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a b s t r a c t

Emitter geolocation using a single moving receiving-station is explored. We propose
algorithms for transponder-aided geolocation of an emitting station where the transmitted
waveform is either known or unknown a priori. The emitter position is estimated directly
(in a single-step) from the received signal samples. Numerical examples are provided
to illustrate the performance. The results are compared with single-step algorithms for
multiple-receivers geolocation system and with the Cramér–Rao lower bound.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The problem of locating a static emitter from passive
measurements of time delay, Doppler shift and angle of
arrival (AoA) has been considered as a fundamental
problem in radar and sonar applications for several dec-
ades [1–3]. Typical solutions for this geolocation problem
are based on applying two-step localization algorithms to
a geolocation system that consists of multiple receivers.
Such algorithms involve an estimation step of parameters
that are embedded in the received signals, which are
characterized by the emitter's position. The position is
estimated by finding the location that best fits the lines of
position (LOP) associated with parameters such as time
delay, angle of arrival, and frequency shift. In this paper
the passive emitter geolocation problem is analyzed for a
novel geolocation architecture termed “single platform
geolocation” (SPG). The SPG system consists of a single

receiver (equipped with antenna array) and multiple
passive signal transponders, which are placed at known
locations and may be either static or dynamic. The concept
of SPG has been recently introduced in [4], where the
analysis assumed that the Doppler shifts were negligible.
In contrast, the work presented here discusses a fast-
moving receiver (w.r.t. the emitter), which enables one to
augment the emitter position estimation with Doppler
frequency-shifts information.

As the superiority of single-step geolocation (a.k.a.,
direct-position-determination/DPD), over two-step geolo-
cation has been recently discussed in the literature (see,
e.g., [4–6]), our numerical analysis focuses on the compar-
ison between transponder-aided single-receiver geo-
location vs. multiple-receivers (multiple-RX) geolocation,
where in both cases single-step geolocation algorithms are
applied.

As will be shown later on, the SPG algorithms achieve a
similar performance to multiple-RX DPD algorithms. This
highlights the main advantage of using SPG over multiple-
RX geolocation, which lies in the reduced system cost.
The multiple-RX geolocation algorithms are developed
under the general assumption that multiple, synchronized
receivers observe the emitter's signal simultaneously.

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/sigpro

Signal Processing

http://dx.doi.org/10.1016/j.sigpro.2014.05.006
0165-1684/& 2014 Elsevier B.V. All rights reserved.

☆ This research was supported by the Institute for Future Technologies
Research Named for the Medvadi, Shwartzman and Gensler.

n Corresponding author.
E-mail addresses: oferbarshalom@gmail.com (O. Bar-Shalom),

tony@tau.ac.il (A.J. Weiss).

Signal Processing 105 (2014) 70–83

www.sciencedirect.com/science/journal/01651684
www.elsevier.com/locate/sigpro
http://dx.doi.org/10.1016/j.sigpro.2014.05.006
http://dx.doi.org/10.1016/j.sigpro.2014.05.006
http://dx.doi.org/10.1016/j.sigpro.2014.05.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sigpro.2014.05.006&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sigpro.2014.05.006&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sigpro.2014.05.006&domain=pdf
mailto:oferbarshalom@gmail.com
mailto:tony@tau.ac.il
http://dx.doi.org/10.1016/j.sigpro.2014.05.006


The receivers either estimate position-dependent para-
meters embedded in the captured signal, or simply capture
and transfer the raw signal to a central mobile location
center (MLC), where the emitter location is estimated. This
implies that a network connectivity between all the
receivers and the MLC is required (a.k.a., “backbone net-
work”). Transferring the information from the receivers to
the MLC in real-time has to be done over an out-of-band
(OOB) channel (i.e., outside the wireless channel occupied
by the emitter and the receivers, e.g., an IP-based wired
connection). The OOB bandwidth requirements vary
depending on whether the MLC uses two-step or single-
step geolocation (i.e., DPD), where in the latter case the
OOB bandwidth significantly increases due to the transfer
of raw signal samples vs. few parameters in the former
case.

In contrast, with SPG not only most of the receivers are
replaced with much-cheaper signal transponders, but the
system deployment costs including the backbone network
infrastructure are significantly reduced. Since in SPG the
raw signal samples are transferred “in-band” (i.e., as
multipath), the backbone connectivity is required only
between the (single) receiver and the MLC. Compared to
multiple-RX, for single-step geolocation, when using SPG
the amount of raw signal data that needs to be transferred
over the SPG backbone is also reduced by a factor of L
(which corresponds to the number of signal-transponders
in the SPG system). It should also be noted that in
multiple-RX geolocation architectures the receivers are
required to be tightly synchronized in time and frequency
– a task that requires means such as atomic clocks, GPS
receivers and message exchange protocols. This require-
ment is accomplished implicitly with SPG and without an
extra cost.

As will be described in the sequel, the SPG scheme does
not require any synchronization between the emitter and
the receiver. In that sense, SPG may be considered as a
type of an asynchronous geolocation system. Such sys-
tems, which have been drawing an emerging interest
recently (see, e.g., [13–15]), are based on cooperation
between various nodes constructing the network (e.g.,
“anchor nodes” that are placed in locations known to a
central location server). Typically, these systems rely on
time-difference measurements provided by the “anchor
nodes” to locate the so-called “blind nodes” within the
network. In many cases, these “blind nodes” also need to
actively participate in their own geolocation process (e.g.,
by referencing their own timing measurements to signals
transmitted by the “anchor nodes”, by reporting these
timing measurements back to a location server, and so on).

Though the SPG transponders may be viewed as a type
of “cooperative anchor nodes”, there are several funda-
mental differences that distinguish SPG from those sys-
tems. First, unlike the anchor nodes aforementioned, the
transponders do not conduct any measurement of the
emitter signal. Conversely, they are used only to form a
multipath channel for the receiver. Second, in the SPG
scheme, except from transmitting its signal, the emitter is
completely passive during the location process: it does not
need to actively participate in its location process; further,
it is even unaware of being located. This makes SPG

suitable for various kinds of military and security location
applications. Third, as opposed to the approach pursued by
[13–15], which relies on a two-step location estimation via
time-difference measurements, all the algorithms dis-
cussed in this paper are based on single-step location, in
which the emitter position is extracted directly from the
received signal samples.

Main contributions: We derive a novel received signal
model for transponder-aided geolocation using a single
moving receiving station. Based on this model we derive
novel maximum-likelihood (ML), single-step (direct) geo-
location algorithms for known and unknown (determinis-
tic) signals. We also provide a detailed (textbook)
derivation of the “concentrated” Cramér–Rao lower bound
(CRLB) on the emitter position estimation for the received
signal model. Using numerical analysis of the CRLB expres-
sions we highlight and demonstrate the system layout
limitation when using transponder-aided geolocation.

Paper organization: Section 2 outlines the problem
formulation. Single-step algorithms for SPG of a static
emitter under the assumptions of known and unknown
signal waveforms are derived in Section 3. Numerical
performance examples of these algorithms are given in
Section 4. The final conclusions are given in Section 5.
Finally, in the appendix we provide the derivation of the
CRLB, along with the reference multiple-RX DPD algo-
rithms used for comparison with the devised SPG
algorithms.

2. Problem formulation

Consider a stationary source transmitting a narrow
band signal whose carrier frequency is fc and its envelope
is s(t). The bandwidth of s(t) is W, which satisfies W5 f c.
An appropriate signal model would be sðtÞeı2πf ct , where
ı9

ffiffiffiffiffiffiffiffi
�1

p
. When the signal is observed by a moving

receiver the observed signal becomes sðβtÞeı2πf cβt , which
is an expansion or compression of the signal time scale,
known as the Doppler effect. Let v be the sensor-source
relative velocity and c the signal propagation velocity, then
β¼ 1þv=c. Since β is nearly one the effect on the slowly
varying envelope will be negligible however the carrier
frequency will be shifted considerably (see, e.g., [7, p.
241]). In this case the observed signal can be approximated
by sðtÞeı2πf cβt . When the distance between the source and
the receiver is considerable, the signal will be delayed by τ
and the observed signal becomes sðt�τÞeı2πf cβt up to the
complex constant e� ı2πf cβτ which has no effect on the
signal amplitude, the signal delay or the signal frequency.
This simple model will be used in the sequel.

The location of the static emitter is estimated using a
geolocation system that consists of a single (moving)
receiver, and L static, passive signal-transponders acting
as ideal signal reflectors. The transponders reflect the
emitter signal towards the receiver and assist in the
geolocation of the transmitter. This scenario is depicted
in Fig. 1. Our model assumes that the transponders do not
amplify the signal and therefore do not generate any
further processing delay. Assume that the emitter is
located at p0 ¼ ½x0; y0; z0�T and let pℓ; ℓ¼ 1…L, denote
the position of the ℓth transponder.
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