ACCEPTED FOR PUBLICATION IN IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING 1

Improvements 1n the Compression Filter and
Calibration Factor of the Progressive Pulse
Compression Technique
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Abstract—Progressive Pulse Compression (PPC) was intro-
duced to mitigate the need for a fill pulse in pulse-compression-
based radar systems. It provides a method for recovering signals
in the blind-range region created by the transmission of relatively
long pulses. However, the initial implementation of PPC has
limitations that need to be addressed for it to be more useful
for meteorological applications. The proposed updated algorithm,
named herein PPC+, brings significant improvements to mitigate
these limitations. The methodology of PPC+ is similar to that of
PPC, except that it uses a set of improved pulse compression
filters. The improved compression filters are designed based
on an amplitude modulation approach and are generated by
multiplying the original filter by a range-dependent window.
The window can be divided into two sections, the first part has
a number of nulled samples used for mitigating the mainlobe
migration, and the remaining portion is a number of tapered
samples to alleviate the ‘“shoulder” effect from range sidelobes.
Also, in contrast to PPC, the calibration factor used in PPC+ is
further tuned to account for the tapering used in the improved
compression filters. The PPC+ technique has been tested using
data collected with PX-1000, a polarimetric X-band transportable
solid-state radar system designed and operated by the Advanced
Radar Research Center (ARRC) at the University of Oklahoma,
and it is implemented and operational on that system (data
available at https://radarhub.arrc.ou.edu). This technique has
also been implemented on Horus, a fully digital phased array
radar recently completed at the ARRC.

Index Terms—Pulse compression, signal processing, weather
radar, solid-state amplifier, bandwidth.
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HE blind range is an inherent artifact on systems that

use pulse compression [1-8], e.g., solid-state dish-based
radars and modern phased array radars. The blind range is a
by-product of transmitting a long modulated pulse necessary
for increasing system sensitivity when using relatively low-
powered solid-state amplifiers [7, 9, 10]. When a radar is
transmitting, it does not usually receive useful information.
This is because the transmitted waveform leaks into the
receiver, contaminating a portion of the received signal and
causing the so-called blind range. The blind range, denoted as
Ry, in units of m, is directly proportional to the pulse width of
the transmitted pulse 7, in units of s, as described by Salazar
et al. [8] and Salazar [11] (see Equation (1) extracted from

Salazar [11]), o

Ea
where ¢ is the speed of light, in ms™!, and R, is the pulse
length in m.

Different techniques to mitigate the blind range have been
discussed in the literature. One widely used strategy is to use a
“fill pulse” to recover the data inside the blind range [e.g. 3-5].
However, the fill pulse is much shorter than the long pulse,
resulting in significantly lower sensitivity inside the blind
range. In addition, this method requires additional bandwidth
since the fill pulse is transmitted at a separate carrier fre-
quency. Alternatively, the blind range can be mitigated using
a bistatic radar system (hardware-based solution), where the
transmitter and receiver chains are independent [12—14]. This
increases the cost and complexity of weather radar systems ,
compared to the more traditional monostatic radars. Adopting
a bistatic radar approach would require additional hardware
(i.e., cost) and synchronizing the transmitter/receiver to get
coherent measurements useful for Doppler moment estimation
(a typical challenge with bistatic systems). Lastly, different
novel signal processing solutions to mitigate the blind range
using the uncontaminated portion of the received signal from
the long pulse have been proposed [e.g. 8, 11, 15, 16]. One of
those techniques is the progressive pulse compression (PPC)
technique, proposed by Salazar et al. [8].

PPC is simple to implement since it requires no hardware
modification. Moreover, its implementation is potentially less
expensive when compared to the techniques using fill pulses
since it does not require the extra bandwidth necessary to
accommodate those pulses. More importantly, the sensitivity

R, =R, = (1)
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Fig. 1. PPIs of different radar variables processed using PPC, at an elevation angle of 4° : a) radar reflectivity factor from the horizontal channel (Zy,), b)
differential reflectivity (ZpR), c) differential phase (¢pp), and d) correlation coefficient (py, ), from a snow event observed in the Oklahoma City metropolitan

area on February 3, 2022, 01:57 UTC.

inside the blind range is higher when compared to techniques
using fill pulses, and it has a seamless transition in sensitivity
from the blind to the visible range. Therefore, when successful,
the PPC technique can more effectively mitigate the blind
range [8, 11]. Nevertheless, even though the sensitivity is
higher than that provided by a fill pulse, there is a gradual
loss in sensitivity proportional to the range to the radar (see
the Sensitivity Analysis section in Salazar et al. [8]).

PPC was implemented on the PX-1000 system, an X-
band transportable solid-state polarimetric radar designed and
operated by the Advanced Radar Research Center (ARRC) at
The University of Oklahoma (OU) [5]. It has been operational
on PX-1000 since 2020, and has been used in different field
campaigns to collect meteorological data from various events
(e.g., supercell storms, squall-line storms, and snowstorms).
One such dataset was a snow event in the metropolitan area
of Oklahoma City on February 3, 2022. Raw IQ data from that
event were collected and compressed using PPC. Polarimetric
variables derived from the IQ data of a plane-position indicator
(PPI) scan at 01:57 UTC, and at an elevation angle of 4° are
shown in Fig. 1. The variables include radar reflectivity factor
(Zy), differential reflectivity (Zpr), differential phase(¢pp),

and correlation coefficient (ppy ).

The blind range corresponding to the data shown in Fig. 1
(delineated by black dashed circles) is approximately 14.2 km
(t = 95 us). As apparent in Fig. 1, there is no obvious
difference between the “blind” range and the visible range
in any of the polarimetric variables illustrated. This seamless
transition is generated by the sensitivity increase inside the
“blind” range compared to other implementations using fill
pulses. Therefore, it can be said that the blind range is mostly
mitigated. Nonetheless, in immediate vicinity of the radar
(less than 1 km away in range), different factors, such as
the radiation properties in the antenna near-field region or the
incorrect estimation of scatterers due to the minimal amount
of uncontaminated 1Q data, produce a small blind range that
cannot be mitigated by PPC. This region is termed the inherent
blind range. To avoid confusion, the old blind range, including
both the inherent and mitigated blind ranges, will be referred
to as the transmission range. Nevertheless, since the inherent
blind range cannot be mitigated, it will not be considered when
evaluating the performance of the techniques discussed in this
work.

The PX-1000 system is constantly upgraded through soft-
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Fig. 2. RHI plots of different radar variables processed using PPC: Zj, (top plot), SNR (middle plot), and LDR (bottom plot), from a storm event observed

with the ATSR mode on May 23, 2022, 16:33 UTC.

ware modifications, and different transmission modes are be-
ing tested for future meteorological studies. One example is the
alternate transmission simultaneous reception (ATSR) mode of
H/V polarizations [17], where PPC has proven applicable. In
Fig. 2, three polarimetric variables calculated from raw IQ
data collected in the ATSR mode and compressed using PPC
are presented. The variables are the radar reflectivity factor
from the horizontal channel (Z},) (top panel), signal-to-noise
ratio (SNR) (middle panel), and linear depolarization ratio
(LDR) (bottom panel). The data were extracted from a range-
height indicator (RHI) scan collected during a convective
thunderstorm event on May 23, 2022, 16:33 UTC.

This seamless transition across the transmission range is
important in generating radar variables that are derived from
close-range data, such as the quasi-vertical profiles (QVP)
[18]. QVPs consist of an inventive way to emulate the results
from vertical profilers using PPI scans collected at high eleva-
tions [18]. Fig. 3 illustrates the QVPs of Zy (left plot), Zpr
(center plot), and py,, (right plot) generated from a snow event
in the Oklahoma City metropolitan area on February 3, 2022,
02:37 UTC (PPI scan at 12° elevation). Data were collected
with the PX-1000 radar and the polarimetric variables were
derived from raw IQ data compressed using PPC.

The equivalent transmission ranges shown in Fig. 3 can be
calculated from the PPI elevation angle and the pulse width
(7 = 95 ps). In this case, approximately the first 3 km in

height correspond to the transmission range (delimited with
red lines). Similar to previous experiments, when using PPC
for compression, there is a smooth transition in the values of
Zyw, ZDR, and py, across the transmission range.

Even with all these advantages, PPC has some limitations
that can be improved. Some have been discussed in Salazar
et al. [8] and Salazar [11], mainly related to the so-called
“shoulder” effect and the shift in the mainlobe peak position.
These are by-products of the cross-correlation between the
compression filter and the uncontaminated tail portion. After
compression, the ambiguity (or range-weighting) function at
zero Doppler of the point targets affected by this effect is
asymmetrical, with large sidelobes especially prominent on
one side (away from the radar) and a shifted mainlobe peak.
Additionally, those larger sidelobes can be observed to be
merged in the mainlobe and resemble shoulders, hence the
name of this artifact. The shoulder effect is illustrated in Fig. 4,
extracted from Salazar er al. [8] and Salazar [11]. These results
were derived using a 67 us, 2.2-MHz non-linear frequency
modulated (NLFM) waveform.

The shoulder effect can be significant in certain weather
events with strong reflectivity gradients. This limitation is
noticeable in the PPI plots presented in Fig. 5. These are
polarimetric variables from a convective storm event on March
18, 2022, 00:33 UTC at an elevation angle of 2° and com-
pressed using PPC.

In Fig. 5, contamination from the shoulders (smeared ra-
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Fig. 3. QVP of Z}, (left plot), Zpgr (center plot), and py. (right plot) generated from a PPI collected during a snow event in the Oklahoma City metropolitan

area on February 3, 2022, 02:37 UTC (12° in elevation).
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Fig. 4. Waveform range-weighting function of point targets at various ranges
using a 2.2-MHz NLFM waveform. The figure has been sourced from Salazar
et al. [8] and Salazar [11] and slightly edited for this work.

dials) can be observed to the northeast, southeast, and west
regions of the transmission range (especially in the Zj, plot).
The shoulders introduce biases and can obscure weaker echoes
located in the same azimuth direction, shadowing the returns
along the range. They contaminate both sides of the scatterers
in the range direction. Moreover, this shadow becomes longer
as the weather returns are closer to the radar.

This article presents an improved version of PPC, termed
PPC+. The PPC+ technique presents a pivotal update required
by the PPC users to make this technique more valuable for
polarimetric weather observations. Similar to PPC, PPC+ is a
signal-processing solution to mitigate the blind range without
needing a fill pulse (nevertheless, there is still an inherent blind

range as explained previously). It improves over PPC mainly
by replacing the compression filter used for partial decoding
with a set of range-dependent improved compression filters
(for weighted partial decoding). The improved compression
filters use a smooth amplitude tapering function designed to
mitigate the shoulder effect and the mainlobe migration.

PPC+ also includes a new calibration factor to preserve
signal power in the range-dependent compression filters used.
Weather radars aim not only to detect hydrometeors but also
to quantify their polarimetric properties from compressed 1Q
data. However, PPC+ alters the compressed IQ data. Cor-
rectly calibrating the compressed IQ data in PPC+ allows
the accurate estimation of the polarimetric measurements from
scatterers within the transmission range. The derivation of this
new calibration factor is presented in this article. The design of
the improved compression filters has been analyzed to quantify
the effects of the new taper function on the range resolution
and radar sensitivity.

Compared to PPC, PPC+ can produce higher-quality po-
larimetric weather observations inside the transmission range
without excessive sensitivity or range resolution degradation.
The PPC+ technique is fully compatible with all transmission
modes tested on PPC, including but not limited to PPIs, RHIs,
and QVPs in both ATSR and its counterpart, the more com-
monly used simultaneous transmission simultaneous reception
(STSR) mode of waves in the H/V polarizations. Moreover,
by being an evolution of PPC, it can also be implemented as
a software update on any radar system using pulse compres-
sion. Indeed, there are real-time operational implementations
of PPC+ on radar systems, e.g., PX-1000. Real-time and
archived polarimetric variable fields processed with PPC+ are
available through the RadarHub (https://radarhub.arrc.ou.edu),
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Fig. 5. PPI plots of different variables processed using PPC: a) Z}, (top plot), b) Zpr, ¢) ¢pp, and d) ppy, from a convective storm event observed on

March 18, 2022, 00:33 UTC at an elevation angle of 2° .

since July 2023. The PPC+ technique has also been imple-
mented in the Horus system, a state-of-the-art fully digital
phased array radar recently completed at the ARRC [19-21].

The article is structured in three additional sections. Sec-
tion II describes the improved PPC+ methodology, compared
to the original PPC. This section also discusses the advantages
and limitations of PPC+. Section III evaluates the improve-
ments of PPC+ against the original PPC from simulated
and actual weather data collected using the PX-1000 radar
system. Finally, the discussion, conclusions, and future work
are presented in Section IV.

II. PPC+ METHODOLOGY

As explained in the previous section, PPC+ consists of
an improved version of PPC to mitigate some limitations
observed in the original implementation. There are two main
differences between PPC and PPC+. The first difference is
the compression filter used. The PPC+ technique uses a set

of improved range-dependent compression filters. The second
difference is the enhanced calibration factor derived for PPC+.
The derivation of the improved compression filters and the
calibration factor are detailed in the following section.

A. Improved Compression Filter Design and Partial Decoding

The improved compression filters are a modulated range-
dependent version of the original compression filters. The
improved compression filters replace the compression filter in
the transmission range. There are three alternatives for the
design of the improved compression filters, i.e., amplitude
modulation, phase modulation, or a combination of amplitude
and phase modulation [22]. This article considers a design
based on amplitude modulation.

The design of each improved compression filter follows the
same rules and can be conceptualized as a two-step process.
Each step is designed to mitigate a specific limitation of PPC.
In PPC, the received signal is multiplied by a window to
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mitigate the contamination resulting in the blind range [8,
11, 23]. Nevertheless, as explained in the introduction, this
modification also caused the mainlobe peak migration. Upon a
detailed investigation of this effect, it was revealed that zeroing
out some samples on each compression filter to match the
number and location of the zeroes in the corresponding zeroed-
out received signal at a specific range could significantly
reduce migration of the mainlobe peak. The zeroing out is
the first step in designing the improved compression filters,
with the number of zeroes on each filter varying as a function
of range.

Specifically, the number of zeroes on a particular improved
compression filter can be estimated based on the principles il-
lustrated in Fig. 6. From Fig. 6, the received signal has a target
return located at Ry km (¢; us) that extends R, km (7 pus)
further and ends at (Ry+ R;,) km (¢; +7 ps). Additionally, the
first Ry, km (7 ps) samples of the received signal are zeroed
out due to contamination from the transmission. Therefore, the
samples corresponding to the first (Ry, — Ry) km (7 — ¢ us)
of the target are zeroed out. Then, the improved compression
filter to compress the signal at the range where the target is
located should have the same number of samples zeroed out
at the beginning.

Transmission range Visible range

Amplitude

Rp

Saturation level

Tail portion

Rt Rp Rp * Rt Range

Fig. 6. Illustration of the uncontaminated tail portion of a target echo inside
the transmission range. The tail portion is used for partial decoding in PPC.
Ry, is the transmission range. The received signal of the target echo located
at Ry spans the range R € [Ry, Ry + Rp). Recall from Equation (1) that
Rp = Ry,.

The second step in the improved compression filter design is
to apply an amplitude taper to the remaining non-zero samples
of each improved compression filter using a window function.
This step is designed to reduce the sidelobe levels causing the
shoulder effect. The window function must be carefully tuned
to reduce the sidelobe contamination and minimize the power
loss in the compressed signal. An aggressive taper is more
effective in mitigating the shoulders. However, it impacts the
sensitivity of the system.

The aggressiveness of the taper can be changed based on
the window function selected and its design parameters. In
this article, a raised cosine (or Tukey) window function [24] is
used. The roll-off factor used in the Tukey function (expressed
as a normalized weight) is related to the number of samples
modulated by the cosine. For example, if the roll-off factor is
one, 100% of the elements are modulated (the most aggressive
roll-off factor for the Tukey window). In contrast, if the roll-
off factor is zero, the taper is equivalent to using a boxcar or
rectangular window [24, 25]. An illustration of the window

(i.e., Tukey) used to produce the improved compression filter
at the range R km (¢; us) is presented in Fig. 7.

Taper

[=]
Y

Time

Fig. 7. Depiction of the window used to generate the improved compression
filter at the range Ry km (¢ us).

The use of improved compression filters changes the modi-
fied pulse-compressed signal, previously derived in Salazar et
al. [8],

M

y'(n) = a'((m+n-1)T)z;(m), 2)

m=1

where, T' is the radar sampling period, in units of s, y'(n)
is the value of the modified compressed signal at the range
gate number n (nT in units of s, or "ZTC in m), z'(t,) is
the value of the modified received signal sampled at time t,,
(t, in units of s), x¢(m) is the value of the m'" sample on
the compression filter, M is the number of samples in the
compression filter (same number of samples as the transmitted
signal), and M x T = 7. The new equation to calculate the

compressed signal in PPC+ is

M
y'(n)= ) a'((m+n—1)T)z}(m), 3)

m=1

where x,,(m) is the value of the m'" sample in the improved
compression filter designed for the range gate number n,
defined as

o (m) = wa(m)ze(m), )

where wy,(m) is the value of the m'™" sample in the window
function to derive the improved compression filter x,(m). If
the range gate number n is located outside the transmission
range, the regular compression filter is used instead of the
improved one, and then x,,(m) = z¢(m).

In Equation (3), the complex conjugate of x,(m) is used,

zi(m) = wi(m)xf(m). ®)

Since the values in the wy,(m) expression are not complex,
then,

y(m) = wn(m)zg (m). (6)

Additionally, it is necessary to recalculate the calibration
factor used in PPC, to compensate for using the improved
compression filters in PPC+. This is presented in the following
section.
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B. Calibration Factor

Salazar et al. [8] derived an equation to estimate the received
compressed signal at the range gate number n (y.(n)) as a
function of y'(n),

Ye(n) = sq.(n)y'(n), ()

where s4(n) is the value of new scaling factor calculated
for the range gate number n. Then, combining (7) and (3)
produces

M
ye(n) = s:(n) 3. @/ ((m+n - DDi(m). @)

The calibration or scaling factor s (n) is derived from
Equations (8) and the loss in SNR from a tapering equation
presented by Bharadwaj and Chandrasekar [4], and it is
approximately equal to

M S Am)?

[Z%’/zl A(m/)} .

where s(n) is the calculation of the calibration factor for the
range gate number n as it was derived for PPC [8], M’ is
the number of tapered samples on the improved compression
filter, and A(m/) is the amplitude value of the m'" tapered
sample. The new calibration factor correctly estimates the
fully compressed received signal inside the transmission range,
including the effects of the improved compression filters.
Nevertheless, using the improved compression filters affects
the sensitivity of the radar inside the transmission range.

In the following section, the calculation of the radar sensi-
tivity on radar systems using PPC+ is derived. Additionally,
the radar sensitivity profile of PPC+ implemented on the PX-
1000 radar is shown and compared to that of other blind-
range mitigation techniques. The radar sensitivity is crucial
on weather radars, and its analysis is an essential contribution
of this work.

©))

st(n) = s(n)

C. Sensitivity Analysis

The sensitivity function (Z,i,) is calculated using Equa-
tion (10) [8, 11, 26],

P P29 1n(2)\2 R%1%1,
i w3 P, G2 gs02%cr| Ky |2

where P, is the power from the noise floor, in W, A is the
wavelength of the radar, in m, R is the range, in m, [ is the
one-way attenuation or loss in the medium, unitless, [, is a
one-way loss factor due to the finite bandwidth of the receiver,
unitless, P; is the peak power that the radar transmits, in W,
G is the antenna gain, unitless, g5 is the system power gain,
unitless, 6 is the 3-dB width of the one-way pattern, in radians,
and K, is the complex dielectric factor, unitless. Ky, changes
depending on the presence of water or ice. |Ky|? of ice is
~ 0.18, |Ky|? of water is ~ 0.92.

In PPC+, the improved compression filters affect the sensi-
tivity of the radar system, generating a small loss compared
to the original PPC. The sensitivity loss can be quantified

(10)

using the loss in SNR from a tapering equation presented
by Bharadwaj and Chandrasekar [4],

(S w4 m — wa(m)]

M [+ m = wn(m)* )

h

(an

Ly(n) =

where w(m) is the value of the m*™ sample in the window
function designed to mitigate the contamination resulting in
the blind range, as described by Salazar et al. [8]. Then, for
PPC+, the sensitivity (Zy,i,) is approximately equal to

D) o P2 MOV,
A 8 Py Ly (n) G2 gs02er | Ky |2

A comparison of the sensitivity profiles of PPC+, PPC,
and the time-frequency multiplexing (TFM) method [5] is
presented in Fig. 8, the lower the sensitivity value, the better
it is. The TFM method transmits a short fill pulse multiplexed
in time with the long pulse to mitigate the blind range. This
technique was the default blind range mitigation solution for
the PX-1000 system before implementing PPC.

Sensitivity profiles in Fig. 8 were calculated using a 67 us
optimized frequency modulated (OFM) waveform [7, 27].
Additionally, the improved compression filters used for PPC+
is designed with a Tukey window and a roll-off factor of one.

As seen in Fig. 8, implementing PPC+ impacts the sen-
sitivity of the system when compared to the original PPC.
Inside the transmission range, the sensitivity profile of PPC+
(green line) is approximately 2 to 3 dB higher than PPC
(red line). This loss is observed throughout the transmission
range and causes a small discontinuity in the PPC+ technique
inside the transmission range. Nevertheless, even with the
extra sensitivity loss inside the transmission range, PPC+ still
provides better sensitivity than TFM (yellow line).

The use of PPC+ represents an improvement over the
original PPC. The main advantages are the reduction in the
mainlobe peak migration and the mitigation of the shoulder
effect. Nevertheless, the PPC+ technique has some limitations
to be discussed. One of the limitations is the decrease in the
sensitivity inside the transmission range compared to PPC. An
in-depth review of the advantages and limitations of PPC+
compared to PPC is presented in the following section.

(12)

D. Advantages and Limitations of PPC+

1) Advantages of PPC+: As explained in previous sections,
the main improvements of PPC+ over PPC are the reduction
in the mainlobe peak migration and the mitigation of the
shoulder effect. These improvements can be inspected further
by calculating the range-weighting function with PPC+ (the
improved compression filters are designed using a Tukey win-
dow and roll-off factor of one), and a 67 us OFM waveform.
Improvements are illustrated in Fig. 9.

The range-weighting functions in Fig. 9 have been cal-
culated for the same range gates as the ones presented in
Fig. 4, as in Salazar et al. [8]. In Fig. 9, the shoulders
observed when using PPC+ are less pronounced (narrower
mainlobe) than those in PPC, especially in the range gates
closer to the radar. Additionally, a significant reduction in the
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Fig. 8. Sensitivity profiles for different blind mitigation techniques implemented on PX-1000. The hypothetical sensitivity profile of the OFM waveform is
included in the plot (black dashed line). Using the improved compression filters reduces the sensitivity of PPC+ compared to PPC inside the transmission
range (Tx. range). Nonetheless, using PPC+ still provides significantly better sensitivity than TFM.
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Fig. 9. Range-weighting function using PPC+ and based on the OFM

waveform at different range gates. Comparing the results from PPC+ to the
ones from PPC (see Fig. 4), it can be seen that the mainlobe peak migration
is lower in PPC+, and the shoulder effect is less prominent. The shoulder
reduction is more pronounced at closer ranges.

mainlobe peak migration is observed on PPC+ compared to
PPC. Nevertheless, to better illustrate these improvements, the
range-weighting functions at two range gates (1 and 8 km) are
calculated with both PPC and PPC+ (see Fig. 10).

From Fig. 10, the shoulders in both range-weighting func-
tions are lower when processed with PPC+. For the range gate
at 1 km, sidelobes are at least 60 dB below the mainlobe,
and no shoulders are visible on the plot. Concerning the
mainlobe peak offset, a reduction is expected when using
PPC+. Nevertheless, a zoomed-in version is shown in Fig. 11

to highlight this improvement. From Fig. 11, the mainlobe
peak offset is visible on the range-weighting function from
the range gate at 1 km using PPC. After implementing PPC+,
the offset is still present but has been significantly reduced,
from 30 m (when using PPC) to roughly 13 m.

Applying the improved compression filters on receive pro-
vides a simple and effective solution for the limitations ob-
served in PPC. However, using PPC+ introduces some other
limitations caused mainly by the amplitude taper used in
the improved compression filters. These limitations will be
discussed in the following section.

2) Limitations of PPC+: One of the limitations of PPC+
is that the radar sensitivity inside the transmission range is
lower than that of PPC. The reduction is proportional to the
difference in SNR gain between the improved compression
filters and regular compression filter. Additionally, when using
PPC+, there is a discontinuity at the end of the transmission
range. This discontinuity is also proportional to the difference
in SNR gain described before, but generally, it is much
less significant than the one observed when using TFM (see
Section II-C).

Additionally, using the improved compression filters widens
the mainlobe width, affecting the range resolution of the
compressed return. The reduction in range resolution is a by-
product of using a window function and varies depending on
the distance from the returned signal to the radar inside the
transmission range. This effect is illustrated in Fig. 12.

In the top panel of Fig. 12, the range resolution resulting
from the PPC+ processing (the improved compression filters
are designed using a Tukey window and roll-off factor of
one) is estimated as a function of range (based on the OFM
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Fig. 10. Range-weighting functions for two range gates located 1 and 8 km from the radar (blue and red lines), using PPC (dashed lines) and PPC+ (solid
lines). A noticeable reduction in the shoulder effect and mainlobe peak migration is observed in the PPC+ range-weighting functions.

0 Range-Weighting Function of Two Point Targets (8 km and 1 km) Using the PPC and PPC+
T T T ) AU T

y —8‘km with PPC+
- - 8 km with PPC
— 1 km with PPC+
| - - 1 km with PPC
ok _
)
)
=Sl i
]
]
4k _
5 )
‘I
‘\
-6 1 Al |
-200 -150 150 200

Fig. 11. Similar to Fig. 10, but zoomed in to observe the mainlobe peak locations.

waveform). The estimated range resolution is compared with

the corresponding

one using PPC. Also, a similar comparison

is performed based on the estimated mainlobe peak offset as
a function of range (see the bottom panel in Fig. 12).
From the top panel in Fig. 12, it is observed that using

improved compression filters in PPC+ negatively impacts the
range resolution (lower than the one from PPC). The lower
range resolution is observed in most range gates except those
closest to the radar. In the closer range gates, the shoulders
observed when using PPC are more prominent (broader and
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Fig. 12. A comparison of PPC and PPC+ concerning their performance in range solution and mainlobe peak offset inside the transmission range. The top
and bottom panels show the range resolution and mainlobe peak offset as a range function. Results from PPC+ are compared with similar ones processed

using PPC.

higher in magnitude), heavily affecting the range resolution.
PPC+ mitigates the shoulders, improving the range resolution
at these range gates. One could argue that the shoulder
mitigation from PPC+ overcomes the loss in range resolution
from the taper. Finally, in the lower panel of Fig. 12, it is
observed that the mainlobe peak offset is significantly reduced
when using PPC+. Nevertheless, even using the improved
compression filters, the peak offset is not completely mitigated.

The limitations above are not related to using the improved
compression filters but to using amplitude modulation in
its design. It is theorized that using a set of compression
filters modulated in amplitude and phase (rather than only
in amplitude) might produce comparable shoulder mitigation
and none of the limitations described before. Nevertheless,
implementing compression filters using phase modulation is
out of the scope of this work. Its design, analyses, and testing
are proposed as a future research path to further improve
PPC+.

III. RESULTS

In this section, PPC+ is evaluated using both simulated and
real data collected from the PX-1000 radar system.

A. Simulations

A realistic simulation was performed to evaluate the per-
formance of PPC+ and compare it to the original PPC. The

simulation is based on the work by Salazar et al. [8]. Aside
from replacing PPC with PPC+ (the improved compression
filters are designed using a Tukey window and roll-off factor
of one), everything else remains the same. There are four point
targets in the simulation, all simulated with an identical peak
power. Two are located inside the transmission range while the
other two are outside. The simulation was performed using the
same 67 us OFM pulse, and the exact location and peak power
on the simulated point targets as those in Salazar et al. [8].
The simulation results are presented in Fig. 13.

In Fig. 13, the simulation setup and power profile from
the PPC and PPC+ techniques are shown. The point targets
locations are illustrated in the top panel, while the middle and
bottom panels correspond to the results processed with PPC
and PPC+. Both PPC and PPC+ correctly uncover the targets
inside the blind range with an accurate estimation of their
peak power. Moreover, as expected, PPC+ has less shoulder
contamination than PPC. Nevertheless, shoulder contamination
is not fully mitigated even when using PPC+. This behavior is
more evident in the point targets located closer to the radar. In
addition, the increase in the mainlobe width is noticeable on
both point targets inside the transmission range (a trade-off that
must be considered when designing the improved compression
filters).

Concerning the mitigation of the mainlobe peak migration,
it is unnoticeable in the example provided. As explained in
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Fig. 13. Simulation results when transmitting the OFM waveform. The top plot illustrates the ideal location and power of the simulated point targets. In the
middle panel, the simulation results from PPC are presented. Similar results are shown on the lower plot but from PPC+. Results using PPC+ have significantly

reduced shoulder contamination compared to PPC.

the previous section, this effect is significant on point targets
observed in the first one or two kilometers from the radar (see
Fig. 12). Still, both point targets in this simulation are located
in ranges where that effect is negligible.

B. Real Data

In this section, uncompressed polarimetric IQ data collected
with the PX-1000 are processed using PPC and PPC+ (the
improved compression filters are designed using a Tukey win-
dow and roll-off factor of one), and their performance inside
the transmission range is compared. The radar was configures
to transmit a 95 ps OFM pulse. Therefore, the transmission
range is approximately 15 km. The dataset corresponds to a
PPI scan collected during a winter storm in the Oklahoma City
metropolitan area on January 30, 2023, 17:36 UTC, and with
the radar scanning at an elevation of 4° .

The Zy, radial velocity (v;), Zpr, and py, polarimetric
variables are calculated from the IQ data and presented in
Fig. 14. From panels (a), (c), (e), and (g) on Fig. 14, on the
PPC column, there is a smeared weather returns (from green to
blue on Z},, fading towards the radar) located just west of the
radar. This is an example of the shoulder contamination. The
contamination can be observed in all polarimetric variables as
a ray of similar values extending in range. PPC+ is capable
of fully mitigating the shoulder, as seen in panels (b), (d), (f),
and (h) on Fig. 14. When using PPC+, the edges of the storm

correspond more naturally to the expected values, and weaker
returns are uncovered. For example, comparing the py,, panels
on the closer edge of the storm located west, it is observed
that, when processed using PPC+, the correlation coefficient
is roughly 94%. Nevertheless, when processed using PPC, this
edge was covered and showed different correlation values.

The shoulder effect can be subtle enough to be misrepre-
sented as part of the weather when it is located within it.
This is observed in the portion of the storm located northwest
of the radar. When the IQ data are processed with PPC, the
edge of the storm, located close to and inside the transmission
range, does not exhibit evidence of shoulders. Nevertheless,
some hints suggesting contamination can be observed in the
vy and py, plots. In both panels, slight smearing is observable,
but the same is hardly noticeable in the other panels. When
processing using PPC+, and the same area is inspected, no
smearing is present, and the values of the polarimetric vari-
ables are different. The previous confirms that the shoulders
were contaminating that area and proves how effective PPC+
is in mitigating them.

To illustrate the shoulder contamination mitigated by using
PPC+, the Z;, values from the original PPC (panel (a) in
Fig. 14) and PPC+ (panel (b) in Fig. 14) were subtracted. The
previous calculation overlaps with the contour of the weather
observable when using PPC+ (panel (b) in Fig. 14) and is
presented in Fig. 15.
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Fig. 14. PPIs of different radar variables processed with PPC and PPC+ from a winter storm in the Oklahoma City metropolitan area on January 30, 2023,
17:36 UTC, at an elevation of 4° . Polarimetric variables processed using PPC: (a) Zy, (¢) vr, (€) ZpR, (2) pnv. Polarimetric variables processed using
PPC+: (b) Zy, (d) vr , (f) ZpR, (h) pny. In the PPC+ plots, it is shown that the shoulders, contaminating the echoes from PPC (inside the transmission
range), have been greatly reduced.
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Fig. 15. Difference of the Z} values from the original PPC (panel (a) in
Fig. 14) and PPC+ (panel (b) in Fig. 14) overlapped with the contour of the
weather observable when using PPC+ (panel (b) in Fig. 14).

In Fig. 15, a quantitative metric of the shoulder contam-
ination and the regions where it was present are illustrated.
Additionally, if the shoulders overpower and obscure any
weather, it will be preserved when using PPC+, as noticeable
by the overlap with the contour lines. Then, PPC+ can mitigate
the limitations of PPC while maintaining its performance as a
blind range mitigation technique.

IV. DISCUSSION AND CONCLUSIONS

The PPC technique described in Salazar ef al. [8] has proven
to be a significant improvement in mitigating the blind range
problem. Nevertheless, the PPC users have pointed out some
limitations on different datasets collected since its inception.
The two most problematic limitations are the shoulder effect
and the mainlobe peak migration. An improved version of
PPC, named PPC+, has been proposed in this article. The
PPC+ technique is capable of mitigating the limitations of
PPC, producing high-quality polarimetric weather observa-
tions while maintaining its blind range mitigation capabilities,
which is of critical importance for the radar meteorology
community.

The PPC+ technique uses a set of improved compres-
sion filters, changing as a function of range, to compress
the incomplete return. The improved compression filters can
be designed using amplitude or phase modulation. In this
research, the improved compression filters are designed by
amplitude modulating (multiplying by a window function)
the original filter. The first portion of the window will have
as many zeroes as the corresponding incomplete return (at
a specific range). Then, a taper in amplitude is applied to
the remaining non-zero samples of the window function. The
zeroed-out portion of the improved compression filters reduces
the mainlobe peak shift and tapering the remaining portion

reduces the sidelobe levels causing the shoulder effect. The
design of the improved compression filters is one important
contribution of this work.

The PPC+ methodology is similar to the one from PPC.
Nevertheless, there are some changes to be discussed. One
s that the modified pulse-compressed signal is obtained by
compressing the modified return signal with the improved
compression filters. Consequently, it is necessary to design
a new calibration factor for PPC+ to account for using the
mproved compression filters.

The improved calibration factor is critical for the weather
radar community and is an another essential contribution
of this work. Correctly calibrating the compressed 1Q data
n PPC+ allows the estimation of the unaltered data from
scatterers within the transmission range, facilitating accurate
calculations of polarimetric variables and improving the po-
arimetric quality of the weather observations.

The PPC+ implementation discussed in this work has two
main limitations: decreased range resolution and sensitivity
nside the transmission range. However, even though these
limitations negatively impact the performance of PPC+, it is
still superior to other blind range mitigation techniques using
fill pulses (e.g., George et al. [3], Bharadwaj and Chandrasekar
[4], and Cheong et al. [5]).

The previously discussed limitations are not inherent to
PPC+, but rather to using amplitude modulation to design
the improved compression filters. It is theorized that using
a combination of amplitude and phase modulation will result
in similar mitigation of the shoulder effect and mainlobe peak
migration but with a lower impact on sensitivity and range
resolution. The use of phase modulation in the design of the
improved compression filters is a topic for future research.

Simulation and experimental results show improvements in
PPC+ compared to the original PPC. In the simulation, both
point targets inside the transmission range have considerably
lower shoulders when compressed using PPC+. Nevertheless,
the decrease in the range resolution on those point targets can
also be observed. Concerning the experimental results, there is
observed that the shoulder effect is greatly mitigated. The loss
in range resolution is still present, but it is not as noticeable
as with point targets.

The PPC+ technique represents an essential improvement
over PPC. Moreover, like the original PPC, no hardware
modification is required to implement it, and it is compatible
with any radar system using pulse compression. Furthermore,
with a modest amount of effort, it can be implemented
as a software update on systems using PPC. The PX-1000
is the first system where PPC+ is being used. PPC+ has
been recently implemented as a software update on PX-1000,
and data processed using it can be visualized through the
RadarHub (https://radarhub.arrc.ou.edu), offering a variety of
practical examples of the performance of PPC+ in different
weather scenarios. It has also been implemented in Horus,
an all-digital phased array radar recently completed at the
ARRC [19-21]. The implementation of PPC+ in PX-1000 and
Horus is a significant contribution since one of the takeouts
of this work is that PPC+ can be easily implemented on
any radar without any hardware modifications and with good
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polarimetric quality, and now a good repository of data from
PX-1000 is available online to support this affirmation.
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