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Assessing the Impact of Positioning Errors in
Car-Borne Repeat-Pass SAR Interferometry With a
Controlled Rail-Based Experiment

Roberto Coscione *“, Irena Hajnsek

and Othmar Frey

Abstract—Agile synthetic aperture radar (SAR) platforms such
as car-borne and UAV-borne SAR systems require combined iner-
tial navigation systems (INS) and global navigation satellite systems
(GNSS) to measure the radar sensor trajectories used for focusing
and interferometric processing. Measurement inaccuracies from
INS/GNSS systems lead to residual phase errors in the SAR prod-
ucts whose minimization is crucial to derive accurate topographic
and deformation information. In this work, we analyze the impact
of residual positioning errors on car-borne repeat-pass SAR inter-
ferometry at L-band for different INS/GNSS measurement config-
urations and for the typical car-borne acquisition geometry. The
positioning errors are evaluated both during single SAR acquisi-
tions with long integration times and between different acquisitions
as a function of the distance of the radar platform from the GNSS
reference stations. We show the reduction of interferometric phase
errors achievable by additionally using a GNSS receiver mounted
in the vicinity of the SAR platform as compared to remote reference
stations of the national network of permanent GNSS receivers.
Test results obtained in a controlled setup with a rail-based SAR
system equipped with a navigation-grade INS/GNSS system show
maximum repeat-pass trajectory errors on the order of 1-2 cm
using a local GNSS reference station and up to 10-15 cm using
the remote reference stations, leading to azimuth and range phase
trends in the interferometric products.

Index Terms—Global navigation satellite system, inertial
navigation, measurement errors, radar remote sensing, radar
interferometry, synthetic aperture radar, terrain mapping.

I. INTRODUCTION

CCURATE knowledge of the trajectory and the orientation
of the radar antenna during the SAR data acquisition is a
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critical requirement for SAR image focusing and interferometric
processing [1]-[4]. Especially for agile platforms such as small
aircraft, unmanned aerial vehicles (UAV), or road vehicles,
which can have highly nonlinear sensor trajectories [S]—[7],
accurate positioning data along with topographic information
of the mapped area are needed to build the spatially varying
matched filter for azimuth focusing and to produce well-focused
and motion-compensated SAR and InSAR data based on the 3-D
geometry of the mapped scene [5], [8]-[11].

Commonly, position and attitude of the radar platform are
measured with positioning measurement systems mounted on
board, such as integrated inertial navigation systems and global
navigation satellite systems (INS/GNSS) [12]-[14]. The fi-
nite accuracy of the positioning measurement system causes
a mismatch between the actual sensor trajectory and the mea-
sured one, often referred in the literature as residual motion
error, that leads to residual phase errors in the focusing and
in the interferometric products [9]-[11], [15]-[18]. Since po-
sitioning errors are subject to temporal variations, they are
especially critical in repeat-pass (differential) interferometric
applications.

For agile SAR platforms, factors such as nonlinear sensor
trajectories, long integration time, large variation of look angles
and range distances [19], [20], and strong topographic varia-
tions, further increase the impact of positioning errors on the
interferometric phase and derived products [4], [10], [18], [21].
Moreover, in case of strong topographic variations, DEM height
errors lead to different range shifts of the target location as a
function of the look angle [22].

In a combined INS/GNSS system, the changing GNSS satel-
lite visibility and the atmospheric variations influence the posi-
tioning performance. Therefore, the longer the integration time,
the higher the probability of experiencing relative positioning
errors along the synthetic aperture as a consequence of the
time-varying performance of the INS/GNSS system.

To assess the positioning errors in a real acquisition sce-
nario, multiple positioning measurements should be performed
while the radar platform repeats exactly the same trajectory
over multiple passes [23], [24]. Since a sufficiently accurate
repetition of the sensor trajectory is unfeasible with a car-borne,
UAV-borne, or airborne system, we performed a controlled
repeat-pass experiment with the L-band SAR mounted on a rail
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and additionally equipped with a navigation-grade INS/GNSS
system [25].

In an INS/GNSS system, the INS measures accelerations
with three orthogonal accelerometers and angular velocities
with three orthogonal gyroscopes at a high update rate (e.g.,
300 Hz). The accelerations and angular velocities have to be
mathematically integrated to obtain relative positioning and
attitude information, which leads to substantial drifts over time
dueto accelerometer and gyroscope biases. The role of the GNSS
system is to compensate the INS drifts over time (in the order of
seconds and longer) via fusion of the INS and the GNSS data,
generally performed using a Kalman filter [14], [26]. Therefore,
keeping the errors of the GNSS positioning setup as small as
possible is key to minimize time-varying positioning errors. In
general, error sources of GNSS-based positioning include satel-
lite clock errors, orbit errors, ionospheric and tropospheric path
delays, and multipath effects [27]-[30]. Real-time kinematic
(RTK) or post-processed kinematic (PPK) GNSS positioning
with respect to a reference GNSS station allows to compen-
sate for the first two error sources and using dual-frequency
(e.g., L1/L2) GNSS systems a ionosphere-free solution can be
obtained.

RTK/PPK also allows to exploit the spatial correlation of the
tropospheric path delay in the GNSS signal and to reduce its
impact as a function of the distance between the GNSS rover
and the reference station (the closer, the better) [31], [32].

Networks of permanent and continuously operating GNSS
ground reference stations are available in many countries world-
wide, like CORS (continuously operating reference station)
in America, EPN (EUREF permanent network) in Europe,
and AGNES (automated GNSS network for Switzerland) in
Switzerland [33]—[35] but their mean distance from the SAR
platform is fixed once the measurement target area is estab-
lished. Portable GNSS reference stations can be deployed in the
vicinity of the SAR platform in an effort to further reduce the
tropospheric disturbance, although such option adds additional
burden in terms of measurement setup and processing.

In view of operational repeat-pass DInSAR measurements
from agile platforms, it is relevant to understand whether us-
ing one or more reference stations of the available network
of permanent GNSS receivers is sufficient or the local GNSS
reference station is required to guarantee high positioning accu-
racy and, hence, low residual phase errors. Although residual
motion compensation [15], [20], [36]-[40] and autofocusing
techniques [8], [41]-[48] can, to some extent, reduce the impact
of positioning errors, achieving accurate trajectory estimates
in the first instance is desirable to minimize aperture- and
topography-dependent phase trends.

The aim of this work is to quantify the trajectory errors mea-
sured with a high-performance (navigation-grade) INS/GNSS
system for different GNSS reference station setups and to ana-
lyze their impact on the interferometric phase in a real acquisi-
tion scenario relevant to the acquisition geometry of a car-borne
SAR system [49]-[53]. In particular, we investigate the effect
of the trajectory errors on repeat-pass SAR acquisitions as a
function of the distance of the radar platform from different
GNSS reference stations. We set up a rail-based SAR and
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Fig. 1. Left: positioning measurement system and radar antennas mounted on
the rail-based platform. Right: local GNSS receiver used as reference station for
PPK processing deployed about 10 m away from the radar platform.

INS/GNSS measurement system [25] to guarantee an almost
exact repeatability of the platform trajectories over multiple
passes and, thus, to quantify the time-varying positioning errors
with respect to the actual platform trajectory. We compare the
positioning solutions obtained with the closest reference stations
of the AGNES network and with a local nonpermanent GNSS
receiver deployed few meters away from the SAR platform, and
analyze the PPK-only and the integrated INS/PPK positioning
solutions.

The residual positioning errors are evaluated during the time-
frame of single SAR acquisitions with long integration times
and between different passes relevant to InNSAR/DInSAR ac-
quisitions. The rail-based setup allows to quantify the effect of
positioning errors on the DInSAR data by isolating the residual
phase errors from the troposphere-induced interferometric phase
(also known as atmospheric phase screen).

Additionally, we report a sensitivity analysis of the interfero-
metric phase to baseline errors to provide a theoretical indication
of the interferometric phase errors observable in the typical
car-borne acquisition geometry.

The article is organized as follows. Section II presents the ex-
perimental measurement setup, the processing scheme adopted
for GNSS and INS data integration, the sensitivity analysis to
baseline errors, and the strategy employed for the evaluation of
the residual interferometric phase errors. Section III reports the
results of the analyses of the positioning and the DInSAR mea-
surements. A discussion of the results is provided in Section I'V.
The conclusions are drawn in Section V.

II. METHODS
A. Experimental Measurement Setup

To collect high-quality repeat-pass positioning and attitude
data and guarantee an almost perfect repeatability of the plat-
form trajectory in a controlled setup, we performed repeat-pass
SAR data acquisitions along a fixed 10- m-long rail addition-
ally equipped with a navigation-grade INS/GNSS system (see
Fig. 1). The constrained position of the sensor trajectory along
the rail allows to evaluate the accuracy (trueness and preci-
sion [23]) of the estimated trajectory with respect to the nominal
path of the platform.
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TABLE I
TECHNICAL DATA OF THE NAVIGATION-GRADE INERTIAL NAVIGATION SYSTEM (INS) IMAR INAV-RQH-10018 MOUNTED IN THE STRAPDOWN CONFIGURATION
ON THE PLATFORM MOVING ALONG THE RAIL

Accelerometer type 3 servo accelerometers

Gyroscope type

3 ring laser gyro

Accelerometer bias <25 pug Gyro bias

< 0.002°/h

Accelerometer resolution <5mg

Gyro resolution

<0.001°/s

Angular random walk

< 0.0015°/vVh

\
\
\
Q < 8 ug/lv/Hz ‘
\
\
\

Attitude accuracy (unaided) — <0.01° True heading < 0.025°/ cos(lat)
Position accuracy (unaided) 0.6 nmi/h (~1.1 km/h) GNSS receiver Novatel (GPS, GLONASS)
Inertial data rate 300 Hz GNSS data rate 1 Hz

Gyro and accelerometer biases are responsible for the inertial drift and define the performance of the system in absence of external aids (e.g., during a GNSS outage). g ~ 9.81 m/s2.

TABLE II
GNSS STATIONS USED AS REFERENCE FOR CARRIER-PHASE
DIFFERENTIAL GNSS PROCESSING (PPK)

Station name OALP HABG Local
Description Permanent station ~ Permanent station Stationary
of the AGNES of the AGNES non-permanent
network: network: (portable)
Oberalppass Hasliberg receiver.
Antenna type ~ TRM59800.00 TRMS59800.00 TRM77971.00
Baseline ~20 km ~20 km <10 m
Height 2139.53 m 1147.97 m 2000.37 m

The measurement setup includes the following elements (see
Fig. 1).

1) A platform moving along a 10-m-long rail at a speed of
about 40 cm/s controlled by a motor synchronized with the
radar transmissions. Start and end positions of the platform
are the same for every pass.

2) A linearly frequency modulated continuous wave
(FMCW) radar system operating at L-band with a band-
width of 100MHz and a chirp length of 2ms (PRF
500 MHz) [52].

3) Two radar antennas (one transmitting and one receiv-
ing) rigidly mounted to the moving platform, with 3 dB
beamwidth of 40° in azimuth and 20° in elevation.

4) A INS/GNSS system and a GNSS antenna fixed to the plat-
form moving along the rail (strapdown configuration [14]).
Table I summarizes the specifications of the INS/GNSS
system.

5) A nonpermanent stationary GNSS receiver (see Fig. 1)
steadily mounted few meters away from the rail (in the
following indicated as “local reference station”) used as
reference station for differential GNSS processing.

6) Two permanent, continuously operating, stationary GNSS
reference stations of the AGNES network [35], located at
different heights at a distance of about 20 km from the rail
(see Table II), used for GNSS differential processing.

The moving GNSS receiver—called “rover” in the GNSS
jargon—and the reference stations are dual-frequency and mul-
ticonstellation (GPS and GLONASS).

The radar acquisitions were performed at every pass during
the forward movement of the platform. Position, velocity, and
attitude measurements were performed for the entire duration
of the campaign at a data acquisition rate of 1 Hz for the GNSS
and 300 Hz for the INS.

Fig. 2. Photograph of the Stein Glacier acquired during the measurement
campaign, July 2018.

46.73°NE

46.72°N

8.42°E 8.43°E 8.44°E 8.45°E
Fig. 3. Map of the imaged area (Stein glacier) located at a distance from
the radar ranging roughly from 400 to 3200 m for a total area of 2.6 km?.
The straight dotted yellow line indicates the direction of the rail (the length is
exaggerated to highlight the azimuth direction of the radar). North is upwards.
The interferometric reference point (red cross) is set on an exposed rock at a

distance of about 2370 m from the rail midpoint. swisstopo geodata.

The measurement campaign took place in July 2018 in the
Bernese Alps, where radar acquisitions of the Steingletscher
(Stein glacier) were performed from a distance of about 3200 m
from the target area (see Figs. 2 and 3). The height difference
between the radar position and the top part of the mapped area
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is about 1200 m, corresponding to a variation of look angles
between near range and far range of 20°.

B. Trajectory Estimation via GNSS and INS Data Processing

To retrieve the trajectory information required to focus the
SAR data, inertial and GNSS data were integrated in postpro-
cessing to reduce the accumulation error affecting accelerome-
ters and gyroscopes of the INS. First, for each reference station,
the GNSS measurements were processed using the carrier-phase
differential GNSS technique known as postprocessed kinematic
(PPK) [30], [54], which provides the time-series of platform
positions for the entire duration of the measurement campaign.
The PPK solutions were then integrated with the inertial data
via a loosely coupled extended Kalman filter followed by a
Rauch-Tung-Striebel (RTS) smoother [26], [55], [56]. In the
following, we refer to the integrated and smoothed INS/PPK
positioning solutions, which were then used for SAR focusing,
as RTS solutions.!

The PPK positioning solutions and, hence, the related RTS
ones were independently calculated for each reference station
indicated in Table II:

1) Two solutions are based on the local reference station
located less than 10 m away from the rover using single-
frequency and dual-frequency processing, respectively.
The coordinates of the local reference station were calcu-
lated via static carrier-phase differential processing using
one of the AGNES stations as reference, specifically the
one with the lower altitude difference with respect to the
rover (the OALP station of Table II).

2) One solution is based on the “OALP” AGNES reference
station (dual-frequency).

3) One solution is based on the “HABG” AGNES reference
station (dual-frequency).

4) One solution is based on both the OALP and the HABG
AGNES stations used at the same time (dual-frequency).

In the case of the AGNES reference stations, dual-frequency
processing proved necessary to reduce the ionospheric effect
on the received data and obtain integer carrier-phase ambiguity
solutions [30], [57]. A processing elevation mask of 15° was used
to exclude highly attenuated signals transmitted from satellites
visible at low-elevation angles and to reduce multipath.

To calculate the nominal radar trajectory, we retrieved each
trajectory relevant to the radar acquisitions from the single-
frequency local RTS solution (local_L1), for a total of 58 trajec-
tories that were then averaged together. The average trajectory
is a good approximation of the actual shape of the rail that,
given its length and the mounting system based on tripods,
slightly deviates in altitude from a perfectly linear trajectory. By
averaging the available trajectories, we exploited the redundancy
of the repeat-pass positioning data offered by the constrained
position of the moving platform. The repeated trajectories are
separated by a temporal baseline of at least 2 min for an over-
all time window of more than 2 h and are, therefore, mostly

'PPK processing performed with the commercial software Novatel GrafNAV
8.70. Kalman filter and RTS smoother used for INS/PPK integration provided
by iMAR Navigation GmbH.
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TABLE III
GNSS REFERENCE STATIONS AND CARRIER SIGNALS
USED FOR PPK PROCESSING

[ Reference station | Carrier [ Legend entry |
local station L1 local_L1
local station L1+L2 local_L1L2
AGNES: OALP L1+L2 OALP
AGNES: OALP + HABG L1+L2 2agnes
AGNES: HABG LI1+L2 HABG

The column “legend entry” indicates the name used in the plots for the
PPK and the related RTS positioning solutions.

uncorrelated [58], [59]. Hence, the standard deviation of the
average trajectory is at least one order of magnitude lower than
the individual trajectories.

C. Radar Processing and “Self-Interferograms”

Together with a digital elevation model (DEM) of the mapped
area, the integrated RTS trajectories were used for SAR focusing
via time-domain back-projection (TDBP). The TDBP focusing
algorithm [6], [60]-[64] can be used for any nonlinear trajectory
and produces motion-compensated, coregistered, and geocoded
SLCs. Since in TDBP, the topographic phase is removed by
means of the DEM and the trajectory information, the inter-
ferometric combination of two focused images automatically
produces a differential interferogram [18], [65].

Nevertheless, as for other focusing algorithms, the correctness
of the focusing is limited by the accuracy of the positioning
system (INS/GNSS) [22]. Due to trajectory estimation errors,
different from pass to pass, the interferometric phase contains
residual phase components originating from the presence of a
baseline error that varies with range and azimuth. The trajectory
errors, and hence the residual phase, depend on the distance to
the reference station used for the differential GNSS processing.

To show the effect of trajectory errors on the differential
interferometric phase for different GNSS setups, we exploited
the inherent zero spatial baseline of the rail-based system.
Specifically, first we performed TDBP focusing of the raw radar
data, acquired from the rail-based system, using the nominal
sensor trajectory and the different RTS trajectories, namely
the trajectories based on the local reference station and the
ones based on the vertically closer AGNES reference station
(indicated as local L1 and OALP in Table III, respectively).
Then, we created a set of differential interferograms using the
data focused with the nominal trajectory as primary and the data
focused with each RTS trajectory as secondary. We refer to this
nonstandard interferometric product as “self-interferograms.”

A simple model for the self-interferograms can be derived
from the repeat-pass DInSAR phase:

PDInSAR = Pdef T ¥pos T Ptropo T PDEM + Proises (D

where s is the deformation signal of interest, pos is the
residual phase due to positioning errors, Qyqpo 18 the tropospheric
path delay (also known as atmospheric phase screen), ¢pgm 1S
the residual phase due to DEM errors, and ¢pise includes thermal
noise and other unmodeled noise sources.
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Since the self-interferograms are generated from image pairs
relevant to the same raw data, the temporal baseline is zero and
both the deformation and the tropospheric phase components
cancel out in the interferogram (Qgef = @Puopo = 0). Therefore,
only the effect of baseline and DEM errors affect the phase of
the self-interferogram gy

Pself = Ppos + YDEM + Pnoise (2)

Note that such experiment involving the creation of self-
interferograms is only possible with systems physically con-
strained in two dimensions, such as the rail-based one, equipped
with a positioning system, which is usually not necessary for
rail-based systems [66]-[68]. The same radar and INS/GNSS
systems are employed on the car-borne SAR.

In addition to the self-interferograms, canonical repeat-pass
differential interferograms were also created using the nominal
trajectory, the RTS local_L1 trajectories, and the RTS OALP
trajectories, respectively.

Regarding the resolution of the rail-based interferograms, the
slant-range resolution is defined by the radar bandwidth while
the azimuth resolution depends on the range and the rail length,
that is:

C
A =
g QBW (3)
A
Aaz - En (4)

where L is the length of the synthetic aperture that can be
obtained on the rail, A is the radar wavelength, r is the slant
range, and By, is the chirp bandwidth. As it is typical for
a rail-based SAR system [66]-[68], whose length is usually
smaller than the azimuth extension of the radar footprint on
the scene, the resolution is not constant with the range. With
L =10m, A = 22.6 cm, and r between 400 m and 3.2 km, the
azimuth resolution varies between 4.5 and 35 m from near-range
to far-range, while the range resolution is 1.5 m for a bandwidth
of Byy = 100 MHz. The DEM posting is 1 m and a multilooking
windows of 35 x 35 pixels were applied.

D. Sensitivity Analysis

In this section, a sensitivity analysis of the interferometric
phase to baseline errors is reported. For a generic target, the
interferometric phase ¢ is related to the range difference dr
measured between two SAR acquisitions [69], [70]

. 4%&. 5)

In this case, only the geometric component of the interfero-
metric phase is taken into account. From the geometry depicted
in Fig. 4, the following equation is obtained using the law of
cosines:

(r—|—5r)2=r2+B2—2rBsin(0—aB), 6)

where r is the slant range, 0 is the target look angle, B is the
baseline length, and ap is the baseline tilt angle.
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AZ r+6r P/
\J —ap
B
=
ap
A1
AZ
< L S
7 5 ellipsoid

Fig. 4. Acquisition geometry of the car-borne SAR systems. Al and A2
indicate the antenna positions for two different passes. B is the baseline length,
ap is the baseline tilt angle, 6 is the look angle, 7 is the range distance, o7 is
the range difference between the two passes. The geometry is also valid for the
rail-based experimental setup (with B = 0).

Substituting (6) in (5), it follows:

g0:4%(\/r2+B2—2TBsin(9—aB)—r>. (7

Using the error propagation formula truncated to the first
order [71], the phase error due to baseline and roll errors is

given by:
Op 2 Oy 2
() e ()

where ai s O’QB ,and O'i ,, arethe variance of the phase, the baseline
length, and the baseline tilt angle, respectively.

From (7), the first derivatives of the phase with respect to the
baseline length and the tilt angle are

o _Am B —rsin(0 — ap)
OB % \/r2+ B2 —2rBsin (0 — ap)
Op  Am Brcos (0 — ap)

) G
A \/r2+ B2 —2rBsin (0 — ap) ®

6aB

Substituting (9) in (8), and considering alternatively the base-
line length error and the baseline tilt angle error, it follows:

Ar B —rsin (0 — ap)
o = 7
Ploag=0 A \/TQ + B? —2rBsin (6 — ap) 7
An Brcos (0 — ag) (10)
o = — o
Plog=0 A \/7‘2 + B? —2rBsin (0 — ap) ’

Equations (10) are plotted in Fig. 5 as a function of the look
angle for different baseline errors and tilt angle errors. The
nominal baseline is B = 0.5 m, while the nominal tilt angle a g
is either 0° or 90° to simulate horizontal baseline and vertical
baselines, respectively. Note that the tilt angle error o, is zero
if the nominal baseline is zero but can lead to very large phase
errors even for small baselines, depending on the look angle.

In practice, especially in DInSAR applications, the inter-
ferometric phase is always calculated with respect to a (sta-
ble) reference point located in the imaged area and therefore
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Absolute interferometric phase error versus the look angle for different baseline length errors and baseline tilt angle errors. Range distance » = 2000 m.

Nominal baseline B = 0.5m. ap is the nominal baseline tilt angle. o, is the baseline tilt angle error. o is the baseline error. (a) ap = 0°, 04, = 0. (b)

ap =90°,0az =0.(c)ap =0°,08 =0.(d) ap =90°,0p =0.

only the relative phase error is of interest. The latter is zero
on the reference point and increases for points located away
from the reference as the look angle and the baseline error vary,
leading to potential errors up to 50°—~100°. Note that, in practice,
the baseline error may vary along azimuth as a consequence
of the time-varying nature of the positioning errors, which is
particularly relevant in the case of long integration times, causing
differing phase trends [72].

Although the plots in Fig. 5 are reported for a fixed range
distance (r = 2000 m), due to the small nominal baseline, which
is typical for car-borne SAR acquisitions, the variation of the
phase error with the slant range is minimal and mostly occurs
in close range. This can be shown by using the plane wave (or
parallel waves) approximation [69], valid for 0r < r and B <
r, for which (7) becomes

4 .
gppwa:—TBsm(G—aB). (11)
Using (11), the phase derivatives in (9) become:
OPpw dr |
% = —Tﬂ- sin (6 — ap)
OPpw: 4
Ppua Z—T(-BCOS(G—O[B), (12)

c’)aB A

showing that there is no direct dependence from the range
distance of the phase sensitivity to baseline errors. Note, how-
ever, that the look angle € varies with range due to the topo-
graphic height changes and to the side-looking geometry of the
SAR [73]. In the presence of strong topographic changes, large
variations of look angles can occur, especially in close range,
resulting in significant relative phase errors in function of the
baseline errors.

To verify in which range of values (relevant for a car-borne
acquisition scenario) the plane wave approximation holds, let us
consider the approximation error €., [69]:

€o = P~ Ppwa

4
- %\/r2 + B2 — 2rBsin (0 — ap)

—r+ Bsin(0 —ap). (13)

Equation (13) is plotted in Fig. 6 for a nominal baseline B of
0.5 m and shows that the approximation error ¢, is below few
degrees for range distances of 100 m and rapidly decreases for
larger distances, thus indicating the validity of the plane wave
approximation in most range values of interest due to the small
nominal baseline length.
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range [m]

Look angle 6 [deg]
()

Phase approximation error owed to the plane wave approximation [see (13)] with varying look angles and range distances for two different values of the

nominal baseline tilt angle ap. Nominal baseline B = 0.5 m. (a) ap = 0°. (b) ap = 90°.

III. RESULTS

In this section, we present the results of the rail-based
INS/GNSS and InSAR test measurements, highlighting the po-
sitioning errors within the time-span of the synthetic aperture
and between repeated SAR acquisitions assessed for different
configurations: AGNES and local reference stations, PPK-only,
and integrated INS/PPK data. Table III reports the nomenclature
used in the plots for the different cases.

Fig. 7(a) shows the number of GPS and GLONASS satellites
simultaneously visible from the rover moving along the rail and
each reference station. For all solutions, the number of satellites
is well above the minimum number required to perform differen-
tial GNSS processing (5 satellites for dual-constellation GNSS).
Fig. 7(b) reports the positional dilution of precision (PDOP),
which is an indication of the relative geometrical configuration
between ground receivers and satellites. The PDOP value is
below 2.4 for each reference station indicating good satellites
visibility [30], [54].

The estimated position standard deviation is shown in Fig. 8
for the dual-frequency PPK solutions obtained with the local
reference station (local_LL1L.2) and the closest AGNES reference
station (OALP), respectively, and is roughly two times larger
for the latter as compared to the former. The standard deviation
of the vertical component is worse compared to the horizontal
components, as it is usually the case for GNSS data [31].

Fig. 9 shows the time-series of the rover altitude of the
PPK-only and the RTS positioning solutions obtained with the
different GNSS reference stations, during a time interval of
almost 3 h. Standstill epochs are visible at the beginning and at
the end of the measurements. The repeated passes of the platform
along the rail are indicated by the 30cm altitude variations
with respect to the standstill position (located at an altitude of
about 2000.53 m). The solutions obtained with the local refer-
ence station (both single-frequency and dual-frequency ones)
show a better repeatability of the altitude over the multiple
passes and during the standstill periods. On the other hand,
decimeter-level time-varying undulations are visible in the po-
sitioning solutions obtained with the remote AGNES reference
stations.
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Fig. 7. (a) Number of GPS and GLONASS satellites visible at the same

time from the rover and the indicated reference station (the local_L1L2 case
is the same as local_L1, hence not shown). The number of satellites is above
the recommended values in all cases, with the local reference station showing a
slightly higher number. (b) positional dilution of precision (PDOP, dimension-
less), which is an indication of the relative geometrical configuration between
receivers and satellites. Lower values indicate better performance. All solutions
present a good value for the PDOP with the local one showing better results.

Fig. 10 shows the boxplots of each PPK-only and the related
RTS positioning solutions computed during the static epochs at
the beginning and at the end of the campaign for a total time of
30 min (from relative time Os to 800 s and from about 9000 s
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Fig. 8. Estimated GNSS position standard deviation in East North Up co-

ordinates of the dual-frequency PPK positioning solutions obtained using the
local reference station [(a): local_L1L2] and a remote reference station of the
permanent AGNES network [(b): OALP]. (a) Local_L1L2. (b) OALP.

to 10000 s in Fig. 9) when the platform stands still in the same
position and, hence, any position variation can be directly recog-
nized as error. The better accuracy of the positioning solutions
obtained with the local reference station (both single frequency
and dual frequency) compared to the ones obtained with the
remote reference stations is clearly visible. The OALP solutions
(both PPK and RTS) show a median value comparable to the
local_L1L2 ones, but a level of precision six times worse (with
reference to the interquartile range indicated by the box). The
solutions obtained with the HABG reference station present an
offset of about 5 cm for the median altitude compared to the
OALP ones, which reduces to about 2.5 cm for the solutions
using both the OALP and the HAGB reference stations (labelled
as 2agnes in the plots).

The positioning accuracy during the kinematic periods, rele-
vant to the repeated passes of the radar along the rail, is visible
in Figs. 11 and 12 reporting the deviations from the nominal
trajectory. Both the single-frequency and the dual-frequency
positioning solutions obtained with the local reference station
show a positioning error about 4-5 times smaller than the
(dual-frequency) ones obtained with the two AGNES reference
stations, which also present an average offset of about 7 cm in the
North component [visible in Fig. 12(c) and 12(d)]. The HABG
solution additionally shows an average altitude offset of about
8cm.
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The plots in Fig. 11 show the temporal variability of the alti-
tude errors for the RTS local_L1 and the RTS OALP trajectories
relevant to the repeat-pass radar acquisitions (i.e., during the
forward movement of the platform). The lines are chronologi-
cally ordered and color-coded based on their acquisition time to
highlight time-related error trends. In the case of the local refer-
ence station, the pass-to-pass altitude error is mostly contained
within a 1 cm interval with a maximum of 2.2 cm [see Fig. 11(a)]
while, in the case of the OALP AGNES reference station, the
error spreads over a range of 12 cm [see Fig. 11(b)]. During the
27 s of synthetic aperture time, the variation of the altitude error
between the beginning and the end of the acquisitions is mostly
subcentimeter in the case of the local_L1 trajectory and around
1-1.5 cm in the case of the OALP trajectory, corresponding to a
virtual inclination of the rail of less than 0.1°.

The residual interferometric phase errors due to positioning
errors are highlighted in Fig. 13 showing repeat-pass differential
interferograms generated from acquisition pairs focused with the
nominal quasi-linear trajectory and with the integrated INS/PPK
trajectories obtained with the local reference station and with
the OALP reference station (RTS local_L1 and RTS OALP,
respectively). Three different temporal baselines are reported.
The interferometric reference point is set on an exposed rock at a
distance of about 2370 m from the rail midpoint (see Fig. 3). The
color map is limited to 0.5 radians to enhance the visibility of
the phase errors (out-of-range values are wrapped). In the case of
the RTS local_L1 trajectories, the interferometric phase patterns
are almost identical to the case of the nominal trajectory while
different time-varying phase trends are visible in the case of the
RTS OALP trajectories [see Figs. 13(g), 13(h), and 13(1)].

The geocoded self-interferograms are reported in Fig. 14 and
show the (differential) phase error caused by positioning errors,
without the additional phase components related to the glacier
flow and to the tropospheric phase gradient thanks to the zero
temporal baseline (as explained in Section II-C). The positioning
errors of the RTS local_L1 trajectories mostly cause small scale
phase noise [see Figs. 14(a), (c), (e)] or a mild azimuth phase
trend of less than 5°—10°. Conversely, the RTS OALP trajectories
cause large phase trends affecting the entire mapped area, with
phase errors up to 60°-90° with respect to the reference point,
predominantly in azimuth [see Figs. (b), (d), and (f)].

IV. DISCUSSION

The strong correlation between the long-term behavior of the
integrated INS/PPK positioning solutions and the long-term be-
havior of the PPK-only solutions (see Figs. 9 and 12) highlights
the importance of accurate differential GNSS processing also
when a high-performance INS is employed (as in the present
test): the navigation-grade INS provides measurements of rel-
ative position and attitude through integration of accelerations
and angular velocities, which are available with high accuracy
on a short term interval and at a high update rate (300 Hz), but
the IN'S-based positioning and attitude solution drifts with time.
Through fusion with the GNSS PPK-based positioning solution,
the drift of the INS-navigation is compensated. Therefore, the
(smoothed) GNSS PPK-based positioning solution dominates
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Altitude time-series (WGS84) of the repeated passes of the platform along the rail for a time span of about 3 h, including standstill periods at the beginning

and at the end. Positioning solutions obtained with the local and the AGNES reference stations (see Table III) as well as PPK-only (a) and the integrated RTS (b)
solutions are shown. The repeated passes of the platform along the rail are indicated by the altitude variation of about 30 cm with respect to the standstill position.
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Fig. 10.  Accuracy of the geodetic altitude (WGS84) of all the PPK and RTS

solutions (see Table III) during initial and final standstill for a total of 30 min
of static acquisitions. The standstill position is at an altitude of 2000.53 m. The
boxes indicate 50% of the values, the whiskers indicate 5% and 95% percentiles.
The solutions obtained with the local reference station outperform the ones
obtained with the AGNES reference stations.

the long-term positioning accuracy relative to the GNSS refer-
ence station and any uncompensated tropospheric path delay
affecting the post-processed GNSS positions plays a major
role on the long-term positioning accuracy of the integrated
solution, ultimately affecting the repeat-pass spatial baseline
eITOr.

The trajectories obtained with the remote (AGNES) reference
stations show large altitude undulations due to the uncompen-
sated tropospheric path delays (see Fig. 9), resulting in altitude
offsets over repeated passes, as visible in Fig. 11(b), which,
in presence of a perpendicular baseline between the SAR ac-
quisitions as in a car-borne or UAV-borne acquisition scenario,
would lead to residual topographic errors. The correlation of the
tropospheric effect on GNSS signals over short time intervals
may lead to comparable errors affecting consecutive passes, as
the partial concentration of lines with similar colors in Fig. 11(b)
suggests. The worse performance of the solutions involving
the HABG reference station as compared to the OALP one

is consistent with larger uncompensated tropospheric errors
due to the considerable height difference of the HABG sta-
tion from the rover (see Table II). On the other hand, posi-
tioning offsets and error trends are substantially reduced by
using the local reference station, since the tropospheric path
delays cancel out thanks to the proximity of the rover and the
reference station. Consequently, a more consistent repeatability
of the estimated platform trajectories over multiple passes can
be achieved by using a local reference station, which is of
considerable importance in the context of repeat-pass DInSAR
applications.

Residual interferometric phase errors are visible in the dif-
ferential interferograms as a consequence of the baseline errors
caused by the uncertainty of the integrated INS/PPK trajectories.
In the case of trajectories calculated with respect to the local
reference station, the positioning errors account only for a frac-
tion of the radar wavelength (about A/10), consistent with the
small-scale phase noise visible in the related self-interferograms
[see Fig. 14(a), (c), and (e)].

Conversely, errors up to half wavelength are obtained with
the remote reference station, causing the phase error trends
visible in both the differential interferograms and in the self-
interferograms. The phase trends are comparable to the ones
resulting from a misalignment of the rail between different
acquisitions, for example, due to repositioning errors of the
rail during different campaigns in discontinuous measurements
mode [72], [74]-[76]. Larger phase errors are visible on the left
flank of the valley where stronger look angle variations occur
and where the distance from the interferometric reference point
is larger.

In the rail-based configuration, the actual spatial baseline
between the acquisitions is practically zero (besides small po-
tential vibrations of the radar antennas) due to the constrained
movement of the platform. Therefore, only negligible residual
topographic phase variations are left in the differential interfer-
ograms as a consequence of baseline and DEM errors. This is
consistent with the predominance of azimuth phase trends in the
self-interferograms as compared to phase errors in range. On the
other hand, in a car-borne repeat-pass acquisition scenario, DEM
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Accuracy of the PPK-only and the RTS (integrated INS/PPK) radar trajectories during the movement of the platform obtained with the local and the
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5% and 95% percentiles. The coordinate system is the Cartesian East, North, Up with origin on the local reference GNSS receiver. Note that the range of values of

the ordinate axis is 5 cm in Fig. 12(a) and 12(b) and 25 cm in Fig. 12(c) and 12(d). (a) local_L1. (b) local_L1L2. (c) OALP. (d) HABG.
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Fig. 13. Repeat-pass DInSAR phase from image pairs focused with the nominal, the RTS local_L1, and the RTS OALP trajectories. Acquisition time indicated in
the format HH:MM:SS. The color map is limited to £0.5 radians to enhance the visibility of the phase errors (out-of-range values are wrapped). The images focused
with the nominal and the local_L1 trajectories lead to comparable DInSAR phase while the images focused with the RTS OALP trajectories show additional phase
undulations. (a) Trajectories: nominal. Acquisitions: 12:40:39-12:58:42. (b) Trajectories: nominal. Acquisitions: 12:40:39-13:08:00. (c) Trajectories: nominal.
Acquisitions: 12:40:39-13:37:46. (d) Trajectories: RTS local_L1. Acquisitions: 12:40:39-12:58:42. (e) Trajectories: RTS local_L1. Acquisitions: 12:40:39—
13:08:00. (f) Trajectories: RTS local_L1. Acquisitions: 12:40:39-13:37:46. (g) Trajectories: RTS OALP. Acquisitions: 12:40:39-12:58:42. (h) Trajectories: RTS
OALP. Acquisitions: 12:40:39-13:08:00. (i) Trajectories: RTS OALP. Acquisitions: 12:40:39-13:37:46.

errors should be taken into account. DEM offsets have a similar  cells or lateral translations of the DEM occur in addition to
effect as constant positioning offsets and do not pose major positioning errors and can lead to varying phase errors along
problems in the interpretation of the interferograms due to the azimuth and range.

relative nature of the interferometric measurements [22], [72]. Finally, especially in the case of long temporal baselines,
On the other hand, relative height errors between the resolution the tropospheric phase error also affect the differential
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Fig. 14. Phase of the self-interferograms (both SLCs focused from the same raw data) for three different acquisitions. For each self-interferogram, the primary
SLC is focused using the nominal trajectory and the secondary SLC is focused using the estimated radar trajectory obtained with the local reference station (RTS
local_L1 trajectories) or with the OALP AGNES reference station (RTS OALP trajectories). The color map is limited to 0.5 radians to enhance the visibility of
the phase errors (out-of-range values are wrapped). The dotted yellow line indicates the direction of the rail. The filled yellow line is the average SAR trajectory
along the rail (Iength of 10 m). The red cross is the position of the interferometric reference point. swisstopo geodata. (a) Trajectory: RTS local_L1. Acquisition
time: 12:40:39. (b) Trajectory: RTS OALP. Acquisition time: 12:40:39. (c) Trajectory: RTS local_L1. Acquisition time: 12:58:42. (d) Trajectory: RTS OALP.
Acquisition time: 12:58:42. (e) Trajectory: RTS local_L1. Acquisition time: 13:37:42. (f) Trajectory: RTS OALP. Acquisition time: 13:37:42.

interferograms and cannot be easily distinguished from particularly relevant in the case of steep slopes [69]. As
uncompensated positioning-related phase errors. Tropospheric a rough estimate, the differential tropospheric path delays
phase error are caused by local gradients of the refractive index, affecting ground-based radar measurements can be in the order
which is height dependent and is a function of temperature, of mm/km or cm/km in range [77], [78] which, at L-band,
pressure, and humidity content of the air and therefore correspond to phase variations between 3°/km and 30°/km or
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more, and therefore of comparable order of magnitude with
respect to phase trends caused by positioning errors.

V. CONCLUSION

In this work, trajectory errors experienced between repeated
SAR acquisitions and within the time-span of a synthetic aper-
ture with long integration time measured with a navigation-
grade INS/GNSS system were analyzed. The analyses, carried
out in a controlled rail-based setup with different INS/GNSS
configurations, highlighted the positioning performance and the
related differential interferometric performance arising from the
use of GNSS reference stations at different distances from the
radar platform. The controlled rail-based experiment mimics
the acquisition scenario of a car-borne DInSAR-based mobile
mapping system.

The results showed that the residual positioning errors ob-
tained by relying on the (remote) reference stations of a per-
manent GNSS network, which are situated at 20 km distance
and at a different altitude by several hundred meters compared
the measurement site, can be substantial, thus causing nonneg-
ligible residual phase error trends. A significant reduction of
the phase errors can be achieved by using a reference station
located close to the radar platform, which allows to effectively
remove most of the tropospheric disturbance affecting the GNSS
signals and to achieve an excellent postprocessed positioning
accuracy for repeated passes. This last aspect is particularly
relevant in the context of repeat-pass DInSAR acquisitions from
agile platforms to avoid as much as possible any disturbing phase
trends caused by inaccurate knowledge of the interferometric
baseline due to positioning errors, which would otherwise need
to be corrected in postprocessing to retrieve the deformation
signal with high accuracy.
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