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Abstract—The performance trade-offs required for a small
satellite Synthetic Aperture Radar (SAR) system designed to
measure surface deformations using persistent scatterer inter-
ferometry (PSI) are investigated. Existing X-band satellite data
is systematically deteriorated to account for the increased range
resolution and Noise-Equivalent Sigma Zero (NESZ). It is found
that with a NESZ below 0 dB the deformation signal of a selected
region-of-interest (ROI) can be captured with mean absolute
errors of 5mm and 15mm, for ground range resolutions of 5m
and 20m respectively. This analysis is used to develop preliminary
SAR system designs suitable for small satellites.

Index Terms—Sensing Platforms, Processing, Sensors and Sys-
tems for SAR Data.

I. INTRODUCTION

SATELLITE data have been successfully used for mapping
the Earth’s topography since the early days of Synthetic

Aperture Radar (SAR) [1], [2], and Interferometric SAR
(InSAR) time-series techniques have been used for more than
20 years to measure surface deformations [3]. An early type
of InSAR that uses the scattering properties of a discrete set of
persistent reflectors, persistent scatterer interferometry (PSI),
was first proposed in 2001 [4], and different algorithms, and
implementations have been proposed ever since [5].

PSI is an attractive solution to the problem of determining
movement as it allows for the mapping of wide swathes
of the Earth’s surface, so that large deformation phenomena
can be more easily characterised than with the conventional
Continuous Global Navigation Satellite System (CGNSS) ap-
proach using fixed ground stations. The disadvantage of the
PSI approach is the reduced temporal resolution. This could
be mitigated by employing multiple small SAR satellites (in
a constellation) to increase the revisit frequency for each spot
on the ground.

The goal of this work is to determine whether a purpose-
built small-satellite SAR system could yield large-scale de-
formation maps using PSI with acceptable accuracy. The
quality of the images produced by this system will likely
be significantly lower than that of conventional multi-purpose
SAR systems such as TerraSAR-X (TS-X). However, it is
anticipated that the associated system design can be simpler
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and less expensive. Similar findings resulted from the design
of a system for ship detection using a CubeSat platform [6],
[7]. Accordingly, this work identifies the minimum SAR image
quality requirements necessary for a PSI algorithm to identify
deformation phenomena. To achieve this, a TS-X data set is
modified by changing the noise level and range resolution as
a deterioration in these two properties is typically associated
with small-satellite SAR systems [8].

II. METHODOLOGY

To estimate the parameter values required for the minimum
SAR image quality, two approaches are possible: an analytical
approach and a simulation-based approach. For the analytical
approach, the expected PSI performance for a given parameter
set could be derived from first principles. This is challenging as
the outcome depends upon a large number of factors, including
orbit errors, atmospheric errors and look-angle errors [9].
Another difficulty is that different PSI algorithms use different
persistent scatterer (PS) selection criteria, which means that the
number and quality of scatterers cannot be predicted without
considering a specific algorithm.

The alternative approach developed in this work uses sim-
ulations to deteriorate an existing SAR data set in systematic
ways and applies a widely-used PSI processing chain. The
PSI deformation map obtained for the deteriorated data set is
then compared to a baseline deformation map obtained from
the original data. This procedure can be used for multiple
parameter combinations, and by computing the root-mean-
square error (RMSE) for each, the separate influence of
different factors can be empirically determined.

This investigation uses the Stanford Method for Persistent
Scatterers (StaMPS) algorithm [10]. StaMPS was chosen be-
cause it is implemented as a Free-and-Open-Source-Software
(FOSS) tool [11] that has been successfully used to charac-
terise large scale deformation phenomena [12], [13]. The SAR
data are sourced from the TS-X mission [14], which together
with its twin satellite TanDEM-X, has been designed with the
application of InSAR in mind [15].

For the proposed small satellite SAR system, the space for
solar panels and on-board energy storage is limited, and hence
the transmit power will be low when compared to conventional
systems. This in turn negatively affects the thermal noise
level present in the images. The range resolution is also an
important factor in this analysis as it is inversely proportional
to the radar chirp bandwidth, and the chirp bandwidth is
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Fig. 1. Footprint of the TS-X beam (blue) covering Mexico City, and
the ROI used for PSI processing (red). The top left corner of the ROI is
(19.577, −99.154).

directly proportional to the thermal noise power. Hence, the
requirements for range resolution and noise level must be
balanced. The azimuth resolution is left unchanged from the
baseline data for this analysis as it is already achievable for a
small satellite antenna [6]–[8].

A. Baseline Data

Mexico City has been selected as a test region, as the sub-
sidence phenomena in the area have been well characterised
by both land-based measurements and InSAR studies [16]–
[19]. The city is built on an aquifer, which compresses due to
the extraction of groundwater [20], and this causes significant
deformation over time in some areas. The ground footprint of
the TS-X beam and the region-of-interest (ROI) used for the
PSI processing are shown in Fig. 1.

The selected ROI includes Mexico City airport in the South,
and a forested mountainous area in the North. This section was
chosen as it includes zones of both small deformation and large
subsidence. The extent of the ROI is 15.8 km in the East-West
direction, and 16.3 km in the North-South direction.

The SAR data set consists of a stack of 30 TS-X stripmap
Single-Look Slant range Complex (SSC) images acquired over
a period of 30 months between October 2017 and March
2020. TS-X data were chosen because they are acquired in
X-band, which is the most likely choice for a dedicated small-
satellite SAR mission [6]. The nominal resolution of the data
in azimuth is 3.3 m and 2.3 m in range (although the precise
resolution varies with the angle of incidence). The data have
HH-polarization and were recorded during a descending orbit.

B. Processing Workflow

To determine how the PSI algorithm performs on data of
varying image quality, the baseline data set is systematically
deteriorated in Noise-Equivalent Sigma Zero (NESZ) and
range resolution. After the data are modified, the PSI algorithm
is applied.

Complex Gaussian noise is initially added to the SSC data
to deteriorate the TS-X data for different levels of NESZ, e.g.,

unoisy = u0 + ncal, (1)

Fig. 2. Baseline persistent scatterer interferometry deformation map. The PS
locations are overlaid on the intensity SAR image of the master scene, colored
by mean velocity.

where u0 are the original SAR data, unoisy are the modified
data and ncal is complex Gaussian noise, processed using the
appropriate calibration look-up table (LUT) to ensure that the
noise power corresponds to the desired NESZ value.

The deterioration of the range resolution is achieved by
truncating the spatial spectrum of the SAR data in proportion
to the desired reduction in range resolution. For ease of
implementation, the number of image pixels is not changed
as the spatial bandwidth is reduced. Initial interferometric pre-
processing is conducted using the snap2stamps workflow [21].
The surface deformation pattern and the PSI time series of
the ROI are then determined using the StaMPS MATLAB
tool [22]. After the PSI processing, the PS deformation values
are interpolated onto a common grid to enable comparison.

The ROI is filled with a grid of 141 × 141 interpolation
points, which corresponds to a grid spacing of 112.1 m in
the East-West direction, and 115.6 m in the North-South
direction. Only grid points that are surrounded by at least two
persistent scatterers within a radius of 100 m are used for the
interpolation. The interpolation of the PS deformation values
onto the grid points uses a 2D linear interpolator [23], [24].

An error can be computed with reference to the baseline
data. The selected measure is the mean absolute error (MAE),
which is defined as

MAE =
1

MgridNifg

Mgrid−1∑
i=0

Nifg−1∑
j=0

|dbl,i,j − dnoise,i,j | , (2)

where Mgrid is the number of grid points used for the in-
terpolation of the deformation map, Nifg is the number of
interferograms used to generate the time series, and dbl,i and
dnoise,i represent the interpolated deformation results for the
baseline data set and the noisy data set, respectively. The MAE
is computed for each time series (represented by the index j).
The MAEs for all PS time series are averaged over all PS
locations (represented by the index i). In this way, a single
error measure for each noise level is computed.
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(a) NESZ = −5 dB (b) NESZ= 0 dB (c) NESZ = 3 dB

(f) NESZ = 10 dB(e) NESZ = 7 dB(d) NESZ = 5 dB

Fig. 3. PSI deformation maps for different NESZ levels. The legend is the same for all sub-figures.

III. PSI RESULTS

A. Baseline Results

The deformation velocities for all persistent scatterers in the
data set described in Sec. II-A are shown in Fig. 2. The figure
shows that the density of persistent scatterers is relatively high
in most of the ROI. Only forested and desert areas do not
contain any structures recognised by the StaMPS algorithm. It
is observed that significant roads in densely populated areas of
the ROI are also free of persistent scatterers. The deformation
map confirms that Mexico City is subject to strong subsidence
in the central south-eastern part of the ROI. From there,
the mean deformation velocity decreases in a semi-circular
pattern. At the city’s fringes, the subsidence is nearly zero;
these observations agree with those in previous work [18].

B. Noise Analysis

Fig. 3 shows the deformation maps obtained for different
NESZ values. It is observed that the PS density decreases
with increasing noise. This is because a higher noise level
deteriorates the phase stability of each pixel. Hence, as the
noise increases, fewer pixels fulfil the StaMPS phase stability
criteria. The data show that the ability to capture the spatial
characteristics of the deformation pattern is maintained up to
a noise level of approximately NESZ = 5 dB, as clusters of
PS are formed in many areas of the ROI. Thus, although the
overall PS density decreases rapidly, the spatial distribution

of the remaining scatterers remains similar even for relatively
high noise values.

The ability to capture the deformation pattern observed in
the baseline data set at higher noise levels is characterised
by the MAE. Given that adding noise to SAR images is an
inherently statistical process, the MAE of the StaMPS pro-
cessing for any given noise level may be subject to statistical
variations. Therefore, more robust estimates can be obtained
by averaging the MAE values obtained for multiple noise
realisations. This is computationally expensive, so in this work
a compromise was made to evaluate the average MAE from
five different noise realisations per NESZ value.

C. Resolution Analysis

The resolution of the system in range is given by

∆Rg =
c

2Br sin η
, (3)

which depends on the bandwidth of the radar pulse Br and
the angle of incidence at the ground η. The constant c is the
speed of light.

To investigate the influence of the NESZ and range reso-
lution on the MAE, a joint parameter analysis was conducted
for different combinations. The results of this analysis are
shown in Fig. 4, which was obtained by simulating 20 equally
spaced points in the NESZ-∆Rg, similar to [6]. As expected,
increasing NESZ and ∆Rg increases the MAE. However, this
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Fig. 4. Contours of constant deformation MAE (in mm) as a function of
NESZ (dB) and range resolution ∆Rg (m).
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Fig. 5. NESZ versus ground range for the system parameters shown in Tab. I
showing NESZ within the 3 dB beamwidth of the antenna beam on ground.

behaviour is not linear, and depending on the specific zone of
operation, there is variable sensitivity to the degraded inputs.
In particular, for values of ∆Rg greater than approximately
20 m the MAE is largely determined by the NESZ.

IV. PRELIMINARY SYSTEM DESIGN

The contour lines of constant MAE in Fig. 4 identify pos-
sible system designs that trade-off NESZ and range resolution
∆Rg . A number of operating points are possible, and two
alternatives are compared here: System 1 (S1) is optimised
for an MAE of 5 mm, and System 2 (S2) is optimised for an
MAE of 15 mm. For an NESZ of 0 dB (considered feasible for
a small-satellite platform [6], [8]), these systems correspond
to ground range resolutions of approximately 5 m and 20 m

TABLE I
SYSTEM DESIGN PARAMETERS

Parameter Symbol Value Units

Average transmit power Pavg 15 (S1) & 1.5 (S2) W
Wavelength λ 0.03 m
Antenna length La 4 m
Antenna width Wa 0.71 m
Antenna gain G 46 dB
Look angle γ 38.6 (S1) & 30 (S2) °
Orbit height H 500 km
Satellite velocity v 7100 m s−1

Noise temperature Ts 300 K
Noise figure F 5 dB
System losses L 5 dB
Rx bandwidth Br 100 (S1) & 15 (S2) MHz

respectively. All other parameters for the proposed system
designs are shown in Tab. I [25].

The SAR radar equation for a distributed target is [25]

NESZ =
256π3r3Br sin θivkTsFL

Pavg G2 λ3 c
, (4)

where θi the angle of incidence, and r is the slant range from
the satellite to ground. The receiver bandwidths for the two
designs are 100 MHz (S1) and 15 MHz (S2) respectively.
Fig. 5 shows the NESZ computed for both designs as a
function of the ground range (determined using a spherical
earth model), using the parameters in Tab. I.

The parameters shown in Tab. I reflect the smallest possible
platform. Even though the system power of 15 W is lower than
that of existing conventional SAR missions, a swath width of
32.75 km can be achieved. In addition, an NESZ of below 0 dB
is achieved over the entire swath width. Hence, given the range
resolution and NESZ estimates, the resulting deformation map
corresponds to that shown in Fig. 3(b).

The parameters for System 1 were selected to yield a
relatively high resolution at a reduced noise level. The average
range resolution over the whole swath width is 2.24 m, which
is close to the 2.3 m range resolution of the baseline data
set used for the study in Sec. III. In contrast, for System 2
the ground range resolution is significantly lower due to
the reduced bandwidth and steeper incidence. The maximum
acceptable NESZ remains at 0 dB, which means that the
average transmit power can be decreased by a factor of 10,
to 1.5 W, and still meet the requirements. The average range
resolution achieved with System 2 is 18.6 m, and the swath
width is 26.3 km.

The MAE between the deformation signal and the defor-
mation map obtained with System 2 is less than 15 mm.
The deformation map obtained for this case is presented in
Fig. 6, showing that whilst the number of persistent scatterers
has decreased, the overall deformation pattern from Fig. 2
remains discernible. This result demonstrates that a system
design optimised for an MAE of 15 mm could be sufficient to
detect deformation patterns such as those in Mexico City. For
interferometric applications related to distributed scatterers,
different combinations of resolution and noise level of the SAR
images may result in better performance.
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Fig. 6. PSI deformation map obtained for NESZ = 0 dB, ∆Rg = 20m. The
resulting MAE is 15 mm.

This analysis is not only relevant for the design of a Small-
Sat SAR systems, but also applies (in particular, the case of
high-resolution/poor-NESZ) to recently proposed ambiguous
SAR modes. These aim at mapping large swath with high
resolution allowing for a high level of noise-like ambiguities
(e.g., ambiguous staggered SAR mode), so far used for ship
monitoring [7], [26], [27].

V. CONCLUSIONS

This work has presented the derivation of requirements for
a small-satellite SAR system for the application of measuring
surface deformations using PSI. These requirements were
derived by analysing the performance of a PSI processing
algorithm on SAR data of varying quality. In particular, a
stack of 30 TS-X stripmap SAR images over Mexico City was
modified by deteriorating the NESZ and the range resolution.
It was found that the mean error in the deformation map
depends on the NESZ and range resolution. For an NESZ
below 0 dB, the deformation can be captured with mean
absolute errors of 5 mm and 15 mm, for ground range
resolutions of 5 m and 20 m respectively. A preliminary system
design was derived from these constraints on the image quality,
which is compatible with the objective of a small-satellite SAR
system.
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