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Calibration of a Polarimetric MIMO Array With
Horn Elements for Near-Field Measurement

Lingyu Kong and Xiaojian Xu

Abstract— Polarimetric multiple input and multiple output
(MIMO) radar is capable of acquiring target’s high-resolution
images and polarization scattering matrix (PSM). In this
article, calibration of a polarimetric MIMO array of an instru-
mentation radar for near-field measurement is achieved at
X-band by using a rotatable double-antenna polarimetric active
radar calibrator (RODAPARC) and a metal cylinder quickly
and accurately. The theoretical PSM of the RODAPARC with
different antenna rotation angles is derived from Huygens’ radi-
ation electric field which is applicable to different bistatic angles.
A polarimetric signal model is adopted to reduce the impact of the
RODAPARC on calibration. Experimental studies are conducted
on a polarimetric MIMO array which is measured and divided
into quasi-monostatic and bistatic transceiver channels for assess-
ment on the calibration performance. Promising calibration
results are obtained with a polarization isolation improvement
of about 16 dB and great reduction of the polarization channel
gain error less than ±0.5 dB in amplitude and ±3◦ in phase.
The calibrated polarization signatures for classic objects are
consistent with the theoretical results.

Index Terms— Multiple input and multiple output (MIMO)
radar, polarimetric active radar calibrator (PARC), polarimetric
calibration.

I. INTRODUCTION

W ITH the explosive development of multiple input and
multiple output (MIMO) technology, more and more

MIMO radars have been presented in [1]–[6]. MIMO is an
enabling technique capable of imaging a target using only one
snapshot [6], which is different from rail synthetic aperture
radar (SAR) and turntable inverse synthetic aperture radar
(ISAR). Polarimetric MIMO radar images the target rapidly,
while also providing the polarization scattering matrix (PSM)
of the target. Crosstalk and polarization channel gain error
distort the receive signal in polarimetric radars. This distortion
will be more serious for polarimetric MIMO radars in terms
of multiple transceiver channels. Therefore, polarimetric cali-
bration serves an important role in polarimetric MIMO radars.

According to the different polarimetric calibrators, polari-
metric calibration can be divided into passive [7]–[9] and
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active [10]–[17] polarimetric calibration. The passive polari-
metric calibrators involve corner reflectors, metal balls and
cylinders, and so on. The polarimetric active radar calibrators
(PARC) with adjustable radar cross section (RCS) are advan-
tageous when compared with passive polarimetric calibrators
with fixed RCS constrained by physical size and structure. The
aircraft polarimetric SAR images was calibrated by PARCs
and corner reflectors arranged in a cross shape [10]. The
polarization modes of receive and transmit antennas of the
PARC are orthogonal to each other, and three different PSMs
of the PARC can be obtained by changing the rotation angle.
In [11] and [12], the delay line is added to the transceiver
circuit of the PARC, which separates the background from
the target to improve the signal-to-noise ratio (SNR) of the
receive signal. The PARC with independent rotatable double
antenna was proposed in [15]–[17]. A variety of PSMs can be
obtained by means of flexible combination of antenna polar-
ization modes, which provides many options for polarimetric
calibration methods.

Spaceborne- [11], [18], [19], airborne- [10], [20], and
ground-based [21] polarimetric SAR must be calibrated to
obtain the true information of the objects under study.
Calibration techniques of polarimetric SAR usually are based
on point targets [10], [11], [19]. Since the point targets
with known PSM are only valid around them, a number of
calibration targets need to be artificially deployed to achieve
the calibration. To overcome the shortcomings of point targets,
the polarimetric calibration techniques using distributed targets
with good scene flexibility and adaptability, such as rainforest,
grassland, and so on, were presented in [18], [20], [21]. Mean-
while, it is convenient to maintain and update the polarization
characteristics of the system. However, almost all distributed
target calibration methods require some assumptions, such as
reciprocity [18], [20], [21] and reflection symmetry [22], [23].

Polarimetric MIMO radars have been seldom reported in
the literature. It should be noted that in order to facilitate
the analysis below, we define one transceiver channel includ-
ing four polarization channels (HH, HV, VH, and VV) for
polarimetric MIMO arrays. A polarimetric MIMO array with
16 transceiver channels applied for high precision direction of
arrival estimation has been tested and calibrated in [24]. The
array working at 77 GHz is very small, and the polarimetric
calibration of all transceiver channels can be simplified to
quasi-monostatic polarimetric calibration. An MIMO radar for
near-field measurements [6] was fabricated in 2016, and it was
upgraded to a polarimetric MIMO radar in 2017. There are two
problems in polarimetric calibration of the array:
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1) The polarimetric MIMO array has 80 transceiver chan-
nels, which greatly increases the complexity of polari-
metric calibration.

2) The calibrator sensitive to bistatic angles cannot be used,
such as dihedral and trihedral reflectors, because the
polarimetric MIMO array has different bistatic angles
in near-field measurement.

For the sake of bistatic polarimetric calibration, several
solutions have been proposed in [25]–[28]. A polarimetric
monostatic and bistatic RCS facility operating at W -band can
be calibrated by a wire mesh with high cross-polarization
level [25]. A unidirectional conducting canonical object has
been introduced in [26], which satisfies the requirements
as a cross-polarized bistatic calibration device. Due to their
complex fabrication and fixed RCS, they can be applied to
the RCS measurement system in anechoic chambers, but do
not apply to the MIMO radar working outside because of
nonadjustable RCS, especially not strong cross-polarization
level. Mainlobe steered dihedral (MSD) object [27] with a high
cross-polarization level can be applied for bistatic polarimetric
calibration by adjusting the MSD design angles (ψmsd and
φmsd) over a large range of bistatic angles. A PARC [28] with
two Vivaldi antennas has been designed to accomplish polari-
metric calibration by aiming the maximum beam direction of
the PARC transceiver antenna at the bistatic RCS measurement
radar. Since the polarimetric MIMO array has 80 transceiver
channels, it is quite time-consuming and complicated for
calibration of the polarimetric MIMO array by adjusting the
MSD design angles or the maximum beam direction of the
PARC transceiver antenna.

To calibrate the polarimetric MIMO array for near-field
measurement quickly and accurately, we propose a polari-
metric calibration procedure using a rotatable double-antenna
polarimetric active radar calibrator (RODAPARC) [29] and a
metal cylinder. The derivation based on Huygens’ radiation
electric field makes the PSM of the RODAPARC applicable
to different bistatic angles. The quantitative information of all
transceiver channels can be acquired by several snapshots of
the polarimetric MIMO radar, rather than adjusting the max-
imum beam direction of the RODAPARC transceiver antenna
for different bistatic angles, which greatly save the calibration
time. Furthermore, a polarimetric signal model considering
the RODAPARC is developed. Finally, a polarimetric MIMO
array is calibrated by the propose procedure, and the expected
calibration results can be obtained as the polarization isolation
increased by approximately 16 dB and the polarization channel
gain error less than ±0.5 dB/±3◦.

II. POLARIMETRIC SIGNAL MODEL

Considering the background clutter, crosstalk, and polariza-
tion channel gain in a practical radar system, the polarimet-
ric signal model can be expressed in the form of matrices
as [9], [30]

M = G � RST + I (1)

where M denotes the 2×2 measurement matrix and I refers to
any undesirable signals (clutter, noise, interference, and so on).

The 2×2 target scattering matrix S is mainly contaminated by
the 2×2 polarization channel gain matrix G, 2×2 transmitting
distortion matrix T, and 2 × 2 receiving distortion matrix R.
The operator � represents a Hadamard product.

The relationship between the target scattering matrix and
RCS is shown as

σpq = 4πR2|Spq |2 (2)

where S represents the elements of the target scattering matrix,
σ denotes RCS, R refers to the range, and the subscripts p
and q are the normalized polarization vectors (H or V ) for
the receiver and transmitter, respectively.

Assuming that the SNR is high enough and the back-
ground clutter of the measurement environment can be well
suppressed such that we can neglect the effect of I on the
measurement, then (1) can be simplified as

M = G � RST (3)

with[
MH H MH V

MV H MV V

]

=
[

gH H gH V

gV H gV V

]

�
[

RH H RH V

RV H RV V

] [
SH H SH V

SV H SV V

] [
TH H TH V

TV H TV V

]
. (4)

Diagonalization of the receiving and transmitting distortion
matrices is given by

R =
[

RH H RH V

RV H RV V

]
=

[
RH H 0

0 RV V

] [
1 εR

H
εR

V 1

]
(5)

T =
[

TH H TH V

TV H TV V

]
=

[
1 εT

V
εT

H 1

] [
TH H 0

0 TV V

]
(6)

where εR
H , ε

R
V , ε

T
H and εT

V stand for the crosstalk parameters
between the orthogonal polarization channels. Equation (3) can
be rewritten as[

MH H MH V

MV H MV V

]
=

[
gH H gH V

gV H gV V

]
�

[
OH H OH V

OV H OV V

]
(7)

with

OH H = RH H TH H
(
SH H + εR

H SH V + εT
H SV H + εR

Hε
T
H SV V

)
OH V = RH H TV V

(
εT

V SH H + εR
Hε

T
V SH V + SV H + εR

H SV V
)

OV H = RV V TH H
(
εR

V SH H + SH V + εR
V ε

T
H SV H + εT

H SV V
)

OV V = RV V TV V
(
εR

V ε
T
V SH H +εT

V SH V +εR
V SV H +SV V

)
. (8)

A new point-wise product matrix can be constructed as

G̃ =
[

g̃H H g̃H V

g̃V H g̃V V

]
=

[
gH H RH H TH H gH V RH H TV V

gV H RV V TH H gV V RV V TV V

]
(9)

where g̃H H , g̃H V , g̃V H , and g̃V V represent the polarization
channel gain parameters. The polarization calibration model
with 12 parameters can be simplified to 8 parameters polar-
ization calibration model as[

MH H MH V

MV H MV V

]
=

[
g̃H H g̃H V

g̃V H g̃V V

]

�
[

1 εR
H

εR
V 1

][
SH H SH V

SV H SV V

][
1 εT

V
εT

H 1

]
. (10)



KONG AND XU: CALIBRATION OF A POLARIMETRIC MIMO ARRAY WITH HORN ELEMENTS 4491

When the RODAPARC is applied in polarimetric calibra-
tion, its own crosstalk may be mistaken for the crosstalk
of the radar system. This impact on calibration is usually
negligible when the crosstalk of the RODAPARC is far below
the crosstalk of the radar system. The crosstalk is mainly
caused by the cross-polarization level of the antenna in the
RODAPARC consisting of antennas, motors, and microwave
devices. Our RODAPARC has the antenna with the cross-
polarization level close to −40 dB, not the ultralow cross-
polarization antenna. In order to obtain good calibration
results, we introduce the crosstalk of the RODAPARC into
the polarimetric signal model as follows:[

MH H MH V

MV H MV V

]
=

[
g̃H H g̃H V

g̃V H g̃V V

]
�

[
1 εR

H
εR

V 1

] [
1 εT

1
εT

2 1

]

×
[

SH H SH V

SV H SV V

] [
1 εR

1
εR

2 1

] [
1 εT

V
εT

H 1

]
(11)

where εT
1 , ε

R
1 , ε

T
2 , and εR

2 are the crosstalk parameters of the
RODAPARC. The 12 unknown distortion parameters of (4)
need to be solved by means of 12 equations, which not only
increase the complexity of the solution but also give rise to the
loss of accuracy. The crosstalk parameters in (4) are merged as[

MH H MH V

MV H MV V

]

=
[

g̃H H g̃H V

g̃V H g̃V V

]
�

[
1 + εR

Hε
T
2 εT

1 + εR
H

εR
V + εT

2 εR
V ε

T
1 + 1

]

×
[

SH H SH V

SV H SV V

] [
1 + εR

1 ε
T
H εT

V + εR
1

εR
2 + εT

H εR
2 ε

T
V + 1

]
. (12)

Since the crosstalk parameters are quite small, terms of sec-
ond order in (5) are negligible. Then, terms of first order are
estimated as[

MH H MH V

MV H MV V

]
=

[
g̃H H g̃H V

g̃V H g̃V V

]
�

[
1 aεR

H
bεR

V 1

]

×
[

SH H SH V

SV H SV V

] [
1 dεT

V
cεT

H 1

]
(13)

where a, b, c, and d denote the coefficients of the crosstalk
parameters, respectively.

III. THEORETICAL PSM OF THE RODAPARC

The interaction between the incident electromagnetic wave
and the target can be described by means of PSM. According
to transceiver path of the RODAPARC, the theoretical PSM
of the RODAPARC can be written as

[
SH H SH V

SV H SV V

]
=

√
σ

4π

⎡
⎢⎣

E R
H

PT

E R
V

PT

⎤
⎥⎦

[
P R

ET
H

P R

ET
V

]
(14)

where σ denotes the RCS of the RODAPARC at φr = 0◦ and
φt = 0◦. φr and φt are the polarized rotation angles of the
RODAPARC antennas, as shown in Fig. 1.

The near-field measurement mentioned in this article refers
to the MIMO array using time-division multiplexing across
transmit and receive elements through switch matrices [6],
where the antenna array consists of 16 horn antenna elements

Fig. 1. Transceiver path of the RODAPARC with monostatic geometry.

and its length is 2 m. However, applying the far-field crite-
rion [31] to the horn element with the size of 79 mm × 79 mm,
the 5.4 m measurement distance is in the far field [32]. There-
fore, the theoretical σ defined with the far-field hypothesis of
the RODAPARC is given by [11]

σ = Gloop
Gt Grλ

2

4π
(15)

where Gt and Gr are the transmit and receive antenna gains,
respectively; Gloop denotes the loop gain including amplifier
gain, delay line, and other RF circuit losses. Considering the
far-field hypothesis, we neglect the effect of the range on the
RCS in receive and transmit paths.

In Fig. 1, the transceiver path includes two receive paths
from the radar antenna transmitting horizontal (ET

H )/vertical
(ET

V ) polarization signal to the RODAPARC antenna receiving
signal (P R), and two transmit paths from the RODAPARC
antenna transmitting signal (PT ) to the radar antenna receiving
horizontal (E R

H )/vertical (E R
V ) polarization signal.

A. Monostatic PSM

When the RODAPARC is applied in the monostatic case,
we can express the transceiver path of the RODAPARC
described by the following:

−ET
H cosφr = P R (16a)

ET
V sin φr = P R (16b)

−PT cosφt = E R
H (16c)

PT sin φt = E R
V . (16d)

According to (7) and (8), the PSM of the RODAPARC with
monostatic geometry can be given by

S =
√
σ

4π

[
cosφt cosφr − cosφt sin φr

− sin φt cosφr sin φt sin φr

]
. (17)
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B. Bistatic PSM

The RODAPARC using wide beam horn antennas is a
good way to solve the calibration problem of the polarimetric
MIMO array with different bistatic angles in the near-field
measurement. To derive the bistatic PSM of the RODAPARC,
the radiation electric field of antenna needs to be considered
on the monostatic PSM. Since both the RODAPARC and
the polarimetric MIMO array use horn antennas, the radia-
tion electric field of the horn antenna can be simplified by
Huygens’ radiation electric field [33].

The radiation electric fields of the Huygens element on the
x- and y-axes are expressed as follows:

px = j
E0s

2λr
e− j kr (aθ (cos θ+1) cosφ−aφ(cos θ+1) sinφ)

(18a)

py = j
E0s

2λr
e− j kr (aθ (cos θ+1) sin φ+aφ(cos θ+1) cosφ).

(18b)

The radiant electric field of the Huygens element with
rotating angle φr can be written as

pφr
= j

E0s

2λr
e− j kr × (aθ (cos θ + 1) cos(φ − φr)

−aφ(cos θ + 1) sin(φ − φr)) (18c)

where E0 denotes the electric field on the Huygens element;
s is the area of the Huygens element; λ is the wavelength;
k is the wavenumber; and r , θ , and φ represent the radial dis-
tance, pitch angle, and azimuth angle in spherical coordinates,
respectively. aθ and aφ are the pitch and azimuth unit vectors
of radiation electric field, respectively.

In the horizontal plane (φ = 0), the radiation electric field
of the Huygens element on the x-axis is the E plate radiation
electric field ( px = pe), and the radiation electric field of the
Huygens element on the y-axis is the H plate radiation electric
field ( py = ph). Equation (10) can be reduced to

px = pe = j
E0s

2λr
e− j kr (aθ (cos θ + 1)) (19a)

py = ph = j
E0s

2λr
e− j kr (aφ(cos θ + 1)) (19b)

pφr
= j

E0s

2λr
e− j kr (aθ (cos θ+1) cos(φr)

+ aφ(cos θ+1) sin(φr))

= pe cos(φr)+ ph sin(φr). (19c)

It can be seen from (11c) that the radiation electric field
of the Huygens element with any rotation angles can be
synthesized by the E and H plate radiation electric fields
in the horizontal plane. When the radiation electric field of
the antenna is measured, the E and H plate radiation electric
fields will be taken as its performance reference. Therefore,
this result plays an invaluable role in the following derivation,
which allows the horizontal (φ = 0) radiation electric field of
horn antenna with any rotation angles to be expressed through
a known E and H plate radiation electric field.

Fig. 2 presents the transceiver path of the RODAPARC
with bistatic geometry. In the horizontal plane (XOZ), Huy-
gens’ radiation electric field of the MIMO array and the

Fig. 2. Transceiver path of the RODAPARC with bistatic geometry.

RODAPARC can be given by

pte
M I M O = j

E0s

2λr
e− j kr (aθ1(cos θ1 + 1)) (20a)

pth
M I M O = j

E0s

2λr
e− j kr (aφ1(cos θ1 + 1)) (20b)

pre
M I M O = j

E0s

2λr
e− j kr (aθ4(cos θ4 + 1)) (20c)

prh
M I M O = j

E0s

2λr
e− j kr (aφ4(cos θ4 + 1)) (20d)

pr
P ARC = j

E0s

2λr
e− j kr ((aθ2(cos θ2 + 1) cos(φr)

+ aφ2(cos θ2 + 1) sin(φr))

= pre
P ARC cos(φr)+ prh

P ARC sin(φr) (20e)

pt
P ARC = j

E0s

2λr
e− j kr (aθ3(cos θ3 + 1) cos(φt)

+ aφ3(cos θ3 + 1) sin(φt ))

= pte
P ARC cos(φt )+ pth

P ARC sin(φt ) (20f)

where pte
M I M O , pth

M I M O , pre
M I M O , and prh

M I M O are E- and
H-plane Huygens’ radiation electric fields of the MIMO array,
respectively. pte

P ARC , pth
P ARC , pre

P ARC , and prh
P ARC are E- and

H-plane Huygens’ radiation electric fields of the RODAPARC,
respectively.

According to the relative position of the RODAPARC and
the MIMO array, as shown in Fig. 2, the product of Huygens’
radiation electric field on the transceiver path can be listed as

pte
M I M O pr

P ARC
aθ aφ=0−−−−→ pte

M I M O ( pre
P ARC cosφr)

aθ1=−aθ2 ,aθ3=−aθ4−−−−−−−−−−−−→
aφ1=aφ2=aφ3=aφ4

−pte
M I M O (pre

P ARC cosφr )

(21a)

pth
M I M O pr

P ARC
aθ aφ=0−−−−→ pth

M I M O ( prh
P ARC sin φr )

aθ1=−aθ2 ,aθ3=−aθ4−−−−−−−−−−−−→
aφ1=aφ2=aφ3=aφ4

pth
M I M O(prh

P ARC sin φr )

(21b)

pt
P ARC pre

M I M O
aθ aφ=0−−−−→ ( pte

P ARC cosφt ) pre
M I M O
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TABLE I

FOUR POLARIZATION COMBINATIONS OF THE RODAPARC

aθ1=−aθ2 ,aθ3=−aθ4−−−−−−−−−−−−→
aφ1=aφ2=aφ3=aφ4

− (pte
P ARC cosφt )pre

M I M O

(21c)

pt
P ARC prh

M I M O
aθ aφ=0−−−−→ ( pth

P ARC sin φt ) prh
M I M O

aθ1=−aθ2 ,aθ3=−aθ4−−−−−−−−−−−−→
aφ1=aφ2=aφ3=aφ4

(pth
P ARC sin φt )prh

M I M O .

(21d)

The radiation electric field pattern of horn antennas can be
obtained by integrating Huygens’ radiation electric field on the
aperture of horn antenna. Therefore, the transceiver path can
be completely expressed by the radiation electric field pattern
of horn antennas as follows:

−ET
H PT E

M I M O (P
RE
P ARC cosφr ) = P R (22a)

ET
V PT H

M I M O (P
R H
P ARC sin φr ) = P R (22b)

−PT P RE
M I M O (P

T E
P ARC cosφt ) = E R

H (22c)

PT P R H
M I M O (P

T H
P ARC sin φt ) = E R

V (22d)

where PT E
M I M O , PT H

M I M O , P RE
M I M O , and P R H

M I M O are the E- and
H-plane radiation electric field patterns of the MIMO array,
respectively. PT E

P ARC , PT H
P ARC , P RE

P ARC , and P R H
P ARC are the

E- and H-plane radiation electric field patterns of the
RODAPARC, respectively. Therefore, from (14), we have
the bistatic PSM of RODAPARC (23), shown at the bottom
of this page.

IV. POLARIMETRIC CALIBRATION PROCEDURE

The procedure consists of two steps.
Step 1: The RODAPARC should be mounted in the working

area, where all transceiver channels of the polarimetric MIMO
array are measured in time-division mode. For each transceiver
channel, we can obtain the E- and H-plane radiation electric
field patterns of (15) according to relative position of the
array and the RODAPARC. The return signals can be received
by controlling the different polarization combinations of the
RODAPARC antennas to solve all distortion parameters.

Step 2: The polarimetric MIMO array measures a passive
polarimetric calibrator. The return signals are calibrated using
distortion parameters solved by Step 1; then, the calibrated
signals continue to be optimized by four coefficients.

In this article, we use the four polarization combinations of
the RODAPARC listed in Table I. Substituting (15) into (6),

we have[
M1

H H M1
H V

M1
V H M1

V V

]
=

√
σ

4π
PT E

P ARC P RE
M I M O PT E

M I M O P RE
P ARC

×
[

g̃H H g̃H V dεT
V

g̃V H bεR
V g̃V V bεR

V dεT
V

]
(24a)[

M2
H H M2

H V

M2
V H M2

V V

]
=

√
σ

4π
PT E

P ARC P RE
M I M O PT H

M I M O P R H
P ARC

×
[ −g̃H H cεT

H −g̃H V

−g̃V H cεR
V bεT

H −g̃V V bεR
V

]
(24b)[

M3
H H M3

H V

M3
V H M3

V V

]
=

√
σ

4π
PT H

P ARC P R H
M I M O PT E

M I M O P RE
P ARC

×
[−g̃H H aεR

H −g̃H V aεR
H dεT

V−g̃V H −g̃V V dεT
V

]
(24c)[

M4
H H M4

H V

M4
V H M4

V V

]
=

√
σ

4π
PT H

P ARC P R H
M I M O PT H

M I M O P R H
P ARC

×
[

g̃H H aεR
H cεT

H g̃H V aεR
H

g̃V H cεT
H g̃V V

]
. (24d)

The four polarization channel gain parameters can be
obtained from the return signals compensated by the antenna
patterns, which may be expressed as

g̃H H =
√

4π

σ

M1
H H

P RE
P ARC PT E

P ARC P RE
M I M O PT E

M I M O

(25a)

g̃H V = −
√

4π

σ

M2
H V

P RE
P ARC PT H

P ARC P RE
M I M O PT H

M I M O

(25b)

g̃V H = −
√

4π

σ

M3
V H

P R H
P ARC PT E

P ARC P R H
M I M O PT E

M I M O

(25c)

g̃V V =
√

4π

σ

M4
V V

P R H
P ARC PT H

P ARC P R H
M I M O PT H

M I M O

. (25d)

The four crosstalk parameters can be given by

aεR
H = − M4

H V PT E
P ARC P RE

M I M O

M2
H V PT H

P ARC P R H
M I M O

(26a)

bεR
V = − M1

V H PT H
P ARC P R H

M I M O

M3
V H PT E

P ARC P RE
M I M O

(26b)

cεT
H = − M2

H H PT E
M I M O P RE

P ARC

M1
H H PT H

M I M O P R H
P ARC

(26c)

dεT
V = − M1

H V PT H
M I M O P R H

P ARC

M2
H V PT E

M I M O P RE
P ARC

. (26d)

The four unknown coefficients (a, b, c, and d) are finely
turned and determined through a passive polarimetric calibra-
tor with large RCS and bistatic insensitivity, which makes the
calibrated PSM closer to its truth. Here, we take a perfect

S =
√
σ

4π

[
cosφt cosφr PT E

P ARC P RE
M I M O PT E

M I M O P RE
P ARC − cosφt sin φr PT E

P ARC P RE
M I M O PT H

M I M O P R H
P ARC

− sin φt cosφr PT H
P ARC P R H

M I M O PT E
M I M O P RE

P ARC sin φt sin φr PT H
P ARC P R H

M I M O PT H
M I M O P R H

P ARC

]
(23)

.
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Fig. 3. Flowchart for simulation.

electric conductor (PEC) cylinder as the passive polarimetric
calibrator with a height of 107 mm and a radius of 115 mm.
Based on the theoretical PSM of the cylinder, the normalized
cross-polarization signals calibrated using the distortion para-
meters should be zero

SH V /SH H = 0

SV H/SH H = 0. (27)

There are no analytic solutions to these four coefficients.
Mathematical optimization is applied to obtain a numerical
solution given as

X = arg min

(∣∣∣∣ SV H (a, b, c, d)

SH H

∣∣∣∣ +
∣∣∣∣ SH V (a, b, c, d)

SH H

∣∣∣∣
)

s.t.

∣∣∣∣
∣∣∣∣ SV H (a, b, c, d)

SH H

∣∣∣∣ (dB)

−
∣∣∣∣ SH V (a, b, c, d)

SH H

∣∣∣∣ (dB)

∣∣∣∣ ≤ η(dB) (28)

where X = [a, b, c, d], η is a threshold that prevents the
calibrated signals from mutating. The range of these four
coefficients can be estimated by the known cross-polarization
level of the antenna in the RODAPARC and the MIMO array.
In this range, these four coefficients are finely turned to obtain
the crosstalk parameters close to the true value according
to (20).

A hybrid simulation of one transceiver channel with 10◦
bistatic angle is conducted to validate the polarimetric cali-
bration procedure, and the flowchart is shown in Fig. 3. First
of all, we simulate the PSM of the RODAPARC using step
frequency waveform (8–12 GHz) and the E-/H-plane radiation
electric field patterns of horn antenna obtained by HFSS
software [34]. Considering the crosstalk of the RODAPARC,
return signals of the transceiver channel can be represented
as (11) with 12 distortion parameters (g̃H H = 1.2 dB,
g̃H V = 0.3 dB, g̃V H = 1 dB, g̃V V = 0.2 dB, εR

H =
−39 dB, εR

V = −33 dB, εT
H = −41 dB, εT

V =
−34 dB, and εT

1 = εR
1 = εT

2 = εR
2 = −40 dB). Then, in order

Fig. 4. Four PSMs of RODAPARC given in Table I. (a) State1. (b) State2.
(c) State3. (d) State4.

to calibrate the transceiver channel, we need to obtain four
PSMs of the RODAPARC, as shown in Fig. 4. According to
the four PSMs, the eight distortion parameters can be solved
using (25) and (26).

Finally, the four polarization return signals of a cylinder are
simulated to illustrate how to detect the mutation using FEKO
software [35]. The raw return signals are contaminated by (10)
to generate uncalibrated return signals, as shown in Fig. 5(a).
The signals are calibrated through the eight distortion para-
meters. As can be seen from Fig. 5(b), after calibration,
the average levels of the two cross-polarized signals reach
about −60 dB. However, the difference between the two cross-
polarized signals is particularly large at 9.2 and 10.6 GHz,
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Fig. 5. Simulation result of polarimetric calibration. (a) Uncalibrated return
signals, calibrated return signals (b) with mutation, and (c) without mutation.

Fig. 6. Photograph of the RODAPARC.

which is inconsistent with the truth. In order to prevent the
mutation of calibration results, it is necessary to put additional
constraint on the optimization. To do so, the threshold η is set
to 10 dB. When the difference is less than 10 dB, we believe
that the estimated crosstalk parameters are close to the true
values, as shown in Fig. 5(c).

V. EXPERIMENTAL RESULTS

A. Calibration System of the Polarimetric MIMO Array

Fig. 6 shows the RODAPARC that is composed of two
horn antennas, two motors, and microwave circuits [29]. The

Fig. 7. Configuration of the polarimetric MIMO array calibrated by the
RODAPARC.

Fig. 8. Measurements on (a) small cylinder and (b) dihedral reflector.

receive and transmit antennas can independently rotate around
the radar line of sight to any angle by controlling the motor
with encoder. The unique features for the RODAPARC include
that various forms of PSM can be obtained through a flexible
combination of the rotation and initial polarization of the two
antennas, and the adjustable RCS makes the return signals
have high SNR.

An experimental polarimetric MIMO array at X-band has
been upgraded based on the radar system in [6]. It can be
seen from Fig. 7 that the polarimetric MIMO array consists
of 20 receive elements and 6 transmit elements, where the
combinations among them synthesize 80 transceiver channels.
The calibration of the polarimetric MIMO array is imple-
mented using the RODAPARC and a big metal cylinder.
A small PEC cylinder with a height of 89 mm and a radius
of 95 mm and a PEC rectangular dihedral reflector with a size
of 90 mm × 90 mm are used as classic targets to evaluate the
performance of the calibration, as shown in Fig. 8.
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Fig. 9. Polarization channel gain error in quasi-monostatic transceiver channels. (a) Amplitude and (b) phase for small cylinder. (c) Amplitude and (d) phase
for 0◦ rotated dihedral reflector. (e) Amplitude and (f) phase for 45◦ rotated dihedral reflector.

Fig. 10. Cross-polarization levels of (a) small cylinder and (b) 0◦ rotated dihedral reflector in quasi-monostatic transceiver channels.

TABLE II

MEASUREMENT PARAMETERS

The RCS level of the dihedral reflector is higher than that
of the two cylinders. Because the scattering of the dihedral
reflector is sensitive to bistatic angles, the 80 transceiver
channels are divided into two groups: one consists of eight
transceiver channels formed by two transmit elements and four
receive elements located at the array center, which is called
as the quasi-monostatic transceiver channel, and the left is
called as the bistatic transceiver channel. The space between
two receive elements is 90 mm in the polarimetric MIMO
array. The bistatic angles of eight quasi-monostatic transceiver
channels are less than 3◦. The measurement parameters are

listed in Table II. In Sections V-B and V-C, we will present
and discuss the calibration results from these two groups.

B. Quasi-Monostatic Case

Using the distortion parameters derived from the procedure
previously described, we reprocess the return signals of the
cylinder and dihedral reflector to verify the calibration results.
The PSMs of the small cylinder and the θ◦ rotated dihedral
reflector are given by

Sc =
[ −1 0

0 −1

]
(29a)

SDθ =
[ − cos 2θ sin 2θ

sin 2θ cos 2θ

]
. (29b)

Therefore, the PSMs of the small cylinder and the 0◦ and
45◦ rotated dihedral reflector are substituted into polarimetric
signal model (3), as follows:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
MC

H H = −g̃H H

MC
H V = g̃H V

( − εT
V − εR

H

)
MC

V H = g̃V H
( − εR

V − εT
H

)
MC

V V = −g̃V V

(30a)
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Fig. 11. HRRPs of (a) uncalibrated, (b) calibrated small cylinder, (c) uncalibrated, and (d) calibrated 0◦ rotated dihedral reflector in Fig. 12 polarization
signatures for the small cylinder in the transceiver channel 41.

Fig. 12. Polarization signatures for the 0◦ rotated dihedral in the transceiver
channel 41. (a) Uncalibrated and (b) calibrated copolar signature. (c) Uncal-
ibrated and (d) calibrated cross-polar signature. The power of each response
is normalized to the corresponding maximum.

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

M D0
H H = −g̃H H

M D0
H V = g̃H V

( − εT
V + εR

H

)
M D0

V H = g̃V H
( − εR

V + εT
H

)
M D0

V V = g̃V V

(30b)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

M D45
H H = g̃H H

(
εT

H + εR
H

)
M D45

H V = g̃H V

M D45
V H = g̃V H

M D45
V V = g̃V V

(
εT

V + εR
V

)
.

(30c)

Through the above equations, we observe that the cali-
bration performance can be evaluated by the three objects,
where the four crosstalk parameters can be verified by the

Fig. 13. Polarization signatures for the small cylinder in the transceiver
channel 41. (a) uncalibrated and (b) calibrated copolar signature; (c) uncali-
brated and (d) calibrated cross-polar signature. The power of each response
is normalized to the corresponding maximum.

small cylinder and the 0◦ rotated dihedral reflector, while
the co-polarization level of 45◦ rotated dihedral is ignored
because of the difficulty of rotating the dihedral reflector to
45◦ accurately. The small signals (M D45

H H and M D45
V V ) are much

more susceptible to the rotation angle of the dihedral reflector
than the big signals (M D45

H V and M D45
V H ).

Fig. 9 shows typical plots of polarization channel gain error
for the small cylinder and the 0◦ and 45◦ rotated dihedral
reflector in quasi-monostatic transceiver channels, where the
x-coordinate represents the quasi-monostatic transceiver chan-
nel number.

The polarization channel gain error represents HH-VV
polarization level (HH divided by VV) of the small cylinder
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Fig. 14. (a) Amplitude and (b) phase of polarization channel gain error for the small cylinder in all transceiver channels.

Fig. 15. (a) HV and (b) VH polarization levels of the small cylinder in all transceiver channels.

Fig. 16. HRRP of the small cylinder in (a) uncalibrated and (b) calibrated transceiver channel 0. (c) Uncalibrated and (d) calibrated transceiver channel 79.

and the 0◦ rotated dihedral reflector, and HV-VH polarization
level (HV divided by VH) of 45◦ rotated dihedral reflector.
After calibration, the error is decreased obviously. The cali-
bration results are identical to the theoretical analysis.

Calibrated and uncalibrated cross-polarization levels of the
small cylinder and the 0◦ rotated dihedral reflector in quasi-
monostatic transceiver channels are plotted in Fig. 10. Distinct
performances of the antenna elements in the polarimetric



KONG AND XU: CALIBRATION OF A POLARIMETRIC MIMO ARRAY WITH HORN ELEMENTS 4499

Fig. 17. Polarization signatures for the small cylinder in the transceiver
channel 0. (a) Uncalibrated and (b) calibrated copolar signature. (c) Uncali-
brated and (d) calibrated cross-polar signature. The power of each response
is normalized to the corresponding maximum.

MIMO array make the cross-polarization level of each trans-
ceiver channel different. Due to the limitation of measurement
environment, when the cross-polarization level of transceiver
channel is below −40 dB, it is difficult to be calibrated to
a lower level. It is worth noting that the cross-polarization
level of the transceiver channel 40 reaches −40 dB. Therefore,
we ignore the crosstalk parameters and only use polarization
channel gain parameters to calibrate the transceiver channel
40. If the cross-polarization level of the transceiver channel is
much higher than −35 dB, it can usually be calibrated to be
below −35 dB, as shown in Fig. 10. It is also seen that the
calibration results (VH: −40.5 dB and HV: −41.2 dB) of the
dihedral reflector with higher signal-to-clutter ratio are better
than that (VH: −37.3 dB and HV: −39.9 dB) of the small
cylinder.

Fig. 11 shows the high-resolution range profiles
(HRRPs) [36] of the cylinder and the 0◦ rotated dihedral
reflector before and after the calibration in the transceiver
channel 41. It can be seen from the results that the cross-
polarization level is reduced by approximately 20 dB after
calibration.

The polarization signatures for the small cylinder and the
0◦ rotated dihedral reflector in the transceiver channel 41 are,
respectively, given in Figs. 12 and 13. After calibration,
the polarization signatures are similar to the ideal polarization
signatures for the small cylinder. Before calibration, the return
signals of the 0◦ rotated dihedral reflector have high polari-
metric isolation up to 32 dB [see Fig. 11(c)], which makes
uncalibrated and calibrated polarization signatures almost the
same, as shown in Fig. 13.

C. Bistatic Case

The proposed polarimetric calibration has been validated
for the quasi-monostatic transceiver channels in Section V-B.
We adopt it to calibrate all transceiver channels with relatively
large bistatic angles. The dihedral reflector whose scattering is

Fig. 18. Polarization signatures for the small cylinder in the transceiver
channel 79. (a) Uncalibrated and (b) calibrated copolar signature. (c) Uncal-
ibrated and (d) calibrated cross-polar signature. The power of each response
is normalized to the corresponding maximum.

Fig. 19. Uncertainty caused by cross-polarization.

sensitive to bistatic angles will not be utilized in this section.
The polarization channel gain error for the small cylinder in all
transceiver channels is shown in Fig. 14. Before calibration,
the transceiver channels 70–80 have HH-VV amplitude in
excess of 1 dB due to the antenna performance or array
installation. HH-VV amplitude of other transceiver channels
varies from −1 to 1 dB. Furthermore, maximal HH-VV phase
is up to −35◦ in the transceiver channel 59.

After calibration, the HH-VV has an upper limit of ±0.5 dB
in amplitude and ±3◦ in phase. Fig. 15 shows the calibrated
and uncalibrated cross-polarization level of the small cylinder
in all transceiver channels. The VH polarization levels of all
transceiver channels are higher than the HV polarization levels,
and the average VH and HV polarization levels are −27.2 and
−32.2 dB, respectively. The VH and HV polarization levels are
lowered to −36.9 and −38.7 dB after calibration, respectively.

For examples, we consider the transceiver channels 0 and
79, as shown in Fig. 16. It can be seen from the normalized
HRRP of the small cylinder that the HV and VH polarization
levels (−30.2 and −23.1 dB) of the channel 0 are calibrated
to −37.1 and −36.5 dB, while the HV and VH polariza-
tion levels (−25.8 and −23.4 dB) of the channel 79 are
calibrated to −36.6 and −39.8 dB. In Figs. 17 and 18, we
plot polarization signatures for the small cylinder in the two
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Fig. 20. Discrepancies between the measured and computed RCS of the small
cylinder: (a) before and (b) after calibration for HH and VV polarizations.

transceiver channels. The calibrated polarization signatures
after calibration have been significantly improved.

In RCS measurements, there are many uncertainty sources,
where some of the most important sources are assigned
hypothetical values, and the less important entries are assigned
0 dB [37]. The main interest of the measurement of the small
cylinder is to identify the uncertainty sources like positioning
defects of the cylinder on its support, the measurement stabil-
ity, and cross-polarization. To simply the uncertainty analysis,
we only consider the uncertainty caused by cross-polarization,
as shown in Fig. 19. It can be found that the uncertainty
decreases significantly after calibration. In addition, we show
the discrepancy between measured and computed RCS of the
small cylinder for two co-polarizations in Fig. 20. As expected,
the discrepancies after calibration are smaller than before
calibration. In Fig. 20(b), the error changes regularly with
the channel number due to the antenna pattern, which can
be compensated in [6].

VI. CONCLUSION

Calibration of a polarimetric MIMO array with horn ele-
ments for near-field measurement has been investigated in this
article. A RODAPARC whose wide antenna beam can cover
the whole array as well as a metal cylinder are used as the cali-
brators. The theoretical PSM of the RODAPARC with different
antenna rotation angles is derived from Huygens’ radiation
electric field, which is applicable to different bistatic angles.
A polarimetric signal model which merges the RODAPARC’s
own crosstalk is developed such that the true crosstalk of
the array may be obtained through the measurement of two
calibrators.

Experiments are conducted on a polarimetric MIMO array
with 80 transceiver channels and result in excellent calibration
performance. It is seen that the polarization isolation improve-
ment is about 16 dB, and the polarization channel gain error is
reduced to be within ±0.5 dB in amplitude and ±3◦ in phase.
The calibrated polarization signatures for classic objects are
highly consistent with the theoretical results.
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