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PSInSAR technology has been proved to be a powerful tool for monitoring urban ground displacement information to a millimetric
accuracy. When it comes to the validation of PS-derived ground deformation, artificial corner reflector (CR) can be very useful due
to its relative stability and high signal-to-noise ratio (SNR). In this paper, we will evaluate some general criteria for designing and
setting up corner reflectors, including the shape, size, material, location, and others. An ideal prototype known as the rectangular
trihedral with special designs is brought up in this paper, and validation experiments were conducted in Hong Kong to demonstrate
the ability of the proposed prototype. The field data agreed with theoretical analysis, bringing up an economical and applicable

approach for CR application in urban ground deformation monitoring.

1. Introduction

In recent years, Interferometry Synthetic Aperture Radar
(InSAR) [1, 2] technology has been proved to be a powerful
tool that can provide high-resolution information on topog-
raphy and ground displacement [3]. Furthermore, in order to
overcome the limitations of InSAR technology, namely, the
spatiotemporal decorrelation and atmospheric disturbance
displacement [4-6], Permanent Scatterers (PSInSAR) tech-
nology [5, 6] was proposed. The technique can effectively
identify, estimate, and remove atmospheric distortions, leav-
ing the PS displacement as the only contribution to the signal
phase shift, and it has been proved that 1mm accuracy for
deformation monitoring can be achieved [7]. Since then, the
technology has been applied widely in ground displacement
monitoring [8-10].

However, in practice, sometimes artificial scatterers are
needed for PSInSAR measurement for various reasons. In
the first place, PSInSAR-derived displacement is the relative
movement to a reference point that usually possesses a
high coherence and known displacement. Assuming that
the entire region of monitoring area is descending, thus an
artificial scatterer can be used as the reference point, and the

deformation of scatterer can be usually precisely measured
by other instruments. In the second place, when it comes
to the validation of PSInSAR measurements, an artificial
scatterer should be a preferred option to retrieve deformation
trend, making them very useful for validation purpose. In
general, artificial scatterers were manually lifted or lowered
with millimetric precision and compared with the PSInSAR-
derived results. As a consequence, corner reflector is brought
up as one of the most commonly applied artificial scatterers.
Corner reflectors are objects that exhibit a high radar cross-
section (RCS) and a high signal-to-noise ratio (SNR). These
typical characteristics of CR qualify it InSAR analysis.

In this paper, we will discuss the general principle for
building a “user-friendly” corner reflector for InSAR analysis.
A common rectangular trihedral reflector with a relative
small size of 0.5 m wide basement and 0.75m height, holed
plate, and adjustable basement is proposed. The small size
guarantees the mobility and stability of the reflector, while the
adjustable basement makes it adjustable and more precise. In
addition, under the premise of a reasonable RCS or at least a
high SNR, the plates of CR are holed to withdraw the power
of wind and filter the precipitation. The RCS and SNR are
calculated to demonstrate the applicability of the proposed



CR. In the end, the performance of this kind of reflector
is evaluated, and the result demonstrates that for regional
subsidence validation, the proposed CR can achieve 1 mm
stability.

2. Corner Reflector

2.1. General Criteria for Designing a Corner Reflector. In gen-
eral, a corner reflector should be built regarding the following
principles: it should be easy to point, light to carry, easy to
mount, difficult to be reached by unauthorized people, well
fixed, and resistant to all weather conditions. Additionally,
in particular for a validation experiment, the height must
be adjustable. To meet the above requirements, a prototype
shown in Figures 1 and 2 is designed and assembled. This
prototype possesses the following characteristics: first of
all, it is in cubic shape and made of aluminum and the
side panels are holed to reduce the weight. Secondly, the
reflector is fixed onto a concrete basement on the ground
with four anchors and screws to fix and adjust its height. The
advantage of this type of corners is that it does not require any
complicated pointing procedure and can be mounted easily.
When deploying the CR, one simply turns the mouth to the
satellite viewing direction. More detailed discussion of the
reflector will be carried out in the following section.

2.2. The Material of Corner Reflector. For the reason of
keeping the mechanical stability and accuracy of artificial
shifts to a millimetric level, both the size and the weight
of the structure should be kept limited. In this regard, the
corner reflector in this case is made of aluminum, which is
remarkable for its low density and ability to resist corrosion
due to the phenomenon of passivation. The density of
common aluminum alloy varies from 2.6 g/cm’ to 2.9 g/cm’,
while the density of common iron and steel can vary from 7.75
to 8.05 g/cm”. For example, a small trihedral corner reflector
made of aluminum with a size of 50 cm * 50 cm * 75 cm and
2mm width weighs approximately 5.6kg (take density as
2.8 g/cm?), but if the same corner is made of steel, it will weigh
16kg (8 g/cm’) in total, which is a remarkable increasing in
weight.

2.3. The Shape of Corner Reflector. In principle, the reflector
should be characterized by a reflectivity much higher than
that of the surrounding scatterers [7]; that is to say, the
reflector should have a high RCS for a relative small size.
Some of the most common corner reflectors being used are
flat plate, dihedral, triangular trihedral, and cubic trihedral,
and their featured RCSs [11] are listed in Table 1. From the
table, we can see that the circular trihedral offers the greatest
RCS. However, considering the fact that the square trihedral
offers a maximum RCS very close to that of circular ones,
yet making square trihedral is easier than making circular
ones, it is considered better to use rectangle trihedral in this
case. In addition, although dihedral is favored for its lightness
and simply design [12-15], we choose cubic trihedral for the
following reasons. In the first place, the aluminum and holed
plate can effectively reduce the weight of corners, overcoming
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the disadvantage of cumbersome compared with dihedral; in
the second place, compared with the dihedral, the trihedral
is more tolerant to the deviation of incident angles from
the maximum angle, which suggests that trihedral would
produce relatively large RCS even when the incident signal
is not at the most ideal angle [16]. From these analyses, it
seems that cubic trihedral corner reflector would serve as the
best choice due to its robust geometric construction, relatively
high tolerance of the incident signal’s deviation from the
optimal angle, and relatively high RCS value.

For TerraSAR-X satellite with wavelength A = 3.1 cm and
a small corner reflector with an edge of 0.5m and height of
0.75m, the maximum theoretical RCS ¢ =~ 38.7dB; for a
bigger reflector with edge of 1m, the maximum theoretical
RCS o = 48.6 dB, both making it very easy to be identified
from a low RCS background.

2.4. The Holed Plate. As stated above, the reflectors are
exposed in open air and should be resistant to all weather
conditions, mostly precipitation and wind. To solve the
problem, the holed plates are introduced to the design of
reflectors. With the holes on the plate, the wind forces will be
lower, water can be filtered through the base, and the weight
of the object can be reduced. For example, for the holed plate
designed in Figure 3, for each plate, the holes can significantly
reduce the weight by 35%.

However, the holed designation will result in a loss of
RCS reflectance, and the transmittivity through holes can be
calculated by the following formula [17]:

3abl, ) . 32t
2nd? cos 0 d’

Tdb =20 lg ( (1)
where 0 is the incidence angle and ¢ is the plate thickness. g,
b, and d are shown in Figure 3.

Typically, the dimension of the hole should be less than
A/8. However, considering that the incidence on the plates
is never 0° and the different scattering properties at different
frequencies, it can be demonstrated that in the case of C-band
and X-band the holes on the plates can reach a diameter of
1cm, with a respective filled/vacuum ratio of the plates of
60%, preserving a good RCS [18]. In this case, according to
the diameter of holes, distance between holes, the wavelength
of X-band (we will be using the reflector for TerraSAR-X
calibrations), and the incidence angle (37° in this case) of
TerraSAR-X satellite, we can calculate that the RCS loses
T,z = 21dB. For the smaller reflector, the maximum RCS
is 38.7 dB; after the losses from holes are considered, the
RCS of reflector will still be around 17.7 dB, equivalent to
60 m?; for the bigger one, the attenuated RCS will be around
27.6 dB, equivalent to nearly 600 m>. If the background RCS
is low enough, the reflector can still be identified easily for its
significant RCS value.

2.5. The Signal-to-Clutter Ratio of Corner Reflector. The cor-
ner reflector to be used in the experiment should maximize
the RCS or at least the signal-to-clutter ratio (SCR) of the
target to allow accurate phase measurements, while keeping
the weight and the size as small as possible. SCR is the ratio
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Corner reflector deployment schematic

3D schematic of
corner reflector deployment

Prototype of CR deployed
for ground monitoring test

FIGURE 1: Schematic of corner reflector deployment.

The metallic plate will be fixed onto
a basement to ensure the
stability of the reflector

Plates and screws are used ':&,:,
for adjusting the height o 7%

FIGURE 2: The picture of the reflector.

TABLE 1: RCSs of the most common reflectors (where a is the side
length, and A is the wavelength).

Types of canonical reflectors Maximum RCS (m?)
Triangular trihedral 4ma* 30\
Rectangular dihedral 8ma*/\?
Square trihedral 12ma*/\?
Circular (quarter disc) trihedral 15.6mra*/\?

between the RCS of the reflector and that of the background
scenario and is directly related to the dispersion of the
phase values. For high SCR values, the relationship between

SCR, phase noise, and the dispersion of the displacement
measurements along the satellite line of sight (LOS) can be
approximated as follows [19]:

0" —i.o’ ~1-J 1
LOS ™y "¢ 7 47 V2.SCR’

, @)
SCR — RCSCOI’KICY — fcorner )
RCSbackground Abackground

where A is the amplitude of the targets. For example, a design
requirement on the SCR of 100 (20dB) corresponds to a
dispersion of the displacement measurements in LOS direc-
tion of about 0.17 mm at X-band, guaranteeing a theoretical



FIGURE 3: The prototype of the holed plate and the parameters of
holes and relative positions.

FIGURE 4: The azimuth angle (6) and off-nadir angle (¥) defined for
a corner reflector.

submillimetric dispersion. Naturally, in order to gain a high
SCR value and thus a submillimetric dispersion, the CRs
should be deployed and placed with low noise value.

2.6. The Installation of Corner Reflector. In order to gain a
maximum RCS, the corner reflector should be installed on
a horizontal plate and the direction of the reflectors should
be set along LOS in order to gain the maximum RCS. If the
direction deviates from the LOS direction or tilts slightly, the
RCS value would decrease considering the different shape and
size of the corners.

Figure 5 plots contours of constant RCS as a function
of azimuth and off-nadir angles for a rectangular trihedral
reflector with sizes of 0.5m * 0.5m * 1 m. The azimuth and
off-nadir angle for x-axis and y-axis correspond to 6 and ¥
in Figure 4. It is noted that the —3 dB width of the trihedral
response spans nearly 20 degrees in azimuth and 20 degrees
in off-nadir. This means that the reflector can tolerate a rather
high angle excursion without losing much RCS.
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FIGURE 5: Contours of constant relative RCS for rectangular trihe-
dral corner reflector.

2.7. The Bending of Corner’s Plate. The most possible influ-
encing factors that could bias the result are precipitation and
bending plates. The former one can be excluded since the
holed plate is applied to the test, but still we should consider
the curved surfaces that would generate possible delays.

A possible phenomenon that may bend metallic plates is
the thermal expansion. However, the calculation reveals that
considering the trihedral with mentioned size, the thermal
expansion is only able to result in an expansion of 0.l mm
level, thus not very likely to introduce significant bias to our
monitoring experiments.

3. On-Site Test for Corner Reflectors

3.1. The Comparison between Two Cubic Trihedrals of Different
Sizes. As part of the test, two different sizes of rectangular
trihedral corner reflectors, the bigger one being exactly twice
the size of the small one, were designed and tested for
the experiment to evaluate which one is more applicable.
The two prototypes of holed-plated reflectors with sizes of
0.5m#0.5m *1mand1m * I m * 1.5m have been tested in a
football pitch in Hong Kong, and the SAR images are shown
in Figure 6. From the images, we can see that with a relative
low noise background, the reflectors can be easily identified
on SAR images despite the holes. For the bigger reflector, the
amplitude is even large enough to generate a star-like graph
on SAR image.

The amplitude of two reflectors is compared and shown
in Figures 7 and 8. According to Table 1, RCS of the bigger
reflector should be 16 times bigger than the smaller one.
Meanwhile, in correspondence to the pointwise target k, by

means of the calibration constant K_,;, we can evaluate the



International Journal of Antennas and Propagation 5

Master: 2011-07-12, TerraSAR-X Master: 2011-07-12, TerraSAR-X 3
320 25
340 [
X - 2
= 360 @
: !
] ; = 15
~ 380 o0
& 5
=t ' ~
S 400 1
420 0.5
440
E X 0
320 340 360 380 400 420 440 320 340 360 380 400 420 440
Azimuth (pixel) Azimuth (pixel)
Intensity of the bigger corner reflector with Intensity of the smaller corner reflector with
1m * 1 m wide and 1.5m high 0.5m * 0.5m wide and 0.75 m high
() (b)

FIGURE 6: The intensity of two different sizes of reflectors with the same size of holes on the plate. The reflectors are deployed in a football
pitch that has a very low noise background, and the signal of the reflector is evident.
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FIGURE 7: Amplitude Analysis of the bigger corner reflector. (a) shows the location of the reflector; (d) shows the amplitude time series of the
location. The one outlined in the amplitude time series indicates the deployment and test of the reflector.
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FIGURE 8: Amplitude analysis of the smaller corner reflector. (a) shows the location of the reflector; (d) shows the amplitude time series of
the location. The amplitude leap indicates the deployment of reflectors.
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Google earth

FIGURE 9: (a) The location of CRs in optical image displayed in Google Earth. The location is near the sea that is identical for its low intensity
in RADAR images. (b) The location and intensity of the four CRs on TSX images. From the images, we can see that the background radiation
in that area is very low, and the intensity of CRs is considerably high.
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relationship between amplitude and RCS by the following
equation:

RCS; = Amplitude; x K_,, (3)

where K, is the calibration constant [20]; thus the ampli-
tude of the bigger RCS should be theoretically 4 times the
amplitude of the smaller one. In this experiment, as shown in
Figures 7 and 8, the amplitude of the bigger one is around 3.5
times the smaller one, which is rather close to the theoretical
value a rough estimation.

Generally speaking, since the mechanical stability and
accuracy of the shifts to the reflector must be precisely
controlled to millimetric level, both the size and weight of the
reflector should be kept to a certain limit. In other words, the
shape and size of reflector must seek thier balance between
a good RCS value and an applicable size. By looking into the
amplitude time series of the reflectors in Figures 7 and 8, we
can see that both reflectors are showing a very good SNR and
identifiable amplitude change. However when considering
the size and weight of the reflectors, the smaller one should
be preferred for its convenience in carrying and deployment.

3.2. The Deployment of Corner Reflector. An ideal place
for placing the reflectors is an area that presents a low
background radiation to facilitate identifying the CR and
to guarantee good phase stability. In addition, in order to
demonstrate the PSInSAR capability of detecting millimetric
changes with CR, it is suggested to place all the CRs within
a certain distance, in order to avoid possible unexpected
relative motions and to keep the atmospheric noise as limited
as possible. In general, this distance should not exceed 200
meters [21]. For example, as shown in Figure 9, we deployed
four CRs in an area where the background radiation is
considerably low. The four CRs are within a range of 200
meters so that the atmospheric noise is kept to a low level.
One of them is selected as the reference target for the process,
which means that it will stay stable in all the time.

3.3. The Validation Test of Corner Reflector. In order to
evaluate the performance of this type of CR, a validation
test is carried out in urban area in Hong Kong. As shown
in Figure 9, four CRs are deployed in an area with low
background scattering. The reflector toward far west is set
to be the reference scatterer and was kept stable, while
the others are being manually lifted. For the estimation of
corresponding PSInSAR movement of each CR, totally 11
scenes from January 2012 to June 2012 of TerraSAR-X and
TanDEM-X data have been applied for analysis. The TSX and
TDX satellites for generating the images process an active-
phases array X-band SAR antenna with a wavelength of
31mm and frequency of 9.6 GHz, with a resolution of up to
1 meter. The minimum interval between the two consequent
acquisitions is 11 days. The TSX sensor acquires images over
Hong Kong at about 6:25 PM, along an ascending orbit (from
north to south, edging slightly westward) and it is right-
looking, with an incidence angle of approximately 37 degrees.

To analyze the performance of PSInSAR technique, the
estimated PSInSAR-derived displacements and values mea-
sured by ground survey were being compared, and a linear
regression is conducted for the purpose of analyzing the
deviation between the two measurements. The linear corre-
lation coefficient of the regression is higher than 0.99, stating
univocally the linear correlation between the displacements
detected by InSAR and by the leveling survey. The root mean
square error (RMSE) is around 0.85 mm, lower than 1 mm. In
other words, the outcome of the analysis is slightly better than
the best result that could be expected from such an analysis,
revealing that InSAR can definitely reach the same accuracy
of optical leveling and may overtake it.

4. Conclusion

In this paper, we discussed the design and experiments on
different types and sizes of corner reflectors and brought up a
small-size rectangular trihedral reflector. We concluded the
great superiority of this type for deploying and estimating
the difference between InSAR and ground truth data, by
which the PSInSAR estimated deformation results can be
easily validated and applied. The type of corner reflector has
demonstrated its ability and potential in PSInSAR analysis,
perfectly balancing the mobility, stability, and precision,
showing an accuracy of less than 1mm and thus making a
good reference as a corner reflector prototype.
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