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Highlights

What are the main findings?

¢ A novel CTLR mode calibration method using a minimum of two dihedral reflectors to
estimate all system distortion parameters, significantly reducing deployment complexity.

¢ The method is inherently immune to Faraday rotation effects without requiring rotation
angle estimation, particularly advantageous for low-frequency SAR systems.

What are the implications of the main finding?

* C(lear operational guidelines are established: received crosstalk below —25 dB, SNR
exceeding 35 dB, and POAS within +1° ensure high-precision calibration performance.

¢ GF-3 satellite validation demonstrates excellent accuracy with amplitude, phase, and
crosstalk RMSEs of 0.10 dB, 1.13° and 0.42 dB, confirming practical applicability.

Abstract

This paper proposes a compact polarimetric CTLR mode calibration method using only two
dihedral reflectors. The method leverages the property that the dihedral scattering matrix
is unaffected by double-pass Faraday rotation, effectively eliminating the interference
of Faraday rotation on distortion parameter estimation. By selecting any two from four
dihedral reflectors rotated at 0°, 22.5°, 45°, and 67.5°, the system distortion parameters
can be estimated. To resolve the two-fold solution ambiguity inherent in the estimation
process, two ambiguity elimination methods are proposed: Method I selects the solution
with equivalent crosstalk magnitude less than 0 dB based on the prior knowledge that the
transmit antenna is dominated by right-hand circular polarization; Method II employs
cross-validation using different dihedral combinations with distinct product constants,
applicable when the prior knowledge does not hold. Through simulation analysis, the
algorithm'’s sensitivity to receive crosstalk levels, signal-to-noise ratio, and polarization
orientation angle shift is evaluated. The results demonstrate that to maintain residual
receive imbalance amplitude within +1 dB, phase within £10°, and residual equivalent
crosstalk below —30 dB, the system received crosstalk must be lower than —25 dB, the
signal-to-noise ratio must exceed 35 dB, and polarization orientation angle shift should
be controlled within +1°. The effectiveness of the proposed algorithm is validated using
fully polarimetric calibrated GaoFen-3 satellite data, achieving root mean square errors
of 0.10 dB, 1.13°, and 0.42 dB for amplitude imbalance, phase imbalance, and equivalent
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crosstalk amplitude, respectively. Comparative analysis demonstrates that the proposed
method achieves significantly higher calibration accuracy than existing approaches, with
substantial improvements in parameter estimation precision.

Keywords: synthetic aperture radar (SAR); compact polarimetry; polarimetric calibration;
corner reflector; Faraday rotation

1. Introduction

Polarimetric synthetic aperture radar (Polarimetric SAR) can acquire the polarimetric
scattering characteristics of targets and has been widely applied in land cover classification,
target recognition, ocean monitoring, and other fields [1]. Fully polarimetric SAR (Full-pol
SAR) obtains the complete 2 x 2 scattering matrix by alternately transmitting horizontal (H)
and vertical (V) polarization states and simultaneously receiving through two orthogonal
polarization channels under each transmission. However, this alternating transmission
mechanism doubles the pulse repetition frequency (PRF), resulting in limited imaging
swath width and difficulty in meeting the application requirements for large-scale rapid
imaging [2].

Compact polarimetric SAR (CP SAR), as a compromise between fully polarimetric and
single-polarization systems, acquires polarimetric information with only half the PRF of
full-pol SAR by continuously transmitting a fixed polarization and receiving through dual-
channel orthogonal polarization [3]. This characteristic significantly extends the imaging
swath width [4], demonstrating unique advantages in application scenarios requiring
high revisit frequency and large-area coverage, such as maritime vessel monitoring, crop
classification, and disaster emergency response [5].

CP SAR systems mainly adopt two transmission polarization modes: the 45° linear
polarization mode (71/4 mode) [3] and the circular transmit-linear receive mode (CTLR
mode) [2]. The CTLR mode has become the mainstream choice for current CP SAR satellites,
including Mini-RF (lunar exploration mission), RISAT-1 (India), ALOS-2 (Japan, experimen-
tal mode), and RCM (Canada) [6]. Furthermore, extensive research has been conducted on
full-polarimetric reconstruction and land cover classification using CTLR mode data [1,7].
In the CTLR mode, the transmitter can employ a circularly polarized antenna or synthesize
circularly polarized waves by controlling the phase difference between a pair of orthogonal
linearly polarized antennas: left-handed circular polarization (LHCP) is generated when
the V-polarized component leads the H-polarized component by 90°, and right-handed
circular polarization (RHCP) is produced when it lags by 90° [2].

Polarimetric calibration is the foundation for quantitative applications of polarimetric
SAR. Due to factors such as limited antenna port isolation and inconsistent amplitude and
phase characteristics of the transmit-receive channels, actual systems exhibit distortions
including cross-polarization coupling and channel imbalance. If left uncorrected, these
system errors will be mixed with the true polarimetric characteristics of targets, causing
deviations in subsequent applications such as polarimetric decomposition and classifica-
tion. Therefore, accurate estimation and compensation of system polarimetric distortion
parameters is a necessary prerequisite for polarimetric SAR data applications.

However, the calibration of CP SAR faces challenges. Unlike the four independent
scattering matrix elements acquired by full-pol SAR, CP systems can only obtain two com-
plex observations. The reduction in observation dimensions makes it more difficult to fully
estimate all system distortion parameters, imposing higher requirements on calibration
algorithm design. Several studies have addressed the calibration problem for CP systems.
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In 2008, Freeman first established a polarization distortion model for the CTLR mode [8],
laying the theoretical foundation for subsequent research. Based on this model, researchers
have proposed various calibration methods, each with its own limitations.

Truong et al. proposed a calibration method based on a trihedral and two dihedral
reflectors [9]. This method employs ratios of observations, which can partially eliminate the
influence of absolute factors. However, its core assumption is that the transmitter generates
ideal circular polarization, neglecting the crosstalk and imbalance in the transmit channel.
In practical systems, even if transmit crosstalk can be neglected, transmit imbalance still
exists significantly, leading to systematic bias in the estimation results.

Chen et al. employed four calibrators (two active radar calibrators and two gridded
trihedrals) to achieve complete estimation of all distortion parameters [10]. However, this
method requires precise removal of the absolute amplitude and two-way phase of each
calibrator’s scattering matrix before calibration. It should be noted that this removal must
be in absolute terms rather than relative corrections between calibrators. Currently, no
mature method exists to fulfill this requirement, which severely constrains the practical
applicability of this algorithm.

Hou et al. proposed an iterative optimization method based on two dihedral reflec-
tors [11]. Although this approach reduces the number of required calibrators, it fails to
effectively separate Faraday rotation from system distortion in its modeling. Since Faraday
rotation is coupled into the estimation of distortion parameters, the estimation accuracy
degrades significantly under conditions where ionospheric effects are pronounced [12].

To address the above limitations, this paper proposes a CTLR mode calibration method
using only dihedral reflectors. The main contributions of this paper are as follows:

¢ A minimum of only two dihedral reflectors with different rotation angles is re-
quired to complete calibration, significantly reducing the complexity and cost of
field deployment.

¢ By exploiting the invariance property of dihedral reflector scattering matrices under
double-pass Faraday rotation, the proposed method does not require estimation
of the Faraday rotation angle, fundamentally circumventing the interference from
ionospheric effects. This characteristic makes the method particularly suitable for
low-frequency SAR systems such as L-band and P-band.

e Through the construction of observation ratios, the algorithm naturally eliminates
the influence of unknown absolute factors. In contrast, methods such as Chen’s and
Truong’s require prior knowledge of absolute factors before calibration, which are
inherently unknowable in practice.

e Through Monte Carlo simulations, the algorithm’s sensitivity to received crosstalk,
signal-to-noise ratio, and polarization orientation angle shift is systematically analyzed.
A quantitative comparison with existing methods is also conducted, providing clear
parameter guidelines for practical applications.

The remainder of this paper is organized as follows. Section 2 presents the materials
and methods, including the Faraday rotation mechanism, CTLR-mode system model,
and the proposed calibration algorithm with ambiguity elimination strategies. Section 3
presents the performance evaluation results, including sensitivity analysis under various
conditions and experimental validation using GaoFen-3 satellite data. Section 4 discusses
the comparative analysis with existing methods and the implications of the results. Section 5
concludes the paper.
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2. Materials and Methods
2.1. Faraday Rotation

Electromagnetic waves propagating through the ionosphere interact with free elec-
trons and the Earth’s magnetic field, causing the polarization plane of the wave to rotate.
This phenomenon, known as Faraday rotation, becomes significant at L-band and lower
frequencies due to its dependence on the square of the radar wavelength. For spaceborne
polarimetric SAR systems operating at these frequencies, Faraday rotation can introduce
polarization distortions that must be considered in the calibration process.

The Faraday rotation angle () induced by the ionosphere can be expressed as [13]:

O =26x10"1-TEC-B-A?-cosb 1)

where () is the one-way Faraday rotation angle in radians, TEC denotes the total electron
content along the signal propagation path in electrons/m?, B represents the Earth’s mag-
netic field intensity in Tesla, A is the radar wavelength in meters, and 6 is the angle between
the geomagnetic field vector and the radar line-of-sight direction.

The magnitude of Faraday rotation is primarily governed by the TEC, which exhibits
significant temporal and spatial variations. In terms of diurnal variation, solar radiation
dominates the ionization process, and TEC can vary by an order of magnitude between
day and night, resulting in considerably larger Faraday rotation angles during daytime.
Regarding latitudinal variation, the Faraday rotation angle is generally larger in tropical
regions than at the poles. As for solar cycle variation, ionospheric effects are relatively
minor during solar minimum, whereas during solar maximum or ionospheric storm events,
Faraday rotation can become significant and affect data analysis.

Furthermore, within a single SAR image, Faraday rotation angles can vary spatially
due to ionospheric inhomogeneity and incidence angle variations across the swath. Anal-
ysis of ALOS/PALSAR data over high-latitude regions [14] demonstrated that under
disturbed ionospheric conditions, ionospheric irregularities cause stripe-shaped anoma-
lies in the Faraday rotation distribution, with a maximum of 16.9°, a mean of 6.8°, and a
standard deviation of 2.9°. In contrast, under quiet ionospheric conditions, the Faraday
rotation distribution remains uniform with a standard deviation of only 0.18°.

Although some calibration algorithms account for the effect of Faraday rotation, they
typically assume a constant Faraday rotation angle across the entire scene. However, as
discussed above, the Faraday rotation angle exhibits spatial variations within a single image,
causing calibrators at different locations to be affected by different levels of Faraday rotation.
This inconsistency between the model assumption and the actual conditions introduces
errors in Faraday rotation estimation, which subsequently degrades the accuracy of the
estimated polarimetric distortion parameters.

2.2. CTLR-Mode Compact Polarimetric SAR System Model

Freeman established a compact polarimetric distortion model [8], which states that
when the system generates a circularly polarized wave by controlling the phase difference
between two orthogonal linear polarization signals (H and V), the polarization distortion
can be characterized by two complex matrices, R and T, representing the polarization
distortion at the receiving and transmitting ends, respectively, as defined below:

Rup Ryo | [ T Tho 1
Ron Row

R =
th Tvv

Here, the subscripts mn denote the polarization component m of the output signal
when the input polarization is n. By normalizing the distortion matrices with Tj;, and Ry,
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respectively, the polarimetric response of the CTLR system transmitting a RHCP signal can
be expressed as:

Mgy V2 dg fo || —sinQ) cos

Sy Sgy cos() sin() 1 6 1 i Ni
SVH SVV —sin() cos () (52 f] —j N2

Mpgy and Mgy denote the received signals in the horizontal (H) and vertical (V) chan-

[MRH] _ 1A3j¢thThhl 1 531 l cos ) st]

)

nels, respectively; d1, d, 63, 4 represent crosstalk terms; f; and f, indicate the imbalance of
the polarization channels; () denotes the Faraday rotation angle, describing the rotation
effect of the electromagnetic wave passing through the ionosphere; Syy, Sy, Svh, Syv
are the elements of the true scattering matrix; Ny and N; correspond to noise components
in the polarization channels; A represents the amplitude of the received signal; and ¢ is
the two-way phase of the signal traveling from the transmitter to the target and back to
the antenna.

dc is termed the equivalent crosstalk. Its physical meaning represents the ratio of
the LHCP component to the ideal RHCP component in the actually transmitted wave,
characterizing the imperfection of the transmitter in generating an ideal RHCP wave. As
shown in (3), . completely encompasses all transmit-side distortion parameters, including
transmit crosstalk J1, 6, and transmit imbalance f;. This means that regardless of the levels
of individual transmit-side distortion parameters, their combined effect on the transmitted
circularly polarized wave is mathematically encapsulated within the single parameter J..

s(2)-<[])- 56 0
V2 \ |-] Jj V202 fi||-]
where 3)
wo Lt dhjtfi o 1-8j-bj-fi

2 T T 18+ 0hj+ A

Using this equivalent crosstalk representation, the system model (2) can be rewritten
as (4), where Y = w is an unknown absolute factor that cannot be neglected in
polarization calibration.

MRH —Aejle 1 (53 cos () sin () SHH SHV
Mryv | Oy fr||—sinQ cosQ||Syg Svv @
4
_ cos()  sin() 1+ 6 + N;
—sinQ) cos Q| |—j(1—46) N,

2.3. Calibration Algorithm with Low Received Crosstalk Assumption

In modern polarimetric SAR systems, the crosstalk between polarization channels
can be effectively controlled below —30 dB through careful system design and antenna
isolation [15,16]. Under this condition, the received crosstalk can be considered negligible,
and the system model can be simplified as follows:

1 OH cos Q) sinQ] lsHH SHV]

MRV 0 fr —sin() cos () SVH SVV
(5)
. cos() sin() 146
—sinQ cos Q) | | —j(1—46;)
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A key observation is that certain scattering matrix structures remain invariant under
double-pass Faraday rotation. Specifically, consider the two basis matrices:

B, = [(1) _01], By = l(l) (1)1 (6)

Any linear combination of these base matrices satisfies the following invariance property:
U(Q) (k1B + k2B2)U(Q) = k1By + k2By )

cos()  sin()
—sin() cos()
property implies that when a scattering matrix can be expressed as a linear combination of
B; and B,, its observed response is unaffected by Faraday rotation. The dihedral reflector
rotated by an arbitrary angle 1 satisfies this condition, and its scattering matrix is given by:

where U(Q) = l ] denotes the Faraday rotation matrix. This invariance

iOn: 2ip  sin2y
Sp; = Api(0,¢) - el?i(09) . | O 8
b vi(6,9) - sin2y —cos2y ®)
6 and ¢ denote the elevation and azimuth angles of the radar line of sight, respectively;
1 represents the rotation angle of the dihedral reflector about the radar line of sight; Ap; is
the amplitude factor; and ¢ denotes the two-way phase. The geometric relationship of the
dihedral corner reflector is shown in Figure 1.

Figure 1. Geometry of the Dihedral Reflector with Respect to the Radar Line of Sight. The dotted
frame represents rotation about the radar line of sight.

Unlike the methods discussed earlier that assume a constant Faraday rotation angle
across the entire image, the proposed calibration method relies exclusively on dihedral
reflectors. As shown in Equation (7), the dihedral scattering matrix satisfies the double-
pass Faraday rotation invariance property, meaning its polarimetric response remains
unchanged after undergoing any arbitrary Faraday rotation. This implies that regardless of
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https://doi.org/10.3390/rs18010037

Remote Sens. 2026, 18, 37

7 0f 23

Solution I:

Solution II:

ionospheric conditions, the observed response from a dihedral reflector depends solely on
the system distortion parameters and is completely decoupled from the Faraday rotation
angle. Consequently, the proposed method requires neither estimation nor compensation of
the Faraday rotation angle, and is immune to its spatial variations—even when calibrators
at different locations within the calibration site experience different levels of Faraday
rotation, the parameter estimation results remain accurate. This inherent property makes
the proposed method particularly well-suited for low-frequency SAR systems (e.g., P-band
and L-band) where ionospheric effects are pronounced.

When the dihedral reflector is rotated by 0°, 45°, 22.5°, and 67.5°, respectively, and
substituted into (5), the resulting observed vectors are given in (9), where I denotes an
unknown absolute factor. Any two dihedral angles can be selected to obtain four complex
observations, which yield four complex unknowns in the estimation equations. The estima-
tion results for the distortion parameters are given in Equations (10)—(15) for six dihedral
combinations, where each combination yields two solution pairs: Solution I (6., f7) and
Solution IT (87, f/').

[ MDO S +1
po | =Ibo| .
| Mgy frj = 0cfrj
MgE ], [ a1
MZEQ){}S fr + 5Cf7’
C D225 , - ©)
MRi- — Ipps 1—j+0c(1+))
| MRi*® Y| A+ +ofr(1-)
MD675 ~ Iners 1474+ 6:(1—7j)
| Mg Pl =) = 8efr(1+))
Combination: 0° + 45°
DO 3 D45 DOAAD45 | ~; AqDO AyD45 MRYMRy
MppMgy” + Mgy Mgg +2j - MR MR\ | — Do iDi5
5 — Mg Mg
c= DO A fD DO A /D
MRI%MR\%S - MR\(}MRI%IS (10a)
o [
/= |- RVIRV
V™ Mg
DO 3 (D45 DOAfD45 _ ~; AqDO pyD45 MRyMpy”
MppMpy” + Mgy Mgyp — 2 - Mgy Mgy ~ VD0 D4
5// — RH"""RH
c
MR VB~ MEIVIES oo
v _ | MRyMRP
r
™ Mg

Combination: 22.5° + 67.5°
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D225 3 1D67.5
— i MD225 (D675 | D225 MD67.5) +oMD225\ D675 [ Mgy~ Mgy
JAWMReE ™ MRy RV RH RH RH MEI?E MI%GJS
O = D225 3 1D67.5 D225 3 1D67.5
Solution I: MRy~ Mgy™ — Mgy Mgy (11a)
D225 3 1D67.5
f/ — /_MRV Mgy
r D225 3 1D67.5
Mg Mgy
D225 3 1D67.5
—i( MD225 )\ [D67.5 | D225 MD67.5) _ pMD225 )\ D675 | _ Mgy Mgy
RH RV RV RH RH RH M}/:{)ﬁz.s Mllggzs
o = D225 3 1D67.5 D225 3 sD67.5
Solution II: MRy > Mgy’ — Mpy™> Mgy (11b)
D225 3 fD67.5
n_ |_ Mgy Mgy
r D225 3 fD67.5
MRH MRH
Combination: 0° + 22.5°
2 2 2 2
D — (MB5)* (MB2%)° - oMBYMBIMER MBS + (mBY) (MERS)” (124
s 1= VD + (1+ ) (MRS MR225 4 MPOMB225)
‘ 2(MREMRF® — MRy MRE)
Solution I: (12b)
o /D MELMEPS — MRIMRE®
r = D0 1 ,D225
2MRp MRy
gy _ ~(L=D)VD+ (14 (MY MBS + MIMPR?)
‘ 2(MREMRF® — MRyMRE)
Solution II: (12¢)
 _ =VD+ MERMERS — MpIMERS
- M} M
Combination: 45° + 22.5°
2 2 2 2
D — (MBE)* (MB25)’ - eMREMBEMERSMERS 1 (MBF) (MBRS)  (130)
5, _ ~(+D)VD-+ (—1) (MR MBRS + MREMEES)
T (MREMRE — MEEMR)
Solution I: (13b)
,_ =D+ MRSMER — MREMEES
e MR MR
s~ (AFDVD + (= 1) (MR MRi>® + My MRi2®)
T 2(MRMEE - MREIRE)
Solution II: (13¢)
D+ MR MR — MREMRRS
ro= D45 5 (D225
2MR i MRy
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Combination: 0° + 67.5°
2 2 2 2
DO D67.5 DO 3 sD0 » sD67.5 5 1D67.5 DO D67.5
D= (MRH) (MR‘? ) — 6MRR MRy MRE " MRy + (MRV) (ng ) (14a)
5 — (L DVD + (1= j) (MREMRY™ + Mgy M)
C 2(MREMET> ~ MEVRE)
Solution I: (14b)
DO A fD67.5 DO A 1D67.5
= VD - MppMgy'” + Mgy Mgy
r DO A1D67.5
ZMRHMRI6—I
g~ A+ DVD+ (1= j) (MR My + My Mg )
‘o 2(MREMRY® — MRyMRE®)
Solution II: (14¢)
, _ /D MBLMEF® + MEOMEST®
SV P
Combination: 45° + 67.5°
D45\ 2 ( 1 sD67.5) > D45 3 D45  sD67.5 5 1D67.5 D45\ 2 ( 2 yD675\2
D= (MRH) (MRV ) — 6MRy Mgy Mgy Mgy + (MRV ) (MRH ) (15a)
g - 0= DVD+ (14)) (MBEMBT ™ + MBEMET?)
T 2(MREMRY - MREVE)
Solution I: (15b)
D45 p fD67.5 D45 p rD67.5
[= VD + MREMRY® — MR MR
r D45 5 rD67.5
2MR i Mgy
g _ (1= )VD+ (14 ) (MBEMRT ™ + MREMEEF?)
T 2(MREMRY - MRFVE)
Solution II: (15¢)
 _ —VD+ MEFMBT — MBSMETS
o= D45 3 1D67.5
2MR T MRy

2.3.1. Mathematical Properties of the Solution Pairs

From Equation (3), when the transmit crosstalk is negligible (d1, J; = 0), the equivalent

crosstalk simplifies to:

1) %1_f1
c 1+fl

(16)

where f; denotes the transmit channel imbalance. For |J.| to exceed 0 dB (i.e., [d.| > 1), the

phase of f; must approach £90°.

To comprehensively evaluate the range of |J.| under various distortion conditions,

Monte Carlo simulations were conducted with 10,000 trials. The distortion parameters

were randomly generated within the ranges specified in Table 1, which represent realistic

or even exaggerated system conditions.
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Table 1. Monte Carlo Simulation Parameter Ranges.

Parameter Range (Random)
Transmit imbalance amplitude |f1] —3dBto +3dB
Transmit imbalance phase Z f; —180° to +180°
Transmit crosstalk amplitude |41, |7 —40 dB to —30 dB
Transmit crosstalk phase £41, Zd; 0to2m

The simulation results are illustrated in Figure 2. The scatter plot clearly demonstrates
that the phase imbalance of f; is the dominant factor affecting |d.|. Across all 10,000 random
trials, |J.| exceeded 0 dB only when the phase imbalance approached the extreme values
of +90°.

30 11425

-30 ‘ 25

-150 -100 -50 0 50 100 150
Transmit Imbalance Phase f1 ©)

Figure 2. Distribution of |é;| versus transmit imbalance phase Zf; under 10,000 random distortion
parameter sets. The color indicates the transmit imbalance amplitude |f1|. The red dashed line
indicates the 0 dB threshold, above which the transmitted polarization reverses from RHCP to LHCP.

The simulation results reveal a clear correspondence among the transmit imbalance
phase Zfj, the equivalent crosstalk magnitude |J¢|, and the transmitted polarization state:

e When |Zf;] <90°: |§;| < 0dB, RHCP component dominates, the transmitted wave is
right-hand elliptically polarized

e When |Zf;] =90°: |§:| = 0 dB, LHCP and RHCP components have equal amplitudes,
the transmitted wave degenerates into linear polarization

e When |Zf;] > 90°: |é.] > 0 dB, LHCP component dominates, the transmitted wave
becomes left-hand elliptically polarized

Therefore, Zf; = £90° represents the critical point where the circular polarization
sense reverses.

Method I: Ambiguity Elimination Based on |J.| < 0 dB Prior

Under normal circumstances, after adjustment in an anechoic chamber, the transmit
antenna can be ensured to radiate a right-hand elliptically polarized wave, which at
least will not degenerate into linear polarization or even left-hand elliptical polarization.
This implies that the prior knowledge of “transmission dominated by RHCP” holds, i.e.,
|0c| < 0dB.

https:/ /doi.org/10.3390/rs18010037
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As discussed previously, each dihedral combination yields two solution pairs (8., f;)
and (6!, f}"), of which only one corresponds to the true distortion parameters. To demon-
strate how to eliminate the ambiguous solution using prior knowledge, Monte Carlo
simulations are conducted using the 0° and 45° dihedral combination as an example. The
simulation parameters are configured as shown in Table 2.

Table 2. Simulation Parameter Settings for Ambiguity Elimination.

Parameter Range
Equivalent crosstalk amplitude |4, | —30 dB to —10 dB (swept)
Equivalent crosstalk phase ZJ. 0 to 27t (random)
Receive imbalance amplitude | f; | —3 dB to +3 dB (random)
Receive imbalance phase Zf, 0 to 27t (random)
Calibrator gain amplitude 0to1 (random)
Calibrator gain phase 0 to 27t (random)
Faraday rotation angle () 0 to 27t (random)

The equivalent crosstalk amplitude is swept from —30 dB to —10 dB, while all other
parameters, including receive imbalance, calibrator gains, and Faraday rotation angle, are
randomly generated within their respective ranges to verify the algorithm’s robustness.
The simulation results are shown in Figure 3. The magnitudes of the two estimated 4,
values form two distinct lines symmetric about 0 dB, with the lower line corresponding
to the correct solution. Therefore, the ambiguity elimination criterion is as follows: after
computing &, and J/, the solution with magnitude less than 0 dB is selected as the true
estimate of the equivalent crosstalk, and the corresponding f; or f; is taken as the correct
estimate of the receive imbalance.

10t

Estimated 4, (dB)

-30

40 . . | j
-30 -25 -20 -15 -10
True 4. Amplitude (dB)

Figure 3. Relationship between the magnitudes of the two estimated . values and the true |é;| under
random distortion parameters. The lower line corresponds to the correct solution.

Method II: Cross-Validation with Multiple Dihedral Combinations

To make the algorithm applicable to more general scenarios, this section considers
cases where the prior knowledge does not hold. When the RHCP characteristic of the
transmit antenna cannot be guaranteed, and the polarization sense is severely distorted to
linear polarization or even LHCP, the prior knowledge of |d.| < 0 dB is no longer valid,

https:/ /doi.org/10.3390/rs18010037
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and the ambiguity elimination criterion of Method I will fail. To address this issue, this
section proposes a cross-validation-based ambiguity elimination method.

From the analysis in the previous section, we know that the magnitudes of the two 4,
solutions are symmetric about 0 dB, i.e., |0/] - [§/| = 1. This section further analyzes the
complex product relationship between the two solutions. Through derivation, it can be
shown that solutions from different dihedral combinations satisfy ¢, - §) = P, where P is a
constant related to the specific combination, as shown in Table 3.

Table 3. Product Constants for Different Dihedral Combinations.

Combination Sl s
0° +45° 1

0° +22.5° j

0° + 67.5° —j
45° +22.5° —j
45° + 67.5° i
22.5° + 67.5° -1

As shown in the table, different combinations have different product constants P,
which forms the theoretical basis for the cross-validation method. Consider using three
dihedral calibrators (e.g., 0°, 45°, and 22.5°), which can form two equation sets: Combination
I(0° + 45°, P = 1) and Combination II (0° + 22.5°, P = j). Since the two combinations
have different P values (1 and j, respectively), the true solutions remain identical while the
ambiguous solutions differ by a 90° phase. Therefore, the ambiguity elimination criterion
is as follows: solve the two equation sets separately to obtain four solutions, and the two
solutions that are numerically close to each other are the true solutions. This method
requires at least three dihedral calibrators, and the two selected equation sets must have
different product constants P. As shown in the table, combination pairs with identical
P values should be avoided. For example, 0° + 22.5° and 45° + 67.5° both have P = j,
making it impossible to distinguish between the true and ambiguous solutions through
cross-validation.

To provide a clear overview of the proposed calibration algorithm, the processing
flowchart is illustrated in Figure 4. The algorithm first assumes negligible received crosstalk,
then takes dihedral observations as input and solves for two candidate solution pairs using
the corresponding equations. The ambiguity elimination step selects the correct solution
based on either the RHCP prior (Method I, requiring only 2 dihedrals) or cross-validation
with different product constants (Method II, requiring at least 3 dihedrals). Finally, the
estimated distortion parameters (J, f;) are output.

2.3.2. Extension to 7t/4 Mode

The proposed calibration framework can be extended to the 77/4 mode by replacing
the circularly polarized transmission vector with a 45° linearly polarized vector. In the
71/4 mode, the ideal transmission polarization is [1, 1]T, and the equivalent crosstalk J,
represents the ratio of the —45 linearly polarized component to the ideal +45 component.
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Figure 4. Flowchart of the proposed calibration algorithm for CTLR mode.

However, mathematical analysis reveals that the solution symmetry property does
not hold for all dihedral combinations in the 77/4 mode. Only the 0° + 45° combination
yields two solutions that are symmetric about 0 dB (i.e., |d;| - |6/ | = 1), enabling ambiguity
elimination via Method I when the equivalent crosstalk is small. For other dihedral
combinations, the product of the two solutions is no longer a fixed constant but depends
on the observation values themselves, which is in stark contrast to the CTLR mode. In
the CTLR mode, all combinations yield solution products that are fixed constants (1,
—1, j, or —j), with deterministic phase differences between different combinations that
can be exploited for cross-validation and ambiguity identification. The 77/4 mode lacks
this property; when the equivalent crosstalk exceeds 0 dB, Method II cannot be used
for ambiguity elimination, and the ambiguity elimination mechanism requires further
investigation. Therefore, for the 71/4 mode, the proposed method is currently applicable
only to the 0°+45° dihedral combination with Method I (the |J;| < 0 dB prior), and the
solution equations are given in (17).
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71/4 Mode—Combination: 0° + 45°

MDO MD45 MDOMD45 2MDO MD45 Mllg\(/)Ml%A}S
rRaMry” — Mry Mgy + 2Mg Mgy ~ MDO D55
5l — RH™'RH
¢ DO A D45 DO  fD45
Solution I: Mgy Mgy” + Mgy Mgp (17a)
MDOMD45
F= i
RH*""RH
MDO MD45 MDO MD45 2MDO MD45 MI[{)\(}MI%)\%S
RH™Ry — VARvVIRH — RH™'RH \| ~ D0 p1D45
s — RH™'RH
c DO 5 D45 DO » sD45
Solution II: MypMgy” + Mgy Mgp (17b)
DO 3 rD45
" W
r DO p D45
MRuMgg

3. Results

This section analyzes the sensitivity of the proposed estimation method to various
error sources, including received crosstalk, signal-to-noise ratio (SNR), and polarization
orientation angle shift (POAS). Throughout this section, it is assumed that the transmit
antenna radiates a right-hand elliptically polarized wave, ensuring |é.| < 0 dB, such that
the correct solution can be reliably selected using Method I. Under this assumption, the
estimation errors arising from non-ideal system conditions are systematically evaluated
through Monte Carlo simulations. Finally, experimental validation using GF-3 satellite data
is presented to demonstrate the effectiveness of the proposed approach.

3.1. Sensitivity to Received Crosstalk

5 = b b fro=1r (18)
Jr
Taking the combination of the 0° and 45° dihedral reflectors as an example, the case
with received crosstalk ¢, is considered. The crosstalk amplitude is assumed to increase
from —40 dB to —20 dB, with a random phase. For each crosstalk amplitude, 200 simulations
are performed to evaluate the residual estimation error (defined in (18)). The simulation
parameters are set as follows, and the results are shown in Figure 5.

33,04 = 6, = [0.01 — 0.1] exp(i2U(0,1))
IDO/ ID45 = U(O,l) exp(zZrtU(O,l))

S = (0.03 + 0.28L1(0,1)) exp(i27tLI(0,1))
f = (0.71+0.7U(0,1)) exp(i27tU(0, 1))

The results show that the residual errors in estimating distortion parameters increase
with the rise of the received crosstalk level. Considering the current polarization accuracy
requirements—amplitude imbalance controlled within +1 dB, phase imbalance within +10°,
and crosstalk level not exceeding —30 dB—the algorithm requires the maximum received
crosstalk to be below —25 dB to meet these specifications.
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Figure 5. Relationship between residual error distribution and received crosstalk level: (a) Amplitude
imbalance (dB). (b) Phase imbalance (°). (c) Equivalent crosstalk amplitude (dB).

3.2. Sensitivity to SNR

The proposed algorithm is particularly applicable to frequency bands significantly
affected by the ionosphere, such as the P-band, where Faraday rotation is most pronounced.
However, the International Telecommunication Union (ITU) regulations impose a 6 MHz
bandwidth limitation on spaceborne P-band SAR systems [10]. This bandwidth constraint
results in a slant-range spatial resolution of approximately 25 m, corresponding to a ground-
range resolution of about 50 m at an incidence angle of 30°. The relatively coarse resolution
leads to larger pixel areas, which in turn increases the integrated clutter energy and may
degrade calibration accuracy [10]. To assess the impact of clutter and noise on calibration
performance, or equivalently, to determine the required SNR, the algorithm’s robustness
is evaluated under various SNR conditions. In practical deployments, corner reflectors
should be positioned in areas with sufficiently low backscatter to maintain high SNR and
minimize clutter interference.

The simulation parameters are set as follows: to study the impact of clutter on the
calibration algorithm, an SNR range of 20-50 dB is chosen, with the polarization distortion
parameters kept random. The simulation experiment uses a combination of 0° and 45°
dihedral calibrators, and the estimated residual errors of the algorithm at different SNRs
are shown in Figure 6. From Figure 6a,b, it can be seen that when the SNR exceeds 30 dB,
the imbalance residual error is less than 1 dB, and the imbalance phase remains within
+10 degrees. Figure 6c shows that the residual equivalent crosstalk magnitude is linearly
related to the SNR, and when the SNR exceeds 35 dB, the residual equivalent crosstalk
magnitude is less than —30 dB.
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Figure 6. Relationship between residual errors and SNR. (a,b) The residual imbalance magnitude and
residual phase at different SNRs at the receiver. (c) The residual magnitude of the equivalent crosstalk.

3.3. Sensitivity to POAS

Due to the instability of the satellite platform attitude [17] and the terrain slope at the
calibrator’s location [18], the actual scattering matrix may differ from the theoretical value.
These non-ideal factors are collectively referred to as POAS. The scattering matrix affected
by POAS can be expressed as follows [19], where 6 denotes the POAS angle.

Sy = D(8)SD1(9),

cosf) —sin0 (19)
where  D(6) = [sin 6 cost ]

Under the assumption of no received crosstalk, the POAS range is set to +10° in
the simulation, while other distortion parameters remain random. Taking the 0° and 45°
dihedral reflectors as examples, POAS is added in two scenarios: applied to both dihedrals
simultaneously (simulating overall rotation due to satellite attitude instability), and applied
only to the 45° dihedral (simulating the impact of terrain slope). The corresponding residual
errors are shown in Figure 7.

The results indicate that overall POAS does not affect the calibration of imbalance
terms, suggesting that the imbalance estimation can be completed as long as the relative
orientation between the dihedral reflectors remains unchanged. As shown in Figure 7c—f,
when the relative angular error between the dihedrals is less than 5°, the residual imbalance
meets the requirements of +1 dB and +10°. To ensure that the residual equivalent crosstalk
remains below —30 dB, POAS should be controlled within +1°.
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Figure 7. Relationship between residual errors and POAS. (a—c) Residual distributions of amplitude
imbalance (dB), phase imbalance (°), and equivalent crosstalk level (dB) under varying overall POAS.
(d—f) Residual distributions of amplitude imbalance, phase imbalance, and equivalent crosstalk level
under varying POAS of the 45° dihedral.

3.4. Validation of the Proposed Method with GF-3 Data

This section validates the proposed algorithm using fully polarimetric calibrated
data acquired by the GF-3 satellite. The GF-3 satellite has been extensively used for
SAR calibration research [15,20]. The experimental data were acquired on 19 January
2019 at 10:00:54 (UTC) in QPSI mode, with a nominal resolution of 8 m. The data used
are Single Look Complex (SLC) products, which preserve the original amplitude and
phase information.

As shown in Figure 8, the calibration site is located in northern Beijing (approxi-
mately 40.14°N, 116.37°E), situated on flat bare ground with low backscatter. The site is
equipped with multiple polarimetric calibrators, including trihedral corner reflectors, a 0°
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dihedral (D0), and two 67.5° rotated dihedrals (D67.5), with an inter-calibrator spacing of
approximately 27 m. The bare ground background ensures high signal-to-clutter ratio, with
measured values of approximately 35 dB. The GF-3 data have undergone full polarimetric
calibration and can be considered as ideal polarimetric data, and the scattering matrices of

D0 and D67.5 extracted from the data are given as follows:

Figure 8. Pauli decomposition image of the calibration field. The white rectangles indicate three
types of calibrators in the scene (blue: trihedral corner reflectors; green: 67.5° rotated dihedrals; red:
0° dihedral).

o _ | 1.0000£0.00° 001942 84.08°
DO ™= 10.01332 —130.13° 1.0151/ 178.55°

6 __| 10000Z000°  1.0423/ —177.80°
D675 = 11 0265/ —177.20° 1.0149/ — 179.57°

To validate the estimation accuracy of the proposed algorithm, the following simu-
lation procedure is adopted. The fully polarimetric calibrated GF-3 data described above
are used as ideal data, into which polarimetric distortion parameters are artificially intro-
duced to simulate non-ideal CTLR-mode reception. Specifically, the equivalent crosstalk
amplitude is randomly varied from —30 dB to —10 dB with random phase, and the receive
imbalance amplitude is randomly varied from —3 dB to +-3 dB with random phase. The
CTLR-mode observation data are generated by right-multiplying the fully polarimetric
data with the circularly polarized Jones vector. A total of 1000 sets of random distortion
parameters are generated, and the estimation is performed for each set using (14). The
estimation errors are then calculated, and the error statistics are presented in Table 4. The
results show that the algorithm can achieve high precision parameter estimation, with the
amplitude imbalance estimation performing the best.

According to the relevant literature, the polarimetric calibration parameters of this
image are: transmit crosstalk |0;| = —34.2 dB, |6,| = —35.8 dB; transmit imbalance
|f1] = 0.42 dB, Zf; = 4.3°%; received crosstalk |03] = —35.1 dB, |d4] = —34.7 dB; receive
imbalance |f,| = 0.51 dB, Zf, = 5.2°. These distortion parameters are introduced into
the calibrated GF-3 fully polarimetric data to restore the uncalibrated data, and compact
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polarimetric observation data are then simulated. The 0° and 67.5° dihedral reflectors in
the scene are used for calibration. The true equivalent crosstalk J, is calculated from the
transmit-side distortion parameters using (3). The calibration results and error analysis are
presented in Table 5.

Table 4. RMSE of Estimated Distortion Parameters.

Distortion Parameter RMSE
Amplitude imbalance (dB) 0.0968
Phase imbalance (°) 1.1318
Equivalent crosstalk amplitude (dB) 0.4180

Table 5. Calibration Results Based on GF-3 System Distortion Parameters.

Parameter True Value  Estimated Value Amp. Error Phase Error
Equivalent crosstalk J, —27.46 dB —27.35dB 0.11dB —
Receive imbalance f; 0.51 dB, 5.20° 0.54 dB, 4.74° 0.03 dB 0.46°

The results demonstrate that the proposed algorithm achieves high estimation accuracy
under GF-3 system conditions: the amplitude error of receive imbalance is only 0.03 dB
with a phase error of 0.46°; the amplitude error of equivalent crosstalk is 0.11 dB, validating
the effectiveness of the algorithm.

4. Discussion

To comprehensively evaluate the performance of the proposed algorithm, a compar-
ative simulation study is conducted with Chen’s method [10] and Truong’s method [9].
The calibrator configurations for the three methods are as follows: Chen’s method em-
ploys the optimal calibrator combination (as specified in Equation (26) of their original
paper [10]), consisting of two active radar calibrators (PARCX and PARCY) along with a
vertical gridded trihedral (Gt1) and a horizontal gridded trihedral (Gt2); Truong’s method
uses a trihedral, a 0° dihedral, and a 45° dihedral; the proposed method is demonstrated
using the combination of 0° and 45° dihedrals. The simulation employs the Monte Carlo
method with 1000 independent trials, where the distortion parameters are randomly gener-
ated within the ranges specified in Table 6, and it is assumed that all calibrators experience
the same double-pass Faraday rotation.

Table 6. Simulation Parameter Ranges for Algorithm Comparison.

Parameter Range
Receive imbalance amplitude | f; | —3dBto +3dB
Receive imbalance phase Zf; —180° to +180°
Received crosstalk |d3], |d4] —40 dB to —20 dB
Equivalent crosstalk |d,| —30dB to —10 dB
Faraday rotation angle () 0to2m
Calibrator gain amplitude —10dB to +10 dB

The simulation results are presented in Figures 9 and 10. Figure 9 shows the box plots
of receive imbalance estimation errors for the three methods, including both amplitude and
phase errors. Figure 10 displays the box plots of crosstalk estimation errors. The root mean
square errors (RMSE) of the parameter estimates are summarized in Table 7, where “—"
indicates that the corresponding parameter is not estimated by the algorithm.
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Figure 9. Comparison of receive imbalance estimation errors among three calibration methods under
1000 Monte Carlo trials. (a) Phase imbalance error Zf, in degrees. (b) Amplitude imbalance error
|fr| in dB. In the box plots, the colored box contains the middle 50% of the data, and the upper and
lower horizontal lines indicate the data boundaries. The red dashed line indicates the ideal case with
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Figure 10. Comparison of crosstalk estimation errors among different calibration methods. (a) Equiv-
alent crosstalk || error. (b) Received crosstalk |03 error. (c) Received crosstalk |d,| error. Truong’s
method does not estimate J, and the proposed method does not estimate 3 and é4. The box plot
representation is the same as in Figure 9. The red dashed line indicates the ideal case with zero error
(not visible in (b) due to the large error range).
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Table 7. RMSE Comparison of Distortion Parameter Estimation Among Different Calibra-
tion Methods.

Method If,| dB) Zf, () |5 (dB) |55|(dB) |54 dB) Q(°)
Chen [10] 5.87 45.80 19.39 36.83 37.48 25.57
Truong [9] 1.32 8.62 — 31.69 31.69 124.31
Proposed 0.18 1.15 0.17 — — —

Note: “—” indicates that the parameter is not estimated by the corresponding algorithm.

Figure 9 illustrates the estimation performance of the three algorithms for receive
imbalance parameters. The box plots clearly show that the proposed algorithm exhibits
the most concentrated error distribution, closely aligned with the ideal zero-error line.
Specifically, the RMSE of amplitude imbalance is 0.18 dB and the RMSE of phase imbalance
is 1.15°, both significantly superior to Chen’s method (5.87 dB, 45.80°) and Truong’s method
(1.32 dB, 8.62°). Truong’s method outperforms Chen’s method because its estimation
formulas employ ratios of observations, partially eliminating the influence of the absolute
factor. However, since it assumes ideal circular polarization at the transmitter and neglects
the equivalent crosstalk, the estimation results still exhibit certain biases.

Figure 10a compares the estimation accuracy of equivalent crosstalk between the
proposed algorithm and Chen’s algorithm (Truong’s method assumes ideal circular po-
larization transmission and does not estimate this parameter). The proposed algorithm
achieves estimation results close to the ideal value with an RMSE of only 0.17 dB, while
Chen’s method exhibits an RMSE as high as 19.39 dB with significant deviation.

The fundamental cause of this difference lies in the model assumptions. Chen’s
method requires precise modeling to remove the amplitude gain and two-way phase of
each calibrator’s scattering matrix before calibration, and this removal must be in absolute
terms rather than relative corrections between calibrators. However, no mature method
currently exists to precisely calculate the absolute scattering response of calibrators. Conse-
quently, in practical calibration processes, the unknown absolute factor significantly affects
the estimation accuracy of this algorithm. In contrast, the proposed algorithm incorporates
the absolute factor into the unknown parameters during modeling and naturally elimi-
nates its influence through the construction of observation ratios, resulting in more robust
calibration performance.

Figure 10b,c present the estimation performance of Chen’s method and Truong’s
method for receive crosstalk é3 and d,, respectively. The results indicate that both algo-
rithms exhibit estimation errors exceeding 30 dB, far beyond acceptable accuracy levels
and unusable in practical applications. The proposed method adopts the assumption of
negligible received crosstalk based on the engineering reality that modern polarimetric
SAR systems can achieve received crosstalk below —30 dB, thereby simplifying the system
model. This assumption has been validated in the sensitivity analysis in Section 3.1: when
received crosstalk is below —25 dB, the impact on the estimation accuracy of the proposed
algorithm is acceptable.

Both Chen’s method and Truong’s method require estimation of the Faraday rotation
angle, with RMSEs of 25.57° and 124.31°, respectively. Such large estimation errors will
further degrade the solution accuracy of other distortion parameters through error propa-
gation. Moreover, both methods assume uniform Faraday rotation across the entire scene
in their modeling. However, as discussed in Section 2, Faraday rotation angles exhibit
significant spatial variations: under disturbed ionospheric conditions, the Faraday rotation
angle can differ by tens of degrees at different locations within the same image. When
calibrators are distributed at different positions in the scene, the assumption of “uniform
Faraday rotation” no longer holds, leading to further increased estimation errors. The
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proposed algorithm exploits the inherent double-pass Faraday rotation invariance property
of dihedral reflector scattering matrices, fundamentally circumventing this influence factor.
Regardless of ionospheric conditions, as long as the geometric accuracy and deployment
precision of the calibrators are ensured, the estimation accuracy of the algorithm remains
unaffected by Faraday rotation.

5. Conclusions

This paper presents a novel compact polarimetric CTLR mode calibration method
that requires only dihedral reflectors to estimate polarimetric distortion parameters. The
proposed method relies solely on the assumption of negligible received crosstalk and offers
the following key advantages over conventional approaches.

First, the estimated distortion parameters are inherently immune to Faraday rotation
effects. This is achieved by leveraging the fundamental property that dihedral reflector
scattering matrices remain invariant under double-pass Faraday rotation. This characteristic
makes the proposed method particularly suitable for low-frequency SAR systems (e.g.,
P-band and L-band) where ionospheric effects are pronounced, eliminating the need for
prior knowledge or estimation of the Faraday rotation angle at the calibration site. Second,
two ambiguity elimination strategies are proposed: when the transmitter distortion is
small and can guarantee the transmission of a right-hand elliptically polarized wave, only
two dihedral calibrators are required for ambiguity elimination; when the transmitter
distortion is severe, at least three dihedrals can be used for ambiguity elimination through
cross-validation.

Through comprehensive simulation analysis, the algorithm’s sensitivity to practical
system imperfections has been systematically investigated, including received crosstalk,
noise, and POAS. The results demonstrate that to maintain residual receive imbalance
amplitude within +1 dB, phase within £10°, and residual equivalent crosstalk below
—30 dB, the system must satisfy the following requirements: received crosstalk below
—25 dB, SNR exceeding 35 dB, and POAS controlled within £1°. The feasibility and
effectiveness of the proposed algorithm have been further validated using fully polarimetric
GF-3 satellite data, achieving RMSEs of 0.0968 dB, 1.1318°, and 0.4180 dB for amplitude
imbalance, phase imbalance, and equivalent crosstalk amplitude, respectively. Furthermore,
comparative simulations with Chen’s method and Truong’s method under identical random
distortion parameters demonstrate that the proposed method achieves significantly higher
calibration accuracy than existing approaches, providing clear guidelines for the practical
deployment of calibration targets.

Author Contributions: Conceptualization, S.L. and ].S.; methodology, S.L. and X.L.; software, S.L.;
validation, S.L., J.S. and X.L.; formal analysis, S.L.; investigation, S.L.; resources, J.S. and X.L.; data
curation, S.L.; writing—original draft preparation, S.L.; writing—review and editing, ].S. and X.L.;
visualization, S.L.; supervision, J.S. and X.L.; project administration, J.S.; funding acquisition, J.5. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Key R&D Program of China, grant number
2022YFC2807001.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: The authors would like to thank the editors and anonymous reviewers for their
valuable comments and suggestions to improve the quality of this paper.

https://doi.org/10.3390/rs18010037


https://doi.org/10.3390/rs18010037

Remote Sens. 2026, 18, 37 23 of 23

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cloude, S.R.; Goodenough, D.G.; Chen, H. Compact decomposition theory. IEEE Geosci. Remote Sens. Lett. 2012, 9, 28-32.
[CrossRef]

2. Raney, RK. Hybrid-polarity SAR architecture. IEEE Trans. Geosci. Remote Sens. 2007, 45, 3397-3404. [CrossRef]

3. Souyris, J.C.; Imbo, P.; Fjortoft, R.; Mingot, S.; Lee, ].S. Compact polarimetry based on symmetry properties of geophysical media:
The/spl pi/ /4 mode. IEEE Trans. Geosci. Remote Sens. 2005, 43, 634—646. [CrossRef]

4. Dubois-Fernandez, P.C; Souyris, ].C.; Angelliaume, S.; Garestier, F. The compact polarimetry alternative for spaceborne SAR at
low frequency. IEEE Trans. Geosci. Remote Sens. 2008, 46, 3208-3222. [CrossRef]

5. Zhang, L.; Gao, G.; Chen, C.; Gao, S.; Yao, L. Compact polarimetric synthetic aperture radar for target detection: A review. IEEE
Geosci. Remote Sens. Mag. 2022, 10, 115-152. [CrossRef]

6. Guo, R,; Zhao, X.; Zang, B.; Liang, Y.; Bai, J.; Guo, L. A refined model for quad-polarimetric reconstruction from compact
polarimetric data. Remote Sens. 2022, 14, 5226. [CrossRef]

7. Raney, RK,; Cahill, ].T,; Patterson, G.W.; Bussey, D.B.]. Comparing compact and quadrature polarimetric SAR performance. IEEE
Geosci. Remote Sens. Lett. 2012, 9, 582-586. [CrossRef]

8.  Freeman, A.; Dubois-Fernandez, P; Truong-Loi, M.L. Compact polarimetry at longer wavelengths-calibration. In Proceedings of
the 7th European Conference on Synthetic Aperture Radar, Friedrichshafen, Germany, 2-5 June 2008; VDE: Hong Kong, China,
2008; pp. 1-4.

9. Truong-Loi, M.L.; Dubois-Fernandez, P; Pottier, E.; Freeman, A.; Souyris, J.C. Potentials of a compact polarimetric SAR system.
In Proceedings of the 2010 IEEE International Geoscience and Remote Sensing Symposium, Honolulu, HI, USA, 25-30 July 2010;
pp. 742-745.

10. Chen, J.; Quegan, S. Calibration of spaceborne CTLR compact polarimetric low-frequency SAR using mixed radar calibrators.
IEEE Trans. Geosci. Remote Sens. 2011, 49, 2712-2723. [CrossRef]

11. Hou, W,; Zhao, F; Liu, X;; Liu, D.; Han, Y.; Gao, Y.; Wang, R. Hybrid Compact Polarimetric SAR Calibration Considering the
Amplitude and Phase Coefficients Inconsistency. Remote Sens. 2022, 14, 416. [CrossRef]

12. Mohanty, S.; Singh, G.; Yamaguchi, Y. Faraday rotation correction and total electron content estimation using ALOS-2/PALSAR-2
full polarimetric SAR data. In Proceedings of the 2016 IEEE International Geoscience and Remote Sensing Symposium (IGARSS),
Beijing, China, 10-15 July 2016; pp. 4753-4756.

13. Rignot, E.J. Effect of Faraday rotation on L-band interferometric and polarimetric synthetic-aperture radar data. IEEE Trans.
Geosci. Remote Sens. 2002, 38, 383-390. [CrossRef]

14.  Zhu, W,; Jung, H.S.; Chen, ].Y. Synthetic aperture radar interferometry (InNSAR) ionospheric correction based on Faraday rotation:
Two case studies. Appl. Sci. 2019, 9, 3871. [CrossRef]

15. Chang, Y; Yang, J.; Li, P; Shi, L.; Zhao, L. Polarimetric calibration and assessment of gf-3 images in steppe. Int. Arch. Photogramm.
Remote Sens. Spat. Inf. Sci. 2018, 42, 143-146. [CrossRef]

16.  Whitt, M.W.; Ulaby, ET,; Polatin, P; Liepa, V.V. A general polarimetric radar calibration technique. IEEE Trans. Antennas Propag.
2002, 39, 62—67. [CrossRef]

17. Hu, D; Qiu, X,; Hu, D.; Ding, C. Improved airborne PolSAR calibration algorithm based on time-variant attitude compensation.
Int. ]. Remote Sens. 2015, 36, 3184-3195. [CrossRef]

18. Liao, L.; Yang, J.; Li, P; Hua, F. Polarimetric calibration of CASMSAR P-band data affected by terrain slopes using a dual-band
data fusion technique. Remote Sens. 2015, 7, 4784-4803. [CrossRef]

19. Unal, C.M,; Niemeijer, R.J.; Van Sinttruyen, J.; Ligthart, L.P. Calibration of a polarimetric radar using a rotatable dihedral corner
reflector. IEEE Trans. Geosci. Remote Sens. 2002, 32, 837-845. [CrossRef]

20. Jiang, S.; Qiu, X,; Han, B.; Hu, W. A quality assessment method based on common distributed targets for GF-3 polarimetric SAR

data. Sensors 2018, 18, 807. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/rs18010037


http://doi.org/10.1109/LGRS.2011.2158983
http://dx.doi.org/10.1109/TGRS.2007.895883
http://dx.doi.org/10.1109/TGRS.2004.842486
http://dx.doi.org/10.1109/TGRS.2008.919143
http://dx.doi.org/10.1109/MGRS.2022.3186904
http://dx.doi.org/10.3390/rs14205226
http://dx.doi.org/10.1109/LGRS.2016.2550863
http://dx.doi.org/10.1109/TGRS.2011.2109065
http://dx.doi.org/10.3390/rs14020416
http://dx.doi.org/10.1109/36.823934
http://dx.doi.org/10.3390/app9183871
http://dx.doi.org/10.5194/isprs-archives-XLII-3-143-2018
http://dx.doi.org/10.1109/8.64436
http://dx.doi.org/10.1080/2150704X.2015.1054042
http://dx.doi.org/10.3390/rs70404784
http://dx.doi.org/10.1109/36.298011
http://dx.doi.org/10.3390/s18030807
https://doi.org/10.3390/rs18010037

	Introduction
	Materials and Methods
	Faraday Rotation
	CTLR-Mode Compact Polarimetric SAR System Model
	Calibration Algorithm with Low Received Crosstalk Assumption
	Mathematical Properties of the Solution Pairs
	Extension to /4 Mode


	Results
	Sensitivity to Received Crosstalk
	Sensitivity to SNR
	Sensitivity to POAS
	Validation of the Proposed Method with GF-3 Data

	Discussion
	Conclusions
	References

