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Abstract— This letter presents initial weather measurements
with a cylindrical polarimetric phased array radar (CPPAR)
demonstrator developed at The University of Oklahoma. The
overall system specifications, waveform design, beam pattern
measurement, and beam-to-beam calibration of the CPPAR
demonstrator are presented. The weather observations of convec-
tive precipitation are provided, employing a single-beam mechan-
ical scan and commutating beam electronic scan. Measurement
results from these two scan modes are compared, and the error
statistics are derived and discussed. A new feature of the CPPAR
commutating beam electronic scan in clutter detection is observed
and explained.

Index Terms— Clutter detection, commutating beam, cylindri-
cal polarimetric phased array radar (CPPAR), electronic scan,
weather measurements.

I. INTRODUCTION

IN RECENT years, phased array radar (PAR) technology
has received much attention in the weather community,

owing to its capability of faster data updates and the potential
to serve multiple missions. On the other hand, weather radar
polarimetry has matured in applications such as hydrometeor
classification, quantitative precipitation estimation, attenua-
tion correction, microphysics retrieval, and so on. Therefore,
a desirable candidate for future weather observation is a
polarimetric PAR (PPAR) [1], which is capable for both the
polarimetry of multiparameter measurements and the fast-scan
proficiency of the PAR.
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However, it is challenging to collect high-quality polari-
metric radar data of weather with a PPAR. For example,
with a planar PPAR (PPPAR), the beam and polarization
characteristics change with the electronic beam direction, caus-
ing geometrically induced cross-polarization coupling [1]–[4],
as well as sensitivity losses and measurement biases when
the PPPAR beam is steered away from the broadside [5],
which imposes a lot of difficulties for calibration and accurate
polarimetric weather measurements.

To overcome the inherent deficiencies of PPPAR, the con-
cept of cylindrical polarimetric PAR (CPPAR) was proposed
for future weather measurements and multiple missions [5].
In a CPPAR system, beam steering in the azimuth is realized
by a commutating scan, in which the beam direction changes
in the azimuth by shifting a column of excited antenna sector
and maintaining the weight symmetry about the beam center.
As a result, the CPPAR has scan-invariant beam characteristics
in the azimuth and polarization purity in all directions, which
allows for high-quality polarimetric weather measurements.
To validate the CPPAR concept, a small-scale CPPAR demon-
strator has been jointly developed by the Advanced Radar
Research Center (ARRC) at The University of Oklahoma (OU)
and the National Severe Storms Laboratory of NOAA [6]–[8].
Initial weather measurements were made in the summer
of 2019.

This letter presents the results of these initial weather
measurements to show the performance of the CPPAR demon-
strator and polarimetric data quality that could be achieved
by a cylindrical array radar. Section II describes the engi-
neering design and specifications of the CPPAR demonstrator,
including system overview, waveform design, beamforming,
and pattern measurements, as well as beam-to-beam cali-
bration. Section III presents the weather measurements of a
convective precipitation made with the CPPAR, employing
the single-beam mechanical scan and commutating beam
electronic scan. The measurements are compared qualita-
tively with KTLX, a nearby operational next-generation
radar (NEXRAD); then, a quantitative comparison is made
between the two scan modes, and error statistics are estimated
and discussed. Section IV explores and verifies a feature of
the commutating beam electronic scan in clutter detection.
Section V summarizes these results and discusses future
improvements to the CPPAR demonstrator.

1545-598X © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: University of Maryland College Park. Downloaded on September 03,2021 at 14:46:05 UTC from IEEE Xplore.  Restrictions apply. 

https://orcid.org/0000-0003-1304-1349
https://orcid.org/0000-0002-0261-2815
https://orcid.org/0000-0003-2285-9599
https://orcid.org/0000-0003-0376-5626


272 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS, VOL. 18, NO. 2, FEBRUARY 2021

Fig. 1. CPPAR demonstrator. (a) On the ground. (b) Moved to ARRC rooftop.

TABLE I

TECHNICAL SPECIFICATIONS OF THE CPPAR DEMONSTRATOR

II. ENGINEERING DESIGN AND SPECIFICATIONS

OF THE CPPAR DEMONSTRATOR

A. System Overview

As shown in Fig. 1, the CPPAR demonstrator consists of
a cylinder with a diameter of 2-m and a height of 2-m,
in which there is a server for system control and commu-
nication. The cylinder is fully populated with 96 columns
of subarrays, whereas currently only 48 of these columns
have been equipped with channel electronics. Each column
is a 19-element linear array of dual-polarization, frequency-
scanned, microstrip patch antenna, which is designed to oper-
ate over a frequency range from 2.7 to 3.0 GHz, corresponding
to a scanning range from 0◦ to 20◦ in elevation [6], [9].
The spacing between the columns on the cylinder is 6.5 cm,
equivalent to an azimuthal angle of 3.75◦. Feed networks
are designed to perform analog beamforming while doing
commutating scans in azimuth. The technical specifications
of the CPPAR demonstrator are shown in Table I.

B. Waveform Design

On transmit, the AD9361 radio frequency (RF) transceiver
uses a baseband synthesizer for waveform generation, includ-
ing linear frequency modulation (LFM) waveform, nonlinear
frequency modulation (NLFM) waveform, and so on. Based
on the maximum sampling rate and available taps of the
matched filter in the RF transceiver, an optimized NLFM pulse
compression waveform is designed by following the genetic
algorithm documented in [10] and implemented in CPPAR.
As shown in Fig. 2, the optimized NLFM waveform has a
maximum pulsewidth of 34 μs, peak sidelobe level below
−63 dB, and integrated sidelobe level below −41 dB, as well

Fig. 2. NLFM waveform in CPPAR. (a) Real component. (b) Autocorrelation
function.

Fig. 3. CPPAR optimized beam patterns.

as a power efficiency of 93.66% and a 3-dB range resolution
of 80 m.

C. Pattern Measurement and Optimization

To demonstrate the advantages of CPPARs in polariza-
tion purity and azimuth scan-invariant beam characteristics,
CPPAR beam patterns are measured by a calibration horn
mounted on the National Weather Center which is about
225 m away from the CPPAR. The horn height can be
adjusted based on the CPPAR beam steering elevation, which
is determined by the frequency of operation. At the frequency
of 2.76 GHz, the CPPAR points at 3.3◦ in elevation, and the
horn is mounted at approximately 13 m above the CPPAR.
First, all the azimuthal element (column) radiation patterns are
measured. As in [11], a multiobjective optimization method is
used to find the optimum weights to form the beams from the
center of each active 90◦ sector (24 columns) of the cylinder.
The goal is to match the copolar patterns between horizontal
and vertical polarizations for all commutating beams while
maintaining the sidelobe levels and maximizing the gain. Fig. 3
shows the optimized horizontal and vertical polarization beam
patterns of an active 90◦ sector of CPPAR, which have the
sidelobe levels lower than −28 dB (one-way), and the cross-
polarization levels are below −37 dB from the copolar peak.

D. System Calibration

In the electronic scan mode, the beamforming weights
optimized from the central sector (Column No.13∼36) are
applied to all the commutating sectors for beamforming. Due
to the variations in element (column) pattern and channel
electronics (attenuator, phase shifter, etc.), the calibration
factor (radar constant) may be slightly different from beam to
beam. To calibrate, two step procedures are implemented in the
CPPAR demonstrator. The first step is to obtain radar constant
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Fig. 4. Mean differences between electronic scan and mechanical scan for
CPPAR calibration.

for the single beam formed by the central sector. According
to the weather radar equation [12]

Z = Pr + C + 20log10 R (1)

based on CPPAR specifications, radar constant is obtained as
C = 98.14 dB and verified by comparison with KTLX mea-
surements. Since the CPPAR and KTLX have very different
resolutions and are not collocated, the verification just shows
the consistency of the CPPAR. The second step is to compen-
sate for the beam-to-beam variation based on weather measure-
ments, which uses the differences between electronic scan and
mechanical scan from the previous measurements to calibrate
the measurements of the current electronic scan. The mean
differences for reflectivity (ZH), differential reflectivity (ZDR),
and differential phase (φDP) used for calibration are shown
in Fig. 4. The ZH differences are typically within 1.0 dB,
ZDR differences are less than 0.3 dB, and the φDP differences
are mostly within 5.0◦. This shows the advantage of the
scan-invariant commutating beam of the CPPAR, simplifying
the calibration for polarimetric measurements. Nevertheless,
these small differences were corrected from the previous
experiment, and after correction, the electronic scan measure-
ments become more consistent, as shown in Section III.

III. WEATHER MEASUREMENTS

During the summer of 2019, CPPAR was operated for test-
ing and initial weather measurements, using the single-beam
mechanical scan and commutating beam electronic scan,
respectively, when the data sets of the two scans were collected
24 s apart. The main scanning parameters during data collec-
tion are shown in Table II. To reduce noise effects, the one-
lag estimator was employed in pulse-pair processing [13].
In addition, a notched filter was employed to mitigate the clut-
ter effect on weather measurements. Weather measurements
including reflectivity, radial velocity (υr), spectrum width (σv),
differential reflectivity, copolar correlation coefficient (ρhv),
and differential phase in a convective precipitation case are
shown in Fig. 5. For qualitative comparison, observations from
the nearby KTLX are also shown in Fig. 5 as reference. As can
be seen, the CPPAR electronic scan visually produces almost
the same measurements as its mechanical scan. Moreover,
CPPAR measurements are generally consistent with KTLX
observations except for the difference in resolution. It should
be noted that the difference in υr and φDP measurements is
because the resolution volumes in precipitation are seen by

Fig. 5. Weather measurements collected with CPPAR (SNR ≥ 5 dB)
and KTLX on August 27, 2019. (Left column) CPPAR mechanical scan at
05:03:40 UTC. (Middle column) CPPAR electronic scan at 05:04:04 UTC.
(Right column) KTLX mechanical scan at 05:06:10 UTC.

Fig. 6. Scatter plots of CPPAR measurements in precipitation (SNR ≥ 5 dB).

CPPAR and KTLX from different radial directions. Further-
more, CPPAR produces higher estimates of σv due to its wider
beam which illuminates more weather scatterers in motion.
In addition, one-one scatter plots between CPPAR mechanical
scan and electronic scan are shown in Fig. 6.

For further quantitative comparison of CPPAR measure-
ments between electronic scan and mechanical scan, it is more
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TABLE II

CPPAR PARAMETERS DURING DATA COLLECTION

TABLE III

ERROR STATISTICS BETWEEN ELECTRONIC SCAN AND

MECHANICAL SCAN OF CPPAR MEASUREMENTS

straightforward to reduce noise effects by using high signal-
to-noise ratio (SNR) data (see Fig. 8 in [14]), and a threshold
of SNR ≥ 20 dB was used to filter the raw data for error
analysis. Error statistics are shown in Table III, in which the
mean bias (MB) and standard deviation (STD) are defined as
follows:

MB = 1

N

N∑
n=1

(en − mn) (2)

STD =
√√√√ 1

N

N∑
n=1

(en − mn)
2 (3)

where e is the measurement value from electronic scan and m
is the measurement value from the mechanical scan. It should
be noted that the global STD includes two sources of error,
in which one comes from random fluctuation due to sampling
error, whereas the other results from the inhomogeneity of
weather scatterers due to the temporal and spatial difference
of the two scans. In this weather case, two CPPAR scans were
made with 24 s apart imposed by the scan mode switch time,
during which the positions and velocities of weather scatterers
in the resolution volume might have changed. To quantify the
accuracy of the CPPAR measurements, the random fluctuation
due to sampling error is estimated, which is referred to as
“local STD.” The local STD is estimated from radar estimates
over 11 gates (range gate No.1–11, 2–12, 3–13, . . . . . .) in
each beam, and the corresponding histograms for the electronic
scan are shown in Fig. 7. Then, the measured local STD of
each radar estimate can be obtained from the median value of
the corresponding histogram. In addition, the theoretical STD
of radar estimates can also be calculated using the measured
median value of σv and ρhv, based on the equations in [13]
and [15].

Fig. 7. Histograms of STD of radar estimates in the electronic scan
(SNR ≥ 20 dB).

As shown in Table III, the STD of the CPPAR estimates
(second column from right) and STD in theory (last column)
are generally very consistent for electronic scan, which can
meet NEXRAD specifications for data quality.

IV. PERFORMANCE COMPARISON OF VARIOUS SCAN

MODES IN CLUTTER DETECTION

In weather radar observation, ground clutter will always
degrade radar data quality and, hence, affect quantitative pre-
cipitation estimation. Therefore, it is important to detect clutter
and mitigate its effects as much as possible to ensure accurate
weather measurements. Normally, individual stationary ground
clutter such as water towers will have very high ρhv. According
to the definition of ρhv [15]

ρhv =
∣∣〈ns∗

hh(π)svv(π)〉∣∣(〈n|shh(π)|2〉〈n|svv(π)|2〉)1/2 (4)

where shh(π) and svv(π) are backscattering amplitudes for
horizontal and vertical polarizations, respectively, and the
angular brackets 〈· · · 〉 denote the ensemble average. The
numerator in (4) can be further expanded as follows:

〈ns∗
hh(π)svv(π)〉 = 〈n|shh(π)||svv(π)|〉e−σ 2

δ e jδ (5)

where the mean scattering phase difference is δ = 〈δh − δv〉
which can bias the φDP estimate, and its standard deviation
is σδ = STD(δh − δv) which causes decorrelation. Therefore,
ρhv is reduced by a factor of e−σ 2

δ /2 due to the random scat-
tering phase difference in the case of melting snow, hail, and
biological scatterers, as well as distributed ground clutter [15].

In the mechanical scan mode, there is always the beam
smearing effect and the change in the scattering phase differ-
ence due to the fast rotation of the antenna, which will increase
σδ of ground clutter. As a result, the measured ρhv of ground
clutter will be reduced. On the contrary, the commutating
scan mode has no beam smearing effect as it electronically
steers the beam, and hence, the σδ of ground clutter is much
lower, which yields the higher ρhv. This is fundamentally
different from the reduced ρhv for clutter in mechanical scan
measurements that we are used to. Therefore, special attention
is needed in interpreting electronic PAR measurements.

To validate this theory, ρhv measured in a clear air condition
is compared as follows. As shown in Table II, the azimuth
sampling rate is 0.75◦ per dwell for mechanical scan and 3.75◦
per dwell for the electronic scan of the CPPAR demonstrator.
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Fig. 8. Comparison of ρhv under various scan modes in clear air condition.
(a) Mechanical scan with a single radial. (b) Mechanical scan with combined
radials. (c) Electronic scan.

To make a fair comparison, the azimuth sampling rate should
be the same for the two scan modes. A possible solution is to
combine every five consecutive radials in the mechanical scan
into a new radial, which corresponds to an equivalent azimuth
sampling rate of 3.75◦ per dwell. The processed results are
shown in Fig. 8. The measurements in the clear air condition
were collected at 01:09:32 UTC for the mechanical scan and
01:09:54 UTC for the electronic scan on August 31, 2019.
For comparison purposes, measurements from the mechanical
scan processed with the raw single radial are also included.
It should be noted that all the results shown in Fig. 8 are before
clutter filtering so that the performances of various scan modes
in clutter detection can be compared in a fair way.

As shown in Fig. 8, due to the change in differential
scattering phase during the scan, ρhv measured from the
mechanical scan with combined radials is obviously lower
for ground clutter within 10 km, as shown in blue pixels,
compared with that from the electronic scan. As a comparison,
ρhv measured from a mechanical scan with raw single radial
shows some reduction but not as serious as the combined
beam. The reason is that the azimuth sampling rate of 0.75◦
per dwell for the mechanical scan is only about one-eighth of
the beamwidth of the CPPAR demonstrator, so the change in
differential scattering phase of ground clutter during the scan
is much smaller.

V. CONCLUSION

In this letter, initial weather measurements using a CPPAR
demonstrator developed at The University of Oklahoma are
presented. After a description of technical specifications,
waveform design, beam pattern measurement and optimiza-
tion, and system calibration of the CPPAR demonstrator,
weather measurements with single-beam mechanical scan and
commutating beam electronic scan, in observation of a convec-
tive precipitation, are presented. The measurements are first
validated qualitatively with KTLX, and then, the two scan
modes are compared quantitatively, and error statistics are
derived and discussed. Results show the advantages of the
CPPAR’s scan-invariant beam characteristics and polarization
purity, simplifying the calibration and allowing high-quality
polarimetric weather measurements. Moreover, a theoretical
explanation of the features of a commutating beam electronic
scan in clutter detection that is different from the mechanical
scan is presented and confirmed by observations.

Currently, efforts are underway to improve the calibration
for the commutating beam electronic scan mode. By obtain-
ing the beam-to-beam stability, the variations in gain and
beamwidth among the commutating beams can be mitigated.
In addition, advanced signal processing such as multilag cor-
relation estimators will be implemented in CPPAR to further
improve the polarimetric data quality.
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