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1. Introduction
The long standing problem of range-velocity ambi-
guity for pulsed radar system has recently been an
area of renewed research (Sachidanada and and Zrnié
1999; Sachidanada and Zrni¢ 2002; Sachidanada and
Zrni¢ 2003; Frush et al. 2002; Hubbert et al.,
2002). The two most promising mitigation tech-
niques have been staggered PRT and phase coding
of the transmit pulses. The first method extends
both the unambiguous range and velocity by stag-
gering the transmit pulses. Clutter filtering and
mitigation of range overlaid echoes has been a ma-
jor drawback of this method, however recently sig-
nal processing techniques have been develop to over
come these limitations at least for simulated data.
Phase coding of the transmit pulses allows for separa-
tion of overlaid multi-trip echoes thus extending the
unambiguous range without compromising the un-
ambiguous velocity. Both techniques have been ap-
plied to single polarization radars. In this paper the
application of these range-velocity mitigation tech-
niques is considered for dual polarization radar sys-
tem that have the ability to transmit both H (hori-
zontal) and V (vertical) polarization and receive both
H and V polarizations simultaneously (i.e., dual re-
ceiver). Typical dual polarized radars, such as the
S-Pol of the National Center for Atmospheric Re-
search and the CSU-CHILL radar of Colorado State
University, alternately broadcast H and V polarized
waves and then simultaneously receive H and V po-
larized returns. For this scheme, second trip echoes
are crosspolar signals, third trip echoes are copolar
signals, fourth trip echoes are crosspolar signals and
so on. The use of phase coding can be used to sepa-
rate or mitigate the effects of these overlaid echoes.
A new dual polarization scheme has recently
appeared in the literature and is currently being
tested and considered for deployment on the Na-
tional Weather Service’s NEXRAD radars. The new
scheme is based on the fact that raindrop orien-
tation distributions by-in-large have a zero mean
canting angle. Thus, H and V polarized waves
propagate through rain media without depolariza-
tion which leads to very little cross-coupling. There
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is some cross-coupling since there is depolarization
upon backscatter. Thus, H and V polarized waves
can be transmitted simultaneously and the received
H and V components can be used to estimate quite
accurately Zg, (differential reflectivity) and ¢g4;, (dif-
ferential phase) (Doviak et al. 2000). However, LDR
(linear depolarization ratio) can not be measured in
this scheme since crosspolar signals can not be sepa-
rated. Phase coding of the transmit pulses will allow
for the suppression of the strong copolar signal and
separation of the weak crosspolar signal.

To extend the unambiguous velocity, the H and
V pulse trains can be staggered. In this paper we
show how phase coding combined with staggered H
and V pulse trains can be used to simultaneously
obtain large unambiguous range and velocity for dual
polarization radars.

2. Alternate H and V Transmit

The typical dual polarization radar transmit alter-
nate pulses of H and V polarized waves at equi-
spaced intervals. The result is the measurements of
four time series, HH;, VH;, VV; and HV; as shown
in Fig. 1. All moments and polarimetric variables
are calculated from these four time series which as-
sume no overlay from multiple trip echoes. Multiple
trip echoes can be separated as in the case of a sin-
gle polarization radar by phase coding the transmit
V and H pulses appropriately. One way to phase
code the transmit H pulses is with ¢; and ¢;_3,
respectively, where ¢ is some systematic switching
code (Sachidananda and Zrni¢ 1999). Fig. 2 il-
lustrates the resulting multiple trip echoes and at-
tached phase code as they would occur when V is
the first trip copolar echo. Second trip echoes come
from the previously transmitted H pulse and thus is
a crosspolar echo. The third trip comes from the
previously transmitted V pulse. Obviously, the H
and V pulse need be phase coded such that the first
second third, etc. echoes have unique phase codes
and one way to do this is to phase code the V trans-
mit pulses with ¢; and the H transmit pulses with
¢i—s. If SZ(8/64) phase coding is being used, this
would give unique phases for the first 4 trips. How-
ever, for SZ(8/64) phase coding, a mutli-trip echo
with a phase lag of 4 from the cohered trip will be
modulated by SZ(32/64) modulation code and there-
fore is unrecoverable (Sachidananda and Zrnié¢ 1999).



This fourth trip crosspolar signal would likely be very
small and not of interest to recover. The copolar V
signal can be expressed:

Rlo = VVigi + VHflnd¢z'—3 + VV;?’:;%—l
th
+VH;172¢1'—4 (1)
where the superscripts indicate the “trip” of the sig-

nal. Similarly, the other copolar and crosspolar sig-
nals can be expressed,

RY = HVigi+HHZ ¢ 5+ HVE ¢y
+HHY ¢4 (2)

RE, = HHigi o+ HVZ ¢;+ HHY 6; 5
+HV;4_t:¢z'—1 (3)

RY = VHipia +VVZ ¢ + VH 1is
+VVE 64 (4)

The signal processing steps for decoding would be
similar as it is for single polarization phase coding
(See Sachidananda and Zrni¢ 1999). After phase de-
coding and obtaining the reconstructed weaker trip
time series it remains to be seen how well the polari-
metric variables of ¢4, (copolar differential phase),
Zgqr (differential reflectivity), LDR (linear depolar-
ization ratio) and pp, (copolar correlation coeffi-
cient) can be retrieved.

3. Simultaneous H and V Transmit

Another method for obtaining dual polarization mea-
surements is to simultaneously transmit H and V po-
larized pulses and receive simultaneously both H and
V polarizations. This scheme is currently being con-
sidered by the National Weather Service for deploy-
ment on the NEXRAD radars. With this scheme
all copolar variables are recovered, however, LDR
can not be estimated since the crosspolar powers
are mixed in with the much stronger copolar pow-
ers and can not be separated. If however, the H and
V transmit pulses can be separately phase coded, it
then becomes possible to retrieve LDR. The signal
recovery process is more complicated since for the
same number of trip rings considered, there will be
twice as many overlaid possible signals, i.e., there
will both copolar and crosspolar signals to contend
with at each range ring. Nevertheless, since LDR is
typically not less than 30dB down from the copolar
signal, the crosspolar power will typically be recover-
able especially in the case of no multiple trip echoes.

It remains to be seen how effectively LD R can be re-
covered for the case of one copolar trip overlay. A dis-
advantage of this scheme is that two transmitters are
required since current technology does not provide
for the reliable phase shifting of high power rf (radio
frequency) pulses required for S- or C-band weather
radars. The implementation costs may out weigh the
benefits for this case. But two transmitters would
also allow for the measurement of both crosspolar
powers, a capability that the current NEXRAD sin-
gle transmitter design does not provide. As shown in
Hubbert et al. (2003), by measuring both crosspolar
powers and sun calibrations, Zg. can be calibrated
very precisely without relying on assumptions about
the precipitation. If the H and V pulse trains are
staggered slightly by say 100us, then there are added
benefits that make two transmitters more attractive.
4. Staggered H and V Pulse Trains

Instead of transmitting simultaneous H and V pulses,
the H and V pulse trains could be staggered by a
small amount of time. The H and V pulse trains are
illustrated in Fig. 3 where the phase ¢ is a possible
way to phase code the transmit pulses for the separa-
tion of crosspolar echoes and multi-trip echoes. The
time T is relatively short (a tenth or less) compared
to T. But first we concentrate on the separation of
¢ap and velocity phases. There are several possi-
ble ways to estimate phase based on time lags of T,
T\, T—T, and T + T;. As for the staggered PRT
technique for single polarization radars, the phase
estimates for different time lags may allow for the
extension of the unambiguous velocity range. It can
be shown that,

arg{{VV;V 111)} = —Q5 (5)

arg{(VViHH;)} = Gap — oy (6)
arg{(VViHH; 1)} = ¢ap+ s, (7)
arg{(VViHH )} = ¢ap— pypny (8)

where all times series are first trip and « represents
the various phases due to velocity for the different
subscript time intervals. As can be seen, the veloc-
ity based on the short time interval 7T} is embedded
in these equations along with ¢gp. If ¢g4, can be
separated, then a velocity estimate with a very high
Nyquist velocity would be available based on a PRT
of Ty. To separate the velocities and ¢4, in Egs.(5)
to (8) the following algorithm can be used. Let the
Nyqiust velocity for a PRT of T be Nj.

1. From (5) calculate the velocity, Vr. The true
velocity, V4, then must be one of the velocities
V4 = Vr £ n2N, where n is an integer.



2. For each n calculate the phase ar_7, via
VTfT1 = aT,Tl/(47r(T — Tl)).

3. Eliminate a,_,, from (8) using these calculated
values. This then yields “guesses” for ¢gp.

4. Use these guesses for ¢g; to isolate a,, in (6).

5. Calculate Vr,. If Viy = Vp £ n2N, for the as-
sumed value of n, then the correct velocity has
been determined, i.e., V4 = Vg £ n2N,.

This method may give unwrapped velocities up to
the Nyquist velocity corresponding to a PRT of T3
which can be very small, however, more testing and
verification is needed. For example, if T3 = 100us,
the Nyquist rate would be 250m/s for 10cm wave-
length. This velocity measurement would be noisy
since the time interval is very small but it only has
to accurate enough to place the velocity estimate Vr
into the correct Nyquist interval. Thus, by stagger-
ing the H and 'V pulse trains, we have achieved unam-
biguous velocity retrieval for weather precipitation
targets. Note that no restriction has been placed on
the PRT of the H and V pulse trains. Their PRT
could be extended to 3ms thus giving an unambigu-
ous range of 450km while maintaining a Nyquist ve-
locity of 250 ms! Since the H and V pulse are phase
coded separately, the crosspolar powers are also re-
trievable.

If the separation of ¢4, and velocity can not be
done by the above method, then alternately, two
blocks of pulse trains could be used: 1) as shown
in Fig.3 followed by 2) a block where H an V pulses
are switched from as they as shown in Fig. 3. (i.e.,
H and V pulses trade places). It would then become
straight forward to separate ¢4, and velocity and
thus obtain a velocity estimate based on the time
interval T7.
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Figure 1: A schematic of the four measured time series
measure with a dual alternating H and V polarization
radar. All signals are first trip.

Figure 2: Multiple trips rings for a dual alternating H
and V polarization radar.
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Figure 3: Phase coding and timing for staggered H
and V pulse trains.



