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EXPERIENCE IN DEPLOYING RADAR CORNER REFLECTORS
FOR INSAR MONITORING

This work aims to analyze the effectiveness of corner reflectors deployment designed in various for InSAR moni-
toring by the Sentinel-1 satellite. Method. The accuracy of determining the spatial movements of the surface by the
InSAR method in the places where the corner reflectors are deployed depends on their size, as well as the signal-to-
clutter ratio on the radar images. Therefore, it is necessary to assess the backscattering intensity on radar images for
the selected territory before installing the corner reflector. In places where corner reflectors are to be deployed, an
increase in backscatter should be at least 10 dB. The orientation of the corner reflectors was performed based on Sen-
tinel-1 satellite orbit parameters, which were obtained from the Heavens Above web resource. The analysis of the
backscatter intensity time series on radar images was carried out using the online platform EO Browser. Results. The
effectiveness of deployment and monitoring of trihedral triangular corner reflectors measuring 0.5 m and 1 m was
studied. The research results made it possible to generalize the experience of deploying temporary corner reflectors
and use them to design reflector structures for permanent monitoring using radar sensing. The maximum autonomy
and constant value of the effective scattering area of the triangular corner reflector is ensured thanks to the equipped
protective screen that prevents atmospheric precipitation from entering the reflector. Unlike three-sided corner reflec-
tors, which are oriented to the ascending or descending orbit of the satellite, the circular four-sided corner reflector
provides an increase in the intensity of backscatter on radar images taken from different orbits and different satellites.
The circular quadrilateral reflector, which was deployed for continuous monitoring, is characterized as a universal
reflector for all possible sensors that will conduct radar imaging. Scientific novelty and practical significance are in
the confirmation of the effectiveness of the use of ground corner reflectors to increase the intensity of backscattering
on radar images. Tested and improved designs of reflectors can be used when creating a network for constant moni-
toring, which will ensure millimeter accuracy in determining the spatial movements of the earth's surface and engi-
neering structures by the InSAR method.

Key words: InSAR, trihedral corner reflector, quadruple reflector, radar cross section, Sentinel-1, EO Browser

and sufficiently high signal amplitude. Such pixels
in the image, dominating among others, are called
permanent scatterers. It has been found that the
number of permanent scatterers in images of an
urban area can reach several hundred per square
kilometer, while in non-built-up or vegetated areas
there are much fewer or no permanent scatterers at
all [Huang and Zebker, 2019].

The absence of artificial or natural objects that
provide the high intensity of the reflected signal can
be balanced by installing passive corner reflectors.
Due to its properties, which provide strong back-

Introduction

During the last decade, the satellite radar inter-
ferometry method (InSAR) has become widely
used as a geodetic tool for solving various problems
of geotechnical monitoring with millimeter accu-
racy. This level of accuracy is achieved due to the
use of sensors that provide medium and high reso-
lution, as well as the technique of processing time
series of radar images (Multi-Temporal SAR). The
two most common methods for processing long-
time series of images are the Small Baseline

method (SBAS) and the Persistent Scatterer method
(PSInSAR).

Problem formulation. The result of processing a
series of radar images by the PSInSAR method is a
time series of vertical movements of the earth's
surface only for those pixels that have a constant

scatter and maintain a stable position, corner reflec-
tors are broadly used as coherent terrestrial targets
for geodynamic monitoring using the InSAR
method. The usage of corner reflectors is especially
relevant for the areas where long-term monitoring
by satellite radar methods is envisaged. Therefore,
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to ensure reliable results of InNSAR monitoring of
the earth's surface and infrastructure objects, it is
necessary to install corner reflectors.

Reflector shapes. Corner reflectors of various
shapes and designs are used for SAR monitoring
[Doerry, 2014]. However, the most commonly used
form that provides effective signal reflection is a
passive reflector with three orthogonal plates. A
trihedral reflector allows less accurate orientation
compared to other forms of reflectors. It is noted
[Doerry and Brock, 2012; Garthwaite, 2017] that
the orientation of the reflector within an accuracy
of 4° in azimuth and in the vertical plane does not
have a significant effect on the backscatter level.
The shape of the reflector plates affects the value of
its radar cross section (RCS — is the ratio of back-
scatter power to the power density received by the
target). In practice, trihedral triangular, rectangular,
and pentagonal reflectors are used. Even though the
RCS of a triangular trihedral reflector (corner re-
flector) is the smallest, it is used more often than
other ones. This is due to its structural rigidity and
relative simplicity of manufacture.

The size of the reflectors is determined by the
length of the internal orthogonal edges. It is known
the usage of corner reflectors with sizes from 0.33
m [Dheenathayalan et al., 2017; Kelevitz et al.,
2022] to 5 m [Schwerdt et al, 2018]. Large reflec-
tors are commonly used for radiometric calibration
of satellite radar. The most common use of reflec-
tors with 1-2 m inner leg length. The purpose of
corner reflector installation is to ensure the required
level of RCS at a given point of a radar image. This
value is directly proportional to the size of the cor-
ner reflector and inversely proportional to the
wavelength of the satellite's radar [Collilieux et al.,
2020].

For example, in order to achieve the theoretical
accuracy of determining vertical movements less
than 1 mm, using the InSAR method in the C-band
(A=5.5466 cm), it is necessary to ensure an increase
in the signal-to-clutter ratio up to 30 dB [Banyai et
al., 2020]. Thus, for practical applications of SAR
images obtained by the Sentinel-1 satellite (C-
band), the required size of the triangular corner
reflector should be within 0.8-1.7 m [Garthwaite,
2017; Ferretti, 2014].

The purpose of this study is to analyze the effec-
tiveness of deploying corner reflectors of various

sizes and designs for InNSAR monitoring by the
Sentinel-1 satellite with an average C-band wave-
length.

Methods

When designing the position of the corner re-
flector, it is advisable to preliminarily evaluate the
intensity of backscatter in radar images for the stud-
ied area [Struhar et al., 2021]. The selection of the
location for the deployment of the corner reflector
should ensure an increase in the intensity of back-
scatter by at least 10 dB. This will allow to achieve
the accuracy of measuring along the line of sight
less than 1 mm [Garthwaite, 2017].

Since the main task of the corner reflector is to
reflect the wave sent from the radar back to the
satellite, it is important to correctly orient it during
installation for effective operation. To do this, de-
termine the ephemerids of the satellite's orbit,
which will conduct the acquisition: the maximum
altitude of the satellite above the horizon and its
azimuth at this moment. The parameters of the Sen-
tinel-1A satellite orbit were determined according
to the Heavens Above online resource (http://www.
heavens-above.com). The input data for the calcula-
tion were the reflector installation coordinates, the
date of the observations, and the name of the satel-
lite (identification number Sentinel-1A — 39634).
The obtained ephemerides were used to orient the
reflector in the vertical and horizontal planes ac-
cording to the method described in the work
[Tretyak et al., 2023].

All corner reflectors were oriented according to
the described method. This made it possible to in-
crease the backscatter of the signal in SAR images
in the places of reflector deployment. Estimation of
backscatter intensity level can be performed di-
rectly from radar images using special software.
However, for this purpose, we consider it appropri-
ate to use EO Browser (https:/www.sentinel-
hub.com/explore/eobrowser/). EO Browser is an
online platform that provides access to remote sens-
ing data, including SAR data obtained by Sentinel-
1 satellite. The advantages of using EO Browser are
fast access to data without the need to download
images; the possibility of platform usage at the
design stage as well as for further monitoring and
evaluation of the corner reflector effectiveness;
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convenient tools for estimating statistics of back-
scatter level changes for linearly polarized and
cross-polarized data.

Results

This paper presents the description, deployment
method, and monitoring results of four corner re-
flectors. The first two reflectors (0.5 m and 1 m
triangular corner reflectors) were installed tempo-
rarily as test samples. Based on the experience
gained and the known research results, which are
highlighted in scientific works and reports, two
corner reflectors were designed for continuous
monitoring: 1 m trihedral triangular corner reflec-
tor, and 1 m quadruple corner reflector.

1. A triangular 0.5 m corner reflector (Fig. 1), is
made of 3 mm-thick aluminum sheets. It is securely
fixed to the concrete base and has a mechanism for
inclination angle adjusting in a range from 0° to
15°.

el

Fig. 1. Triangular corner reflector
with 0.5 m inner leg length

The reflector was installed temporarily, for the
period from March 17, 2023 to September 30,
2023. The determined parameters for the orienta-
tion of the corner reflector: azimuth 99°; the eleva-
tion angle for the reflector's boresight - 48°. The
relation between the boresight angle and elevation
of the lower plate of the reflector is equal 35.3°.
Thus, vertical position installation is made by ad-
justment of 12° inclination of the lower plate of the

corner reflector to the horizon. In this way, the ori-
entation onto the descending orbit of the Sentinel-1
satellite was made.

Fig. 2 shows the graph of the change in back-
scatter (dB) of the vertically polarized signal of the
Sentinel-1 satellite. The graph represents the statis-
tics for the reflector installation point over the last
two years.
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Fig. 2. Backscatter intensity time series for the location
of corner reflector (0.5 m). The time span on the timeline
is 2 years (30.09.21-30.09.23). The period of the corner
reflector deployment (17.03.23-30.09.23) bounded by
red dashed lines

The backscatter time series for the point where
the reflector was deployed was obtained from the
EO Browser. Therefore, the graph represents the
backscatter value from all available radar images
obtained over the given area. A sharp change in the
amplitude between consecutive values occurred due
to a change in the orientation of the satellite's radar
by 180° when it passes an ascending or descending
orbit.

We can see from the graph that the average level
of backscatter is close to -8 dB. This value is
slightly higher than the intensity of backscattering
for an undeveloped area which varies in the range (-
10; -15 dB). This is due to the presence of artificial
structures (buildings, fences) at a distance of sev-
eral tens of meters from the place of the reflector
installation.

At the end of March 2023, we observed an in-
crease in the intensity of backscatter to the level (-
2; +2 dB), which corresponds to the deployment
period of the corner reflector (March 17, 2023). A
small corner reflector (0.5 m) in combination with a
sufficiently high background backscatter provided
an intensity increase of only 8 dB. In addition, dur-
ing the period of operation of the reflector from
June to September 2023, the graph shows two mo-
ments of rapid decrease in the level of backscat-
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tering. They are associated with periodic flooding
of the reflector after summer rains.

The experience of using this reflector allowed us
to draw the following conclusions. Sheet aluminum
with 3 mm thickness provides the necessary rigidity
of the reflector structure and preserves its geometric
parameters. The light weight of the product, corro-
sion resistance, and low cost are favorable to use
the aluminum. Despite the compact dimensions of
the 0.5 m corner reflector, which is convenient for
engineering objects and structures, it does not cre-
ate sufficient backscatter in SAR images. At the
same time, the idea of using compact reflectors
should not be rejected. The large size of the reflec-
tor can be compensated by several small reflectors,
arranging them into an array of convenient configu-
ration [Kelevitz et al., 2022]. It is crucial to provide
a system to prevent flooding of the corner reflector.
In its absence, the reflector will be filled with water
or snow every now and again, which sharply re-
duces the efficiency of its work. The simplest way
to organize such a system is to create drainage in
the form of perforations on the lower plate of the
reflector [Garthwaite et al., 2015].

2. The triangular 1 m corner reflector (Fig. 3), is
made of galvanized steel sheets with a thickness of
0.55 mm. It was installed temporarily for conduct-
ing additional research for the period 17.03.2023-
01.07.2023.

Fig. 3. Triangular corner reflector
with 1.0 m inner leg length

It was located a few tens of meters from the
previously described reflector. Therefore, the orien-
tation parameters for the Sentinel-1 satellite, which
made acquisition from a descending orbit, were the
same (azimuth 99°; boresight elevation angle 48°).
In fig. 4 shows the time series of changes in the
intensity of backscattering at the place of installa-
tion of the reflector over two years (15.07.2021-
15.07.2023)
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Fig. 4. Backscatter intensity time series for the location
of corner reflector (1.0 m). The time span on the timeline
is 2 years (15.07.21-15.07.23). The period of the corner
reflector deployment (17.03.23-01.07.23) bounded
by red dashed lines

The average value of backscatter for the investi-
gated period is -8 dB. The graph clearly shows the
period of the corner reflector installation, which
provided an increase in intensity up to +4 dB. The
achieved backscatter intensity is a good indicator
for a 1 m corner reflector, but with an average
background scattering value of -8 dB, it may not be
sufficient to ensure the necessary accuracy of de-
termining vertical movements by the InSAR
method. The obtained results are an example of the
necessity for a preliminary assessment of the back-
scattering level for the territory at the stage of
choosing the reflector's position.

The experience of using this reflector confirmed
the possibility of implementing a structure made of
galvanized metal with a thickness of 0.55 mm. At
the same time, one must consider additional works
to create a frame that will provide the necessary
geometric parameters, in particular, the orthogonal-
ity of the planes. As it was in the previous reflector,
the need for a drainage system remains.

3. A triangular 1.0 m corner reflector for perma-
nent use (Fig. 5) is made taking into account previ-
ous experience. Material — 3 mm thick aluminum
sheet; the edges are additionally reinforced with
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aluminum corners. The reflector was installed on a
concrete pad. The peculiarity of this corner reflector
is the protective screen made of plexiglass, which
completely covers the working face of the reflector
(directed on the satellite) and prevents rainwater,
snow, dirt, and foreign objects from getting inside.
Due to the presence of a protective screen, maximum
autonomy of the reflector is ensured.

Fig. 5. Triangular corner reflector with 1.0 m inner
leg length and antiflood protective screen, deployed
in Berezhany

The corner reflector was deployed on October 10,
2023, on the territory of the practice base of the In-
stitute of Geodesy (Lviv Polytechnic National Uni-
versity) in the city of Berezhany. It is oriented to-
wards the ascending orbit of the Sentinel-1 satellite
for constant monitoring of the territory by the InNSAR
method. The co-location of the GNSS station on the
training building will provide additional data for the
interpretation of SAR monitoring results. Fig. 6 pre-
sents a graph of the change in the intensity of back-
scattering at the place of the reflector installation
over two years (13.11.2021-13.11.2023).

Before installing the reflector in a permanent
place, the level of backscattering in this area was
previously analyzed. The absence of structures or
other objects near the place of installation ensured a
low level of backscatter intensity. According to the
data for the last two years (Fig. 6), the average level
of backscatter was -13 dB. After the deployment of
the corner reflector on October 10, 2023, the inten-
sity increased to +3.7 dB. From the graph, we can
see not only a confident increase in the backscatter
intensity by 15 dB but also the stability of these
values in consecutive images. Due to the protective

screen, these values are expected to remain consis-
tently high in the future.
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Fig. 6. Backscatter intensity time series for the location

of 1.0 m corner reflector in Berezhany. The time span on

the timeline is 2 years (13.11.21-13.11.23). The date of

the corner reflector deployment (10.10.23) is marked by
a red dashed line

4. Trihedral corner reflectors, which consist of
three planes of a simple shape (triangle, rectangle,
quarter circle), can be combined into more complex
configurations. Such kind of reflectors combine
two, four, eight or more trihedral reflectors in order
to increase the radar cross section and improve its
"visibility" from different directions.

The quadruple corner reflector (Fig. 7) consists
of four adjacent quarter-circle trihedral reflectors. It
was designed as a universal reflector for all possi-
ble sensors that will conduct SAR monitoring.
Unlike trihedral corner reflectors, which have lim-
ited bandwidth and are oriented to the ascending or
descending orbit of the satellite, the quadruple re-
flector provides an increase in backscatter intensity
on radar images taken from different flight direc-
tions.This reflector is made of a 3 mm thick alumi-
num sheet and additionally reinforced with alumi-
num corners. The length of the inner edge of the
reflector is 1 m. Perforations in the vertical plates
of the reflector were made to increase the wind
resistance. The diameter of the holes is selected
according to the recommendations of [Garthwaite
et al.,, 2015] and is 5 mm, which does not exceed
1/6 of the X-band radar wavelength.

A quadruple corner reflector was installed on the
Tereble-Ritska HPP dam on July 15, 2023 for con-
stant radar monitoring. In fig. 8 presents a graph of
the change in the backscattering intensity at the
place of the reflector's installation over a year
(15.11.2022-15.11.2023)
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Fig. 7. The quadruple corner reflector with 1.0 m inner
leg length, deployed at the dam of Tereble-Ritska HPP:
a) view 1; b) view 2
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Fig. 8. Backscatter intensity time series for the location
of quadruple corner reflector (1.0 m) at the dam
of Tereble-Ritska HPP. The time span on the timeline is
1l year (15.11.22-15.11.23). The date of the corner
reflector deployment (15.07.23) is marked by a red
dashed line

Differences in the design of a quadruple corner
reflector from common trihedral corner reflectors
are reflected in the results of the intensity of back-
scattering at the place of its deployment. From the
graph, we can see that after installing the quadruple
reflector, the intensity of backscattering increased
in all radar images. This is explained by the effec-
tive reflection of the signal in all directions over the
given territory. As a result of the deployment of the
reflector on the HPP dam, the backscatter intensity,
which was in the range (-14; -4 dB), has increased
and varies within (-8; +2 dB). The maximum value
reaches 3.2 dB.

The quadruple reflector has a flat bottom face
that is attached to a horizontal base. This design will
not fill with rainwater. To avoid snow accumulation,
a protective dome was installed over the reflector.

Scientific novelty and practical significance

The presented results confirm the effectiveness
of using corner reflectors to increase the intensity
of backscatter on SAR images. Tested and im-
proved designs of reflectors can be used when de-
veloping a network for continuous monitoring. This
will ensure millimeter accuracy in determining the
spatial movements of the earth's surface and engi-
neering structures by the InSAR method.

Conclusions

Unlike natural reflectors of radar signal, artifi-
cial corner reflectors can be purposefully installed
in locations where information about spatial
movements is required.
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It was established that a triangular trihedral 1 m
corner reflector reliably increases the intensity of
backscatter by 10 dB. According to the theory, this
makes it possible to achieve the accuracy of vertical
movement determination of 1 mm by the InSAR
method. Such theoretical calculations require ex-
perimental studies based on long-term monitoring
of reflectors, which will be the subject of further
research.

The autonomy of the reflector of this design is
casily ensured by installing a protective screen that
prevents water, snow, and dirt from collecting in
the corner reflector.

The application of a triangular 0.5 m corner re-

flector does not provide the necessary level of
backscattering intensity. However, the use of an
array of several compact reflectors can be effec-
tively used in areas with limited space, such as
engineering facilities and structures.
It has been practically confirmed that the quadruple
corner reflector is a universal tool for increasing
backscatter intensity, at the point of its deployment,
for the maximum number of sensors that conduct
SAR acquisition from different orbits.
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JOCBII PO3T'OPxAHHA HASEMHIUX KY*OBUX BIABMBAYIB
JIJIS1 CYITYxHUKOBOTI'O PAJIIOJIOKAIIMHOIO MOHIXOPHUHIY

Mera 1i€i pobotu — aHanmi3 e()eKTHBHOCTI PO3rOpPTaHHS HAa3eMHHMX KYTOBHMX BiZIOMBaYiB Pi3HMX PO3MIpiB Ta
KOHCTPYKIIN Uil TPOBEICHHS pajiojOKalifHOrO MOHITOPHHTY cymyTHHKOM Sentinel-1. Meroauka. XO04HiCTh
BU3HAYEHHS IIPOCTOPOBHX pyXiB moBepxHi MerozoM InSAR y micusx po3ropTaHHs KyTOBHUX BiJOWBadiB 3aJIEKHUTh
BiJl IXHBOTO PO3MIpY, & TAKOXK CHIBBIIHOIIEHHSI CUTHAJI-IITYM Ha PaioNIOKALlifHNX 3HIMKaX. XOMY IIPH ITPOEKTYBaHHI
TIOJIO’KEHHSI KyTOBOT'O BiJIOMBaya MorepeHb0 BUKOHAHO OLIHKY iHTEHCHBHOCTI 3BOPOTHOT'O PO3CIIOBaHHS BHOpaHOI
TepUTOpii Ha pajapHUX 3HIMKax. B MiCIX po3ropTaHHs Ha3eMHHX KYTOBHX BiJOMBayiB MparHyiu 3a0e3neyuTd
301IBIIEHHST 3BOPOTHOTO po3citoBaHHs He MeHIne Hix Ha 10 dB. OpieHTyBaHHsS KyTOBHX BiJJOMBa4iB BUKOHYBaJIOCh
Ha OCHOBI JaHUX IpO TapaMeTpu opOitu cymyTHuka Sentinel-1, ski orpumano 3 BeO-pecypcy Heavens Above.
OIiHKY 3MiHM pIBHA IHTEHCHBHOCTI 3BOPOTHOTO pO3CIIOBaHHS Ha paJioJOKAIliMHMX 3HIMKax IPOBOMWIH 13
3actocyBaHHsAM omnaiiH-margopmu EO Browser. Pesynbrat. [ocmimkeHo e(eKTHBHICTH PpO3rOpTaHHS Ta
MOHITOPUHTY TPUTPAHHHUX TPUKYTHHUX KYTOBHX BinOuBadiB po3mipom 0,5 M ta 1 M. Pe3ynmpraTté mocmimpkeHb nanu
3MOTY y3araJbHHUTH JIOCBiJ] PO3TOPTaHHS TUMYACOBHX KYTOBHUX BiJOMBAUiB Ta BUKOPUCTATH WOTO VISl IPOCKTYBAHHS
KOHCTPYKIIN BiOMBaYiB JJIsl MOCTIHHOIO MOHITOPHHTY 3ac00aMHU PajioNIOKaIifHOro 30HAyBaHHS. MakcHMaibHa
aBTOHOMHICTb Ta IOCTiiHe 3HaueHHs e()eKTHBHOI IUIONI PO3CIIOBaHHS TPUKYTHOTO KyTOBOTO BifOMBaua 3abe3neyeHa
3aBISIKM O0JIaTHAHOMY 3aXHUCHOMY €KpaHy, HI0 MEPEUIKOJPKAE MOTPAIUIIHHIO aTMOC(EPHUX ONaJiB BCEPEIUHY
BinOuBaua. Ha BiaMiHy Bij TpUTpaHHHX KyTOBUX BiJIOWMBadiB, SIKi 30pi€HTOBaHI Ha BUCXiIHY ab0 HU3XIJHY OpOITY
CYNyTHHUKA, KPYrOBHH YOTHPHUIPaHHWI KyTOBWI BinOMBa4 3a0e3redye IiJBUINEHHS IHTEHCHBHOCTI 3BOPOTHOTO
PO3CIIOBaHHSI Ha paiojOKalliiHUX 3HIMKaX, 3pO0JeHHX 3 pi3HUX OpOIT Ta pi3HUMHU CymyTHUKamH. KpyroBuit
YOTUPUTPAHHUHA BiIOMBaY, sKUW OYyJIO pPO3TOPHYTO ISl TOCTIHHOTO MOHITOPUHTY, XapaKTEepU3YEThCS SIK
yHiBepcaJbHUIN BiAOMBay ISl yCiX MOXKJIMBUX CEHCOpIB, IIO IMPOBOJUTUMYTH pajioiiokalliiiHe 3HiMaHHs. HaykoBa
HOBHU3HA Ta MPAaKTUYHA 3HAYYIIICTH IMOJNATAIOTH y MiATBEPIKEHHI e()eKTUBHOCTI BUKOPUCTAHHS Ha3eMHHUX KYTOBHX
B1IOMBAYIB IS ITiJBUIICHHS IHTEHCUBHOCTI 3BOPOTHOI'O PO3CIFOBaHHS Ha PaliofOKaIlifHUX 3HIMKaxX. ATpoOOBaHi Ta
YIOCKOHAJIEHI KOHCTPYKLIi BiIOWBa4iB MOXXYTh OYTH BHMKOPHCTaHI TPH CTBOPEHHI Mepexi IS ITOCTIHHOTO
MOHITOPHUHTY, IO JO3BOJIHUTH 3a0€3MEUYUTH MIJIIMETPOBY TOUHICTh BU3HAYEHHS MIPOCTOPOBUX PYXiB 3€MHOI IMOBEPXHI
Ta iHKeHepHHUX cropya Mmetoaom InSAR.

Kniouosi cnosa: InSAR, TpurpaHHuii KyToBWUH BinOWBau, YOTHPHUIPAaHHUHA BiAOMBa4, e(EKTHBHA ILIOIIA
posciroBanns, Sentinel-1, EO Browser
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