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Abstract — This paper addresses the issue of moving target
detection and velocity estimation in the Geosynchronous
Synthetic Aperture Radar (GEO SAR) scenario, this problem has
not been handled yet despite the promising potential of GEO
SAR systems in the global monitoring domain. New expressions
for the Doppler centroid and the Doppler rate that take into
account the specific features of a geosynchronous orbit are
developed. Moreover, a new Ground Moving Target Indication
(GMTI) technique was proposed, it makes use of the
aforementioned expressions combined with the use of the Non
Uniform Cubic Phase Function (NUCPF) algorithm to estimate
the moving target motion parameters. Simulation results are
carried out to demonstrate the accuracy of the developed
expressions and the effectiveness of the proposed GEO SAR
GMTI technique.
Keywords — Geosynchronous Synthetic Aperture Radar (GEO
SAR), Ground Moving Target Indication (GMTI), Cubic Phase
Function (CPF).

I.

INTRODUCTION

Moving target detection and velocity estimation has drawn
a lot of interest due to their importance in many civilian and
military Synthetic Aperture Radar (SAR) applications [1][2],
various techniques have been developed to tackle this issue.
Yet, these tools have been set to address the Ground Moving
Target Indication (GMTI) problem in the case of a Low-Earth
Orbit Synthetic Aperture Radar (LEO SAR) and airborne SAR
situations, but no such technique deals with Geosynchronous
Orbit SAR (GEO SAR) imaging scenarios. Furthermore, GEO
SAR systems have gained more attention recently, especially
with the increase need for a more global monitoring of the
earth‘s surface, and the recent technological achievements that
make it possible in the near future to put a GEO SAR satellite
on orbit. In addition, Most of the algorithms that address the
GMTI problem need two or more antennas to take advantage of
the along-track SAR data: Space-Time Adaptive Processing
(STAP)[3][4], mono-pulse processing [5], Displaced Phase
Centre Array (DPCA) [6] or along track interferometry (ATI)
[7]. For these multichannel-based techniques to work well,
some limitations related to the acquisition process must be
fulfilled, such as linear SAR sensor trajectory [8] and a

constant platform velocity. However, in the GEO SAR scenario,
the satellite velocity changes because of the sensor curved
trajectory [9], which may impact the efficiency of the
algorithm. On the other hand, the use of a single channel GMTI
remains a simple and cheaper solution to solve the GMTI
problem in the GEO SAR case. Its use is made possible thanks
to the singular Doppler characteristics of a GEO SAR system
that are different from the LEO SAR one, in fact, the GEO
SAR satellite moves around the earth in a synchronous way
leading to a rather small satellite velocity with respect to the
earth, which has the effect of shrinking the azimuth frequency
support of both stationary (clutter) and moving targets, and
thus facilitating the separation between their spectrums.
In this work, we first develop closed-form expressions of
the moving target Doppler parameters (Doppler centroid,
Doppler rate) with respect to its motion parameters (velocity,
acceleration) in the GEO SAR scenario, since the existing
expressions that relates these two Doppler aspects in the LEO
SAR case are no longer valid, because of the satellite curved
trajectory, the long exposure time, and the high satellite orbit
[10]. Having these new relations set, we use the Non Uniform
Cubic Phase Function (NUCPF) algorithm to estimate the
Doppler parameters of the compressed band-pass filtered
azimuth signal, and then deduce the target motion parameters.
The remainder of this paper is organized as follows, in
section II, the problem of Doppler ambiguity usually
encountered in single channel SAR GMTI is analysed in the
GEO SAR scenario. Section III provides a new formulation for
a moving target Doppler centroid and Doppler rate with respect
to its motion parameters, in the GEO SAR situation; the
NUCPF technique, used for the Doppler parameters estimation
is described in section IV. Section V presents the simulation
results and conclusions are detailed in section VI.
II.

DOPPLER AMBIGUITY IN GEO SAR

In GEO SAR, the Clutter Doppler bandwidth is given as
follows [1]:
∆𝑓𝑑𝑜𝑝 =
where:
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∆𝑓𝑑𝑜𝑝 is the Clutter Doppler bandwidth, 𝑣𝑠𝑎 is the satellite
ground velocity in the azimuth direction, 𝜆 is the wavelength,
𝜆
𝛿𝑏𝑤 =
, is the satellite azimuth beamwidth, where 𝐿𝑎 𝑡
𝐿𝑎𝑛𝑡
represents the sensor‘s real aperture in the azimuth direction
and 𝜃𝑠𝑞 is the squint angle. Replacing the expression of the
satellite azimuth beamwidth into (1) and assuming a zero
squint angle (broadside mode), we get:
∆𝑓𝑑𝑜𝑝 =

2𝑣𝑠𝑎

(2)

𝐿𝑎𝑛𝑡

From the above equation, we can see that the small velocity
of the satellite with respect to the earth combined with the long
antenna‘s aperture in the GEO SAR [1][11], results in a smaller
Doppler bandwidth, which broadens the Doppler support where
moving targets can be detected compared to the LEO SAR case.
To illustrate that effect, we simulate in the following, a moving
target immersed in a background Clutter in both LEO SAR and
GEO SAR scenarios, and present the corresponding Doppler
spectrums. The STK9 software was used to simulate the two
scenarios where the GEO orbit is a small ‗8‘ generated using
the parameters in Table I. The parameters used for the SAR
imaging are given in Table II and the corresponding results are
given in Fig.1.
We can notice from Fig.1 the big difference in the Clutter
Doppler bandwidth between the two scenarios, and the large
Doppler support available in the GEO SAR case where targets
can be detected and their motion parameters estimated without
ambiguity.
III.

TABLE I. GEO ORBIT SIMULATION PARAMETERS
Semi major Axis
Eccentricity
Inclination
Argument of Perigee

42164 km
0
—

Longitude of Ascending Node
TABLE II. SAR IMAGING PARAMETERS
Parameters
PRF
Carrier frequency 𝑓0
Fast time bandwidth
Fast time pulse width
Antenna aperture

GEO SAR
.

LEO SAR
.
.

𝑠

𝑝

𝑠
.

Clutter bandwidth

(a)

GEO SAR MOVING TARGET DOPPLER PARAMETERS

In order to use the Doppler parameters in the estimation of
the moving target motion parameters, we first need to extract
the new relations that link these two set of variables (Doppler
and motion parameters) in the GEO SAR case, where a long
exposure time and a higher orbit altitude, affect seriously the
SAR mapping process. In fact, the long exposure time alters
the accuracy of the ―stop-and-go‖ assumption, that prevails for
the LEO SAR imaging [12]. In addition, the lower satellite
velocity due to the geosynchronous movement induces a long
integration time, which affects the ability of the hyperbolic
model to fit the slant range history [10].
The baseband received signal from a moving target is
given as:
𝑆(𝑡𝑎 ) = 𝐴. 𝑒𝑥𝑝 (−𝑗 𝜋𝑓0

𝑅( 𝑇)
𝑐

𝑡

) 𝑒𝑐𝑡 ( 𝑎)
𝑇𝑒

Clutter bandwidth

(b)
Fig. 1. (a) LEO SAR Doppler spectrum, (b) GEO SAR Doppler spectrum.

⃗⃗𝑠

(3)

Where is complex amplitude that accounts for the fast time
compressed signal pattern, azimuth pattern and target‘s
reflectivity, ( ) is the target‘s range at time , 𝑓0 is the
carrier frequency, 𝑐 is the light speed, =
, is the azimuth
𝑅
sampling time, 𝑡𝑎 is the slow time, and 𝑒 is the targets
exposure time.
We first deduce the expression of the moving target range
by considering the ―stop-and-go‖ error generated during one
azimuth Pulse Repetition Interval (PRI) [12].
Let consider (𝑡𝑟 ), where
represents the slow time and
𝑡𝑟 the fast time.
The target-satellite two- way propagation range signal during
a single PRI ( ) (considering an Earth Centered Earth Fixed

⃗𝑠
⃗𝑠
⃗𝑠
⃗⃗𝑡
⃗𝑡

⃗𝑡
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Fig. 2 GEO SAR propagation

(ECEF) frame) can be expressed as (see Fig.2):
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𝐶

(4)
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Developing
and 2 as a Maclaurin series with respect to
the fast time, and replacing them into (4), the one-way range
propagation signal will be:
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We can notice from (14) and (16) that both Doppler
centroid and Doppler rate depend on the target cross-track and
along-track velocities, which is not the case in the LEO SAR
scenario, where one could retrieve the target cross-track
velocity having only the first order Doppler parameter, and
where the Doppler rate is only function of the along-track
velocity and the radial acceleration.
𝑥
𝑥
Furthermore, the factor ‖ 𝑠 𝑡 ‖ that relates the cross-track
𝑠

𝑡

velocity to the Doppler centroid is of the order of 1 (
),
𝑦𝑠 𝑦𝑡
while the term ‖
, which means that the impact
‖
𝑠

𝑡

of the Cross-track velocity on the Doppler centroid value is
bigger than the along-track velocity.
To retrieve the target‘s motion parameters, we first use (14) to
extract the expression of the cross-track velocity as follows:
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We then replace (17) into (16), and solve the second order
polynomial function.
(13)
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After approximating (𝑡𝑟 ) with a Maclaurin series with
respect to the azimuth time ( ), and replacing it into (3), we
can deduce 𝑓 and 𝑓 𝑅 as:
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Using these parameters, the final expressions of 𝑓
and𝑓 𝑅 , after further developments and simplifications will be:
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We assume for simplicity a moving target with constant
cross-track and along-track velocities, besides, the derivative
of the satellite acceleration vector ⃗⃗𝑠0 can be neglected. The
satellite and target parameters are set as follows:

⃗⃗𝑡 )

)

The subscript ‗0‘ stands for the centre of the aperture.
Equations (12) and (13) represent the new closed-form
expressions of the Doppler parameters in the GEO SAR case.

IV.

DOPPLER PARAMETER ESTIMATION

After range compression of the SAR image, the azimuth
signal is filtered using a high filter to delete the stationary
target signal, then the output of the filter is used for the
estimation of the motion parameters. To perform this task,
several methods have been developed in the literature. P.

O‘Shea introduces a Cubic Phase Function (CPF) in [13] for
the estimation of the parameters of a 3rd order Polynomial
Phase Signal (PPS), but this technique suffers from the need to
perform a computationally demanding one dimensional search
and unfits for a GEO SAR application. I. Djurovic et al.
proposed the Hybrid CPF-HAF (High Ambiguity Function)
technique in [14] based on the CPF, that considers higher
order PPS, but still does not solve the computational issue. A
modified version of the CPF-HAF has been proposed in [15]
named Non Uniform CPF-HAF, which is computationally
efficient. In this work, we approximated the GEO SAR signal
by a third order PPS so we can avoid computing the HAF step
that increases the SNR threshold by 6 dB [14]. This
approximation is quite good, since the 4th order coefficient is
rather small and does not impact the estimation accuracy of
lower parameters. For a 3rd order signal:
𝑁
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where (𝑁
) is the number of azimuth samples,
the PRI. The NU-CPF is defined as follows:
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Where 𝐶 is a sampling factor, (19) can be further expanded
as:
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So if we evaluate 𝑁 𝐶𝑃𝐹( 𝛺) at two different azimuth times
𝑡 =
and 𝑡2 = 2 , we can deduce the values of 𝑎2 and
𝑎 from the corresponding Fourier transform‘s peaks. Having
𝑎2 and 𝑎 , after dechirping the original signal, we get:
𝑥( ) = 𝑒𝑥𝑝(𝑗(𝑎

𝑁

)) − <
2

<

𝑁
2

(22)

where the last parameter 𝑎 can be retrieved from the peak of
the complex sinusoid spectrum.
V.

Parameters
True 𝑡𝑥0 ( 𝑠)
True 𝑡𝑦0 ( 𝑠)
Estimated 𝑡𝑥0 ( 𝑠)
Estimated 𝑡𝑦0 ( 𝑠)
Estimated 𝑡𝑥0 using
Classical Doppler centroid
expression ( 𝑠)
𝑓 ( )
𝑓

𝑅

(

𝑠)

SIMULATION RESULTS

In order to validate the efficiency of the proposed method,
we run some simulations, we kept the same GEO SAR
parameters used earlier to simulate an echo from a moving
target and a stationary target, the moving target evolves with
different cross-track and along-track velocities, that
correspond to three different scenarios in order to see the
effect of either velocities on the Doppler parameters 𝑓 𝑐 and
𝑓 𝑅 . The Doppler parameters estimation and the corresponding
estimated motion velocities are presented in Table III.
We can see that the proposed method is able to accurately
estimate the target‘s motion parameters in the three scenarios.
Moreover, we notice from scenarios S1 and S2, that the

S1
.
.

S2

S3

.
.

− .

.

.
.

− .

.
.

.
− .

− .

Doppler centroid depends more on the cross-track velocity
than it depends on the along-track velocity as deduced from
(14).
On the other hand, we notice that the Doppler rate is more
sensitive to the variation of the along-track velocity than the
cross-track velocity as can be deduced from scenarios S1 with
S3, and S2 with S3. This is due to the fact that the along-track
velocity in the last term of (16) is multiplied with the satellite
along-track velocity (
𝑠), which enhances its effect
on the Doppler rate, whereas the cross-track velocity is
multiplied by the satellite cross-track velocity which is small
(
𝑠), hence, resulting in a small cross-track velocity
effect on the Doppler rate. These results confirm the
theoretical observations drawn in section II.
Moreover, we can see the difference between the
estimation of the moving target cross-track velocity using the
classical Doppler centroid expression (no along-track velocity
involved), and the new developed expression, in fact, the use
of the new GEO SAR expression results in a better estimate,
whereas, the classical expression induces an error proportional
to the target along-track velocity (see (15)).
VI.

Which is no more than a Fourier transform of 𝑥 (𝑘).
The NUCPF has its maximum at:
𝛺( ) = 𝑎

TABLE III. PARAMETERS ESTIMATION RESULTS

CONCLUSION

GEO SAR systems present a great potential in term of
global mapping, due to their short revisit time (1 day) [16] and
high altitude orbit (36500 km)[17]. However, these GEO SAR
characteristics undermine the classical equations that describe
the imaging process of actual airborne and space-borne SAR
systems.
In this paper, we developed new closed-form expressions
for the Doppler parameters in GEO SAR, based on these
formulations, we proposed the use of the NUCPF algorithm to
estimate the moving target motion velocities. Finally, some
simulations were conducted to demonstrate the efficiency of
the proposed technique.
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