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ABSTRACT

One of the main challenges to the use of phased array radar for weather observations is the implementation
of dual polarization with acceptable levels of cross-polar fields induced by the antenna. For example, to
achieve acceptable differential reflectivity (Zpr) bias (e.g., less than 0.1 dB) using simultaneous transmission
and reception of H and V polarized waves, the isolation between coaxial cross-polar and copolar beams needs
to be in excess of 50 dB. Because such isolation cannot be achieved at an affordable price by antenna hard-
ware, additional methods are required to attain supplementary isolation of orthogonal channels. One such
option is time multiplexing. Herein, this approach is evaluated from the statistical aspect, whereby the de-
polarization caused by the radar hardware is accounted for in this study. An evaluation is conducted using
theoretical analysis as well as simulated and time series data from a weather radar. The main criteria for
evaluation are the bias and standard deviation of differential reflectivity estimates. The results indicate that
the implementation of the time-multiplexing method has the capability to significantly improve upon the
radar intrinsic cross-polar isolation. However, it is demonstrated herein that the reflectivity gradients in range
adversely affect the efficacy of the method and that the standard deviation of estimates can significantly
increase as a result of the time-multiplexing application.

1. Introduction the potential to provide reduced data update times. The

The Weather Surveillance Radar-1988 Doppler (WSR- sgr‘iilriitzlgl:Shzisizgnp(ﬁiuzzgng 10?;;? evtvzallth(zg(%b)—
88D), operated by the National Weather Service, is one y ) ’

of the key providers of weather information for the entire al;?ar?;(ggr;n:};ltZr(ie:;r(lisl:(rz?endn%ltﬂtl}(:zeNilstlircl)ia? ;:i]g;;
United States. As such, the WSR-88D network is con- p

. . . Storms Laboratory (e.g., Heinselman and Torres 2011).
stantly evolving, with the most recent and significant .
o . L . The PAR technology has been principally developed to
addition to the network being dual-polarization capabil- . . .
. L ; . . advance point target detection and tracking, but dual-
ity. Dual polarization provides new information that olarization PAR has hardlv anv precedent. Notable
improves the abilities of forecasters and algorithms to p y any p )

P . s exceptions are recently built X-band agile-beam polar-
distinguish between different types of precipitation (e.g., . .

. . . imetric weather radars (Salazar et al. 2010; Knapp et al.
rain, hail) and nonweather scatterers (e.g., insects, ground

L L 2011; McCarroll and McLaughlin 2012). It is certain that
clutter) as well as more accurate qualitative precipitation . . .
e if PAR is to become the next-generation weather radar,
estimation (QPE).

In recent years, phased array radar (PAR) technology it WIH' havt'i to include dual-polarization technology
. [polarimetric phased array radar (PPAR)] that meets or
has been proposed as a foundation for development of

. . . exceeds the current surveillance capabilities of existing
the next-generation weather surveillance systems. This

technology supports more flexible scanning strategies weather radars (¢.g., WSR-88D).

. . Generally, implementation of dual-polarization for
than radars using mechanically steered antennas and has . . . .
weather applications imposes strict requirements on

antenna design and fabrication. This is due to the nature
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fields. Even perfectly fabricated reflector antennas [i.e.,
with no cross coupling between horizontal (H) and
vertical (V) channels leading to the antenna; Jones 1954;
Chandrasekar and Keeler 1993; Zrni¢ et al. 2010] pro-
duce cross-polar fields; that is, a portion of the energy
inserted into the H antenna port is also transmitted as
the cross-polar V field and vice versa. The result is that
the measured echo voltages in the V channel are con-
taminated by the echoes caused by the H cross-polar
field if the H port is solely excited and vice versa.
Boresight cross-polar fields introduce the most bias in
the estimates of polarimetric variables. This is because
the most power of cross-polar signals originates from
these fields. Also, they are collocated with the main
beam so their returns are coherent with those from co-
polar fields. For well-designed phased array elements,
cross-polar fields are minimal (ideally zero) in the
principal planes of the radiation/reception patterns but
are significant elsewhere (Lei et al. 2015).

The result is that the measured voltages in the V
channel are contaminated by the returns caused by the
cross-polar field transmitted by the H channel and vice
versa. For phased array antennas, this effect is minimal if
beams are directed along the principal planes but in-
creases otherwise. In addition, the close proximity of
hardware leading to the array elements can cause a
portion of the energy present in the H channel to leak
into the V channel, and vice versa (herein referred to as
channel-to-channel cross coupling). This effect is pres-
ent on both transmission and reception, resulting in the
contamination of voltages measured in the H channel by
the returns from vertically polarized field and vice versa.
Because of high component integration, coupling
through PPAR hardware (e.g., the circuits behind the
antenna backplane) is even more prominent compared
to radars using reflector antennas.

All polarimetric measurements are influenced by
these effects. Those that are of most concern are the
differential reflectivity (ZpRr), the copolar correlation
coefficient magnitude |pp,(0)| (herein referred to as
correlation coefficient), and the differential phase ¢pp
(Doviak and Zrni¢ 1993, section 8.5.2.3). In case of Zpg,
it is certain that the cross-coupling effects will be com-
pounded with other bias-inducing effects already pres-
ent in radars using parabolic antennas (Hubbert et al.
2003; Zrnic¢ et al. 2006; Ice et al. 2014). Additionally, in
most planar PPAR architectures, the nonorthogonal
orientation of intended H and V fields occurs when the
beam is pointed away from the principal planes (Zhang
et al. 2009; Zrni¢ et al. 2011; Lei et al. 2015). The net
effect is that the amount of energy transmitted in the
cross-polar H and V fields increases and the difference
between the H and V copolar field powers is different
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for each beam position as the beam is steered away from
broadside. The differences in the H and V copolar beam
powers can be accounted for using calibration, whereas
the effects of cross-polar fields cannot because they are
dependent on the intrinsic signal parameters such as
ZbR, |Pv(0)], and ¢pp (Zrnic et al. 2010). Consequently,
the issue of cross-polar fields must be dealt with using
means other than calibration. Thus, to keep the overall
bias within the desired limits, it is likely that the Zpgr
calibration in PPAR will be an order of magnitude more
difficult than in radars with parabolic antennas.

To circumvent the nonorthogonal orientation of
intended H and V fields, Zhang et al. (2011) proposed a
cylindrical design [cylindrical polarimetric phased array
radar (CPPAR)], whereby the beam is steered in azi-
muth by commuting illumination of the array elements
so beams are always in the vertical principal plane.
Another alternative is a system where beams are elec-
tronically scanned only in one of the orthogonal prin-
cipal planes and mechanically scanned in the other
(Knapp et al. 2011). Finally, the use of electric and
magnetic dipoles aligned in the vertical to create or-
thogonally polarized electric fields in all directions was
proposed by Crain and Staiman (2007). With such an
ideal arrangement, only copolar H or V fields are
transmitted in all directions if the H or V port is excited.
Nonetheless, given practical implementations, cross-
polar coupling through the radar antenna and the sur-
rounding microwave circuitry remains and must be dealt
with. Because of these issues, the Multifunction Phased
Array Radar Symposium II (http://www.ofcm.noaa.gov/
mpar-symposium, 17-19 November 2009) identified the
polarimetric capability to be the most challenging
technical issue for future multimission phased array
radar (MPAR).

The two typical modes of polarization implementa-
tion are the alternate (AHV) and simultaneous (SHV).
In the AHV mode, the H and V ports of the antenna are
alternately excited, whereas in the SHV mode ports are
excited simultaneously. The polarimetric measurements
in the two modes are differently affected by the cross-
polar fields generated by the antenna and channel-
to-channel cross coupling. For the same cross-polar
isolation, the AHV is advantageous in that the Zpg bias
is much smaller than in the SHV mode (Sachidananda
and Zrni¢ 1985; Wang and Chandrasekar 2006). Un-
fortunately, the AHV mode of operation presents nu-
merous other challenges. The most important is that it is
not compatible with the SHV mode in which the dual-
polarized WSR-88D currently operates; hence, switching
to the AHV mode would require significant changes in the
existing algorithms. More generally, there are significant
challenges with AHV mode transmission when obtaining
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the dual-polarization variables with the required quality
while maintaining an unambiguous range of ~300km
(Zrni¢ et al. 2012).

If SHV is used for the PPAR, then the current al-
gorithms can be seamlessly transferred to the new
hardware. Further, advantages of the SHV mode are
1) estimates with significantly lower errors for the same
scan rates, 2) the differential phase is measured
within a 360° interval, 3) the correlation coefficient can
be measured directly (i.e., no need to assume a corre-
lation model), and 4) there are no compromises in the
performance of the ground clutter filter (Zrni¢ et al.
2012). This compels us to search for ways other than
better antenna design to improve cross-polar isolation
that would suit the PPAR design and enable the use of
SHV mode with satisfactory Zpg bias.

Orthogonal coding in the SHV mode to enable cross-
polar measurements (i.e., all four elements of a target
scattering matrix), without taking into account the effects
of cross-polar signals, was proposed by Giuli et al. (1993)
and later by Stagliano et al. (2006). In the case of Stagliano
et al. (2006), the code details were not specified (see also
Stagliano et al. 2009). A conceptual approach therein is to
make the returns, from the transmitted fields in H and V,
orthogonal by changing the phase of the transmitted
waves multiple times within the pulse. This provides for
separation of the copolar and cross-polar components
of the backscattered signals in the H and V channels.
The additional effect of doing so is that the impact of
signals caused by cross-polar coupling in the SHV
mode on the differential reflectivity is also diminished.
Unfortunately, because the zero-lag copolar correla-
tion coefficient p,,(0) is estimated by calculating the
correlation between H and V backscattered signals,
this type of orthogonal coding precludes estimation of
piy(0) from second-order estimates at zero lag as has
been shown in Ivi¢ (2013).

Chandrasekar and Bharadwaj (2009) proposed cross-
polar measurements in the SHV mode by implementing
phase changes on transmission from pulse to pulse us-
ing Walsh—-Hadamard codes. The scheme operates by
shifting the spectrum of one of the signals (H or V) by
half the Nyquist interval so that after it couples with the
other signal it can be removed by filtering. Conse-
quently, such a scheme may also be used to suppress the
effects of cross-polar coupling but poses the require-
ment that the number of samples used in estimation is a
power of 2. A similar, but much simpler, scheme is
proposed by Zrni¢ et al. (2014), whereby modulations
similar to Sachidananda and Zrni¢ (1986) are used to
achieve the same goal. To obtain the full benefit, this
scheme requires the number of samples, used in esti-
mation, to be even.
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Clearly, if filtering of cross-polar signals in the spectral
domain is employed, both schemes require that the
Nyquist interval be large enough so that the spectra of
two signals do not overlap (for the most part) so that
filtering can succeed in removing unwanted cross-polar
signals. However, in the current implementation on the
WSR-88D, the polarimetric variables at the lowest two
(sometimes three) elevation angles are obtained in the
SHV mode using long pulse repetition time (over 3 ms)
so that range ambiguities do not occur. Such long pulse
repetition times (7;) result in small unambiguous ve-
locities (~9ms™'). This reduces the number of cases
where the spectra of copolar and cross-polar signals are
sufficiently separated to enable successful removal of
cross-polar signals via spectral filtering. Nonetheless,
both schemes diminish the bias in H and V power esti-
mates even without the use of filtering. This is because
they induce a pulse-to-pulse alternating positive/negative
sign in the products of copolar and cross-polar signals so
the estimates of these cancel each other in the mean using
simple time averages of the received powers in the H and
V channels.

A technique that reduces the effects of antenna cross
coupling using cross-polar correlation measurements
has been proposed by Galletti et al. (2014). Such mea-
surements are readily available in the AHV mode but
not in the SHV mode. These may be extracted in the
SHV mode using the orthogonal codes [as described by
Giuli et al. (1993) and Stagliano et al. (2009)]. However,
straight application of such codes prevents estimation of
Py (0) at zero lag as noted earlier in the text. Alterna-
tively, switching between the two orthogonal waveforms
in the H and V channels [simultaneous transmission and
simultaneous receive (STSR) orthogonal four-polarization
pulsing scheme in Galletti et al. (2014)] allows the p,,(0)
measurement from second-order estimates at one and two
lag. Such an approach, however, is likely to produce lower-
quality p,,(0) estimates from scans with long pulse repe-
tition times (PRT) as a result of the insufficient correlation
in sample time (e.g., surveillance scans in WSR-88D)
(Ivi¢ 2013).

Another approach proposed by Zrni¢ et al. (2014), to
suppress cross-polar signals, is time multiplexing, in
which the V transmitter port is energized immediately
after the H port or vice versa. In the regular SHV mode,
the estimated powers in H and V are the sums of copolar
and cross-polar signal powers as well as the product of
these two signals (herein referred to as the co/X-pol
product). Because the copolar and cross-polar signals
from weather are highly correlated, their product is the
main cross-polar coupling bias contributor. Ideally, in a
time-multiplexed arrangement, the copolar and cross-
polar signals in H and V belong to different resolution
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volumes (Vi) and are rendered uncorrelated so their
product becomes zero in the mean. Thus, the estimated
powers in H and V are the sums of copolar and cross-polar
signal powers only. However, because copolar and cross-
polar signals belong to different resolution volumes, the
cross-polar power can induce a larger bias in the case of
strong reflectivity gradients. If pulses in the horizontal and
vertical channels are transmitted within an adequate time
interval, it can be assumed that the scatterers are frozen
during the period needed to acquire data from the same
resolution volume in the horizontal and vertical channels.
Therefore, this mode of polarimetric data acquisition is
compatible with the SHV mode and can be regarded as
the quasi-simultaneous HV (QSHV) mode. Conse-
quently, time series collected using the QSHV mode can
be seamlessly passed to the signal processing algorithms
developed for the SHV mode. Herein, a statistical eval-
uation of the QSHV mode to suppress cross coupling is
conducted. Throughout the paper the bias and standard
deviation are the principal criteria by which the quality of
differential reflectivity estimates is evaluated. The paper is
structured as follows. In section 2, a theoretical model is
introduced along with the analysis of the cross-polar
contaminant suppression mechanism. The ability of the
QSHYV mode to suppress cross-polar coupling terms and
its sensitivity to reflectivity gradients are evaluated in
section 3 using analytical derivations and simulated time
series. Analysis where cross-polar coupling is emulated
using time series collected with weather radar is given in
section 4. The main conclusions of the paper are sum-
marized in section 5.

2. Theoretical model

Cross-polarization coupling can be caused by pre-
cipitation or by the radar itself (e.g., as a result of the
inherent cross-polarization fields generated by the an-
tenna element and/or imperfections in the antenna, and
by channel-to-channel cross coupling). Assuming a
linear H, V polarization basis and no precipitation
along the propagation path, the backscattering prop-
erties of a single noncanted hydrometeor can be de-
scribed by its backscattering matrix S, which relates the
backscattered electric field vector [E]b at the antenna
to one [E]' incident on the scatterer [Doviak and Zrni¢
1993, Eq. (8.39)],

wr-[5] 2 T o

Svh SVV Ev r

where h and v denote the electric field’s polarization, k is
the precipitation-free wavenumber, and r is the distance
from the radar to the scatterer.
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The presence of distributed scatterers (e.g., pre-
cipitation) between the resolution volume and radar
may alter the properties of the transmitted electric wave
as it propagates (Oguchi 1983; Sachidananda and Zrni¢
1985). Thus, [E]' and [E]” need to include the phase
shifts and attenuation from the antenna ports to a far-
field reference sphere incurred during propagation of
the H and V fields through scattering media. This is
known as the propagation effect and is usually quanti-
fied by the transmission matrix T. Assuming there is no
depolarization (i.e., hydrometeors have zero canting
angle) nor differential attenuation at the 10-cm wave-
lengths of interest herein, the differential phase shift
(¢pp) is the dominant effect. Under these assumptions,
T is (Doviak and Zrni¢ 1993)

_ [exp(=jépp/2) O
T= A )

For weather radar application, the cross-polar radia-
tion follows definition 2 given by Ludwig (1973). Exci-
tation of the H port ideally generates purely horizontal
(i.e.,E, = E,) electric fields and excitation of the V port
generates purely vertical (i.e., E, = Ey) electric fields.
Terms Ey and E, are electric field components in a
spherical coordinate system with polar axis z vertical,
and x is the direction broadside to the planar array—in
this article the antenna is considered part of a planar
polarimetric phased array radar (PPPAR). Angles 6 and
¢ are the zenith and azimuth directions to the scatterer,
respectively. In reality, however, excitation of the H or
V ports always causes cross-polar fields having an in-
tensity determined by the radiation matrix F. It was
analyzed by Zrnic et al. (2010) for a center-fed parabolic
reflector antenna, who defined this matrix as

F F.
F= [ hh hv:| , (3)
th Fvv

where the matrix elements are one-way electric field
patterns proportional to

F,y(00,0: 6. &) = |, (8. 65 by, #)] expl v, (6.0 . )]
(4)

In (4),j = v/—1, while indices / and p can either be h or
v. Terms F, (6o, 0; ¢, ¢) are complex radiation pattern
functions that depend on beam direction 6, ¢ in the
case of phased array antennas but not in the case of
parabolic reflectors. In both cases radiation pattern
functions depend on the arguments 6, ¢. The electric field
patterns are characterized in the coordinate system that
usually follows the Ludwig 2 or 3 definition with argu-
ments 0, ¢ , where the boresight is at 8y = 0°, ¢y = 0°.
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F1G. 1. (a) The time-muliplexing transmit scheme. (b) The copolar (solid) and cross-polar
(dashed) received signal contributions from two adjacent resolution volumes Vi uniformly
filled with scatterers of the same properties. The signals arrive at the same time in each of the H
and V receiving channels. The H and V samples to be simultaneously processed are one range
gate apart (or 7 in time), but the respective resolution volumes from copolar signals are aligned

in range.

Term Fy, is the radiated H cross-polar electric field (i.e.,
cross-polar radiation pattern) if the V antenna port is
excited, and vice versa for F,,. In Zrni¢ et al. (2010),
where cross coupling in parabolic antennas is in-
vestigated, Fy,,, and F,y (i.e., copolar radiation patterns)
are assumed to be real functions. However, for a
PPPAR, Fy;, and F,, are complex—their amplitudes and
phases vary for each beam position and are not equal
(Zhang et al. 2009; Zrni¢ et al. 2011; Lei et al. 2015).
Consequently, the differences between Fyy, and F,, in-
troduce offsets in Zpr and ¢pp estimates (i.e., copolar
bias) that are dependent on boresight direction and must
be accounted for (e.g., using calibration). Because all
phases are considered relative to copolar H, Fy is as-
sumed to be real herein, and F,, is complex. Also, Fyy,
F,;, are assumed to encompass all hardware mecha-
nisms, which contribute to cross coupling.

Further analysis is carried out assuming the follow-
ing: 1) hydrometeors are oblate spheroids not canted,
2) amplitudes and phases of the transmitted H and V
copolar radiation are not matched, and 3) differential
attenuation along the path of propagation can, for most
observations at 10-cm wavelengths, be neglected but the
differential phase (¢pp) cannot be neglected. Note that
generally individual scatterers have canting angles that
are not zero, but in most cases the mean canting angle of
scatterers contained in a sufficiently large volume of
space is zero. This provides a basis for the first
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assumption so that only depolarization incurred by the
antenna cross-polar fields is considered herein (i.e.,
Shv = Syn ~ 0). The analysis presented here can be fur-
ther expanded to include the presence of the de-
polarization and attenuation effects induced by
scatterers and can be the topic for further research. We
need not be specific about the multiple causes of
channel-to-channel cross coupling, nor the causes of
amplitude and phases of the radiation patterns Fj,. In
case of PPPAR, the matrix F is different for each
boresight direction so it accounts for the changes in the
H and V channel electric field projections and changes in
cross-polar fields as the beam is electronically steered in
various directions [e.g., modeled by matrix P in Zhang
et al. (2009) for a pair of crossed electric dipoles] and in
channel-to-channel cross coupling.

As the transmitted pulses propagate through media,
they illuminate scatterers and a portion of the energy is
returned toward the radar. Herein, an ideal case is as-
sumed where the transmitted pulses have constant
phases, are rectangular in shape in both H and V, and
are exactly one pulse width (7) apart (Fig. 1a). If the H
port is energized, then echo voltages vy (x,, ¢, m) and
vy (1g, ¢, m) are received in H and V from the gth scat-
terer located in the direction 6, ¢ at range r, and at
time t (where t = 2|r,|/cis the range—time measured from
the start of the mth transmission and c is the speed of
light). These are
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v (r ,t,m)
e = CF'T"STFE,,
vvh(rq,t,m)
—C Fo Fy Shn(q) 0
Fhv Fvv 0 SVV(Q)

where superscript T indicates the transposed matrix,
Shn(n) =sun(n)e 7or, arguments of Fj, are not ex-
plicitly shown, and C is a scalar factor that
contains a dependence on range ry, to resolution
volume Vj [i.e., volume encompassed by the radar
beam illuminating scatterers of interest (Doviak and
Zrni¢ 1993)], attenuation, and system parameters.
The second subscript in Fj, indicates the energized

r,t,m
[U‘W(’ )] — CF'T'STFE,
vw(ri,t,m)
th th st (D) 0
Fhv FVV 0 va(i)

where the symbol 8 denotes the phase difference be-
tween H and V imposed on transmission. Carrying out
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th Fhv p c e7j2qu(m) , (Sa)
th Fvv

(transmitting) port and the first subscript is the re-
ceiving port. The symbol p denotes the transmitted
pulse shapes, which are assumed to be the same in
both H and V.

If V port is energized immediately after H port, the
echo voltages vy, (r;, t, m) and vy (r;, ¢, m) are received
at time ¢ in V and H from the ith scatterer located at
range r; (where |r;| = |r,| — ¢7/2). These are

0
th Fhv |l“ ‘ e*j2kr,.(m) , (Sb)
th Fvv p <t -2 Tl) e]B

the matrix multiplication, the two scatterers create
composite H and V echo voltages at time ¢ as

vh(rq, t,m)= vhh(rq,t, m) +uv, (x,t,m),

r )
= C{ [Fﬁhs{]h(q) + szhsw(q)]p (t +7— 2u> o 12kr, (m)

+ [F,, F, S (i) + F F

AAAY

q
Cc

c

012

v (r,t,m)=v (r,t,m)+ vvh(rq, t,m),

= C{ [F2.s (i) + F2.s5,,(D)]p <, ~2 |r_i> ollB=2kr (m)]

+[FF

wnFrStn(@) + F, F,

For simplicity the effects of the phase difference as a
result of signal propagation through the H and V re-
ceiver paths are neglected as they have no bearing on the
results reported herein.

The echo voltages from scatterers in the resolution
volume Vi at ry (covering the range between |rg| and
[ro| + ¢7/2) can be viewed as the sums of incremental
voltages caused by scatterers in infinitely thin subvolumes
dVg atr (ie., |ro| = |r| = 1| + c7/2). If subvolumes dV
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r P
wSw(DIP (t +r-2 Cq> 2k (m) } ' ©)

are sufficiently small in azimuth and elevation compared
to the changes in antenna radiation patterns, then Fj, can
be considered practically constant over each dVs. Then,
the incremental voltage from scatterers in dV5 is

dv(r,, t,m) = zd:vl(l‘d,t,m), (7)

where /is h or v and d is g or i. The substitution of (6)
into (7) yields
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Ir,|

C

dvh(rq,t,m) = C{ ; [Finsin(@) + Fs,, (@)]p <t 1= 2) e P

+ Z [FonFoyStn(@) + F Foys, (D]p (l - 22’|) B2k (m)] }

dio (.1, m) = c{ S [Fas(i) + Fos,,

1

lp (1=212) et

r )
+ 2 [F,F, stn(@) + F, Fus,.(@)]p (t +7— 2—| C‘") o 12kr,(m) } . 8)
q

Assuming scatterers of various equivalent volume di-
ameters are uniformly distributed within dVg, an in-
cremental scattering matrix S, for each dVg, can be
defined having elements on the main diagonal,

stn(lr,l.m) = X Csfy(g)e 47a0;
q
Shi (|rq| - cr/2,m) = 3 Csl,, (i)e 72k,
sl l-m) = X, a)e

Soy (|rq| — 12, m) = Z Csw(i)e*jZkr,-(m)_ )

ct/2+cT/2
wm=| 3 (Bl +

ctl2
) ct/2
+eﬁJ

ctl2—ctl2

Because elements of S account for the fact that scatterers
within dV, have different relative ranges for every m,
they have random real and imaginary parts that are zero
mean and Gaussian distributed functions of m2, unlike the
unchanging scattering matrix of a single scatterer not
wobbling nor oscillating. Note that the dependence of
sn(|xg], m) and sy (|r,|, m) on m is clearly stated, which
differentiates these from the elements of a single scat-
terer scattering matrix S. Hence, each Vi at range ry
consists of subvolumes dVg, covers an area of approxi-
mately |ro| to |ro| + ¢7/2 in range, and is bounded by the
span of copolar and cross-polar antenna patterns in azi-
muth and elevation. Voltages received at time ¢ in the H
and V receivers are

s, (r,m)]p (t +7- 22) dr

[FyFoSin(rsm) + F Fys, (rm)lp (1= 25) dr} dqQ.

petl2 r
v (t,m) = J &P J [F2s,,(r,m) + Fosty (r,m)]p (t - 2;) dr
Q

ctl2—c7/2

ct/2+cT/2
+ J [th Fhv
ctl2

In (10) the integral over 6 and ¢ is replaced with the
integral over the solid angle Q) so that d€Q) = sin(0)d0dé¢.
Also, a large signal-to-noise ratio (SNR) is assumed so
that the influence of noise can be neglected.

sp(rsm) + F F s (r,m)]p (t +7— 22) dr} dQ.

(10)

If echo voltages vy (f, m) and v, (¢, m) are sampled at
discrete intervals n7 their sampled values in H and V
are

V,(n,m)= J [WEOFOL(n, m) + VPO (n, m) + vPO  (n — 1,m)] dQ
Q

V. (n,m)= J [vEOPOE (n — 1, m) + IO (n — 1, m) + vXPO(n,m)] dQ,
Q
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where
UEOPOL(’Z’ m) = Fl%hsim(n’ m)’
v O (n,m) = Fs, (n,m),

v P (n — 1,m) = €P[F,  F, si,(n—1,m) + F, Fs

vv© vhvv

(n—1,m)],

USOPOL(n -1,m)= P2 s

voyy

(n—1,m),
UVXPOL(n —-1,m)= ejBFﬁvs;lh(n —1,m),

v P (n,m) = [F,, F, stn(n,m) + F, F s _(n,m)], 12)

and
(n+1)cr/2

/ —
Stn (1, M) =
ner/2
(n+1)cr/2
s, (n,m) =
ner/2
ner/2

/ _
Spp(n —1,m) =
(n—1)ct/2
ner/2

s, (n—1,m)=

(n—1)ct/2

In (11)—(13) n designates the range bin number (corre-
sponding to Vi located at range nct/2) counted from the
start of the H pulse transmission.

Expression (11) shows that samples taken at times
nt + mTy (where T is the pulse repetition time) are
sums of echoes from scatterers that cover the range of
two pulse widths (i.e., ¢), where the resolution volumes
of copolar returns in H and V are shifted by c¢7/2, in
range with respect to each other as shown in Fig. 1b. To
align the Vi from the respective copolar returns, samples
taken at nt + mT, in H and those taken at (n + 1)7 +
mT, in V ought to be combined when computing the

V,(n,m)~ Jﬂ{Fﬁhsgh(n, m) + szhsw(n, m) + [F

V(n+1,m)~ J {[Fiystn(n,m) + Fis  (n,m)]e® + [F, F, siy(n+1,m)+F,F
Q

The powers now become

s, (r,m)p (n Ty g) dr.

hh™ hv

Spn(r,m)p <n7 +7- 2£> dr,

r
e
s, (r,m)p(n ST 26) dr,

(13)

polarimetric variables. In general, if the time interval
between consecutive samples is 7, then the delay be-
tween the transmission of H and V pulses should be an
integer multiple of 7. Then, if the V field is radiated K~
seconds after H field (or vice versa), the respective co-
polar returns can always be aligned by combining sam-
ples, from the H and V channels, that are K7 seconds
apart. In such a case, care should be taken so that the
delay KT does not incur appreciable decorrelation of the
aligned samples from the two channels. Herein, a case
where K = 1 is considered so the aligned sampled
voltages from the mth transmission are

Sswn—=1,m)+F_F_s

vv" vh¥vv

(n—1,m)]eP} dQ,

s, (n+1,m)]}dQ. (14)

vv” vh

P (n.m) = |V, (n.m)[* = L[Fﬁhphh(n, m) + 5P, (n.m) + 8P, (n,m)] dQ,

P,(n+1,m)=|V (n+1,m)’ ~ J [F, [ls, (n,m)[ + 8P, (n+1,m) + 6P, (n+1,m)] dQ,
Q

where
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2 2 2 2 2
8P, (n.m) = Fay|Fy Plsin(n — Lm)P + |F, PIF, Pl (n = 1,m)|

+ 2Re[Fyy Fosti(n,m)s, (n,m) +

8P, (n,m) = 2Re{[Fy\F, sti(n,m)sy,(n —1,m) + Fou F, F,
8P, (n+1,m) = |F, |’|F, ls,,(n + 1,m)[* + F4|F,,

+2Re[(F* )’ FZ,s*

hvPyy

8P, (n+1,m) =2Re{[|F, ['F* F,s*

vh™vv

are the bias terms in the powers measured in H and V.
Note that all products in which Fy, or F,, appear only
once are discarded because these do not add appreciably
to the total power.

3. Cross-polar isolation quality assessment

In this work the bias and standard deviation are the
principal criteria by which the quality of differential
reflectivity estimates are evaluated. Bias smaller than
0.1dB for Zpr€e(0, 1] or smaller than 0.1 Zpg at Zpg >
1dB is deemed satisfactory (Zrni¢ et al. 2010). For
simplicity, the distribution of scatterers within the res-
olution volume is assumed homogeneous for radar with
narrow beam. Thus, (s;(n, m)) is not a function of ) in
the analysis presented herein.

Because the array factor for large PPPAR antennas
is a highly peaked function of 6, ¢ relative to the smooth
changes of the element patterns (Balanis 2005, section
6.10.1), it is likely H and V copolar pattern shapes will be
well matched for beam directions of interest. Sufficient
matching of the H and V copolar radiation patterns in
shape is also the principal assumption of dual polarim-
etry so that these do not introduce appreciable biases in
polarimetric variable estimates. Thus, |Fun| =~ |Fyy| is
assumed herein. However, it is almost certain that the
amplitude and phase of the copolar beams will differ and
vary with beam direction (Bhardwaj and Rahmat-Samii
2014; Lei et al. 2015). For simplicity it is assumed that
phases are constant across the main beam from which
most echo power is received.

For a center-fed parabolic reflector, the cross-polar
pattern has four equal amplitude major lobes with a null
along the copolar beam axis (Jones 1954; Zrni¢ et al.
2010). Such cross-polar patterns create less bias than if
copolar and cross-polar beams are coaxial. However,
for PPPAR, copolar and cross-polar beams are coaxial
if beams are directed away from the principal planes
(Lei et al. 2015). For the purpose of analysis herein, the
worst case is assumed where copolar and cross-polar
beams are coaxial and have the same shape. Thus, fields
across the copolar and cross-polar beams can only differ
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(n,m)sy,(n,m) + F, F* F* F_s*

(n,m)s, (n+1,m)+ (F% )’F, F, s* (n,m)s},(n+ 1,m)]e "}

F, F, F} F, si(n—1,m)s, (n—1,m)],

hh™ vv* hv © Vi
s (n,m)s, (n—1,m)]e},

Isn(n + Lm)P?

v vh

(n+1,m)sp,(n +1,m)],

hh™ vv = vh © hv"vv

(16)

in peak amplitude and phase, which is the case ana-
lyzed here. In realistic design, however, it is likely that
the sidelobes of copolar and cross-polar patterns will
not have the same shapes (Perera et al. 2013). But if
sidelobes of copolar and cross-polar patterns are
small with respect to the main lobes, then the main
beams of the copolar and cross-polar patterns will
have the most impact on the bias of polarimetric
variable estimates. Given that copolar and cross-polar
radiation patterns have the same shape, they can be
represented as

F[p(e()v 0; (:{)07 d)) = \/ g[p(aov d)o)f(e()’ 0; 4)07 4))
X exp[jy,, (0, 0; by, d)],  (17)

where / and p can either be 4 or v. A normalization can
be applied so that

L £(8,,6; b )| d2=1.

Then g;,(0o, ¢y) is an integrated real number that de-
scribes the dependence of the antenna pattern on a
boresight direction. Given the assumption that all radi-
ation patterns are the same in shape, but copolar and
cross-polar H and V patterns differ in magnitude and
phase, the effectiveness of the cross-polar fields in cre-
ating ZpR bias can be expressed in terms of a cross-polar
coupling factor cpcf (or CPCF in decibels), defined as

(18)

j F3|F, [ dO

cpef, (6, b,) =2 _ & (0 B).

ghh(907 d)o)’

J Fi o
9)
CPCFh(eO’ d)()) = 10 lOg]O[Cpth(OO, d)o)]’
F _PIF. P adQ
[NGSELN ety
J |vav|4 dQ gvv(eo’ ¢0)
9)

CPCF (6,,¢,) = 10log,,[cpct, (6,, )]

cpcfv(GO, d;o) =

(19)

Thus, cpcf, (6o, ¢,) is the ratio of the peak power in
the V cross-polar pattern (i.e., the power at boresight)
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to the peak power in the H copolar pattern and assumptions, the cross-polar radiation terms can be
vice versa for cpcf,(6y, ¢,). Under the stipulated represented as

th(00, 0 by ¢) = \/gvv(g()’ d’())CpCfv(Hn’ ¢())f(00’ 0 by, ) eXp[inh(eo’ 6: b, ®)],
Fo (805 b0, 8) = /230 (B 6, )eDCt, (8, b )f (B, 6 by ) expliy,, (6. 6: by, b)) (20)

Because (s;(n, m)) is not a function of (), it can be placed in front of the integration symbol in (15) to obtain the
mean values as

(P, (nm)) = <JQ[F§h|s{lh(n,m)|2 5P, (n,m) + 5P, (n.m)] dQ>
= s, m)?) + <jﬂaP1h<n,m> dﬂ>

(P, (n+1,m)) = <L[|Fvv|4|sw(n,m)\2 +8P, (n+1,m)+8P, (n+1,m)] dQ>

= & sy ()} + <jﬂ6Plv<n +1,m) dﬂ>, @)

where the bias in H power is

<J98Plh(n,m) dQ> = gonepet, (Js,, (n — 1,m)[*) + g2 epef, (|s, (n — 1,m)|*)
+ 2ghthRe[cpcfvef27vh (sia(n,m)s (n,m))

+ /epef, epef, @ M) (g5 (n — 1,m)s, (n — 1,m))], (22a)
<L§P2h(n, m) dQ> = 2Re[g}, \/cpef, @ P (st (n,m)s,, (n — 1,m))

+ 8180 cpcfvef(‘/vv+‘/\'h+ﬁ) (st (n,m)s, (n—1,m))],

=0, (22b)
andin V
<J 8P, (n+1,m) dQ> = gocpef (|s, (n + 1,m))?) + grnepet, (Is,, (n + 1,m))%)
Q
+ 2ghthRe[Cpcfhej2(thWW) (s* (n,m)s,, (n,m))
+ 4 /cpcfhcpcfve/(“/hV'_Vvh_yvv)(sfv(n +1,m)s,, (n+1,m))], (23a)
<L)5P2v(” +1,m) dQ> =2Re[g2,\/cpef @ TP (sE (n,m)s, (n + 1,m))
+ g, 8.1/ cpef, 0 2B sk (. m)s, (n+ 1,m))]
=0. (23b)
Note that because the returns from adjacent resolution Furthermore, because s;,(n, m) and s (n, m) de-

volumes are considered uncorrelated, the mean values scribe the ensemble of scatterers contained within Vi,
of (22b) and (23b) are zero and are therefore omitted these can be generated using Monte Carlo simulations as
from (21). described in Zrni¢ (1975) and Galati and Pavan (1995).
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Because the cited articles assume copolar beams hav-
ing gain independent of boresight direction, and no
cross-coupling, these voltage samples, simulated for
every dV, can be used in place of s;, (m) and sy, (m) in
(14) to obtain V,(n, m). Consequently, constructed
samples account for the effects of cross coupling as
well as QSHV mode of operation. Hence, with the
spatial integration of the incremental contributions,
this approach (or model) allows for analysis of Zpgr
bias and standard deviation using simulated time series
and also provides for investigation of the effects that
nonuniformities in the properties of scatterers across
Vs have on radar products. Furthermore, simulated
and measured Fj, can be used to produce realistic
weather echo voltages that can be used to assess po-
larimetric radar performance (Chandrasekar and
Keeler 1993).
A differential reflectivity is computed as

(24)
where the superscript NX denotes the estimates un-

biased by the cross coupling (i.e., Fi,y = Fy, = 0) and

2
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A 1 M=
8P, = 2 J [6P,, (n,m) + 8P, (n,m)] dQ
m=0JQ
R 1 M1
8P, = U J [6P, (n+1,m)+ 8P, (n+1,m)]dQ,
m=0J0Q

(25)

where ny(n, m) and ny(n, m) are the mth samples
of noise voltage, while N, = (|ny(n,m)|*) and N, =
(|ny(n,m)|*) are the mean noise powers in the H and V
channels, respectively. After expanding (24) into
Taylor series of the first order, it becomes

X R 10 (6P &P
~ZN [ 2
ZDR DR ln(lO) (SEX Sva> ’ ( 6)

where ZNX is the M-sample average estimate if cross
coupling is zero (i.e., ZNX = 101log,,(SNX/SNX)), and gen-
erally gnn # gw (note that the dependency of g;, on 6y, ¢,
is implicit herein as is later in the text). Because g, and gy
of a PPPAR have different dependencies on boresight
direction, Zg’}% is a biased estimate of Zpg in which the bias
is a function of boresight direction but independent of the
scatterers’ properties. Thus, the PPPAR will need to be
calibrated for each beam position to account for this
component of Zpg estimate bias [i.e., copolar Zpg bias;
BIAS«(Zpr) = Zpr — (Z8X) = 101og,,(g2,/g2,)]- Then,
the second term in (26) is the bias component induced solely
by cross coupling and its expected value BIASx (Zpr) (X in
the subscript denotes cross coupling) is

. 10! /
Si= M )y J Foysi(n,m) dQ + ny (n,m)| — N,
m=0 [JQ
X 1 M-1 ) 2
Sv =37 FVVSVV(n? m) dQ + nv(n’ m) - NV
M :Zolla
(BIAS(Z,p)) = (Zpg) — (ZBR)
10 (6P) 10 (3P,
In(10) ($¥X)  In(10) (SNX)
10 S,(n—1) [ g —1 }
_ epef, + % epef Z7Hn—1
mﬂO){ Samy [P T, P Hum D
S(n+1) g
_ vy f +Shhepef Z +1
S|P T P Ll )}

8oy ,
+2|p,, (1,0)|X [g— epef \/ Z3 ! (n) cos[2y,, + dpp(n)]
hh

Vv

— %cpcfh, /Z, (n)cos2y,, —2v,,

— d)DP(n)]:| + 24 /cpcf, cpcf,

" {&Ip (1 - 1,0 Y2l DR

8hh Sy, (n)

COS[’yVh - yhv + yvv + ¢DP(n - 1)]

TS, (n+ 1)

Ehn VS (n
— = n+1,0
gvv |phV( )| Sv(n)

where Sy(n), Sy(n) and Zy, are
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M-1 The expression (27) demonstrates that the bias is de-
- 2 . .

Sy(n) = i 2 (s, (m.m) ) pendent on signal parameters that span three consecutive
B range gates. Therefore, it is dependent on gradients that
these parameters exhibit along range. For the purpose of

S =
W)= mZ (s, m)\ ) analysis, it is assumed herein that the reflectivity gradients
S (n) exert the largest impact on the bias in (27). Thus, assuming

Zy= . (28)  all parameters except powers are uniform along three
S (n) . . .
v consecutive range gates, the bias in (27) is expressed as
(BIAS (Z,,)) ~_ 10 g0 cpef, + g"" cpef, Z3' | — G1 |epef +ghh cpef, Z
X\*DR ln(lO) h g dr v gw h*™dr
+2|p,,(0)] [ “epef (/[ Zy ! cos(2y,, + dpp) — cpcf \/ 24, €082y, — 27, — dpp)

ovv -1 _ gﬂ —
+ 4/cpef, cpef| (ghh GO0,/ Z;; g, Gl1,/Z dr) coS(Yy, = Vpy T Yoo T ¢>DP)} } (dB), (29)

where

G0 = Sh(n B 1) — Sv(n B 1) — 10(71)”'X(GRAD?dBXrangeﬂgate/l())

S, (n) S, (n)

Gl = Sh(n + 1) — Sv(n + 1) — 10(71)(5'“)X(GRAD_dBXrange_gate/lO) . (30)

S, (n) S, (n)

In (30) GRAD_dB is the reflectivity gradient (dBkm™) To gain a measure of the biases that could be incurred,
and range gate is the depth of resolution volume (km). assume beams are near broadside, where Fy, =~ F.y,
The letter g denotes a negative gradient if zero and a  |Fy,|~|Fw| (i.e., CPCF, = CPCF, = CPCF), and
positive gradient if one. YVoh = Yy =T (Balams 2005; Bhardwaj and Rahmat-
Samii 2014). Under these conditions (29) reduces to

(BIAS,(Z,,)) = ];Og’gi {G0(1 +Z;) - Gl(1 +Z,,)
+2|p,,(0)] [, [Zy! cos(2y,, + dpp) — 1/ Zy, €082y, — dpp)

~(G0\/Z;' - Gl \/Z ) cos(¢>DP)] } (dB). (31)

In the SHV mode and for the same conditions as for (31), the bias is (Zrni¢ et al. 2010)

(BIAS, (Zpp)) = (Zpe) — (Z35%)
_20y/cpcf 1Py, (0)]
NW cos(y,, + B) ﬁcos(yhv +¢pop+B)

+ cos(¥y, ~ B) = \/Z4 |y (O)] c0s(v,, — b~ B) | (dB). (32)

If no reflectivity gradients are present CPCF = —25dB, ¢pp = *=7/2. Expression (32) shows that under the same
Zgr = 1, and |py,,(0)] = 0.99, (31) indicates that the conditions, the maximum positive bias, in SHV mode, of
maximum bias of £0.0544 occurs if y,, = *£7/4, and 1.944 occurs if y,, = B = 0, and ¢pp = 7.
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Expressions (27) and (29) demonstrate that Zpy bias is
also dependent on the ratio of g, and gyy. To assess the
bounds of (gny/gw)?, antennas are considered as large
assemblies of Hertzian dipoles (Popovi¢ and Popovic¢
2000). Then the direction dependence of the Poynting
vector for a single dipole oriented along the y axis is
proportional to sin’*(¢). Assuming gp, = gvv at broadside
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and the four-face PPPAR, the worst mismatch at 6 = 90°
is —6dB, which occurs when the boresight is at ¢ = £45°.
Following the same rationale, (gni/gv)’ = 6dB if the
beam is pointed at § = 45° and ¢ = 0°.

To verify the results of the perturbation analysis, the
bias was also examined using simulated time series. The
bias is estimated as

1 M- 2 & M- 5
0 K -1 M Z V (nvm’k5)| ﬁ 2 (n,m, k;)'
~ . =0 m=0
BIAS(Zpp) = 2 k2:0 log,, e : 2 : (dB), (33)
P Vin+1,mk o n,m,k
3 2V ) 3 Z b Gnm k)

where K, is the number of simulation runs and the k;
designator denotes the simulated sample number. Note
that the bias computed in (29) and (33) is the bias added
to the inherent Zpg estimator bias [i.e., bias is present
even if copolar gains are matched and cross coupling is
not present (Melnikov and Zrni¢ 2007)] assuming that
the bias resulting from the antenna gain mismatch is
corrected via calibration.

Using (29) and the simulated time series, the maxi-
mum positive and negative cross-coupling biases were
found [via a search method using (29)] for a range of
reflectivity gradient values if CPCF,, = CPCF, = —25dB
and (gnn/gw)” is 0, 3, and 6dB for Zpg of 0 and 1dB
(because the bias requirements are the most stringent
for Zpg ranging between these two values). Results are
presented in Fig. 2. Curves produced for Zpr = 0dB in
Fig. 2a imply that if antenna gains in H and V are equal

gw), then the Zpg bias falls roughly within
1

(i.e., gnn =
+0.1dB for reflectivity gradients within +10dB km ™~
However, the results for antenna gains mismatched to
incur a 3-dB difference in received power between the H
and V channels indicate an increased bias that exceeds
the 0.1-dB value at a reflectivity gradient of about
2dBkm™. If (gny/gy)> = 6 dB, then the bias of 0.1dB is
exceeded along the entire gradient range. Figure 2b
shows the same but for Zpr = 1dB. The curves indicate
that the increase in Zpr produces a rise in the maximum
negative biases and the effect becomes more pro-
nounced as the ratio (gny/g.y)> increases.

Next, the standard deviation (SD) of differential
reflectivity is examined. An assessment of variance using
perturbation analysis is given in the appendix. Assuming
all parameters except powers to be uniform along three
consecutive range gates, the SD is

SDX(ZDR) ~ {Var(Zg)é) + M ?:?(10) {Cpcfhshén(;)l) + %cpcfv%
+ cpcfvsé iC )1) + g}v": cpef, h;n( ) + 2, /epef, cpef, |p, (0]
X [% 5 % zdr} cos(Y,, + Yy, — Yoy ¢>DP)} }1/2 dB).  (34)
From (34) it is inferred that SD is dependent on the differential phase and the largest SD occurs if
Yoo T Yiw ™ Yun = Pop- (35)

Additionally, standard deviations are computed using simulations as
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. CPCF = -25dB, SNR =50 dB, Z,. = 0 dB, |p, (0)| = 0.99
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FI1G. 2. Positive and negative maximum cross-coupling differential reflectivity bias for M =
16, SNR = 50 dB, and CPCF,, = CPCF, = CPCF = —25 dB obtained using simulations (dashed
lines) and perturbation (circles) for a range of GRAD_dB values if (a) Zpr = 0dB and
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1

K -1
=0

1M 5
2 [V, (n,m. k)|

1

LS v, m. )P
=0 (dB).

K,—1

N 100 & M 1 M
SDy(Zpp) = | % —7 > {log, M1 - = X log, M1
R LS e tmi)p] LS v mp
— n m —_— n m
M m:O v b b s M m:O v b b K
(36)

The results of the standard deviation computations for
(ghn/gw)? of 0, 3, and 6dB as functions of reflectivity
gradient and differential phase are shown in Figs. 3 and 4
for M = 16 and CPCF = —25dB, respectively. The re-
sults for standard deviations were produced using (34)
and simulations if cross coupling is present but using
only simulations if cross coupling is not present (i.e., for
SD of Z8X). If guh = g, Zpr = 0dB, and the reflectivity
gradient is 10dB km ™', the worst standard deviation is
about 0.55dB compared to 0.35dB when no cross cou-
pling is present (an increase of about 57%) as shown in
Fig. 3a. If gnn = gvwv and Zpr = 4dB, the cross coupling
induces the worst increase in standard deviation of 71%
(Fig. 3b). An increased ratio of (gnn/gyy)” induces a
further rise in SD. The worst standard deviation of about
0.81dB (an increase of about 231% compared to when
no cross coupling is present) occurs if antenna gains are
mismatched by 6dB and the reflectivity gradient is
10dBkm ™! at Zpg of 4dB. Figure 4a and 4b demon-
strates that the increase in SD is tightly related to change

in ¢pp.

4. Real data analysis

Next, biases resulting from cross coupling are exam-
ined using a dwell (or radial) of time series collected by
the KOUN WSR-88D research radar in Norman,
Oklahoma. At the time of collection, the radar operated
at a PRT of 3.1 ms, which is standard for differential
reflectivity measurements during surveillance scans on
the WSR-88D at low elevations. These settings yield an
unambiguous range (r,) of 465km and a Nyquist ve-
locity (v,) of about 9ms™~'. Hence, no range ambiguities
are present. The total number of samples M per radial
is 17.

The SNR profile in the H channel is shown in Fig. 5a
and the original Zpg (WSR-88D) estimates in Fig. 5b. It
is assumed herein that the effects of cross-polar fields in
WSR-88D are negligible [ie., (Zpr(WSR-88D))=
(ZXX)] (Zrnié et al. 2010). The ¢pp was artificially set to
180° at range ry = 40km, which is about 17 km into the
storm as shown in Fig. 5c. To emulate cross-polar cou-
pling, the original time series voltages V;(m) from the H
and V channels in WSR-88D were scaled according to
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the CPCF and introduced into (14) to synthesize two sets
of modified time series that emulate cross-polar cou-
pling in the SHV and QSHV modes. Note that in the
SHV mode returns, s;, (n, m) and s,y (n, m) are aligned
(as opposed to the QSHYV mode) so n — 1 needs to be
replaced by n when the original time series are com-
bined as in (14). Hence, this approach is similar to that
used in the previous paragraph to simulate cross-
coupling effects except that the real time series from
WSR-88D were used in place of the time series gener-
ated using the approach described in Zrni¢ (1975) and
Galati and Pavan (1995). In both sets Fy, = Foy, = 1,
|Fiv| = |Fynl, B = 0°, and CPCF = —25dB. Phases of the
cross-polar patterns are yny = 0°, Yy = Ynv — 180° be-
cause (32) shows this phase selection leads to maximum
positive bias for ¢pp = 180° in the SHV mode.

In Fig. 5d plots show instantaneous differences AZpr
computed as

AZyy=Zpg = Zpr: (37)

where ZDR was obtained from the modified time series
and ZNX was computed from the original time series.
This difference is an assessment of the bias introduced
by the cross coupling. It demonstrates that a CPCF
of —25dB produces an unacceptable additional bias in
Zpr estimates if a plain SHV mode is used. The QSHV
mode produces an average AZpgr of 0.0066dB in this
particular case. This test is similar to the one pre-
sented in Zrni¢ et al. (2014). Both tests demonstrate
the capability of the QSHV mode to successfully di-
minish the bias caused by cross-coupling signals.
However, an increase in the fluctuations of AZpy at
ranges beyond 50km further demonstrates that the
QSHV mode also introduces a ¢pp-dependent in-
crease in the standard deviation of differential re-
flectivity estimates. This is in agreement with the
results demonstrated herein using analytical deriva-
tions and simulated time series.

5. Summary and conclusions

For polarimetric radars using simultaneous trans-
mission and reception to and from oblate spheroidal
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FIG. 3. Maximum differential reflectivity standard deviation for M = 16, SNR = 50dB, and
CPCF of —25dB obtained using simulations (dashed lines) and perturbation (circles) for
a range of GRAD_dB values if (a) Zpr = 0dB and (b) Zpr = 4dB.

scatterers all having a vertical axis of symmetry, the
power estimate in each of the two channels is a sum of

gains induce bias, defined as copolar Zpg bias, even if
there is no cross-polar radiation. The copolar Zpg bias is

the power from the copolar returns (caused solely by the
antenna’s copolar radiation fields), the cross-polar re-
turns (caused solely by the cross-polar radiation fields),
and the product of the copolar and cross-polar signals
(i.e., co/X-pol product). Differences in H and V copolar
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independent of scatterer properties and must be ac-
counted for via calibration. The powers of antenna-
produced cross-polar returns and co/X-pol products in
H and V also produce bias in Zpg estimates. This bias is
referred to as antenna cross-coupling bias because it is
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FIG. 4. Maximum differential reflectivity standard deviation for M = 16, SNR = 50dB, and
CPCF of —25dB obtained using simulations (dashed lines) and perturbation (circles) for
a range of ¢pp values when gy, = gy if (a) GRAD_dB = 0dB and (b) GRAD_dB = 10dB.

caused by the cross-polar fields. Contrary to copolar To diminish Zpg bias resulting from the co/X-pol
bias, the cross-coupling bias depends on the scatterer product, the use of time multiplexing was investigated.
properties and is therefore difficult to account for using In such an approach, the V transmitter port is energized
calibration. The co/X-pol product is the largest con- after the H port or vice versa so that the co/X-pol term is
tributor to cross-coupling Zpy bias. zero in the mean as instantaneous power estimates are
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FIG. 5. Assessment of cross-coupling differential reflectivity bias using a radial of real time

series with M = 17: (a) SNR, (b) ZNX,

averaged. Thus, this approach reduces the co/X-pol term
but not the product of cross-polar signals (i.e., second-
order effects). But this incurs bias in Zpg estimates that
is typically significantly smaller than that induced by the
co/X-pol product.

In this paper, the resultant quality of cross-polar iso-
lation, produced by this approach, in terms of differential
reflectivity bias and standard deviation was evaluated
using perturbation analysis and simulated as well as time
series data collected using WSR-88D research radar. The
analysis was conducted for parameters typical of a long
PRT surveillance scan on the WSR-88D because such
capability is expected from the future PPAR.

The assessment via the perturbation analysis and the
simulated time series has indicated that the inherent cross-
polar isolation of —25 dB in both H and V coupled with the
time-multiplexing produced the worst cross-coupling dif-
ferential reflectivity bias of about —0.055dB if antenna
gains in the H and V channels were the same with no re-
flectivity gradients at Zpgr = 0dB. If the difference in an-
tenna gains is 6 dB, the worst-case Zpg bias increases to
about —0.15dB. The presence of reflectivity gradients in
range increased the bias so that at a gradient of 10dBkm ™",
the bias was about —0.1 dB if antenna gains were matched
and —0.27 dB for antenna gains mismatched by 6 dB. This
demonstrates that while the application of time multi-
plexing mitigates cross-coupling Zp bias (by removing the
co/X-pol product), it is sensitive to reflectivity gradients in
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(¢) dpp, and (d) AZpg range profiles.

range and antenna gain mismatch, which diminishes the
efficacy of this approach.

Furthermore, when assessing the acceptable level of
cross-coupling bias in Zpgr estimates, the fact that it is
compounded with the copolar bias needs to be taken into
account. If the copolar bias is accounted for by Zpg cali-
bration, its accuracy needs to be such that if its error is
constructively added to the worst cross-coupling bias, the
resulting bias remains within the prescribed limits (e.g.,
0.1dB). Thus, as the cross coupling incurs less bias, the re-
quirements for the accuracy of Zpg calibration become less
stringent, and vice versa.

A comparison to the SHV mode with no cross coupling
revealed a ¢pp-dependent increase in standard deviation
of differential reflectivity estimates obtained from time-
multiplexed returns. For matched antenna gains and a
differential reflectivity of 4dB, the worst increase in
standard deviation ranges between 51% and 71% for
reflectivity gradients of +10dBkm ™ '. If antenna gains
are mismatched by 6dB, the worst standard deviation
increase was measured to be between 71% and 231%.

An additional evaluation of the phase codes’ sup-
pression capability was conducted using one radial of
time series collected by the WRS-88D radar. Radars in
the WRS-88D network use parabolic antennas and are
deemed to provide sufficient cross-polar isolation so that
the influence of cross-polar coupling can be neglected.
To emulate the cross-polarization effect, the original
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time series in the horizontal channel were artificially
contaminated by returns from the vertical channel and
vice versa. The coupling parameters were set so that the
worst differential reflectivity bias was produced for the
180° differential phase. Emulation in case of —25dB
overall cross-coupling suppression with no time-
multiplexing produced visible differences compared to
the original differential reflectivity. Application of time
multiplexing with cross-coupling suppression of —25dB
yielded the differential reflectivity values with an aver-
age bias of 0.0066dB but with a visible increase in
standard deviation. This further corroborated the results
from analytical derivations and simulations.
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APPENDIX

Zpr Variance Derivation

In this appendix the variance of Zpp is studied. Given
(26), the variance of Zpy is approximately

. (A1)

Var(ZDR) ~ Var(Zg)é)

100
In*(10)

Var| — +Var| —11.
SNX SNX
(A4)

By development into a Taylor series, the approximate
variance of a ratio is

Var(£) - Vo) _, 8

M’
where x and y are random variables. Using (AS) the
variance becomes

Cov(x,y) + (x_)2 Var(y),

)

(AS)

N x. . 100 [Var(8P,)  (8P,) x| Var(6P)  (3P,) X
Var(Z,,) ~ Var(ZpR) + n2(10) [ (.SA’EX>2 <§§x>4 Var($;") + (S’IV‘IX>2 <§IV\1X>4 Var(S;")
LS00 (o sh ey g BP) (s anx
2<SAEX>3 Cov(8P,,S)™) 2<SVNX>3 Cov(8P,,$5%)|. (A6)

Next, the numerator of the first term in the brackets is
determined as

Var(8P,) = Var(8P,,) + Var(8P,,) + 2Cov(8P,,,6P,, ).
(A7)
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Because b‘f’z}, contains products in which Fyy, or Fy, ap-
pear on the first power, it is the largest contributor to the
sum in (A7). Thus, assuming all parameters except
powers to be uniform along three consecutive range
gates, (A7) is
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Using the same rationale the variance for the V channel is
s 28%(n) Sn+1) S (n+1)
Var(6P, ) ~—> depef Y~ 443 j R
ar( v) MI [gvvcpc v SV(”) gvvghhcpC h Sv(n)
S (n+1)
+ 2g3vghh, /cpcf, cpef| W1 [ Z 1P, (0) cos(y,, + ¥y, = Yo — dbDP)] . (A9)
The expressions in (A8) and (A9) are the largest contributors in brackets in (A6). Hence,
200 S(n-1) S(nfl)
Var(Z,) ~ Var(Z¥y) + ————— | g2 cpef, e + cpef,
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