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Performance of SAR Polarimetric Calibration Using
Hybrid Corner Reflectors: Numerical Simulations

and Experimental Measurements
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Abstract—In this article, we devise a polarimetric calibration
method utilizing only three types of calibration targets, i.e., trihe-
dral, dihedral, and a 22.5°-rotated dihedral corner reflectors and
requiring no assumptions on the scene statistics. The influence
of the roll angle in a 22.5°-rotated dihedral corner reflector is
assessed by a full-wave numerical simulation. The effectiveness and
accuracy of the method are verified with a ground-based synthetic
aperture radar system and an airborne L-band Pi-SAR data. We
demonstrate that an amplitude error as low as 0.5 dB and a phase
error within 3° can be achieved, showing an excellent agreement
between the theoretical and calibrated polarimetric signatures for
the reference targets. We further exploit the calibration on the
Pauli decomposition, Yamaguchi four-component decomposition,
and the estimation of the polarimetric parameters derived from
target scattering vector method decomposition to show the superior
performance of the devised calibration method.

Index Terms—Corner reflector, GB-SAR, Pi-SAR, polarimetric
calibration, polarimetric decomposition.

I. INTRODUCTION

FULLY polarimetric synthetic aperture radar (PolSAR) has
been widely applied in a wide range of terrain classification,

geophysical parameter retrieval, and target detection, to name a
few [1], [2]. However, the advantages of a fully PolSAR can only
be exploited after an accurate polarimetric calibration has been
done [3]. In measuring a target scattering matrix, the received
signals consist of the desired target scattering matrix and the
transmission and reception defects of the measurement system.
Polarimetric calibration is devised to correct the polarization
distortions caused by an imperfect radar system, which are
primarily due to a nonideal channel imbalance and polarization
cross-talk errors between the transmitter and receiver [4].

Various polarimetric calibration methods have been proposed
and well documented in numerous papers [5]–[10]. Generally,
calibration techniques can be grouped into two categories based
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on the type of reference target: 1) point-target-based [11]–[13],
and 2) distributed-target-based [14]–[16].

Among the point-target calibration techniques, Whitt et al.
[5] proposed a method that uses three calibration targets with-
out distortion matrices assumptions and is resolved using an
eigenvalue approach. Freeman et al. [11] developed a tech-
nique that includes three polarimetric active radar calibrators
within the imaged scene to derive the target scattering ma-
trix. Fujita et al. [13] used selective corner reflectors (CRs) to
perform polarimetric calibration for spaceborne and airborne
SAR systems. Sarabandi et al. [17] improved this technique
by employing a conducting sphere and depolarizing calibration
targets to determine the distortion parameters. Yueh et al. [18]
summarized the conditions for the scattering matrices of the
calibration targets. The abovementioned group of algorithms is
relatively simple and broadly applicable; however, the sensitivity
to the positioning of the calibration targets needs to be carefully
accounted for, which also holds for the method proposed in this
article.

Among the distributed-target calibration techniques, Van Zyl
[7] developed a unified algorithm that uses at least one trihedral
CR and a distributed target under the assumption that azimuth
symmetry holds. Quegan [16] utilized the distributed targets to
compensate for cross-talk without an assumption about the sys-
tem reciprocity. Shimada [19] applied an incoherent decomposi-
tion model to the uncalibrated covariance data measured for the
distributed targets and subsequently estimated the polarimetric
distortion matrix. Touzi and Shimada [20] used the distributed
targets to correct the system gain and channel imbalance. These
authors then used the target tilt angles of significant symmetric
scattering for the calibration and validation of Phased Array type
L-band SAR (PALSAR) polarimetric modes. Klein [14] pre-
sented a method to calibrate PolSAR data in the scattering matrix
format that relies on backscatter reciprocity and the absence of
a correlation between the copolarized and the cross-polarized
acquisitions in distributed targets. Kimura [21] presented a new
calibration method that uses the polarization orientation induced
in built-up areas and applied it to PALSAR polarimetric calibra-
tion, invoking the reflection symmetry on the target. Ainsworth
et al. [22] presented a concept of orientation angle preservation
and proposed a method to use polarization orientation angles
in built-up areas; this is an a posteriori method to calibrate
the PolSAR data using the scattering reciprocity as the least
constrained condition for the associated PolSAR system. This
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Fig. 1. Process for measuring the target scattering matrix.

second group of algorithms is stable but sometimes difficult to
implement, if not always, as it requires that a relatively large
homogeneous and stable distributed target be attainable and that
scattering reciprocity and reflection symmetry be satisfied.

Given the abovementioned development of the calibration
techniques, in this article, we present a general polarimetric
calibration technique using hybrid CRs, requiring only one
trihedral and two dihedral CRs with different rotation angles for
polarimetric calibration. It is simple and makes no assumptions.
Rest of this article is organized as follows. Section II describes
the basics of polarimetric calibration, the calibration model, and
the solution to the calibration matrix that will be used to calibrate
the polarimetric SAR data. Section III presents the polarimetric
calibration via numerical simulation, which is followed by a
discussion of the calibration performance with error analysis.
The impact of the roll angle on the performance of the 22.5°-
rotated dihedral CR is also assessed. The polarimetric calibra-
tion experiment carried out for a GB-SAR system is presented
in Section IV. Section V provides the results of polarimetric
calibration in the context of an L-band airborne Pi-SAR data
and compares the polarimetric signatures of reference targets
before and after calibration. In addition, we come up to process
the after-calibration Pi-SAR data with Pauli decomposition,
Yamaguchi decomposition, and TSVM decomposition to exam-
ine the relationship between their performances and calibration
quality. Finally, Section VI concludes this article.

II. CALIBRATION ALGORITHM

In a practical, nonideal PolSAR system, there are inher-
ent polarization cross-talk errors and channel imbalance be-
tween transmitter and receiver. In Fig. 1, Et

h and Et
v de-

note the horizontal and vertical polarization components of
the incident field, respectively; similarly, Er

h and Er
v are the

horizontal and vertical polarization components of the scat-
tered field;Thh, Tvv, Rhh, Rvv represent channel imbalance and
Thv, Tvh, Rhv, Rvh the cross talk. The wave propagation in the
course of transmitting and receiving causes the target scattering
matrixS to be distorted to a measured scattering matrix. The goal
of the polarimetric calibration is to recover, as fully as possible,
the target scattering matrix S from the measured scattering
matrix.

A. Signal Model

In Fig. 1, in a PolSAR system, the measured scattering matrix
Sm and theoretical scattering matrix St are related by

Sm = RStT+N (1)

where Smand St denote the measured and theoretical 2×2 scat-
tering matrices, respectively; Tand R represent the transmitting
and receiving distortion matrices, respectively, and N accounts
for random noise. Their expressions are as follows:

T =

[
Thh Thv

Tvh Tvv

]
R =

[
Rhh Rhv

Rvh Rvv

]

N =

[
Nhh Nhv

Nvh Nvv

]
S =

[
Shh Shv

Svh Svv

]
. (2)

Based on the aforementioned expressions, (1) can be rewritten
as[

Sm
hh Sm

hv

Sm
vh Sm

vv

]
=

[
Rhh Rhv

Rvh Rvv

][
St
hh St

hv

St
vh St

vv

][
Thh Thv

Tvh Tvv

]

+

[
Nhh Nhv

Nvh Nvv

]
. (3)

Multiplying (3) and transferring it into a vector form results
in⎡
⎢⎢⎢⎣
Sm
vv

Sm
hh

Sm
vh

Sm
hv

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣
RvvTvv RvhThv RvvThv RvhTvv

RhvTvh RhhThh RhvThh RhhTvh

RvvTvh RvhThh RvvThh RvhTvh

RhvTvv RhhThv RhvThv RhhTvv

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
St
vv

St
hh

St
vh

St
hv

⎤
⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎣
Nvv

Nhh

Nvh

Nhv

⎤
⎥⎥⎥⎦ . (4)

To simplify the numerical calculation, by absorbing all possi-
ble elements ofRij andTij into one matrixmij without consid-
ering the noise contribution involving the scattering reciprocity
theorem, (1) can be further expressed as follows:

Sm = MSt (5)

where

M =

⎡
⎢⎢⎢⎣
m11 m12 m13 m14

m21 m22 m23 m24

m31 m32 m33 m34

m41 m42 m43 m44

⎤
⎥⎥⎥⎦ . (6)

The matrix M, which is termed the calibration matrix, con-
tains all distortions in the transmitter and receiver of the po-
larimetric SAR system. Using eight m matrices, with eight
unknowns (m11,m22,m31,m41,m32,m42,m33,m44) we can
solve them and we obtain⎡
⎢⎢⎢⎣
Sm
vv

Sm
hh

Sm
vh

Sm
hv

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

m11
m32m42

m22

m33m42

m22

m32m11

m33
m31m41

m11
m22

m33m41

m11

m31m22

m33

m31 m32 m33
m32m31

m33

m41 m42
m42m41

m22
m44

⎤
⎥⎥⎥⎦
⎡
⎢⎢⎢⎣
St
vv

St
hh

St
vh

St
hv

⎤
⎥⎥⎥⎦ .
(7)
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TABLE I
SELECTED CORNER REFLECTORS AND TYPICAL SCATTERING MATRICES

B. Method

A total of eight complex unknowns in the calibration matrix
related to the copolarizations and cross polarizations need to be
solved. Therefore, at least two calibration targets, one for copo-
larization and one for cross polarization, are required, forming
eight independent complex equations for eight unknowns. In
viewing six unknowns for copolarization, and two unknowns
for cross polarization, passive CRs are sufficient and allow for
convenient tracking and identification of potential error sources
in the entire wave propagation process. One trihedral and one
dihedral CR constitute two equations in copolarization, and a
22.5°-rotated dihedral CR forms four equations in full polariza-
tion. Note that the rotation is about the radar incidence plane. The
theoretical scattering matrices for the above-selected reflectors
are listed in Table I.

Based on the theoretical scattering matrices of the reference
targets, one trihedral and one dihedral CR are used to solve the
six unknown matrices (m11,m22,m21,m31,m41,m42) that are
related to copolarization. The solutions are given in

m11 =
Sm1
vv − Sm2

vv

2
, m22 =

Sm1
hh + Sm2

hh

2

m31 =
Sm1
vh − Sm2

vh

2
, m32 =

Sm1
vh + Sm2

vh

2

m41 =
Sm1
hv − Sm2

hv

2
, m42 =

Sm1
hv + Sm2

hv

2
(8)

where S
m1

qp (q, p = h, v) represents the element of the measured
scattering matrix of a trihedral CR, and similarlySm2

qp denotes
the element of the measured scattering matrix of a dihedral CR.
One 22.5°-rotated dihedral is used to work out the two unknowns
(m33, m44) that are related to cross polarization. The solutions
read

m33 =
(m31−m32+Sm3

vh )±
√
(−m31+m32−Sm3

vh )
2−4m32m31

2

m44 =
(m41−m42+Sm3

hv )±
√
(−m41+m42−Sm3

hv )
2−4m42m41

2 (9)

where Sm3
qp denotes the element of the measured scattering

matrix of a 22.5°-rotated CR. After the M matrix has been
determined, the calibrated scattering matrix can, readily, be
obtained from

S
c = M

−1
S
m. (10)

In summary, the flowchart of the polarimetric calibration
method is displayed in Fig. 2.

We employ three reference targets with known measured
scattering matrices Sm1, Sm2, and Sm3 for the polarimetric

Fig. 2. Flowchart of the proposed polarimetric calibration method.

calibration. Based on the relation between the measured and the
theoretical scattering matrices of the reference targets, we can
obtain the desired calibration matrix. After the calibration matrix
has been determined, the scattering matrices of the reference
targets can, readily be, calibrated. It follows that the scattering
matrices of unknown targets can be calibrated. The proposed
method is validated with numerical simulation, the GB-SAR
system, and airborne Pi-SAR data in the following sections.

To assess the accuracy of the proposed calibration technique,
the calibrated amplitude and phase error is calculated according
to

Ã = 20log10

( |Sc|
|Sref |

)
(11)

φ̃ = arg(Sc)− arg(Sref) (12)

where Sc represents the calibrated scattering matrices of point
targets, and Sref represents the theoretical scattering matrices of
point targets.

III. VALIDATION BY NUMERICAL SIMULATION

A. Impact of Roll Angle for the 22.5°-Rotated Dihedral

In order to assess the impact of roll angle on the performance
of the 22.5°-rotated dihedral CR, we plot the RCS responses
for full polarization as a function of the elevation angle θ and
azimuth angle φ, taking roll angle φ from 0° to 90°, and θ =
90◦; θ from 45° to 135°, and φ = 0◦. Considering the impact
of edge effects, a large-size (10 times wavelength) 22.5°-rotated
dihedral CR (a = 2.36 m) is simulated. The results, presented in
Fig. 3(a) and (b), show that the polarized RCS patterns are quite
close, with HV and VH being almost identical, confirming the
theoretical responses. Note that the elevation angular pattern of
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Fig. 3. RCS response of the 22.5°-rotated dihedral (a/λ ≈ 10) for full polar-
ization along with (a) azimuth angle and (b) elevation angle. (L-band).

Fig. 4. HH/VV ratio of the 22.5°-rotated dihedral (a/λ ≈ 10) along with
(a) azimuth angle and (b) elevation angle. (L-band).

Fig. 5. RCS response of the 22.5°-rotated dihedral (a/λ ≈ 10) for full polar-
ization along with (a) azimuth angle and (b) elevation angle. (Ku-band).

Fig. 6. HH/VV ratio of the 22.5°-rotated dihedral (a/λ ≈ 10) along with
(a) azimuth angle and (b) elevation angle. (Ku-band).

VV polarization deviates—at an acceptable in level—from that
of HH polarization for the higher order lobes.

For further evaluation, the HH/VV ratio results of the 22.5°-
rotated dihedral (2.36 m) along with the rotation angle are plotted
in Fig. 4(a) and (b). Between 40° and 50°, the HH/VV ratio
fluctuates close to 1 as shown in Fig. 4(a), while in Fig. 4(b), a
similar trend is observed between 87° and 92°.

A similar simulation is carried out at Ku-band. The side length
of a 22.5°-rotated dihedral is set to 17 cm. The simulation results
are shown in Figs. 5 and 6 and reveal that for an azimuth angle
between 40° and 50°, the HH/VV ratio fluctuates approximately

Fig. 7. Reference targets in numerical simulation.

to 1 in Fig. 6(a), while in Fig. 6(b) for an elevation angle between
87° and 92°, the HH/VV ratio approaches to 1.

By examining the angle sensitivity for a 22.5°-rotated dihe-
dral, it is suggested that the elements of the scattering matrix are
relatively sensitive to variations in azimuth and elevation angle.
It is evident from Figs. 4 and 6 that the ranges of beamwidth,
which corresponds to the theoretical scattering properties for the
22.5°-rotated dihedral, are about 10° in azimuth angle and 5° in
elevation angle.

B. Simulation

For the simulation, one trihedral, one dihedral, and one 22.5°-
rotated dihedral CRs are considered, as shown in Fig. 7. The 3 dB
beamwidth and maximum RCS (dBm2) are also shown, where
a is the length of each side, and λ is the radar wavelength. As
reference targets, their RCS for full polarizations are computed
using method of moments (MoM) in FEKO simulations, with
a length of about a = 2.36 m and incidence angle of 37° at a
radar wavelength of λ = 24 cm (L-band, a/λ ≈ 10). To provide
a reference for a GB-SAR system operating at Ku-band, a similar
simulation is carried out with a length of about a = 17 cm and
at a radar wavelength of λ = 1.74 cm (Ku-band, a/λ ≈ 10).
Based on the relation between the measured and the theoretical
scattering matrices of the reference targets, the calibration matrix
can be solved, and the scattering matrices of the reference targets
can be calibrated.

Concerning error analysis, Table II provides amplitude and
phase errors for selected reference targets. Because the po-
larimetric calibration is primarily concerned with the channel
imbalance and the cross-talk between transmitter and receiver,
it is preferable to normalize the quantity with respect to a refer-
ence channel, HH-polarization or HV-polarization, whichever is
applicable. For short notation, we denote trihedral and dihedral
as Tr and Di, respectively, in Table II. As the amplitude and the
phase errors for both L-band and Ku-band are within 0.1 dB and
1°, respectively.
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TABLE II
AMPLITUDE AND PHASE ERROR BEFORE AND AFTER CALIBRATION

IV. VALIDATION USING A GB-SAR SYSTEM

In this section, we conducted polarimetric calibration of a
GB-SAR system using the hybrid CRs deployed in the field, to
evaluate the polarimetric performance of the GB-SAR system
from the beat signal of a trihedral CR before and after calibration.

A. Experiment Setup

An FMCW GB-SAR system operates at Ku-band with 300
MHz of bandwidth and 2 m of synthetic aperture length. The
schematic illustration of the experiment, including the layout,
positions and sizes of the CRs, is shown in Fig. 8; one trihedral
and two dihedral CRs rotated at 0° and 22.5° were deployed
in the open area. The side length of the targets was 20 cm
and the target range was 20 m; the three targets were spaced
approximately 5 m apart. Absorbing materials were used to
reduce the unwanted reflections from the target stand and the
ground.

B. SAR Images and Calibration Results

The SAR images were focused using the time-domain back-
projection algorithm. The obtained fully PolSAR images of the
illuminated area that were obtained are shown in Fig. 9. The three
calibration targets are clearly identified in the copolarimetric
images, whereas the 22.5°-rotated dihedral CR is observed in
the full polarimetric images, as expected, which indicates that
the deployment of the calibration targets was properly arranged.
Then, the measured scattering matrices of the calibration targets
were extracted from the PolSAR images, followed by a polari-
metric calibration.

The calibrated results are given in Table III. It is seen that an
amplitude error as low as 0.5 dB and a phase error within 3°

Fig. 8. Schematic illustration of the experiment and the layout, positions, and
sizes of corner reflectors.

Fig. 9. Fully PolSAR images.

are attainable for a Ku-band GB-SAR system after the proposed
polarimetric calibration.

C. Polarimetric Performance Evaluation

We now evaluate the polarimetric performance of the GB-
SAR system before and after calibration by using an undertest
trihedral CR with a side length of 20 m. The target range from
the SAR was 20 m with the same layout as in Fig. 8, except the
CRs were replaced by the undertest trihedral CR. We used the
beat signal and took the HH as a reference channel to normalize
the polarimetric responses, as presented in Fig. 10. Note that
the amplitudes of the copolarization responses fluctuated within
5 dB, while the phase difference is approximately 120° between
copolarizations before calibration, indicating severe crosstalk
and channel imbalance between the transmitter and the receiver.
After calibration, it can be seen that the phase of VV polarization
for the trihedral CR is calibrated back to around 0°, as it should
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TABLE III
AMPLITUDE AND PHASE ERROR BEFORE AND AFTER CALIBRATION

Fig. 10. Normalized polarimetric responses of a trihedral corner reflector
before calibration.

Fig. 11. Normalized polarimetric responses of a trihedral corner reflector after
calibration.

be (see Fig. 11). This confirms the effectiveness of the calibration
method as developed in this study.

V. VALIDATION USING PI-SAR SYSTEM

In this section, the proposed calibration is applied to an
airborne L-band Pi-SAR data [23]. We further evaluate the effec-
tiveness of the proposed method in two ways. First, we compare
samples of polarimetric responses at selected CRs before and
after calibration. Second, we perform intercomparisons of the
RGB images before and after calibration on Pauli decompo-
sition, Yamaguchi four-component decomposition, and TSVM
decomposition.

A. Data Description

The L-band Pi-SAR is an airborne high-resolution imaging
radar system [23]. It was flown over the calibration site at Tottori-
dune on October 4, 2000, where eight CRs has been deployed
for polarimetric calibration purpose [23]. The incidence angle
was 53°. Eight CRs were deployed on the sandy area: four
trihedral CRs, two dihedral CRs, one 45°-rotated dihedral and

Fig. 12. Layout, position, and size of corner reflectors.

TABLE IV
MEASURED SCATTERING MATRICES OF CORNER REFLECTORS

TABLE V
AMPLITUDE AND PHASE ERROR BEFORE AND AFTER CALIBRATION

22.5°-rotated dihedral CR. The layout, positions, and sizes of
these CRs are shown in Fig. 12.

B. Error analysis

The measured scattering matrices of the eight CRs are ex-
tracted from the PolSAR image and presented in Table IV. We se-
lected one trihedral, one dihedral, and one 22.5°-rotated dihedral
CR as calibration targets, and the 45°-rotated dihedral CR was
used to assess the effectiveness of the calibration. Applying the
calibration technique, Table V provides the amplitude and phase
error for the undertest target, which are satisfactorily acceptable.

C. Polarimetric Signature

A good validation of calibration quality is the polarimet-
ric signature of the calibrator [24]–[26], which is a way of
visualizing the target scattering properties. We compared the
polarimetric signatures of the CRs before and after calibration,
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choosing four types of CRs as typical samples, one trihedral
CR and three dihedral CRs with the rotation angles of 0°,
22.5°, and 45°. These are shown in Fig. 13, in which the left
column and right column, respectively, display the before and
after-calibration polarimetric signatures of the CRs. We see that
before calibration the polarimetric signatures show a noticeable
distortion; while after calibration, the polarimetric signatures are
much recovered and correspond with the theoretical values. It
follows that the results confirm the reliability of the proposed
calibration method. The results also suggest that the Pi-SAR
image calibrated using the proposed method offers a high quality
of polarimetric information.

D. Effect of Calibration on Pauli Decomposition

The objective of the Pauli decomposition [1] is to decompose
the measured scattering matrix into four components corre-
sponding to different scattering mechanisms, which are asso-
ciated with each basis matrix, taking the forms

S =

[
SHH SHV

SV H SV V

]
=

a√
2

[
1 0

0 1

]
+

b√
2

[
1 0

0 −1

]

+
c√
2

[
0 1

1 0

]
+

d√
2

[
0 −j
j 0

]
(13)

where a, b, c,and d in (13) correspond to surface scattering,
dihedral scattering, volume scattering and helix scattering, re-
spectively, and are given by

a =
SHH + SV V√

2
, b =

SHH − SV V√
2

, c =
SHV + SV H√

2
,

d = j
SHV − SV H√

2
. (14)

A comparison of Pi-SAR data in Pauli decomposition before and
after calibration is shown in Fig. 14, where the red rectangular
box denotes the area in which the calibration targets were
deployed.

To further examine the performance of the proposed calibra-
tion method, a detailed comparison of all reference targets is
displayed in Fig. 15, where the term |HH+VV| represents the
surface scattering, |HH-VV| the dihedral scattering, and HV the
volume scattering. Consequently, an RGB image can be com-
posed with the intensities |a|2, |b|2, and |c|2, which, as illustrated
before, correspond to distinct physical scattering mechanisms.
According to a theoretical scattering matrix, the trihedral in
|HH+VV| is maximum and the rest are zero, ideally. Therefore,
the color-coded targets in the image should be in blue, and the
three dihedrals at 0°, 22.5°, and 45° rotation should be in red,
yellow, and green, respectively. As shown in Fig. 15, the purple
target within the circle is the trihedral CR, while the pink target
within the triangle is the dihedral CR. Before calibration, the
trihedral is in purple and the dihedral is in pink in the image,
which represents certain degrees of cross-talk contamination and
channel imbalance. After calibration, the trihedral corrects to
blue and the dihedral to red, as both are accurately recovered.

Fig. 13. Polarimetric signatures of the four corner reflectors in uncalibrated
and calibrated data. (a), (b) Copol signature of Tr. (c), (d) Cross-pol signature
of Tr. (e), (f) Copol signature of Dr. (g), (h) Cross-pol signature of Dr. (i), (j)
Copol signature of 45°Dr. (k), (l) Cross-pol signature of 45°Dr. (m), (n) Copol
signature of 22.5°Dr. (o), (p) Cross-pol signature of 22.5°Dr.
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Fig. 14. Comparison of Pi-SAR data in Pauli decomposition (a) before cali-
bration and (b) after calibration.

Fig. 15. Detailed comparison of Pi-SAR data in Pauli decomposition (a) before
calibration and (b) after calibration.

E. Effect of Calibration on Yamaguchi Decomposition

Polarimetric calibration is a critical procedure for correct
and accurate target decomposition. Hence, it is constructive to
process the Pi-SAR data with a Yamaguchi four-component
decomposition scheme [28] as an illustrative example. The
measured coherency matrix Ty is decomposed into four inde-
pendent components, i.e., surface scattering, dihedral scattering,
volume scattering, and helix scattering, to verify the inherent

polarimetric characteristics of the reference targets

〈[Ty]〉 = fs〈[Ty]〉surface + fd〈[Ty]〉dihedral
+ fv〈[Ty]〉volume + fh〈[Ty]〉helix (15)

where fs, fd, fv, and fh are the coefficients associated with
each component, to be determined, 〈[Ty]〉surface, 〈[Ty]〉dihedral,
〈[Ty]〉volume, and 〈[Ty]〉helix are expansion matrices corre-
sponding to the surface, dihedral, volume, and helix scattering,
respectively.

It is known that oriented urban and vegetation characteristics
are decomposed into the volume scattering mechanism and it is
difficult to discriminate the vegetation from oblique urban areas.
Huynen [27] first proposed a deorientation method to resolve this
problem. The coherency matrix after rotation by angle θ can be
obtained by

[T′
y] = [Ry (θ)] [Ty] [Ry (θ)]

T (16)

where T denotes the conjugate transpose, and

[Ry (θ)] =

⎡
⎢⎣1 0 0

0 cos 2θ sin 2θ

0 − sin 2θ cos 2θ

⎤
⎥⎦ . (17)

The surface scattering is given by

〈[T′
y]〉surface =

⎡
⎢⎣1 β∗ 0

β |β|2 0

0 0 0

⎤
⎥⎦ , |β| < 1. (18)

The dihedral scattering is

〈[T′
y]〉dihedral =

⎡
⎢⎣|α|

2 α 0

α∗ 1 0

0 0 0

⎤
⎥⎦ , |α| < 1 (19)

where the coefficients α and β are to be determined.
The helix scattering is of the form

〈[T′
y]〉helix =

1

2

⎡
⎢⎣0 0 0

0 1 ±j
0 ∓j 1

⎤
⎥⎦ . (20)

For the volume scattering, one of the following matrices is
adopted subject to conditions

〈[T′
y]〉volume =

1
30

⎡
⎢⎣15 5 0

5 7 0

0 0 8

⎤
⎥⎦

if 10 log
(〈

|SV V |2
〉
/
〈
|SHH |2

〉)
< −2dB

(21)

〈[T′
y]〉volume =

1
4

⎡
⎢⎣2 0 0

0 1 0

0 0 1

⎤
⎥⎦

if 10 log
(〈

|SV V |2
〉
/
〈
|SHH |2

〉)
< 2dB

(22)
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Fig. 16. Comparison of Pi-SAR data in Yamaguchi decomposition (a) before
calibration and (b) after calibration.

〈[T′
y]〉volume =

1
30

⎡
⎢⎣15 −5 0

−5 7 0

0 0 8

⎤
⎥⎦

if 10 log
(〈

|SV V |2
〉
/
〈
|SHH |2

〉)
> 2dB.

(23)

For the case of 10 log(〈|SV V |2〉/〈|SHH |2〉) < 2dB, the
power for each component becomes

Ph = fh = 2 |Im 〈S∗
HV (SHH − SV V )〉|

Pv = fv = 8
〈∣∣SHV

∣∣2〉− 2Ph

Ps = fs =
(
1 +

∣∣β∣∣2)
Pd = fd =

(
1 +

∣∣α∣∣2) (24)

where Im demotes the imaginary part in a complex variable.
Fig. 16 displays the before and after calibration comparison

of the Yamaguchi four-component decomposition with color-
coded: dihedral (red), surface (blue), and volume scattering
(green). Visually, the after-calibration image is less reddish
than the before-calibration one. The difference indicates that
the “red” caused by dihedral scattering is weakened, while the
“green” representing the volume scattering is enhanced. In urban
area containing roads, trees and buildings, the dihedral scattering
and volume scattering are fused. After calibration, different

Fig. 17. Detailed comparison of Yamaguchi decomposition (a) before cali-
bration and (b) after calibration.

types of targets illustrate the colors correctly corresponding to
the scattering mechanism.

To verify the enhancement of the decomposition more clearly,
we enlarged the red rectangle area in Fig. 16 to present a
detailed comparison of all the reference targets before and after
calibration. The 45°-rotated dihedral CR is displayed inside the
white circle, and the 22.5°-rotated dihedral CR is presented
inside the white triangle. From the theoretical scattering matrix,
the 45°-rotated dihedral CR can only produce cross-polarization
scattering power. This contributes to volume scattering in Yam-
aguchi four-component decomposition, while the 22.5°-rotated
dihedral CR provides equal power of the copolarization and
cross-polarization scattering. Hence, the dihedral at 45° rotation
should be in red, and the dihedral at 22.5° rotation should be in a
combination of red and green. Before calibration, the dihedrals
at the 45° and 22.5° rotation are both in pink in Fig. 17(a),
indicating that there are distortions between channels. After
calibration, the 45°-rotated dihedral is now in red, as shown in the
white circle in Fig. 17(b), and the 22.5°-rotated dihedral is both
green and red, as shown in the white triangle in Fig. 17(b). At
this point, all the reference targets show the correct polarimetric
scattering properties as they should be. The results confirm that
the removal of cross-talk and channel imbalance is satisfactory.

F. Effect of Calibration on TSVM Decomposition

In this section, we show the influence of calibration on the
polarization parameters derived from TSVM decomposition
[29], [30]. Three target parameters,αs,Φαs

, and τm, are selected
for analysis. For an unambiguous description of target scattering
type,αs andΦαs

are referred to as the symmetric scattering type
magnitude and phase respectively, denoted by (25). The term τm
is used to evaluate target symmetry; a symmetric target has zero
helicity, i.e., τm = 0

tan (αs) e
jΦαs =

λ1 − λ2

λ1 + λ2
(25)

where λ1 and λ2 are the two complex con-eigenvalues of the
scattering matrix. αs is defined in the interval 0 ≤ αs ≤ π/2,
and leads to −π/2 ≤ Φαs

≤ π/2.
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Fig. 18. Polarimetric Pi-SAR (a) Pauli RGB image and (b) corresponding
aerial image from Google Earth.

The scattering vector can be given as a function of target
helicity τm and con-eigenvalues λ1 and λ2 by

�eSV
T = am|�eT |m · expjΦs

⎡
⎢⎣1 0 0

0 cos 2ψ − sin 2ψ

0 sin 2ψ cos 2ψ

⎤
⎥⎦

×

⎡
⎢⎣ cosαs cos 2τm

sinαse
jΦαs

−j cosαs sin 2τm

⎤
⎥⎦ (26)

where |�eT |m = �eSV
T /am, and am is the maximum amplitude

return, Φscan be ignored for noninterferometric applications,
and ψ is defined as the target orientation along the radar line
of sight. Because we emphasize the inherent properties of the
scatter targets, it is necessary to apply the deorientation.

Rotating the scattering vector �eSV
T about the line of sight by

an angle −ψ [31] leads to the roll-invariant target vector

�V roll−inv = am

⎡
⎢⎣ cosαs cos 2τm

sinαse
jΦαs

−j cosαs sin 2τm

⎤
⎥⎦ . (27)

The RGB polarimetric Pi-SAR Pauli image and the corre-
sponding aerial image from Google Earth are shown in Fig. 18;
the scene included forests and buildings. In Fig. 18, the red boxes
denote small buildings chosen for analysis, for an urban area
is selected as predominantly dihedral scattering, and the blue
rectangle indicates the calibration site containing eight CRs.

From the perspective of the calibration target, the color should
be red in an ideal situation, where the αs angle of the circled
CR is projected onto the Pauli basis. As shown in Fig. 19(a), the
dihedral CR changes to orange before calibration; the response

Fig. 19. Comparison of αs angles (a) before calibration and (b) after
calibration.

Fig. 20. Comparison of Φαs angles (a) before calibration and (b) after
calibration.
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Fig. 21. Comparison of τm angles (a) before calibration and (b) after calibra-
tion.

changes to red after calibration [see Fig. 19(b)]. In the image,
the buildings are classified as dominated by dihedral scattering.
Compared to before calibration, after calibration the red color
representing the building is now correctly recovered [see the red
box in Fig. 19(b)]. The abovementioned results come to confirm
the effectiveness of the proposed calibration approach.

To evaluate the impact of calibration on the helicity angle,
a comparison of helicity angles before and after calibration is
performed, as shown in Fig. 20. Target helicity angle indicates
the symmetric-nonsymmetric nature of the scattering target. In
practice, the helicity-related portion of polarimetric information
is often small in magnitude. However, in the most general case,
targets may be either symmetric or asymmetric. As shown in
the rectangle box area of Fig. 21, the reflector array from the
before-calibration image was not identical; however, it became
identical after calibration. This comparison provides a further
validation of the proposed calibration technique.

VI. CONCLUSION

In this article, we evaluated a polarimetric calibration method
using hybrid CRs. The method requires only one trihedral and
two dihedral CRs with different rotation angles. In the assess-
ment, numerically simulated data, the GB-SAR system, and

airborne L-band Pi-SAR data were used. The results show that
both cross-talk and channel imbalance are removed with a high
degree of accuracy using the proposed method. The amplitude
error can be confined within 0.5 dB, while the phase error is
about 3° in both GB-SAR and Pi-SAR data. The impact of the
roll angle for the 22.5°-rotated dihedral CR was analyzed via
numerical simulation, indicating that the range of beamwidth is
approximately 10° in azimuth angle and 5° in elevation angle.
For the Pi-SAR data, the calibration fidelity was demonstrated by
comparing the polarimetric signature responses of the selected
CRs before and after calibration, proving that excellent agree-
ment between the calibrated, and the theoretical polarimetric
responses is keenly attainable. Accurate calibration is critical
for target decomposition, as shown in Pauli decomposition and
Yamaguchi four-component decomposition, and can be affected
if the crosstalk and channel imbalance are not effectively taken
out. From the perspective of polarimetric parameters, three target
parameters, including αs, Φαs

, and τm derived from the TSVM
decomposition, can be used as a measure of calibration quality.
Before these target parameters can be consistently retrieved,
polarimetric calibration, next to data acquiring, is essential.
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