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In this paper, we address the problem of multi-target detection and tracking over a network of separately
located Doppler-shift measuring sensors. For this challenging problem, we propose to use the probability
hypothesis density (PHD) filter and present two implementations of the PHD filter, namely the sequential
Monte Carlo PHD (SMC-PHD) and the Gaussian mixture PHD (GM-PHD) filters. Performances of both
filters are carefully studied and compared for the considered challenging tracking problem. Simulation
results show that both PHD filter implementations successfully track multiple targets using only Doppler
shift measurements. Moreover, as a proof-of-concept, an experimental setup consisting of a network
of microphones and a loudspeaker was prepared. Experimental study results reveal that it is possible
to track multiple ground targets using acoustic Doppler shift measurements in a passive multi-static
scenario. We observed that the GM-PHD is more effective, efficient and easy to implement than the
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1. Introduction

Multi-static radar/sonar systems making use of cooperative/non-
cooperative transmitters have attracted interest of researchers
working in different fields [1]. Modern multi-static systems con-
sist of multiple transmitter and receiver sites each collecting
several independent target measurements, such as the time-of-
arrival, direction-of-arrival and Doppler shift of the reflected sig-
nals. At the fusion center, these measurements are then combined
to estimate the target state. For target surveillance, multi-static
passive radar systems exploit illuminators of opportunity like FM
radio transmitters, digital audio/video broadcasters, WiMAX sys-
tems and global system for mobile-communication (GSM) base
stations [2-5]. Passive radar systems provide crucial advantages
over active systems: no frequency allocation problem, receivers are
hidden for a possible jamming, energy saving and much lower
costs. Especially, GSM-based passive radar systems have attracted
tremendous research interest and they are considered to be used
practically for surveillance [5-7]. These systems have several dis-
tinct advantages. Firstly, GSM base stations provide global cover-

* Corresponding author.
E-mail address: bguldogan@turgutozal.edu.tr (M.B. Guldogan).
1 This work was started at Linképing University.

1051-2004/$ - see front matter © 2014 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.dsp.2014.01.009

age. Secondly, multiple base stations can be utilized in a multi-
static passive radar network to improve the overall performance
and robustness. Although the GSM waveform has poor range res-
olution, it can achieve good Doppler resolution, which makes the
GSM-based passive radar suitable for Doppler detection and track-
ing.

Localization and tracking of a moving target using only Doppler
shift measurements is actually an old problem studied in different
contexts [8-10]. However, analysis of multi-static passive systems
that use Doppler-only measurement has not been fully investi-
gated yet. Some of the studies in the literature mainly concen-
trate on the static estimation solutions, observability analysis of
the target using Doppler-only measurements and optimal position-
ing of the passive system [11-15]. Moreover, recently, tracking of
moving targets using a Doppler-shift measuring sensor network
has gained interest from researchers and mostly considered in
multi-static passive radar framework [16-19]. Two main reasons
behind this interest is: firstly passive radar systems provide cru-
cial advantages over active systems, secondly Doppler measuring
sensors are inexpensive and no hardware array is required un-
like the direction-of-arrival measuring arrays. However, tracking
using Doppler-only measurements is not an easy problem due to
several reasons: (1) since Doppler-only measurements are uninfor-
mative, target state remains unobservable before collecting at least
three Doppler measurements from sensors with different locations,
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(2) since Doppler measurements are typically accurate and ini-
tially target state is unobservable, initial measurement updates are
weighted significantly and, thus, low-complexity nonlinear filters
diverge and also special care should be given to avoid sample im-
poverishment when using particle implementations, (3) mentioned
two problems get worse if the prior distribution covers the whole
surveillance volume (i.e. too big covariance values for location and
velocity), which is the case in most of the practical applications, in
the state space [20-22].

In this work, we propose to use the probability hypothesis den-
sity (PHD) filter, which is based on the random finite sets (RFS)
framework [23,24]. The PHD filter, propagates the first-order sta-
tistical moment of the RFS of states in time and avoids the com-
binatorial data association problem. There are two implementa-
tions of the PHD filter; one is using sequential Monte Carlo (SMC)
method other one is using Gaussian mixtures (GM). Each imple-
mentation method has its own pros and cons [23]. GM implemen-
tation is very popular because it provides a closed form analytic
solution to PHD recursions under linear Gaussian target dynam-
ics and measurement models. Moreover, contrary to SMC imple-
mentation, GM implementation provides reliable state estimates
extracted from the posterior intensity in an easier and efficient
way [25]. Alternatively, SMC implementation imposes no such re-
strictions and has the ability of handling nonlinear target dynamics
and measurement models. It can be said that SMC implementa-
tion is a more general framework for PHD recursions. On the other
hand, its performance is affected by different kind of problems in
reality [26-28]. Therefore, in general, GM based approach is easier,
effective and more intuitive.

The novelty of this work is twofold: first we present the perfor-
mances of both the SMC-PHD and GM-PHD filters in tracking mul-
tiple non-cooperative targets using a passive Doppler-shift mea-
suring sensor network. Clutter, missed detections and multi-static
Doppler variances are incorporated into a realistic multi-target sce-
nario. Second, additional to the simulation analysis, we provide
a proof-of-concept study to show the feasibility of tracking mul-
tiple targets using a passive acoustic microphone network which
provides Doppler shift measurements. For this purpose, an experi-
mental setup consisting of three microphones and a loudspeaker
(LS) was configured. Non-cooperative transmissions from the LS
(i.e. illuminator of opportunity) are exploited by non-directional
separately located microphones (i.e. Doppler measuring sensors).
The LS is directed towards the road and continuously transmits
pure sinusoids at a known certain frequency. Reflections from mov-
ing vehicles on the road are received by each microphone and
microphone outputs are connected to a main storage unit through
cables to be processed. Doppler shift measurements from each mi-
crophone are fed to the tracker.

The organization of the paper is as follows. Mathematical for-
mulation of the problem and the measurement model are pre-
sented in Section 2. Section 3 presents RFS formulation of multi-
target tracking and the PHD filter. Section 4 and 5 provide SMC-
PHD and GM-PHD formulations, respectively. Simulation results are
presented in Section 6. Details of the acoustic field trials and re-
sults are given in Section 7. Lastly, conclusion is given in Section 8.

2. Sensor and target model

The scenario in this work is as follows: An illuminator of op-
portunity (TX), constantly transmits signal with a known carrier
frequency, fc, as in Fig. 1. The transmitted signal is reflected from
moving targets in the analyzed area. These reflections are received
by each Doppler-shift measuring sensors. It is assumed that loca-
tion of the transmitter and the sensors are known to the fusion
center and each sensor sends its measurement to the fusion cen-
ter. The state vector of a target, takes a value in the state space
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Fig. 1. Multi-static geometry. Transmitted signal from an illuminator of opportunity
TX is reflected from a detected moving target and received by the each Doppler-shift
measuring sensors (black triangles). s;: i =1,..., Ns.

X C R™, at time k is

Xk:[xk’}’k,)"k,yk]T, (1)

where [x, yi] is the position, [Xk, yi] is the velocity of the target
and T denotes transpose operation. The target dynamic is modeled
by linear Gaussian constant velocity model [29]:

Xi = FXp_1 + Vg, (2)

where F is the state transition matrix given as,
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vy ~ N (v;0,Q) is the white Gaussian process noise, Q is the pro-

cess noise covariance given as,
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A is the sampling interval, k is the discrete time index, oy is the
standard deviation of the process noise, I, and 0, denote n x n
identity and zero matrices, respectively.

Bi-static Doppler shift measurements are collected by each sen-
sor, i=1,..., Ng, in the area. Motion components of the target in
the directions of the transmitter and the receiver together cause
Doppler shift. The measured bi-static Doppler shift, takes a value
in the measurement space Z C R"™, by the i-th sensor located at
[xi,yi] is given by

Zi i = hi(Xe) + ki, (5)
where

dt o dy;
hi(xk):_[xk-i‘%], (6)

is the Doppler shift, A is the wavelength of the transmitted sig-
nal and & ; is measurement noise in sensor i, & ; ~ N (¢; 0, 082).
Distance between the transmitter and the target, d¢, at time k is
defined as
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