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Abstract—This letter presents an experiment using a fully po-
larimetric hybrid-polarization (CL-pol) radar that employs sep-
arate spiral antennas for transmit of the orthogonal circular po-
larizations and operates from 8 to 16 GHz. We propose a model
for the antenna cross-polarization isolation (XPI) and calibration
of this radar. The transmit XPI is characterized by leveraging the
Doppler shift caused by a continually rotating dihedral target il-
luminated by a circularly polarized wave. Experimental results
show the validity of the radar model and antenna measurement
technique.

Index Terms—Antenna measurements, crosstalk, radar cross
section, radar polarimetry.

I. INTRODUCTION

NTENNA cross-polarization isolation (XPI) can

have adverse effects on polarimetric remote sensing.
Touzi et al. [1] investigated the impact of XPI on polarimetric
maritime surveillance applications. One method applied to the
mitigation of XPI is the use of hybrid-polarity architecture
(CL-pol) [2], where the radar transmits circular polarizations
and receives linear polarizations. Raney et al. document the
advantages of CL-pol in [2]-[4].

In October 2011, an instrumentation radar was set up to
measure fully polarimetric CL-pol data and placed in the
Maneuvering and Seakeeping Basin (MASK) at the Naval Sur-
face Warfare Center, Carderock Division (NSWCCD) in West
Bethesda, MD, USA [5]. Radar cross section (RCS) measure-
ments were made of a variety of targets, including a dihedral,
a sphere, water wave clutter, water wave induced multipath,
and a life raft. The objective was to obtain a fully polarimetric
calibrated data set of controlled scenes representative of ocean
remote-sensing scenes. These data are meant to help investigate
and validate models of the polarimetric effects in the measured
scenes.

The instrumentation radar used in the NSWCCD experiment
consisted of a Star Dynamics Blue Max Gen4 radar core, with
a custom front-end architecture attached. Blue Max radars are
coherent stepped-frequency instrumentation radars using super-
heterodyne receivers and can be programmed to execute a va-
riety of waveforms. The waveform relevant for this document
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Fig. 1. Radar front-end transmit circuit. The signal passes through a transmit
switch that selects either the left-hand circular polarization path or the right-
hand circular polarization path. After the switch, the signal passes through a
digitally controlled RF amplifier and then goes on to the transmit antenna, which
generates the desired polarization.

started at 8.0 GHz and stepped through an 8.984375-GHz chirp
bandwidth in 512 steps with a Af of 1.5625 MHz. Polariza-
tions were handled sequentially, and the overall burst repetition
frequency (BRF) was ~105 chirps/s. We believe this is the first
example of a fully polarimetric X/Ku-band CL-pol radar pub-
lished in literature.

System [3] and polarization decomposition models [6] for
prior examples of CL-pol radars, the mini-radio frequency
(mini-RF) radars of the Chandrayaan-1, and the Lunar Recon-
naissance Orbiter (LRO) [3] were for compact polarimetry. The
fully polarimetric system models of Freeman et al. in [7]-[9]
are for polarimeters that both transmit and receive linear po-
larizations (LL-pol). In this letter, we adapt Freeman’s proven
polarimeter models to our CL-pol radar, and then leverage the
model in a novel experiment to evaluate the XPI generated by
our spiral transmit antennas.

II. SYSTEM MODEL

Fig. 1 depicts the front-end transmit path of the NSWCCD
radar. The transmit polarization switch that selects either the
right-hand circular polarization (RHC) path or the left-hand cir-
cular polarization (LHC) path was tested and shown to have iso-
lation better than 50 dB. The transmit amplifiers in the two paths
were identical solid-state high-powered amplifiers (HPAs) that
used high-speed control signals to gate the amplifiers for trans-
mission of the RF pulse. In the absence of a positive control
gating signal, the amplifier would not transmit. Testing showed
this leads to an effective circuit polarization isolation of at least
80 dB at the output of the transmit amplifiers. Having separate
amplifiers for the two transmission paths introduced some inde-
pendence of gain drift between the polarization channels, which
needs to be properly handled in post-processing. The transmit
antennas were nonidentical in design, with the RHC transmit
antenna a spiral antenna, and the LHC antenna a cavity-backed
spiral with nonidentical gains. The axial-ratio specification for
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Fig. 2. Radar front-end receive circuit. The signal arrives at the dual linearly
polarized receive antenna , and then each polarization passes to separate low
noise amplifiers. After the low noise amplifiers, the receive polarization switch
selects which polarization is passed to the single-channel radar receiver.

the transmit antennas was <2.0 dB. According to [10], an el-
liptically polarized wave can be resolved as two circularly po-
larized waves of opposite sense, with differing magnitudes and
phases. From [11], the axial ratio is calculated by

po+1
"o po—1 )
pe = ER = pce’’® )
L

where, per the notation of [11], the above a variable denotes
a complex number, r is the axial {atio, E'g is the complex RHC
field produced by the antenna, £, is the complex LHC field
produced by the antenna, p¢ is the magnitude of the ratio of the
orthogonal circular fields, and d¢ is the relative phase. Based on
(1) and (2), an axial-ratio specification of <2.0 dB corresponds
to an XPI signal <18.8 dB below the desired signal. Therefore,
the transmit XPI experienced by the radar is dominated by the
ellipticity of the transmit antennas.

Fig. 2 depicts the front-end receive polarization path. The
dual linearly polarized horn receive antenna had slightly dif-
fering gains in the horizontal and vertical polarizations. Port-to-
port isolation of the receive antenna was measured to be better
than 32 dB in the frequency band of interest. The receive am-
plifiers were identical solid-state low noise amplifiers (LNAs).
Again, having separate amplifiers for the two transmission paths
introduced some independence of drift between the two chan-
nels that will need to be handled in post-processing. The receive
polarization switch was identical to the transmit polarization
switch and was also shown to have better than 50 dB isolation.
We conclude that the receive XPI experienced by this radar is
dominated by the port-to-port isolation of the dual-polarization
receive antenna.

Based on the radar front-end circuit characteristics, we chose
to modify Freeman’s model from [9], removing the Faraday
rotation term, shifting the transmit matrices based on the im-
plemented circuit, and adding drift compensation terms similar

to [7]
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In (3), S represents the target polarimetric scattering matrix,
R the system receive matrix, 7' the system transmit matrix, /V

or
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the noise signal received in each channel, f5 is the typical gain
imbalance between the RHC and LHC polarization channels, cvo
is the change in f, due to independent transmit amplifier drift,
63 is the transmit XPI representing RHC transmission from the
LHC antenna, 64 is the transmit XPI representing LHC trans-
mission from the RHC antenna, f; is the typical gain imbalance
between the horizontal and vertical polarization receive paths,
1 is the change in f; due to independent receive amplifier drift,
b4 1s the receive XPI factor representing the receipt of vertical
polarization when receipt of horizontal was desired, é; is the re-
ceive XPI factor for the receipt of horizontal polarization when
receipt of vertical polarization was desired, Ae’? is the distor-
tion in the RHC transmit, horizontal receive (RH) polarization
channel, and « is the change in A due to amplifier gain drift.
The transmit XPI factors are related to the complex circular po-
larization ratio of the individual antenna by
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III. SYSTEM PARAMETER CHARACTERIZATION

Polarization scattering matrices (PSMs) for known targets
are required to calibrate and characterize system parameters.
PSM’s of targets for LL-pol are well known [12]. The following
equations [2] are used for transforming LL-pol PSMs to CL-pol
PSMs:

1
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Combining the LL-pol PSM for a dihedral from [12] with (6),

one obtains
S Sm|_ 1 [ed?
Siv Sk a \/i je—ﬂ"a
In (7), the angle ¢ is defined in [12] as the angle between the
dihedral’s spine and horizontal polarization.

Combining (7) with (3), the measurement of a dihedral in RH
polarization is shown to be
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Part 1 of (8) contains the desired .S;, signal with receive XPI,
and Part 2 of (8) contains only factors related to the transmit
XPI. If a dihedral pointed toward the radar being calibrated
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was set to continually rotate in the h/v plane, then the effec-
tive Doppler shift of the e /2% and e’2# would separate the
two parts of (8). The desired signal contained in Part 1 of (8)
would additionally be Doppler shifted away from any structure
or background clutter at zero Doppler, and the noise term N
would also be distributed and reduced. This makes a continu-
ally rotating dihedral an attractive target for calibration and for
evaluating XPI in the CL-polarization basis. Ignoring the noise
terms, the signals that are obtained by measuring a continually
rotating dihedral are summarized as

Mg = Ale % (14 jéaanr f1) + €77 (84 — jbaor1 f164))]

(%)
ML = Ale %961 + jar fr) + €727 (8164 — jon f164)]
(9ii)
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ME = Ale™722(61830a fo + jou f18302 f2)
+ eI (8100 fo — jar frasfo)] (9iv)

where A = agAed? Vo2

In (9), o is the RCS of the dihedral. Using Doppler filtering,
assuming the amplifier drift terms oy ~ @9 ~ 1, assuming the
antenna gain balance terms f; ~ fs ~ 1, and assuming the re-
ceive XPI terms 61 ~ 62 < 1, the transmit XPI can be obtained
by taking the ratios of different quantities from (9). Testing of
the amplifiers validated the «; ~ a9 ~ 1 assumption. We be-
lieve the fi ~ fo ~ 1 assumption is reasonable based on in-
spection of the antenna manufacturer test reports. Given the re-
ceive antenna’s port-to-port isolation of better than 32 dB, we
believe 61 ~ 82 < 1 is also a reasonable assumption. Thus
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The d=+ superscripts in (10) indicate either a positive or neg-
ative Doppler shifted signal. The equivalency of (10i) to (10ii)
and of (10iii) to (10iv) can be used to check the underlying as-
sumptions used to obtain (10) from (9). It is important to note
that when evaluating the phase in (10), the phase angle derived
is dependent upon the rotation angle of the dihedral

ei2e )
e i2¢ B
63 X (,7—250 (1111)

Therefore the phase evaluation of 8, and é3 is valid when
¢ =92 = ¢J2% which occurs when ¢ = 0, 90, 180, or 270.
Characterization of the 63 and 6,4 factors is obtained by mea-
suring a continually rotating dihedral. The data is then Doppler
processed by taking the inverse fast Fourier transform (IFFT)
in time over slightly less than the entire file. The exact number
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Fig. 3. Doppler spectrum data of a rotating dihedral, RH polarization. The
black line indicates the 8-GHz signal, and the gray line the 16-GHz signal.

of samples included in the IFFT is selected for the sharpest re-
sponse at the Doppler shift induced by the dihedral. Then, the
Doppler spectrum of interest is filtered and FFT’d to return it to
the frequency domain. This filtered data is then evaluated using
(10) with the « factors set to 1.

The same process and assumptions are used to obtain the fac-
tors for calibration. From (9), it can be shown that

y /2
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o
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Initial calibration is conducted using the same process de-
scribed to characterize the 63 and &4 factors, with the « fac-
tors set to 1. Secondary calibrations are then used to track the
changes in the « factors over time.

IV. RESULTS OF SYSTEM PARAMETER MEASUREMENT

A rotating 8-in-wide X 12-in-tall dihedral was placed in front
of the radar in the MASK. The dihedral’s rotation was counter-
clockwise when viewed from the radar, at a rate of ~19.5°/s.
Combined with the radar BRF of ~105 chirps/s, and consid-
ering the factor of 2 in the e*72¢ factors of the dihedral CL PSM,
we predicted a frequency independent phase shift of —0.37° for
an RHC illuminating wave and +0.37° for an LHC. From this
point, our discussion will focus on the RHC antenna results, but
the conclusions are equally true for the LHC antenna results.

In Fig. 3, the primary RHC signal can be seen at —0.37° of
Doppler shift. The LHC XPI from the RHC antenna can be seen
at +0.37° of Doppler shift. Building and structure interference
is observed at 0 Doppler. The frequency independence of the ob-
served Doppler shift confirms the effects are due to the rotating
dihedral’s response to the desired RHC and undesired LHC XPI
signal. Measuring the antenna in this manner therefore accu-
rately determines the sense of polarization of the antenna under
test.
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Fig. 4. Measurement of |6,|. The black line indicates the measurement ac-
cording to (10i), and the gray line the measurement according to (10ii).
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Fig. 5. Measurement of |fy f2|. The black line indicates the assessment of

(12iv), and the gray line indicates the assessment according to (12ii) x (12iii).

TABLE 1
ACCURACY OF RH CALIBRATED RCS AND DRIFT OF THE «-FACTORS
OVER TIME

Parameter | Day1 | Dayl | Dayl | Dayl | Day1

/Sample 06:45 | 10:08 | 15:15 | 16:46 | 18:00
RHAc (dB) | +0.3 -0.1 +0.0 -0.1 -0.3
ao (dB) 0.0 0.0 0.0 0.0 0.0
a; (dB) -0.0 -0.1 +0.1 +0.0 +0.1
a, (dB) -0.4 -0.1 +0.0 -0.1 -0.1

Parameter | Day2 | Day2 | Day2 | Day2 | Day2

/Sample 06:44 | 09:20 | 12:56 | 14:09 | 15:56
RH Ac (dB) | +0.2 -0.1 +0.0 -0.3 +0.0
ag (dB) -1.0 -1.0 -1.0 -1.0 -1.0
a; (dB) +0.1 +0.1 -0.0 -0.1 -0.0
o, (dB) -0.5 -0.5 -0.3 -0.2 -0.1

When analyzing Doppler shifted signals, I and Q imbalances
in coherent radar receivers can cause the appearance of a smaller
Doppler signal at the opposite sense Doppler from the main
signal, or ghosting. We implemented corrections for the system
I and Q imbalances of our radar per [13] and verified that all
Doppler ghost signals were at least 50 dB suppressed.

In Fig. 4, we compare the (10i) and (10ii) magnitude
measurements of d4. The slight differences between these
measurements can be explained by the radar receiver’s linearity
specification [14], coherent interference [15] from the —50-dB
Doppler ghosting signal, and the receive XPI terms we ignored
going from (9) to (10).

In Fig. 5, we compare the (12ii) x (12iii) and (12iv) mag-
nitude measurements of fi x fa. The explanation for the slight
differences between these measurements is the same as that out-
lined for Fig. 4.

In Table I, we display the results of using a 10-in-radius
sphere to assess the accuracy of the wideband RCS in RH
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polarization and «-factor drift over time. We observe that
system drift is dominated by the oy and «s factors, which
characterize the drift due to the HPA transmit amplifiers.

From Table I, we are also able to conclude that, thanks to the
use of the a-factors to account for system drift, the calibration
accuracy is 0.3 dB.

V. CONCLUSION

We presented a model for the calibration and study of XPI
in fully polarimetric CL-pol radars. We leveraged this model
and the induced Doppler shifts of a continually rotating dihe-
dral illuminated by an elliptically polarized wave to assess the
transmit XPI of our radar. The experimental results confirm the
validity of the radar calibration and XPI model and the antenna
measurement technique.
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