. We
also assume that the target signals have an SNR of −20 dB.
Fig. 10 shows the magnitude of the weight vector w in (50).
Each target has a weight vector for the removal of other target
signals. If we consider target 1, the magnitude of the sec-
ond entry of w has the most significant value. This means
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FIGURE 10. Magnitude of weight vector of w for the interference
cancellation.

FIGURE 11. Root-mean-square error of multiple targets with and without
the target interference cancellation algorithm.

that the adjacent target 2 component becomes the primary
interference of target 1. In the case of target 2, target 1 and
target 3 may be considered as the main interference signals.
We can see that the weight vector is properly computed to
represent the correlation between the adjacent targets for the
interference cancellation.

Fig. 11 shows the RMSE of the multiple targets ver-
sus the range difference between the targets. If the bistatic
range difference between the targets is denoted by 1R,
we set the bistatic range measurement of the ith target to
100 + (i − 2)1R km (i = 0, 1, 2, 3, 4). In this case, we can
expect that, as the range difference increases, the estimation
error will decrease. As we can see in Fig. 11, the RMSE
without the target interference cancellation algorithm is sig-
nificantly higher than that using the interference cancellation.
Furthermore, the RMSE with the interference cancellation is
not dramatically affected by the range difference. This result
also shows that the proposed algorithm successfully removes
the interference components.

VI. CONCLUSION
We examined the RD map-based DOA estimation method
for FM radio-based PBR. In this regard, the output SNR
of the steering vector estimate for the number of RD-bins

was theoretically derived. As a result, we concluded that the
output SNR does not change with the number of RD-bins for
signals with narrow instantaneous bandwidths such as AM
radio because the multiple RD-bins can include the signal
components. However, the output SNR may be reduced for a
signal having a relatively higher bandwidth than that of AM
radio signals because the steering vector estimatemay include
the noise components. As FM radio has a wider bandwidth
than AM radio, we concluded that it is reasonable to use
the single RD-bin-based DOA estimation method for FM
radio-based PBR.

We also suggested that other target signals can become
interference signals in the presence of a plurality of tar-
gets, which may degrade the DOA estimation accuracy. The
least-squares-based interference cancellation algorithm was
proposed to solve this problem, and we showed that this pro-
posed algorithm canmitigate the interference signals.We also
presented the theoretical SNR loss of the target interference
cancellation method. We verified from the analysis that the
SNR loss of the proposed method could be ignored in FM
radio-based PBR.

Unlike conventional algorithms such as Bartlett, Capon,
and MUSIC, our proposed method is based on an RD map.
Accordingly, we first need to obtain the RD map, and this
leads to an increase in the computational complexity. The
interference cancellation algorithm should be performed on
each antenna, and this also produces additional computation.
Therefore, in future works, we will study how to reduce the
computational complexity of the proposed algorithms.
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