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A W-band digital variable polarimetric radar for
target characteristic measurement
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Abstract: A novel W-band digital variable polarimetric radar for target characteristic measurement is presented in
this paper. The main components of the digital variable polarimetric radar are the two-subarrays variable polarized
antenna, the two-channels T/R modules, and the digital signal processing unit. This radar transmits arbitrary polar-
ized electromagnetic wave by spatial polarimetric synthesis, and receives arbitrary polarized echo by digital polari-
metric synthesis. The experimental results illustrate that the W-band digital variable polarized measurement radar

can extract the polarimetric scattering matrix accurately under various polarimetric modes, has the ability of measur-

ing full-pol RCS of the target and can be used for target polarimetric information analyzing and research.
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Introduction

Target informations such as the range, speed and
high-resolution are acquired by radar through analyzing
the time delay, frequency and phase of the echo. The
same as time, frequency, and phase, polarization is also
an important representation of the electromagnetic wave.
The traditional single polarized radar cannot measure the
polarization characteristics of the target echo, such that it
will miss the polarimetry information of the target. The
polarimetric scattering characteristics, as a description of
the size, structure, and material of the target, plays an
important role in the target recognition, classification,
and identification. They are widely applied in remote
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sensing''’ | meteorological detection'?’ | and low RCS tar-
get detection"®’ | etc. For target polarimetric scattering
characteristics analyze and research, the polarimetric ra-
dar is a necessary tool which needs to be carefully con-
sidered and designed.

The polarimetric mode is a basic issue for the polari-
metric radar, which has an important influence on the
complexity, waveform design, signal processing, and
system performance. The MEMPHIS is a multi-frequency
experimental monopulse high-resolution interferometric
SAR, which achieves the dual-pol and the full-pol modes
under linear polarized base by the dual-pol parabolic an-
tenna and the angulation by the monopulse compara-
tor'**'. The L-band Microwave Imaging Radiometer with

Aperture Synthesis ( MIRAS) of the European Space A-
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gency can work in the dual-pol and the full-pol modes
based on a dual-pol antenna and the polarization switches
under linearly polarized base'®’. The X-band phased ar-
ray weather radar of the Raytheon Company also intro-
duces the dual-pol technique '”'. The compact polarime-
tric mode has drawn more and more attentions in recent
years'®). The Japanese PALSAR-2 achieves the full-pol
mode and compact polarimetry by using the dual-pol an-
tenna'®’ | which are also employed in the spaceborne P-
band SAR for biomass mission of ESA''®’. However, the
existing polarimetric modes mostly use the fixed dual-pol
antenna, such as the horizontal/vertical linear polariza-
tion, 45°/135° linear polarization, or left-hand/right-
hand circular polarization, such that it cannot adjust the
transmitting/receiving polarization according to the target
or the measurement environment. Therefore, they are not
quite suitable for the target polarimetric characteristics
measurement and research which need to address various
targets in different conditions. System integration of dif-
ferent polarimetric modes is a way to dealing with this is-
sue, but it will directly increase the size, the complexi-
ty, and the cost of the polarimetric radar. The method a-
chieving dual-pol transmitting by using multi-channels
switching technique cannot maximize the transmit power,
namely, cannot achieve the maximum measuring dis-
tance.

A novel digital variable polarized measurement mode
was proposed to address the issues mentioned above in
this paper. This mode transmits arbitrary polarized elec-
tromagnetic wave by spatial polarimetric synthesis, and
receives arbitrary polarized echo by digital polarimetric
synthesis. Therefore, it has the ability of measuring tar-
get polarimetric characteristics under any polarized base.
It is possible for the polarimetric radar to utilize any
beamforming algorithm because of the digitization pro-
cessing, which makes the polarimetric radar more effi-
cient, flexible, and higher accuracy.

A W-band digital variable polarimetric radar was
then designed based on the proposed mode for target po-
larimetric  scattering characteristics research on the
ground, the sea surface, and the low-altitude. Targets in
those surroundings, such as the vehicles, vessels, and
Unmanned Aerial Vehicles (UAVs), have the features
of low RCS, small size, and low speed. Since the milli-
meter wave radar operates at high frequency, it has the
advantages of high antenna gain, wide bandwidth, and
high doppler sensibility, which makes it really suit for
detecting small and slow targets in the complicated envi-
ronments. The multi-channel technique was also em-
ployed in the W-band digital variable polarimetric radar.
After multi-channel amplitude and phase calibration, the
synthetic co-pol/cross-pol radiation pattern under linear
and circular polarization were measured. Then, target
experiments were conducted under the full-pol mode and
the compact polarimetric mode to validate that the W-
band digital variable polarimetric radar can measure the
target in any polarized base and work under any existed
polarization modes. Two measurement applications car-
ried out with the radar are also presented in the paper,
which are the full-pol RCS measurement of a vehicle
model and the polarimetric entropy decomposition experi-
ment in ground surroundings.

1 Theory of digital variable polarimetric
radar

The main components of the digital variable polari-
metric radar are the variable polarized antenna, the
multi-channel T/R modules, and the digital signal pro-
cessing unit, as shown in Fig. 1. The transmitting signals
were spatially synthesized through the variable polarized
antenna after amplitude-phase weighting on baseband in
the digital signal processing unit. The receiving signals
were also processed in the digital signal processing unit
after DAC by the digital polarimetric synthesis.

TR1 [« ADI
TR2 |«> AD2

Fig.1 Schematic diagram of digital variable polarime-
tric radar
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The basic issue of the digital variable polarimetric
radar is transmitting and receiving synthesis under arbi-
trary polarized base. The variable polarized antenna,
which is the key to deal with the issue, is an antenna ar-
ray composed by two orthogonal linearly polarized subar-
rays, of which one is 45° linear polarization and the other
is 135° linear polarization, as shown in Fig. 2. The
measurement under any polarized base can be achieved
by adjusting the amplitude-phase of the signals transmit-
ted and received from the two subarrays. Let the ampli-
tude and phase weights of each subarray be and , the
weights of linear polarization and circular polarization are
shown in Table 1.

Fig.2 Schematic diagram of vari-
able polarimetric antenna array

K2 AR A R M U AE 1]

Table 1 Transmitting/Receiving polarization and its ampli-

tude-phase weights
FR1 R/ BUUIRLIBHE MR SR

Polarization A, 4, 0, 0,
HLP 1 1 0 w
VLP 1 1 0 0

LHCP 1 1 0 /2
RLCP 1 1 0 3n/2

The signal synthesis under any polarized base can
be written as

E, = Aexp(jO,)c,E, + Aexp(j0,)c,E, , (1)
where E, and E, are the transmitting or receiving signals
from the two subarrays, respectively, ¢, and ¢, are cali-
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bration factors of the two channels.

In the following, the inaccuracy of polarimetric scat-
tering matrix ( PSM) measurement is considered in the
digital variable polarimetric radar. Ignoring the noise,
the inaccuracy of polarimetric scattering matrix measure-
ment in the dual-channel orthogonal polarimetric radar
can be described as "

Z = RST

ol AN | | <Y N E

where F, is the amplitude-phase imbalance between hori-
zontal and vertical polarization receiving channel, and F,
is the amplitude-phase imbalance between horizontal and
vertical polarization transmitting channel. 6, is the cross
talk of the horizontally polarized receiving antenna. 68, is
the cross talk of the vertically polarized receiving anten-
na. 0, is the cross talk of the horizontally polarized trans-
mitting antenna. 9§, is the cross talk of the vertically po-
larized transmitting antenna. When the transmitting and
receiving use the same antenna with low cross talk, we
can assume that §, =6, =0 and 8, =, =0. Therefore,
the main error of the polarimetric scattering matrix in the
dual-channel orthogonal polarimetric radar is caused by
the channel imbalance.

For the digital variable polarimetric radar, the trans-
mitting and receiving wave of the horizontal polarization
and vertical polarization are synthesized through the two
subarrays. Therefore, the polarimetric channel imbalance
does not exist, that is, F, = F, = 1. However, the am-
plitude-phase imbalance of the two T/R channels will in-
duce high cross talk in synthesized transmitting and re-
ceiving wave, namely, 6,, 0,, 0,, and 6, cannot be ig-
nored. The directions of instant polarized vectors of each
subarray for synthesizing the horizontal or vertical polari-

zation are shown in Fig. 3.
A ‘\\ B A \\\ B
(b) & R EL AL

(a) & KPR

Fig. 3  Directions of instant polarized vectors in
each subarray
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The channel amplitude-phase imbalances can be
normalized by the amplitude-phase characteristic of chan-
nel A. Namely, the amplitude-phase characteristic of the
transmitting channels can be represented by 1 and T},
and the amplitude-phase characteristic of the receiving
channels can be represented by 1 and R;. The uniform
amplitude-phase signals feed into the two T/R channels,
synthesizing the horizontal polarized wave. The horizontal
polarized signal is received by the two T/R channels.
The synthesized horizontal polarized transmitting and re-
ceiving electromagnetic wave through the variable polar-
ized antenna can be respectively represented by the

JONES vectors as:
V271 + T,
E" =2 B 3
! 2 [1 - T, > 3

V2 [1 + R, W
211 - R,

For synthesizing the vertical polarization, the
JONES vectors also can be written respectively as

E" =

V_QI_TB
S ()
1/_“/7271_}23
E'_2[1+RB (6)

Then, the cross talk of the horizontally and vertical-
ly polarized antenna can be respectively written as

1 -R
8, = :
1 +Ry
1-R
8, = :
1 + R, (D
5 _1-T,
UL+ T,
1 -T,
54_1+TB

Hence, the inaccuracy of the polarimetric scattering
matrix measurement in the digital variable polarimetric
radar is described as

1 -R,
1 1
7 = 1 +Ry (51111 Sm/)
1 _RB SI/H SW 1 - TB
1 + R,

1 -T,
1+ T,

1

(8)

The measurement error matrix is given as

AS AS,,
SE=Z—S=( i ij (9)

ASVH A'SVV

And the error of the PSM is defined as
e, = J|ASy, [P + |AS,, [* + A4S, |* + [AS,, [?

. (1)
The error of the PSM induced by channel amplitude-

phase imbalance is shown in Fig. 4.

Phase/deg

Amplitude/dB

Fig.4 Error of the measured PSM
P4 WO JE 5% 22 53 B

2 W-band digital variable polarimetric ra-
dar

A W-band digital variable polarimetric radar was
designed for target polarimetric scattering characteristics
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research in the ground, the sea surface, and the low-alti-
tude. The radar is composed of the two-subarrays varia-
ble polarized antenna, the W-band front-end with two T/
R channels, two IF T/R channels and the digital signal
processing unit. The variable polarized antenna is a Cas-
segrain antenna fed by two horn antennas. The entire ra-
dar is shown in Fig.5.

Fig.5 W-band digital variable polarimetric radar
F5 W BB A A e 7R 0k

The diagram of the channel amplitude-phase imbal-
ance measurement is shown in Fig. 6. By using the W-
band power divider and the W-band frequency converter,
the amplitude-phase imbalance of the two channels was
measured. Normalizing the results by channel A, T, and

R, are obtained. The transmitting calibration factor ¢,
and receiving calibration factor ¢] are given as
{ctl =c =1 (11)

¢, = /Ty, ¢, = 1/R,
After the T/R channel amplitude-phase imbalance

calibration, the linearly polarized and circularly polarized
radiation patterns were measured, as shown in Fig. 7.

r TR1 |«> ADI1
-« TR2 |« AD2
‘W-Band
power divider

‘W-Band frequency
converter
Fig.6  Diagram of the channel amplitude-phase imbal-

ance measurement
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The cross talk of the synthesized radiation patterns
after calibration is clearly better than that of the synthe-
sized radiation patterns before calibration, as shown in
Fig.7, which demonstrates the effectiveness of the cali-
bration. The cross talk of the linearly polarized pattern is
better than that of the circularly polarized pattern, be-
cause the cross talk of the W-band standard linearly po-
larized horn used for radiation pattern measurement is
better than that of the W-band standard circularly polar-
ized horn. The radiation pattern measurement results il-
lustrate that the polarized base of the radar can be
changed by adjusting the amplitude-phase of the trans-
mitting and receiving signals. Therefore, the polarization
agility can be easily achieved by the rapid amplitude-
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Fig.7 Radiation patterns before/after calibration
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phase controlling. The switching time of the polarization
agility is related to the response time of the amplitude-
phase controlling. Since the radar employs digitized pro-
cessing, there is no time delay existing in the digital am-
plitude-phase controlling, so as in the polarization agility.

3 Target polarimetric characteristic meas-
urement experiments

The simple point target ( trihedral/dihedral corner
reflectors) experiments and complex target (truck) ex-
periment are conducted to verify the polarimetric meas-
urement ability of the W-band digital variable polarime-
tric radar, as shown in Fig. 8. Two common polarized
bases of polarimetric radar have been used in this experi-
ment, which are horizontal/vertical linear polarization
and left-hand/right-hand circular polarization, respec-
tively. Full-pol and compact polarimetric modes are also
achieved in the radar.

The measured values of PSM of the trihedral and di-
hedral corner reflectors under the full-pol mode are
shown in Table 2. The compact polarimetric mode in the
experiment transmits left-hand circular polarized wave
and receives the horizontal/ vertical linear polarization of
the echo. The measured values are shown in Table 3.
The results are very close to the theoretical value. The
full-pol HRRPs of the truck under linearly/circularly po-
larized base are shown in Fig. 9. The HRRPs under line-

arly polarized base are clearly different from those under



18 LI Zhang-Feng et al: A W-band digital variable polarimetric radar for target characteristic measurement 39

() =T A R 58 (b) T R

ORES

Fig.8 Experiment targets
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circularly polarized base. Several scattering centers can
be found along the high-resolution range in the HRRPs,
which have various polarimetric scattering features. The
first scattering center shows a classical single-bounce
scattering feature which is induced by the plane of the
truck head. The results illustrate that the W-band digital
variable polarimetric radar has the ability of measuring
target under any polarized base, and easily achieves the
full-pol mode and compact polarimetric mode.

Table 2 The results of PSM measurement in full-pol mode

210 3
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Fig.9 Full-pol HRRPs of a truck under linearly/circularly po-
larized base
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parts. In addition, the RCS values in cross-pol channels
are about 15 dB lower than that in co-pol channels. A
simple polarimetric processing was applied in this experi-
ment, which is taking addition and subtraction between
the HH-channel and VV-channel. The addition of HH
and VV will increase the amplitude of the single bounce
scattering, while the subtraction of HH and VV will in-
crease the amplitude of the double bounce scattering, as
shown in Fig. 11.

x2 EWMUEH TRLESERENELR

Theoretical values Measurement values Errors
TCR (1,0.02 +0.00j, 0.03 +0.02j,
1,0,0,1 0.1072
(H-V base) (1,0,0, 1) 0.93+0.07j)
TCR (-0.04 -0.02j, 0.91 + 0.06j, 1,
0,1,1,0 0.1212
(L-R base) ©,1,1,0) .03 -0.01j)
DCR (1, 0.17 + 0.15j, 0.10 - 0. 10j,
1,0,0, -1 0.5260
(H-V base) (1,0,0, ) -1.17 - 0.42))
DCR (1,0.0. 1) (1, 0.1320.13j, 0. 03 + 0. 06j, 0.3772
(L-R base) P T 104 0.32)) ‘

Table 3 The results of PSM measurement in compact polari-
metric mode

R3 RERUEF TRUBSEENESR

Theoretical values Measurement values Errors
TCR (1, -j) (1, -0.14 - 0.90j) 0.1720
DCR (1,79) (1, -0.15 + 0.89j) 0.186 0

A RCS measurement of a vehicle model is also conducted
under the full-pol mode using the linearly polarized base.
The RCS values with a bandwidth of 800 MHz were
measured. The full-pol normalized RCS values versus
different azimuth angles are shown in Fig. 10. Tt can be
seen that the RCS values of the head, side, and trail of
the vehicle model are more higher than that of the rest
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Fig. 10 Normalized RCS of the vehicle model under linearly
polarized base. (the noise floor is lower than 40 dBsm)
F10 2B /N AR — 4k RCS ) 45 5 (IR
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The polarimetric entropy decomposition is a classical
polarimetric target decomposition theory, which describes
the randomness and the mechanism of scattering of the
radar target. Combining the high-resolution technique,
we utilized the difference of the scattering randomness
between the natural and the man-made target to detect
the man-made target in heavy ground clutter. The targets
in the experiment scene are as follows: a truck, a trihed-
ral corner reflector located at 5 meters ahead of the
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truck, the walls and bush located at about 100 meters
behind the truck. The full-pol HRRPs are shown in Fig.
12. The amplitude of echo of the walls is higher than that
of the truck, which is unfavorable for the detection of the
truck. By applying the polarimetric entropy decomposi-
tion in the full-pol HRRPs, the entropy H and mean
scattering angle o in high-resolution range are shown in
Fig. 13. Three conclusions can be drawn as follows;

1) The truck, trihedral corner reflector and walls
have low entropy, while the bush has relatively high en-
tropy. This is determined by the target scattering ran-
domness.

2) The entropy values of truck are low in continuous
range cells, while the trihedral corner reflector and walls
present as a point scattering.

3)The mean scattering angle in each range cells of
the truck varies greatly compared with that of the trihed-
ral corner reflector and walls. This is because the truck
has multiple scattering mechanisms while the trihedral
corner reflector and walls mainly present as a single-
bounce scattering.

After extracting the length of each low-entropy re-
gion, calculating the mean values of entropy and scatter-
ing angle of each low-entropy region, the location of the
truck can be extracted correctly from the full-pol HRRPs
by combining these parameters, as shown in Fig. 14.

ReﬂectorTruckHH VH
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1 249

1
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O [

250 300  350B{sH00 0 250 300 350 400
High-resolution range/m High-resolution range/m

HV \'A%
1 o
40]
0.5 520
[
250 300 350 400
High-resolution range/m

1
0.5

250 300 350 400 0
High-resolution range/m
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Fig. 12 Full-pol HRRPs of the experimental scene
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4 Conclusions

A W-band digital variable polarimetric radar for tar-
get polarimtric characteristic research is presented in this
paper. This radar transmits arbitrary polarized electro-
magnetic wave by spatial polarimetic synthesis, and re-
ceives arbitrary polarized echo by digital polarimetic syn-
thesis. The measurements of radiation patterns, PSMs of
corner reflectors and full-pol HRRPs of a truck along

High-resolution range/m

Fig. 13 Polarimetric entropy decomposition
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Fig. 14 Full-pol HRRPs after detection by combining polari-
metric parameters
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with the RCS measurement of a vehicle model and the
target polarimetric entropy decomposition experiment il-
lustrate that the W-band digital variable polarimetric ra-
dar has the ability of measuring target polarimetric char-
acteristic under any polarized base, and can easily a-
chieves any existing polarization mode. The radar can
satisfy the various needs of the polarmetric measurement
applications, which is suitable for the target polarimetric
characteristic measurement and research.
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