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Abstract—A passive radar is a radar which uses external
noncooperating transmitters (e.g. FM radio or GSM) to illuminate
the target. Typical passive radar receiver benefits from its
long integration time with a good velocity (Doppler frequency)
estimation accuracy, while – especially for a GSM-based radar
– the range measurement accuracy may be poor. This paper
presents a study of Doppler-only tracking idea, where the strength
of a passive radar velocity measurement is exploited. Moreover,
Doppler-only localization is also presented. Tracking system
simulations are shown as a proof-of-concept, where a significant
improvement of tracking accuracy was achieved.
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I. INTRODUCTION

Doppler measurement of velocity is a strong point of a
passive radar. Good resolution and good accuracy of velocity
measurements come from long integration time of a correlation
receiver, which, in turn, is possible with noise-like illumination
signal [1].

On the other hand, the signals used in passive radars
are relatively narrowband [2], which limits the accuracy of
range measurements. With low accuracy of input data, the
localization and tracking also suffer from errors. This is why
the authors wanted to study the possibility of including the
accurate measurements of velocity in the process.

This is especially important in radars based on narrowband
transmitters, such as GSM [3]. Such radars have been already
investigated by the authors [4], [5] and they have been shown
to provide an image of a moving object based only on Doppler
measurements, when the whole imaged scene was smaller than
a range cell [6].

In such circumstances the illuminating signal is effectively
equivalent to a monochromatic signal, and does not supply any
range information to the localization and tracking processes.
However, for a moving target, the Doppler information may
be successfully exploited for both purposes. In the following,
after a short general introduction to passive radar, a study of
Doppler-only localization will be presented. Then, an idea of
tracking based on Doppler and range or Doppler-only infor-
mation will be explained. Both ideas will be also investigated
with help of simulations.

II. THE BASICS OF PCL SYSTEMS

A passive radar using a transmitter of opportunity was
invented in the early years of radar technology. The first British
radar experiment in 1934 was a passive experiment – it was

conducted with a BBC short wave radio broadcast transmitter
in normal operation as illumination source. During WW II the
Germans designed a passive radar named Klein Heidelberg
which exploited British Chain Home radar illumination. The
development of passive radar was stopped with the appearance
of active radars, because those days the implementation of the
passive radar was difficult and limited in functionality. In the
last decade, with employment of digital processing, passive
radars re-emerged, and different illuminators of opportunity
are being investigated [7]–[9].

In a passive (PCL – Passive Coherent Location) radar,
the target is illuminated with a broadcast signal from the
transmitter of opportunity, and the radar receiver makes “par-
asitic” use of the transmitted signal [10], [11]. The sounding
(illuminating) signal is deterministic from the viewpoint of the
transmitter’s operator, but its content is not controlled from the
radar side. Moreover, its properties are not shaped intentionally
for the use as location signal. It is usually assumed in the
literature that the signal is random with approximately white
spectrum in the transmission band [12]. Spectrum whiteness
is a desired property of the illuminating signal, thus modern
digital modulation schemes are well-suited for the PCL radar
design.

Fig. 1. Bistatic geometry of PCL radar sensing.

A PCL radar operates with bistatic geometry – the trans-
mitter and receiver are located at different points in space
(see Figure 1). Thus, the measurement of delay between the
emission of the signal and the reception of the echo makes it
possible to calculate the bistatic range to the object, defined
as the sum of transmitter-object and object-receiver distances:

Rb = rto + ror. (1)

The delay is measured with the help of a reference channel



which supplies the information on the transmitted signal.
Typically, the reference channel consists of an additional
antenna directed towards the transmitter and connected to an
additional radio receiver. In this setup, the delay between the
reference antenna signal and the measurement antenna signal is
actually proportional to rto+ror−rtr. To calculate the bistatic
range, rtr must be known – the knowledge of the geographical
location of both the transmitter and receiver is necessary.

The change of bistatic range causes the phase change of
the received signal; this is observed as the Doppler shift in
the received signal frequency. This component of the velocity
vector is called bistatic velocity and is defined as the derivative
w.r.t. time of the bistatic range:

vb =
dRb
dt

. (2)

In passive radar the detection is done with a correlation
processor, using an expected signal template constructed from
the transmitted signal (reference signal). Such a detector cor-
relates the signal received from the measurement antenna with
an expected signal template, then a thresholding procedure is
applied in order to detect correlation peaks.

If the target is in motion, the received signal sr(t) is
not a simple delayed copy of the transmitted signal. The
Doppler effect produces a carrier frequency shift that results in
modulation of the received baseband signal; also, the complex
envelope of the signal is contracted or dilated in time. The first
effect is usually compensated for with a modulation (frequency
shift) of the template, which leads to the construction of a bank
of matched filters designed for different target velocities. The
second effect may be neglected unless the integration time in
the processor is very long.

In the receiver, a matched filter for the expected echo
signal is constructed from the acquired illuminating signal
template st(t). Such a filter with the impulse response length
(integration time) of Ti theoretically produces the gain in signal
to noise ratio equal to BTi when a signal with bandwidth of
B is received in the presence of white noise.

The templates for different Rb, vb values are constructed
as the reference signal shifted in time by t = Rb/c and
in frequency by Fc · vb/c, where c is the velocity of the
electromagnetic wave, and Fc is the illuminating signal carrier
frequency.

The operation of the matched filter or correlation proces-
sor is described by the following equation (envelope stretch
neglected):

y(Rb, vb) =

∫ Ti

t=0

sR(t) · s∗T (t− Rb
c

)ej2πFc
vb
c t dt. (3)

The result is a two-parameter function y(Rb, vb) which may
be interpreted as the crosscorrelation between the received
signal and a template representing the expected echo from a
target located at range Rb, and moving with bistatic velocity
vb. Local maxima of the output function |y(Rb, vb)| (range-
Doppler correlation function) are declared as detected targets
if their value is above a preset threshold determined from
the noise level. A strong echo produces a distinct peak in
the correlation function, indicating targets’ bistatic range and
velocity [13].

Finally, the bistatic range measurements from different
transmitter-receiver pairs are fused into a single Cartesian
location of the target. A single bistatic measurement defines
an ellipsoid (or ellipse in 2D case), and several such ellipsoids
must be intersected to locate a target uniquely. Similarly,
bistatic velocity measurements may be fused into one velocity
vector estimate.

These fused measurements are then fed into a tracking
system, which is usually based on some version of Kalman
filter [14]. After track initiation, new measurements are used
to update the track periodically.

The accuracy of range and Doppler measurements may
be assessed using classical approach. With sufficient signal
to noise ratio, the resolution in delay measurement is compa-
rable to the inverse of signal bandwidth B. Thus, the rough
resolution in bistatic range is given by

∆Rb = c/B (4)

with some improvement possible with intra-cell interpolation.

Similarly, the Doppler resolution is comparable to the
inverse of integration time Ti. Thus, the bistatic velocity
resolution is given by

∆vb = cTi/Fc (5)

Resolution improvement may be achieved by extending the
integration time (however, target acceleration due to maneuvers
or due to elliptical geometry of sensing imposes a limit here),
or by parametric estimation (which again requires good SNR,
and thus long Ti).

III. GSM-BASED PCL RADAR PROPERTIES

Mobile phone base stations are a widespread source of
electromagnetic radiation. The technology is in rapid de-
velopment, so different standards – GSM, UMTS, LTE –
are deployed, with different frequency bands and modulation
schemes. However, the classic GSM900 standard is still in use,
especially outside cities. The downlink of GSM900 transmits
in frequency range of 925–960 MHz with single channel
bandwidth 200 kHz and GMSK (Gaussian Minimum Shift
Keying) modulation.

In the worst case, when no mobile station is active, the
base station transmits only with a single channel devoted to
broadcast information. A relatively low bandwidth of single
channel is the cause of low range resolution (1.5 km) of GSM-
based PCL radar. Sophisticated detection algorithms may be
used then for short range applications [15]. On the other hand,
the classical cross-ambiguity approach makes it possible to
obtain very good Doppler resolution. Moreover, the continuous
nature of the illumination allows long Doppler history to be
observed with practically any update rate. Remembering that
the update rate is also related to the integration time, one can
optimize the rate to obtain desired tracking quality [16].

Thus, the main motivation in the authors’ work was to ex-
ploit fully the properties of a PCL radar velocity measurements
– benefit from good resolution for the localisation process,
and the possibility of interpreting velocity changes for the
tracking system. It is important to note that in many situations



the range measurements are unusally inaccurate, and Doppler-
based location and tracking is the only option.

Doppler-only localization idea was proposed as early as in
1961 by Skolnik [17]. Since then it was developed in different
variants, but mostly in terms of sonar applications [17]–
[21]. Underwater environment circumstances (such as narrow
bandwidth) and military applications forced the use of such
sophisticated target location methods. As it was mentioned
before, the passive radiolocation methods grapple with similar
limitations as echolocation. However the idea of Dopppler
usage in location and tracking is not new, we believe its
adoption to PCL purposes is worthwhile.

Typically, the GSM transmit antennas have strong directiv-
ity in vertical dimension, as it is assumed that mobile stations
will not travel in air. This is why in the following we will
concentrate on the two-dimensional geometry (which, besides,
is easier to analyse).

IV. LOCALIZATION BASED ON DOPPLER MEASUREMENTS

Let us consider two-dimensional system geometry as in
Figure 2. A moving target reflects signals from several illumi-
nators of opportunity (Tx). The reflected signals are received
by the radar (Rx), and their Doppler shifts are extracted by
comparison to reference signals (reference paths not shown
here).

Fig. 2. System geometry

In such configuration the bistatic range of the target for
one transmitter-receiver pair can be defined as:

Rb = ‖xt − Txn‖2 + ‖xt −Rx‖2 (6)

where Rb is the bistatic range, and xt, Rx, Txn are the
positions (in Cartesian coordinates) of the target, the radar and
the nth transmitter respectively.

Analogously the bistatic velocity can be defined as the time
derivative of the equation (6):

vb =

[
xt − Txn
‖xt − Txn‖2

+
xt −Rx

‖xt −Rx‖2

]
· ~v (7)

where vb is the bistatic velocity, ~v is Cartesian vector of the
target velocity and · is the dot product.

The bistatic velocity can be described as a sum of the
values of velocity vector components towards transmitter and
towards receiver. It has been shown in Figure 3. (û0 and ûn are
unit vectors towards the radar and towards the nth transmitter
respectively.)

The idea of Doppler-only localization can be derived
intuitively from the fact that for different target locations
and velocities the measured set of the bistatic velocities will
also be different. The mutual uniqueness between the bistatic
velocities set and the target state obviously depends on system
geometry and number of transmitters, but this issue is out of
the scope of this paper.

Fig. 3. Bistatic velocity

For N velocity measurements the following system of
equations can be written:

vb1 =
[

xt−Tx1

‖xt−Tx1‖2 + xt−Rx
‖xt−Rx‖2

]
· ~v

vb2 =
[

xt−Tx2

‖xt−Tx2‖2 + xt−Rx
‖xt−Rx‖2

]
· ~v

...

vbN =
[

xt−Txn

‖xt−Txn‖2 + xt−Rx
‖xt−Rx‖2

]
· ~v

(8)

If transmitter and receiver locations are known, the possible
target location and Cartesian velocity can be obtained as the
solution of (8). If the number of the transmitters is sufficient
or there are some more assumption (as e.g. arbitrarily limited
area of possible target location) the solution can be unique.

The main problem in every localization method is how
measurement error will affect the outcome, especially when
transformations are nonlinear. To investigate this issue, follow-
ing simulations have been performed. The Cartesian velocity
of the target was fixed for whole simulation to ~v = [15, 15]ms ,
and the locations of the receiver and the transmitters were
chosen in an arbitrary way that could correspond to a real
GSM system architecture. Then, for all of possible target
locations in quantized and limited two dimensional space, the
set of bistatic velocities measurements has been calculated.
These values with addition of Gaussian noise (with standard
deviation of 0.06ms ) were used as the input of the heuristic
algorithm solving (8). After multiple iterations, localization
error variance has been calculated for each point. The results
have been shown in Figure 4.

The range error variance has been defined as a sum of x
and y estimation error variances:

σ2
xy = σ2

x + σ2
y (9)
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Fig. 4. Simulated localization error variance

where σ2
x and σ2

y are error variances respectively in x and y
coordinates.

It is clearly visible that in such system geometry some
different areas can be distinguished. Generally, the space
between the transmitters and the radar provides the lowest error
variance which in some areas does not exceed 20 m2. Under
such circumstances the localization or tracking algorithm based
on Doppler measurements can achieve accuracy better than one
based on TDOA method. The simulation goal was to show
if there are any opportunities to apply Doppler-only tracking
method. For now it is not clear, how the results depend on
system parameters. This question and also construction of a
more general analytical model will be the subject of our future
research.

V. TRACKING ALGORITHM

The 2D tracking algorithm which is highlighted in this
paper uses only Doppler measurements to calculate subsequent
positions in Cartesian coordinates. Essentially it is a truncated
version of a Kalman filter that takes into account both velocity
and range measurements (it will be referenced as RV -based
algorithm [22]). In the following, the full (RV-based) version of
the algorithm will be analysed as the reference. Then, it will be
splitted into range only (R-based) and Doppler only (V -based)
variants. Simulation results for all the three versions will be
shown in next section, allowing the comparison of classic (R
and RV) approach to the investigated one.

It is assumed that tracks are initialized by the localization
algorithm. Association of detections to tracks is not considered
in this paper.

The state vector can be written in following form:

x(k) = [x(k), vx(k), y(k), vy(k)]T (10)

where x(k), y(k) are elements of location vector and vx(k),
vy(k) are elements of velocity vector at k-th observation in
2D Cartesian coordinates.

The evolution of the state vector x(k) is given by the
following equation:

x(k) = Fx(k − 1) + w(k) (11)

where F is state transition model:

F =


1 T 0 0
0 1 0 0
0 0 1 T
0 0 0 1

 (12)

and T is time step between observations. Vector w(k) is
the process noise of x(k). It is modelled as an uncorrelated
multivarative Gaussian process with covariance that is given
by the following block matrix:

Q =

[
σwxG 0

0 σwyG

]
(13)

where submatrix:

G =

[
T 2

2 T
T 1

]
(14)

Noisy observations vector corresponding to m-th transmit-
ter is modelled with the following equation:

zm(k) = hm(x(k − 1)) + vm(k) (15)

where vm is an uncorrelated Gaussian measurement error with
covariance matrix:

Rm =

[
σ2
Rb

0
0 σ2

vb

]
(16)

Function hm is a nonlinear transformation of state vector
into measurements domain according to equations (6) and
(7). As the equation (15) is nonlinear, it cannot be directly
used in Kalman filter. One of the possible solutions is the
application of Extended Kalman Filter (EKF). The EKF uses
first order derivative of the nonlinear transformation to obtain
its linearised version. In the presented case of 2D tracker based
on measurements of bistatic range and velocity the set of
nonlinear functions for m-th transmitter has following form:

hm(x) = [Rmb (x), vmb (x)]T (17)

Its first order derivative (Jacobian) is given by:

Jmh (x) =
∂hm(x)

∂x
=

=

∂Rm
b (x)
∂x

∂Rm
b (x)
∂vx

∂Rm
b (x)
∂y

∂Rm
b (x)
∂vy

∂vmb (x)
∂x

∂vmb (x)
∂vx

∂vmb (x)
∂y

∂vmb (x)
∂vy

 (18)

Values of state-to-measurement matrix elements are calculated
as derivatives of hm(x) at predicted state x̂(k|k − 1):

Hm(k) = Jmh
(
x̂(k|k − 1)

)
(19)

The Kalman filter predicts state vector and its covariance
matrix according to:

x̂(k|k − 1) = Fx̂(k − 1|k − 1) (20)

P(k|k − 1) = FP(k − 1|k − 1)FT + Q (21)

where:
x̂(k|k − 1), x̂(k − 1|k − 1)



are respectively a priori and a posteriori estimates of state
vector, and:

P(k|k − 1),P(k − 1|k − 1)

are respectively a priori and a posteriori state covariance
matrices.

The update phase can be performed in one step or it can
be done sequentially with separate partial updates based on
observations corresponding to different transmitters [23], [24].
In this paper, the sequential approach is considered. At the
beginning of update process state vector and state covariance
matrix are initialized with their predictions:

x̂0(k|k − 1) = x̂(k|k − 1) (22)

P0(k|k − 1) = P(k|k − 1) (23)

These values are then updated with use of subsequent
m = 1, 2...M measurements according to following set of
equations:

Sm(k) = Hm(k)Pm−1(k|k − 1)(Hm(k))T + Rm (24)

Km(k) = Pm−1(k|k − 1)(Hm(k))T (Sm(k))−1 (25)

vm(k) = zm(k)− hm
(
x̂(k|k − 1)

)
(26)

x̂m(k|k − 1) = x̂m−1(k|k − 1) + Km(k)vm(k) (27)

Pm(k|k − 1) =
(
I−Km(k)Hm(k)

)
Pm−1(k|k − 1) (28)

Updated values of state estimate and state covariance matrix
are obtained as a result of the last iteration:

x̂(k|k) = x̂M (k|k − 1) (29)

P(k|k) = PM (k|k − 1) (30)

The reduced versions based on range only and velocity only
measurements are derived from the described algorithm by
modification of state-to-measurement matrix and measurement
error covariance matrix. After removal of the components
associated with bistatic range observations the algorithm takes
into account only Doppler measurements. As the measurement
model in the V -based algorithm is given by hm(x) = vmb (x)
observation matrix Hm(k) is based on following Jacobian:

Jmh (x) =
[
∂vmb (x)
∂x

∂vmb (x)
∂vx

∂vmb (x)
∂y

∂vmb (x)
∂vy

]
(31)

The covariance matrix of measurements zm(k) = vmb (k)
becomes scalar:

Rm = σ2
vb

(32)

Similarly the R-based algorithm is derived. In this case the
Jacobian of measurement model hm(x) = Rmb (x) is given by:

Jmh (x) =
[
∂Rm

b (x)
∂x

∂Rm
b (x)
∂vx

∂Rm
b (x)
∂y

∂Rm
b (x)
∂vy

]
(33)

Covariance of measurements zm(k) = Rb(k) is given by:

Rm = σ2
Rb

(34)

VI. TARGET TRACKING SIMULATIONS

The Doppler only tracking algorithm performance was
checked in a scenario involving the transmitters arrangement
that was used previously for evaluation of the localization
algorithm performance. The initial position of the target was
selected from the area where the localization algorithm has a
low estimation error. The errors of estimation of the target’s
position and velocity had respectively σx0

= σy0 = 30 m and
σvx0

= σvy0 = 1 m/s standard deviations.

At beginning the simulated object’s trajectory is a straight
line, and the target moves with velocity vx = vy = 15m/s.
In the second half of the the simulation the target begins to
maneuver. Standard deviation of the process noise was σwx =
σwy = 3 m/s. The refresh interval was equal to 0.5 s. The
target trajectory is shown in Figure 5.
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Fig. 5. Simulated target trajectory in Cartesian coordinates

The standard deviations of bistatic range and velocity
measurements were set to values typical for GSM working
in 1800MHz band, i.e. respectively σRd

= 1000 m and σvd =
1 m/s. In order to provide background for comparison, RV-
and R-based algorithms were also simulated. The case where
the standard deviation of the bistatic range measurement is
σRd

= 30 m was also simulated. Such accuracy is provided, for
example, by LTE with 5 MHz wide channel. The simulations
were repeated 100 times in order to get estimates of standard
deviations of location and velocity errors.

The results of simulations obtained for the LTE case are
shown in Figure 6, presenting standard deviations of the
location estimation error. The R-based algorithm had the
lowest accuracy – in the order of 15 meters. The algorithm
based on velocity measurements was more precise. At the
end of the trajectory its accuracy was below 5 meters and
it approached precision of the RV -based algorithm, which
gave the best results. Presented are also theoretical standard
deviations estimated by the Kalman filter, where the exact
values of state vector x(k) were used for computation of state-
to-measurement matrix Hm(k). It can be observed that the
theoretical standard deviations are very similar to accuracies
computed by simulations.

The results of simulations for the GSM-based passive
radar are presented in Figure 7. Recalling the section III, in
the GSM-based passive radar the accuracy of bistatic range



measurement is comparable to the size of the scene. The R-
based algorithm will then be unable to track the target. In
fact, it can be observed in Figure 7 that Cartesian coordinates
estimated with use of range measurements quickly diverges
from real target position. However, tracking only with Doppler
measurements in GSM yields equally good results as the
V -based tracker in the LTE case presented previously. In the
GSM case addition of range measurement doesn’t improve
tracking results – the results of RV -based algorithm are almost
the same as for the V -based one.

The Doppler-only target tracking was also checked for
different number of transmitters. The curves presented in
Figure 8 correspond to different number of transmitters: 3
(Tx1-Tx3), 4 (Tx1-Tx4) and 5 (Tx1-Tx4 plus Tx5 located at
point (-0.5km -1km)). It can be seen that increasing number of
transmitters from 3 to 4 improved significantly quality of the
estimation. However, there is no improvement resulting from
addition of 5th transmitter. The tracking algorithm accuracy
reached the boundary that is caused by the limited precision
of the velocity measurement.
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Fig. 6. Simulated and filter-calculated position accuracies versus time for
V-, R- and RV-based trackers for an 5 MHz LTE based passive radar
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VII. CONCLUSIONS

The concept of PCL radar and tracking algorithm, with
an emphasis on the use of the Doppler information have
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Fig. 8. Simulated accuracies versus time for different number of transmitters
for the GSM based passive radar

been presented in this paper. Simulation results show that
measurements of the Doppler shifts in passive radar system
can not only improve localization and tracking algorithms
accuracy, but also provide a sufficient information about the
target position and velocity. That means that Doppler-based
localization algorithms in PCL systems can be used to by-
pass the range resolution limitations of narrowband signals.
Scenario presented in simulations can correspond to the real
GSM system architecture, and it shows that presented method
has a potential e.g. in urban traffic monitoring.
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