GAMMA L-Band SAR Information
v1.6, 24-Nov-2022 page 1

aﬂnm REMOTE SENSING
GAMMA L-Band SAR

Introduction:

A commercial product available for purchase, the GAMMA L-band SAR is a compact and
versatile FMCW SAR system that supports interferometric (repeat-pass and single-pass),
polarimetric, and polarimetric-interferometric SAR data acquisitions from agile sensor
platforms. This short document describes the main characteristics of the radar instrument, the
SAR data processing approach, as well as a few specific use cases including airborne (vertical
take-off and landing (VTOL) UAV) and terrestrial (car-borne and rail-based) interferometric
repeat-pass SAR acquisitions. Using two repeat-pass SAR images — or a longer time series of
repeat-pass SAR measurements — surface displacements in the direction of the line of sight of
the radar can be derived. Demonstration cases include mobile-mapping of surface
displacements (landslide monitoring, glacier flow velocity) by means of car-borne SAR
interferometry and a demonstration of UAV-borne repeat-pass interferometric measurements
of a slope of a mountain valley using the Gamma L-band SAR system.

Applications and SAR platforms:

The GAMMA L-Band SAR is a small, lightweight, and thus versatile SAR system that can be
mounted on various sensor platforms. Up to now the GAMMA L-Band SAR has been used for
repeat-pass interferometric measurements on the following airborne and terrestrial platforms:
e airborne:
o VTOL UAV: Scout B1-100, by Aeroscout GmbH (http://www.aeroscout.ch)
e terrestrial platforms:
o car driving on a road
o linear rail (length of synthetic aperture: 2-12 m)

Line-of-sight surface displacement measurements with applications such as glacier velocity
flow estimation and slope stability assessment were demonstrated using the GAMMA L-Band
SAR system. Further applications and measurement modes that the system can support include
polarimetric and polarimetric-interferometric techniques as well as SAR tomography.
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Rail-based terrestrial mea-
surement setup with the

GAMMA L-band SAR mounted on a car
during a demonstration campaign in

The GAMMA L-band SAR mounted on
Aeroscout’s UAV Scout B1-100 during

an interferometric repeat-pass SAR data
acquisition in Switzerland. The UAV is
equipped with a Honeywell HGUIDE
n580 INS/GNSS system. GNSS data is
processed in post-processing kinematic
mode with an ad-hoc local GNSS
reference  station in the field.
SAR antenna/channel configuration: one
transmit/ one receive antenna.

cooperation with ETH Zurich. A ring-laser-
gyro INS/GNSS system (iNAV-RQH) by
iIMAR Navigation GmbH was used for high-
precision positioning and attitude deter-
mination. GNSS data is processed in post-
processing kinematic mode with an ad-hoc
local GNSS reference station in the field.
SAR antenna/channel configuration: on
transmit/ three receive antennas.

GAMMA L-band SAR to
autonomously acquire short
interval time series of
repeat-pass interferometric
SAR data of a glacier.
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L-band Radar Hardware:

In Table 1, a short summary of the specifications of the L-band FMCW SAR system configured
for the airborne/car-borne acquisition mode is given. The L-band radar has 4 low-noise receiver
channels that can operate simultaneously. A custom designed FPGA 14-bit/channel digitizer
records from all four channels simultaneously and streams these data to an SSD. The radar
instrument is controlled by a Linux-based computer. Transmitter max. output is 10W (5W used
in our experiments) and includes a transmitter output switch (2 alternating transmit channels)
that permits fully polarimetric data acquisitions, single-pass cross-track and along-track
interferometric data acquisitions, as well as combination of these modes up to a total of 4
simultaneous receive channels. Total power consumption is less than 60W. The compact radar
hardware implementation is aimed at UAV-based and ground-based operation.

o I TS NNE TN B > Table 1: Gamma L-band SAR specifications

Frequency within 1.2-14 GHz
used center freq. 1.325 GHz
wavelength at center freq. 22.6 cm

Chirp bandwidth 50 - 200 MHz
used bandwidth 100 MHz
range resolution (@ 100 MHz BW) 1.5 m

Azimuth resolution (@ full SA) <05m

Azimuth resolution (@ SA = 250m, R=5km) 2.3 m

Type FMCW

Chirp lengths 250 ps - 8 ms.

Transmit power max. 10 W (used: 5 W)

Transmit channels 2 (alternating)

Receive channels 4 (simultaneous)

Elev. beamwidth (3dB) 40.0 deg

Azim. beamwidth (3dB) 40.0 deg

Elev. pointing angle variable (configu-

ration dependent)

Radar hardware assembly Pelicase 1450
Dimensions l: 406mm
w: 330 mm
h: 174 mm
Weight 7.65 kg

GAMMA L-band SAR hardware embedded in a Pelicase 1450. The connector plate is shown on the top left with sockets for 2 alternating
transmit channels, 4 simultaneous receive channels, a GNSS patch antenna, LAN / Ethernet connection, and power supply (nominal: 24V DC,
max. 60W while transmitting). On the lower left, the open Pelicase reveals the instrument computer and the FPGA 14bit/channel digitizer. The
specifications of the GAMMA L-band SAR are provided in Table 1 on the right.

Accurate positioning with an INS/GNSS system:

SAR imaging and interferometric processing of Gamma L-Band SAR data acquired from
mobile platforms requires centimeter-level (or better) relative positioning information of the
sensor trajectory. To obtain positioning information at this level of precision, a combined
Inertial Navigation System (INS) and Global Navigation Satellite System (GNSS) navigation
system is required. The recommended positioning setup is an INS/GNSS system mounted on
the mobile platform close to the radar antennas and a local GNSS reference station placed close-
by in the field. The navigation data processing, which requires dedicated software, includes
GNSS positioning obtained in post-processed kinematic (PPK) mode and loosely coupled
INS/GNSS data fusion.
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In our test campaigns, we have successfully used the INS/GNSS system Honeywell HGuide
n580 (which is based on 2 GNSS antennas and an HG4939 MEMS Inertial Measurement Unit)
and processing software by Honeywell to achieve this level of performance. The L-Band radar
is equipped with a power and data interface for the Honeywell HGuide n580 and a custom cable
is available from Gamma.

It is possible to use other INS/GNSS systems and navigation software, but we have not tested
these. We can, however, offer guidance with defining an adequate INS/GNSS setup and the
required format of the processed INS/GNSS positioning and attitude data to interface it with
the SAR processor. Using other INS/GNSS systems also requires either the manufacturer’s own
navigation processing software or equivalent software such as e.g. Novatel GravNav / Inertial
Explorer.

SAR Processing:

A CUDA/ANSI C [1] implementation of a time-domain back-projection (TDBP) approach
[2,3] adapted to FMCW systems [1,4,5], is used to focus the airborne or car-borne L-band SAR
images directly in map coordinates. The CUDA-GPU-based TDBP processing software is
available as a separate package of the GAMMA software. The following computer hardware
and operating system (OS) configurations are supported by the TDBP focusing software: an
Ubuntu Linux computer equipped with a recent high-performance NVIDIA GPU card (CUDA
Driver Version 10.0 or higher, CUDA Compute Capability: >3.5, Global GPU memory: > 6
GB). Specific hardware/OS configurations we have used include Ubuntu Linux
16.04/18.04/20.04, with an NVIDIA Tesla K20c, Tesla K80, GeForce RTX 2080, Quadro RTX
4000, or TITAN RTX GPU. The TDBP processing approach allows to handle deviations from
linear flight trajectories, and in general, non-linear sensor trajectories in a stringent way given
that the sensor trajectory and the topography of the illuminated area are well-known. In this
way, focused single-look complex SAR images can be obtained directly in map coordinates. In
these SAR images the geometric phase component is already removed which allows to directly
compute differential interferograms based these data sets.

Rationale for using L-band SAR for terrestrial repeat-pass interferometry:

While current stationary terrestrial radar systems are bound to relatively high frequencies (many
of them operating at Ku- or X-band) to ensure a good cross-range resolution, an L-band SAR
system, when operated in car-borne mode (or UAV-borne mode), can still achieve a high cross-
range resolution on the order of less than 0.5 m up to few meters. The cross-range resolution
mostly depends on whether the full range-varying length of the synthetic aperture is obtained
for the entire image, which again depends on geometric constraints imposed by the road (car-
borne mode), possible flight tracks (airborne/UAV) and the topography.

An important advantage and somewhat complementary property to the high-frequency
stationary systems is the reduced temporal decorrelation at L-band. While the sensitivity to line-
of-sight displacements is lower, the longer wavelength at L-band permits to acquire longer
interferometric time series also in natural terrain, where the decorrelation time at Ku-band can
be in the order of minutes or less.
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A nearly ideal repeatability of the sensor trajectory can be obtained by operating the L-band
radar on a rail. An additional advantage of such a rail-based setup is that long time-series with
frequent measurements at short intervals can be obtained in an automated way. This comes at
the cost of a somewhat reduced range-dependent azimuth resolution which is governed by the
length of the rail. Currently, a rail consisting of modular pieces of 2m length is available, which
can be mounted and operated with a total length of 12m.

Development:

Through our R&D project in collaboration with ETH Zurich, supported by the Swiss Innovation
Agency Innosuisse, we have been performing several car-borne SAR test campaigns to
establish, test and integrate the L-band SAR and INS/GNSS instrumentation and to validate the
SAR image focusing and the INSAR processing approach. These R&D activities are continuing
in-house at Gamma Remote Sensing to establish and demonstrate further applications and use
cases.
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Demonstration of UAV-borne L-band repeat-pass INSAR

VTOL UAVs are agile airborne platforms that allow
flexible planning and realization of sensor
trajectories that are tailored to a specific application.
E.g., linear repeat-pass sensor trajectories within a
valley can be flown to assess the line-of-sight
displacement of a valley slope, irrespective of the
direct accessibility of the terrain on the ground.

A repeat-pass interferometric campaign has been
conducted with the GAMMA L-band SAR mounted

on the VTOL UAV Scout B1-100 by Aeroscout GAMMA L-band SAR on Aeroscout’s VTOL UAV Scout

GmbH 1 B1-100, equipped with a Honeywell HGuide n580

' INS/GNSS navigation system, at the test site
Wolfenschiessen, Switzerland.

J GAMMA REMOTE SENSING

Avrea of interest on the campaign day. On the lower right, the local ~ Google Earth (GE) view of UAV-borne L-band SAR backscatter
GNSS reference station is situated to obtain a highly precise post- intensity image with UAV flight trajectories in the foreground.
processed kinematic GNSS solution of the UAV position.
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Google Earth view of UAV-borne L-band differential interferometric phase (left) and coherence (right) for nominally zero spatial baseline and
a temporal baseline of 3 minutes. The flight tube of these two repeat-tracks are within 1m radius. With the exception of forested areas in the
near range and areas with severe foreshortening a very high coherence is obtained and the interferometric phase is also stable.

! Note: the demonstration campaign has been conducted in winter with snow cover in the area of interest. This is not recommended for repeat-
pass interferometric campaigns with regard to temporal decorrelation. The purpose of this demonstration campaign was to show the technical
repeat-pass INSAR capability of the UAV-borne GAMMA L-band SAR data acquisition and TDBP SAR processing system.

GAMMA Remote Sensing AG, Worbstrasse 225, CH-3073 Gimligen, Switzerland
tel: +41-31-951 70 05, fax: +41-31-951 70 08, email: gamma@gamma-rs.ch



GAMMA L-Band SAR Information
aﬁMA REMOTE SENSING V1.6, 24-Nov-2022 page 6

Demonstration of car-borne L-band repeat-pass INSAR:

Here, we present a repeat-pass interferometric phase measurements of the line-of-sight phase
component induced by the flow velocity of an alpine glacier obtained in fall 2018 with the
GAMMA L-band SAR. In this demonstration case, the GAMMA L-band SAR system is
operated in a car-borne mode: several repeat-pass SAR acquisitions of an alpine glacier are
taken from a car driven along a slightly curved section of a mountain road in central
Switzerland. The car-borne SAR data is focused directly to map coordinates involving a digital
elevation model by using a time-domain back-projection (TDBP) approach. These geocoded
complex SAR images then allow to directly form differential interferograms in map
coordinates. The feasibility of repeat-pass interferometry using GAMMA L-band SAR on an
agile mobile mapping platform, is successfully demonstrated with several data examples.

Goo

Car-borne setup of the L-band SAR system with one transmit and three  Google Earth view (left) of the Stein Glacier test site (CH).
receive antennas. Repeated SAR data acquisitions of the Stein Glacier ~ Geocoded intensity image (right) overlaid to Google Earth view
were made while driving on a slightly curved section of mountain road. as obtained from a car-borne L-band SAR acquisition.
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Differential interferograms of the Stein Glacier and the surrounding area in map coordinates (north = up) with temporal baselines of 30 min
(upper left), 135 min (upper center), and 152 min (upper right), 280 min (lower left), 375 min (lower center), and 1020 min (=17h) (lower
right). The 17h interferogram is obtained between two acquisitions with 1ms chirp duration; hence the limited range distance of ca. 4.68 km.
All other interferograms shown are based on acquisitions with 2ms chirp duration. With a carrier frequency of 1.325 GHz (wavelength of 22.6
cm) an interferometric phase value of 2z translates to a line-of-sight displacement of 11.3 cm.
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Differential interferogram (left) and coherence magnitude (right)—each blended with a multi-look intensity image—uwith a temporal baseline
of 1020 min (17h) of the Stein Glacier and surrounding area in a 3-D view. The view position of the visualization is above the road section
where the car-borne acquisition took place, otherwise looking roughly in the main line-of-sight direction of the radar.

A summary of these results is also available in the citable reference [8].
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Demonstration of mobile mapping of surface displacements of a
fast-moving landslide using car-borne L-band repeat-pass INSAR

In this demonstration case mobile mapping of surface displacements of a fast-moving landslide
and the surrounding area, in Brinzauls, Switzerland, is shown. This is a typical use case in which
the car-borne system setup can be employed. More details can be found in reference [10].
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interferometric phase [rad] interferometric coherence
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interferometric phase [rad] LOS displacement [m]
Upper left: 3-D rendering of the test site with the landslide in Brinzauls, Switzerland. Orthophoto and digital elevation model ©swisstopo. The
sensor trajectory of the car-borne reference L-band SAR data acquisition is shown as red curved line. Upper right: Overlay of reference SAR
image (geoslc), focused directly to the 3-D topography represented by the DEM in map coordinates, and the orthophoto-rendered scene. Middle
row: car-borne SAR 4-day unwrapped differential interferogram (left, rewrapped colorscale) and coherence (right)—each blended with a multi-
look intensity image. Lower left: tropospheric-phasecorrected detrended 4-day unwrapped differential interferogram with shadow mask and
view mask applied (rewrapped colorscale). Lower right: line-of-sight (LOS) displacement observed over 4 days (between 2020-01-20,
14:21and 2020-01-24, 11:25).
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L-band repeat-pass INSAR measurements on a linear rail:

A rail-based configuration for the GAMMA L-band SAR system is available to autonomously
acquire short-interval time series of interferometric SAR data with nearly ideal repeatability.

GAMMA L-band SAR mounted on a 12m-long rail for automated repeat-pas ISAR measurements. The rail consists of 6 aluminum profiles
of 2m length, each. The system is thus transportable (e.g. in a station wagon, or by helicopter) and it can be mounted by 2 persons in the field.
Adjacent to the rail-based GAMMA L-band SAR the Ku-band Gamma Portable Radar Interferometer (GPRI-II) is positioned for comparison.
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Sales information:

The Gamma L-band SAR is a commercial product available for purchase. To obtain a price
list or a specific offer please contact: wegmuller@gamma-rs.ch.

Gamma Remote Sensing also offers customization of the Gamma L-band SAR according to
specific needs (e.g. miniaturization) as well as support and consulting for customers who
would like to integrate the Gamma L-band SAR onto their platform of choice (car, UAV,
airplane).

In addition, GAMMA offers services — e.g. monitoring of ground motion using car-borne
DInSAR with the Gamma L-band SAR system, which can also be complemented with
spaceborne DINSAR / persistent scatterer interferometry analyses and stationary terrestrial
radar interferometry using the Ku-band GPRI — and customized application development.

Further information is available at http://www.gamma-rs.ch.

References:

Several technical reports, conference, and journal papers are available that document a
specific element or functionality of the GAMMA L-band SAR and the TDBP SAR
processing approach. A list of these documents with links to download the individual pdf
files is available at:

https://www.gamma-rs.ch/uploads/medias/ GAMMA _L_Band_SAR_References.pdf.
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