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Preface

This edited three-volume set of books published by the Institution of Engineering
and Technology (IET) on “Advances in Weather Radar” falls under the prestigious
SciTech/IET book series on radar, sonar, and navigation. We are delighted to edit
this new book consisting of 32 original chapters reviewed by one of the editors and
one external reviewer. They are written by exceptionally well-qualified experts
from academia, research laboratories, and national weather services covering a
breathtaking range of topics. The focus of this edited book is on dual-polarization
radar because of its important application in rainfall measurement, in elucidating
details of cloud physical processes, classification of meteorological and non-
meteorological echo types, the validation and evaluation of bulk microphysical
processes that predict number density and mixing ratio and radar hydrology among
other more recent applications. The chapters were selected by the editors who have
a combined experience of 80 years in prestigious research laboratories while the
lead editor’s entire career in academia gives strong credibility to our reputation.
There are only two other edited volumes available: one on “Radar in
Meteorology” published by the American Meteorological Society in 1990 and
edited by the late David Atlas consisting of 44 chapters. This volume gives detailed
accounts of the history of radar in the meteorology post World War II, research and
operational topics using Doppler radar, and one chapter on dual-polarization radar.
The other edited volume on “Radar and Atmospheric Sciences” was a collection of
essays published by the AMS in 2003 in honor of the late David Atlas edited by
Roger Wakimoto and Ramesh Srivastava but contained only one devoted to dual-
polarization. It is, therefore, very appropriate that the next edited volumes cover the
scientific progress made since 2003—2023 a period of two decades when Doppler
dual-polarization radar became de rigueur in any national weather service agency.
Several books have been published since 1983 which give an intermediate to
advanced level exposition of polarimetric Doppler radar theory with only small
sub-sections in Doviak and Zrnic (1984) which was expanded to about a chapter in
the 2nd edition published in 1993. The material for the 2nd edition came from a
course taught by the authors at the University of Oklahoma to a senior and the first-
year graduate students in meteorology and electrical engineering. In 2001, the first
book exclusively devoted to polarimetric Doppler radar principles and applications
was published (Bringi and Chandrasekar) which soon became the standard refer-
ence text. The book was an outcome of a graduate-level course in Radar and
Electromagnetics taught by the authors for many years at Colorado State
University. For the next 15 years, it was the textbook of choice for academics and



xxX  Advances in weather radar, volume 1

researchers due to its development of the theory from first principles in a self-
contained format. It was also the time when polarimetric radar research was
accelerating at a scorching pace.

Two more books appeared recently (Zhang 2017) and Ryzhkov and Zrnic
(2019), the former based on sound theory rooted in mathematics and based on a
class taught by Zhang at the University of Oklahoma. The book by Ryzhkov and
Zrnic is a monograph written at an intermediate level for meteorologists and
researchers enabling them to gain a quick understanding of polarimetry without
going into the mathematical theory which can be found in Bringi and Chandrasekar
(2001) or Zhang (2017). It is our belief which is perhaps obvious that books written
and edited by authors themselves are a different breed altogether compared to
edited volumes where each chapter is written by experts giving a level of detail that
cannot be found in textbooks or monographs. With rapid advances in the applica-
tion of polarimetric radar to topics that cannot be covered by conventional books,
the editors of the current 3-volume set of books felt, there was a vacuum in doc-
umenting recent advances in dual-polarized radar resulting in the current edited
volumes.

It is well known that the electromagnetic wave is defined by its amplitude,
phase, and polarization state. The interaction of the wave and the precipitation
particles changes the amplitude, phase, and polarization state. The magnitude of the
square of the amplitudes corresponds to the power scattered by precipitation, the
phase change due to changes in the electrical path length of moving precipitation
along the radial direction which is related to the Doppler frequency, and the scat-
tering matrix due to interaction with precipitation such as raindrops which are non-
spherical and oriented in space. These changes in the EM waves when quantified
with particle microphysical states are one of the main drivers of dual-polarized
Doppler weather radar.

Recognizing the importance of dual-polarization the US National Weather
Service (NWS) in a major effort installed the Next Generation (NEXRAD) WSR-
88 Doppler network of 160 radars beginning around 2008. The main NWS goals
were two-fold: (a) detection of tornadoes by the mesoscale circulations aloft in
supercell storms prior to damaging winds at the ground with lead times of around
20 min, and (b) measuring hourly rain amounts in pixels 4 x 4 km out to ranges of
230 km for hydrological applications (flash floods and landslides) and land-falling
hurricanes which are the most prolific rain producers causing coastal ecological
damage and loss of life.

Most of the chapters in this book describe the physical properties of the
interactions also known as the “inverse” problem which is poorly constrained.
Measuring the change of polarization state due to interactions with precipitation is
considered as arguably the most important advance since Doppler technology was
introduced on a NEXRAD prototype. The few dozen pioneers (one of those pio-
neers is the lead editor of this three-volume set) who were by and large electrical
engineers were astonished by the meteorological and non-meteorological applica-
tions that they could not have possibly imagined at that time (1982). This edited
three-volume set has many chapters that describe these innovative applications. We
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hope that these edited volumes will be useful to graduate students, to radar systems
designers, to high-level managers of National Meteorological Services, and other
research scientists who need to delve deeper into specific topics which cannot be
found elsewhere.

This volume on “Precipitation Sensing Platforms” focuses on major advances
in designing, operating, and deploying weather radars across the globe. The second
volume “Precipitation Science, Scattering, and Processing Algorithms” considers
theoretical milestones achieved in microphysics, electromagnetics, and signal
processing of radar meteorology. The final volume “Emerging Applications”
includes applications of weather radars in novel as well as non-meteorological
applications.

We thank all contributing authors for submitting their high-quality contribu-
tions. We sincerely acknowledge the support and help from all the reviewers for
their timely and comprehensive evaluations of the manuscripts that improved the
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Introduction to volume 1

After nearly 50 years of sustained research and 30 years of operational deployment
in the developed regions of the world, research in weather radars has witnessed
tremendous growth over the past decade and is now spilling over to novel appli-
cations and geographies. The earliest weather radars in the era of the 1950s were
mainly used to measure the backscatter power at a single polarization state. During
the 1960s—1970s, the Doppler shift principle was used to measure the radial velo-
city of hydrometeors in addition to the backscattered power although still using
only a single polarization state. By the mid-1970s, the Doppler radar’s importance
for operational applications was widely recognized. In the late 1980s, the deploy-
ment of Doppler radars for operational weather forecasting by the US National
Weather Service (NWS) accelerated and has continued to the present time.

Before the early 1970s, there was limited research in dual-polarized radars
mainly for radio wave propagation studies and much less for weather applications.
The measurements were limited by the poor cross-polar performance of the radar
hardware, particularly the antenna and its feed. The modern era of polarimetric
radar using precision microwave hardware began at the National Research Council
in Ottawa with the Canadian radars starting in the late 1960s—early 1970s using
dual-circular polarization techniques for propagation research (Ka and X-bands)
and hail detection (at S-band). This research clearly showed that oblate raindrops
formed a highly oriented medium and that the differential propagation phase and
differential attenuation between the horizontal and vertical polarizations through
such a highly oriented medium could be measured at Ka and S-bands using dual-
receiver circular polarization technology without requiring any Doppler processing.
The use of dual-linear polarizations (horizontal and vertical) was proposed in the
late 1970s primarily because at low elevation angles, these states are aligned along
the principal axes of the highly oriented oblate rain medium.

During the decades of 1990s and 2000s, weather radar engineering and sci-
entific understanding of meteorological phenomena matured to such an extent that
it led to the installation of national weather radar networks in several countries.
However, it was during the past decade (2010s) that this technology realistically
entered a renaissance and witnessed rapid growth in the weather radar industry and
research, including deployment on satellites, aircraft, autonomous vehicles, and
ships. This decade also experienced successful cross-fertilization of ideas, such as
phased array antennas and solid-state transmitters, from hard target radars to
meteorological radar systems not to mention multiple breakthroughs in signal
processing, machine learning, and electromagnetic theory of weather radar.
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The first volume of this book brings together the important weather radar
engineering milestones during the last decade.

Chapter 1 “The decade of Renaissance in weather radar research” features
editors’ picks on the key technical and scientific ideas that have propelled the field
forward at such a rapid rate and will likely be the mainstay of its research com-
munity in the coming years.

Chapter 2 “Doppler polarimetric radars for weather observations from 1995 to
2020: a historical perspective” provides a historical overview of the period
1995-2010 that marked the innovation and intense research in weather radars. This
chapter summarizes these developments in the post-NEXRAD deployment era. The
first satellite-borne radar was launched aboard NASA TRMM satellite. Multiple X-
band weather radar testbeds were developed and deployed in the United States and
Japan. The standards set during this period continue to form the backbone of
weather radar operations today.

Chapter 3 “Developments in solid-state weather radar” covers one of the
foremost engineering developments of employing solid-state transceivers in
weather radars. This has enabled pulse-compression technology leading to better
monitoring of the atmospheric boundary layer. While pulse-compression was
initially proposed for lidars and later made its way to military surveillance radars, it
took almost three decades for weather radars to employ this technique because of
the challenges arising from the volumetric nature of the target.

Chapter 4 “Quality of polarimetric data in the WSR-88D system” takes the
focus toward the NWS WSR-88D network of weather radars deployed in the
United States since the 1990s. It captures the current calibration techniques used by
the NWS WSR-88D system and the achieved accuracies in reflectivity and dual-
polarization variables. Equipped with dual-polarization, the lifetime of the WSR-
88Ds has been extended beyond the year 2030. With additional features such as
accurate measurements of the rain and snow rates, measurements of convection
parameters in pre-storm environment, and observations of the boundary layer, the
WSR-88D calibration assumes a higher significance than before.

Chapter 5 “Improvement of GPM dual-frequency precipitation radar algo-
rithms for version 07 is concerned with important developments in space-borne
weather radar. It describes the retrieval algorithms for vertical precipitation rate
profiles from the measurements of the dual-frequency precipitation radar (DPR) on
the core satellite of the global precipitation measurement (GPM) mission launched
in 2014. The DPR is the successor of the first space-borne precipitation radar (PR)
on the Tropical Rainfall Measurement Mission (TRMM) satellite that operated
from December 1997 to April 2015.

Chapter 6 “The NASA Polarimetric (NPOL) weather radar facility and some
applications” is also related to the GPM mission. NPOL is an S-band, dual-
polarimetric Doppler weather radar that provides well-calibrated high-quality data
for GPM ground validation. The chapter includes NPOL’s design, applications, and
validation studies.

Chapter 7 “NASA high-altitude airborne weather radars” describes NASA’s
GPM-related weather radars for airborne platforms such as the X-band (9.6 GHz)
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ER-2 Doppler Radar (EDOP), the W-band (94 GHz) Cloud Radar System (CRS),
the Ku (13 GHz)/Ka-band (35 GHz) High-altitude Wind and Rain Airborne Profiler
(HIWRAP), and the X-band (9.6 GHz) ER-2 X-band Radar (EXRAD).

Chapter 8 “Ocean-going weather and profiling radar for clouds and precipita-
tion” switches from airborne to seaborne deployment. During the past 20 years, the
deployment of weather radar on ships has been increasing. The chapter provides a
historical and contemporary perspective and studies in this context.

Chapter 9 “A versatile stratosphere—troposphere radar at 205 MHz in the tro-
pics” is concerned with the atmospheric radar or wind profiler radar (WPR), which
monitors horizontal and vertical winds in the troposphere and stratosphere in all
weather conditions. These systems operate at the lower end of the spectrum in the
very high-frequency (VHF) and ultra-high frequency (UHF) bands. The chapter
focuses on the design and applications of the first VHF stratosphere—troposphere
(ST) radar in the 200 MHz range that has been deployed in Kochi, India.

Chapter 10 “An integrated future US weather radar architecture for aviation”
reflects on integrating various national weather radar network in the United States
that are operated by the Federal Aviation Administration (FAA), the National
Oceanic and Atmospheric Administration (NOAA), and the Department of Defense
(DoD). The chapter also includes the latest enhancements in FAA weather radar
systems such as Terminal Doppler Weather Radar (TDWR), Airport Surveillance
Radar (ASR), and Air Route Surveillance Radar (ARSR).

Chapter 11 “The mitigation of ground clutter” examines the research on
ground clutter filtering algorithms using data from the S-band Polarimetric radar
(S-Pol) operated by the National Center of Atmospheric Research (NCAR). The
chapter covers regression filtering in detail and compares the results with popular
spectral-domain filters such as Gaussian Model Adaptive Processing (GMAP) used
by NEXRAD.

Finally, Chapter 12 “Polarimetric planar phased array radar — challenges for
observing weather” captures the ongoing frenetic developments in using an array of
antennas for weather observations. Although the phased array weather radar is yet
to reach full deployment worthiness, the chapter examines its advantages in elec-
tronic beam-steering, adaptive scanning, time multiplexing, clutter suppression,
and faster volume updates via bespoke developed by the University of Oklahoma.
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Chapter 1

The decade of renaissance in weather
radar research

Kumar Vijay Mishra', Merhala Thurai’ and V.N. Bringi’

1.1 Introduction

Research in weather radar systems has become very popular in the 21st century.
Although mainly used by national and international meteorological bodies, several
other applications of weather radars have become possible. Since the deployment
of the first operational weather radar network during the early 1990s by the US
National Weather Service (NWS), the meteorological radar world has changed
considerably. While 20 years ago, radar meteorology was still considered an
experimental and futuristic field because many technologies were still in an early
stage and confined to academia, it is nowadays state of the art that is also inter-
twined with other radar disciplines. Today, radar meteorology is a flourishing and
vibrant area supported by a significantly expanded community comprising acade-
mia, government, industry, and standards communities.

After over four decades of niche applications, weather radar technology during
the last decade realistically entered a renaissance after crossing several milestones.
This timeframe witnessed a dramatic progress in weather modeling, antennas, and
digital technologies, which is leading to fast scanning weather radars equipped with
powerful signal processors. Moreover, a lot of theoretical research has been
devoted to understanding of precipitation science, extreme weather phenomena,
performance guarantees, and adoption of novel algorithms. Weather radar has been
successfully deployed across platforms such as aircraft, satellites, ships, and
autonomous vehicles. In processing algorithms, new mathematical tools such as
optimization theory, sparse reconstruction, robust beamforming, and machine
learning (ML) have gained salience in weather radar research.

Computational electromagnetics, once the domain of academia, progressed
from research to commercially available codes, thereby allowing accurate manu-
facture of specialized microwave components, for example, symmetric orthomode
transducers and switchable circulators. These codes even encouraged the nonexpert

'United States DEVCOM Army Research Laboratory, Adelphi, USA
2Colorado State University, Fort Collins, USA
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to compute scattering from complex-shaped crystals and snowflakes. Other appli-
cations such as automotive radar, wireless communications, satellite-based
exploration, hydrology, entomology, ornithology, and volcanology have greatly
benefitted from these advances. The commercialization of radar meteorology has
accelerated in recent years with several weather radar enterprises launched around
the world. Standardization efforts have also picked up a good pace in various
standards groups supported by the IEEE, American Meteorological Society (AMS),
and International Telecommunication Union (ITU).

This chapter introduces the reader to important breakthroughs in weather
radars during the last ten years that we term as the decade of renaissance. We
summarize these developments in the context of broader radar theory, engineering,
and applications. The chapter is an assessment of the editors about the major
breakthroughs during the last ten years that will continue to positively influence our
field in the coming years. The chapter breaks down along three distinct topical
lines: engineering, signal processing, and precipitation science. While, undoubt-
edly, the current era is very exciting for the radar meteorology community, it is not
feasible to exhaustively list all innovations in this chapter alone. We refer the
reader to the remaining chapters for a detailed exposition of other aspects.

1.1.1 Renaissance of weather radar technology

The Next Generation Weather Radar (NEXRAD) agencies that funded the nation-
wide WSR-88D network are the National Oceanic and Atmospheric Administration
(NOAA), the Federal Aviation Administration (FAA), and Department of Defense
(DoD). A Technical Advisory Committee was formed to provide guidance for the
upgrade of the WSR-88D over the expected lifetime to 2035 [1].

The renaissance of weather radar technology and applications referred to here
is the period of intense research which laid the foundation for dual-polarization
technology leading to the installation of radar networks for the operational ser-
vices for many countries, the largest being the US NWS with 160 radars. A his-
torical perspective of radar systems operated by Universities and Research
Laboratories (post-1995) was described including system specifications and
evaluation of product algorithms [2]. A historical pre-1995 account can be found
in [3], which emphasizes the personnel some of whom were pioneers of dual-
polarization radar.

By 1995, the race was on to determine the optimal method of measuring the
dual-pol signals and their error characteristics. Chapter 4 in Volume 1 of this book
gives the detailed algorithms used in the WSR-88D and how the engineers at the
National Severe Storms Laboratory [NSSL] improved data quality. Radar manu-
facturers began to offer dual-polarization Doppler systems with modern receivers,
digital signal processor, and data systems. Many application-specific products were
developed specifically for forecasters with little experience. Since Volume 1 con-
tains two chapters (Chapter 2 and Chapter 4 of Volume 1) that are devoted to this
Renaissance period, our introductory description will cover some of the advances
specifically related to the WSR-88D.
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1.1.1.1 The WSR-88D

The renaissance in weather radar is defined here as a period of intense research to
weather service operations beginning with the deployment of single-polarization
highly coherent systems nationwide by the NWS which was completed in 1997.
This was the single most complex system replacement in the history of the NWS. In
our Renaissance period, we focused on the upgrade of the single-polarization WSR-
88D to dual polarization and beyond. The late Dr. David Atlas and Professor
Thomas Seliga persuaded the NWS to add a clause in the procurement contract that
required vendors to demonstrate how they would upgrade the system to dual
polarization. Specifically, the vendor built a dual-polarization feed and an ortho-
mode coupler and obtained antenna patterns at horizontal and vertical polarizations
for demonstration purposes. This was a remarkable foresight as the subsequent
company which was selected for the upgrade to dual polarization (2009—2013) had
to demonstrate this in the field during installation. The design had to be compatible
with all of the WSR-88D functions. NSSL suggested that the upgrade be a system
that transmits simultaneously both horizontally and vertically polarized compo-
nents so that the transmitted polarization be in general an unknown elliptical type
[4]. But the requirement was that the magnitude of both components on transmis-
sion and reception be calibrated to a relative accuracy of 0.1 dB. In the specifica-
tions for the upgrade, the detectability (sensitivity) of the system was reduced from
the original stipulation that a —7.5 dBZ at 50 km range results in an SNR of 0 dB
per pulse. Nonetheless, neither NSSL nor the NWS realized that the actual
detectability of the system was much better, viz., about —10 to —13 dBZ per pulse.
The vendor’s choice design was the antenna-mounted receiver with extensive
temperature control. Although this design increases the detectability, the error in
the specification led the vendor to choose front-end low noise amplifiers that just
about met the perceived specifications. Tests in Norman, Oklahoma, revealed sig-
nificantly lower detectability compared to the collocated WSR-88D (code name
KCRI) used by the Radar Operation Center (ROC) to support the network. This
misunderstanding between the NWS and the vendor was quickly resolved so that
the current detectability of the upgraded fleet is on the average —11 dBZ at 50 km.
There is, however, a few dB variation about this average mainly due to the different
frequencies on the network and the different heights of the radar towers.

1.1.1.2 Weather radar antennas

The renaissance of weather radar antennas with high performance was based on
earth-satellite antenna design (about a decade ago) which required low sidelobe
envelopes and low on-axis cross-polar levels. Feed design [5] was an area of
intense research with a profiled corrugated horn [6] being the optimal choice of
driving single-offset and dual-offset antennas that have no feed blockage. These
antennas were designed with sidelobe envelopes that fall off with log;o(®) dB for
close-in sidelobes and —50 dB for 10°<®<180° in any plane. Prime-focus fed
parabolic antennas that are the most common weather radar antennas cannot satisfy
the log envelope in any plane due to blockage by the feed/orthomode transducer
(OMT) and the feed support struts. A high degree of beam symmetry of the main
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lobe is desirable in any pattern as the antenna is rotated about its polarization axis
independent of the port excited (H- or V-port), which is a characteristic of the
profiled corrugated horn primary pattern. (Note: the earth-satellite antennas must
also have very low cross-polar level on boresight, as low as < —45 dB.) Weather
radar antennas are generally prime focus parabolic reflectors that are inherently
symmetric, and a well-designed feed can give very low on-axis cross-pol but
blockages and struts deteriorate this figure. Nevertheless, a few newer weather
radar antennas were single-offset design and one dual-offset Gregorian design (see
front jacket of Volume 1) mainly for research [7]. The latter, named (CSU-CHILL)
radar, is operated by Colorado State University.

A renaissance in the methodology of antenna measurements is the evaluation
of antenna performance on a test range with a more stringent set of specifications
for dual-polarization radar. Previously, the antenna specifications were limited to
principal plane cut patterns at both polarizations, gain and differential gain between
H and V, close-in sidelobe envelopes, and 3-dB beamwidth in E- and H-planes.
Symmetry of the main lobe as the antenna is rotated about its polarization axis is
not a usual specification as the antenna under test (AUT) cannot be rotated about its
polarization axis. The AUT should have all the measurements with radome in place
which is not done in a test range. The most comprehensive antenna testing with and
without a radome is in [8].

The other set of comprehensive testing was conducted for the above-mentioned
9-m dual-offset Gregorian antenna (Figure 1.1) which was carried out at the man-
ufacturer’s calibrated range. The AUT was illuminated by the transmit antenna
which had the same feed as the AUT. The cross-pol at boresight was very low,
< —50 dB. The four cross-pol lobes maximum were less than —38 dB. Measurements
in drizzle showed that the system linear depolarization ratio (LDR) was close to the
upper bound of —39 dB.

In recent years, phased array antennas (see Chapter 12 of Volume 1 and
Chapter 1 of Volume 2) are being tested for performance in rapidly evolving storms.
While single-polarization phased arrays may be comparable to the reflector antenna
performance, there is no dual-pol version that can compare with reflector antennas in
terms of accuracy needed for microphysical retrievals. It appears that a fully dual-
polarized phased array antenna does not appear to be viable in the foreseeable future.
The NWS predicts the life expectancy of the WSR-88D to the year 2035 and beyond.

1.1.2  Shipborne, airborne and satellite radars
1.1.2.1 Shipborne radars

The past ten years has also seen the development of shipborne polarimetric weather
radars. Amongst them is the C-band Australian OceanPOL research radar which
was commissioned in 2016. It was mounted on “Research Vessel Investigator,”
which was being designed in 2012 for the CSIRO Marine National Facility. With
dual-polarization capability, it was the first of its kind on an ocean-going platform.
The radar is operated on all RV Investigator cruises regardless of the voyage’s
primary goals. As such, it samples a wide area of the oceans in the Australian
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Figure 1.1 The Colorado State University-1llinois State Water Survey (CSU-
CHILL) S-band weather radar with a 9-m Gregorian design antenna
shown here with the pedestal and radome. Photo credit: Kumar Vijay
Mishra, with permission from CSU-CHILL Co-Principal Investigator
V. N. Bringi.

region from the tropics to the ice edge near Antarctica. The radar is a C-band 1.3°
beamwidth system with a 250 kW peak transmitter power located at the highest
point to allow continuous operation and full 360° volumes to be collected.
Furthermore, the data from the radar are open access via www.openradar.io with
quality control as described in [9]. The radar is providing data for studies of pre-
cipitation system over the remote Southern Ocean as well as crucial validation data
for reanalysis and satellite precipitation products over this remote data sparse area
[10,11] (Figure 1.2).

Other recently developed shipborne polarimetric radars include the C-band
radar mounted on the Japanese research vessel “Mirai” and another C-band radar,
SEA-POL, operated by Colorado State University, USA. The former has been used
for studying the internal structure of typhoons in the western pacific (equivalent to
Hurricanes over the Atlantic) [12]. Radar reflectivity, copolar correlation
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Figure 1.2 (a) The RV Investigator at sea. The OceanPOL radar antenna is in the
large dome at the top of the ship. Other instrumentation includes
routine flux measurements as well as aerosol and greenhouse gas
measurements. Image courtesy of CSIRO. (b) Map showing RV
Investigator cruises between 2017 and 2019; OceanPOL radar data
are currently available at openradar.io. Data from more recent
cruises are being added to the archive. Image courtesy of CSIRO.

coefficient, and differential phase were used. The latter has utilized the additional
(and important) parameter, Zpg, the differential reflectivity, to “assess micro-
physical processes within oceanic convection” [13]. The impact of ship movement
on Zpr measurements can be significant but correction methods can be applied to
reduce/mitigate these effects [14].
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Dual-polarization capability on research vessels is growing with more coun-
tries other than US, Australia, and Japan developing their own systems (such as a
C-band shipborne polarimetric radar which is installed on Research Vessel (R/V)
New Ocean Researcher 1 or NOR1 from Taiwan), as well as Australia’s new ice-
breaker (RSV Nuyina).

1.1.2.2 Spaceborne radars

There has been several spaceborne radars developed for precipitation and cloud
sensing in the last 25 years. The first instrument to observe 3D storm structures
from space was the Ku-band precipitation radar (PR) onboard the Tropical Rainfall
Measurement Mission (TRMM) satellite [15]. This research satellite was launched
in November 1997 and had operated for 17 years. The PR had a spatial resolution of
4.3 km from 350 km altitude (low earth orbit). The measurements were confined to
35° North and 35° South latitudes. The PR delivered a wealth of information on
tropical rainfall; see, e.g., [16]. Because of attenuation effects at Ku-band, the
initial focus of research was to develop suitable attenuation correction procedures,
not just in the rain region but also in the melting layer at heights around the zero-
degree isotherm [17]. One of the PR products—as a result of the implementation of
attenuation correction procedures—was the melting layer heights and the thick-
nesses; these have been used for radiowave propagation-related studies [18] for
earth-space links.

The follow-on mission to TRMM was the Global Precipitation Measurement
Mission (GPM). It was launched in February 2014. It carries dual-wavelength
precipitation radars (DPR) operating at Ku- and Ka-bands. The configuration is
such that both radar footprints (5 km) coincide at earth’s surface. The measure-
ments were extended to 35° North and 35° South latitudes. Differential attenuation
between the two frequency bands enables better rain-snow discrimination. DPR is
also more sensitive to light rain and snow [19,20].

There have also been satellite radars developed to observe cloud cover and the
vertical structure from space, CloudSat being one of them [21]. It was launched in
April 2006. CloudSat’s cloud profiling radar operates at 94 GHz so that it can
provide information on cloud optical depth, cloud type, ice content at cloud top,
cloud base height, and cloud cover. The data have also been used for snow retrie-
vals and compared with DPR-based retrievals for coincident/overlap observations
[22]. EarthCARE is another (planned) mission which has another cloud profiling
radar at 94 GH, but it has additionally Doppler capability for cloud measurements
[23]. The satellite is due to be launched in 2024.

An overview of the recent cloud and precipitation radars from space can be
seen in [24].

1.1.2.3 Airborne radars

Airborne radars have also made considerable contributions to precipitation remote
sensing. Some were developed to support spaceborne radars. The Airborne Rain
Mapping Radar (ARMAR) is one such example [25]. It operated at 13.8 GHz and
had supported the TRMM program. There were several other radars, including
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dual-wavelength radars at 10 GHz and 35 GHz which were used for experimental
observations to support algorithm development for the spaceborne systems [26].
More recently, the Airborne Second Generation Precipitation Radar (APR-2)
operating at Ku- and Ka-bands was developed to support GPM-related activities
[27]. Tt has scanning capability, Doppler capability, and can also detect cross-
polar back scatter. The system has been used for several campaigns [28,29] as
well as ground-validation campaigns such as the aforementioned GCPEx field
campaign [30].

There are also airborne radars operating at frequencies as high as W-band
focused more on cloud physics as well as light precipitation and snow studies. The
Wyoming Cloud Radar is one of the more well-known systems. It provides high-
resolution measurements of reflectivity, differential reflectivity, LDR, and radial
velocity. Examples of campaigns can be found in [31] and [29].

Engineering aspects of high-altitude airborne weather radars include specia-
lized hardware that operates at very low temperatures apart from pressurization of
transmitter and front-end to survive low-pressure environment. This necessitates
designing pressure vessels and conduction cooling for high-power transmitters.
Chapter 7 describes the engineering challenges of several airborne weather radars
developed by the NASA Goddard Space Flight Center for high-altitude (>18 km)
operations during the last 15 years. These systems range in operating frequencies
from X- to W-band; beams from fixed nadir to scanning that entails various inno-
vations in Doppler algorithms [32]; transmitters from Traveling Wave Tube (TWT)
to solid-state; and antenna structures from a reflector to reflect-arrays. The systems
include X-band (9.6 GHz) ER-2 Doppler Radar (EDOP), W-band (94 GHz) Cloud
Radar System (CRS), Ku (13 GHz)/Ka-band (35 GHz) High-altitude Wind and
Rain Airborne Profiler (HIWRAP), and the X-band (9.6 GHz) ER-2 X-band Radar
(EXRAD). These have been mounted on various aircraft such as the ER-2, WB-57,
and Global Hawk Unmanned Aerial System (UAS). In particular, HTWRAP has
also participated in select GPM campaigns [33].

1.1.3  Advances in signal processing

Traditionally, weather radar signal processing has been characterized by the ran-
dom and volumetric nature of meteorological targets. Further, the dual-polarimetric
received echoes from weather are characterized by a narrowband, bivariate, com-
plex Gaussian process. These characteristics had a major bearing on various aspects
of transmit waveform and receiver design of weather radar processors such as
spectral moment estimation, Doppler algorithms, clutter filtering, and pulse com-
pression [34-36]. There have been several improvements in each one of these steps
over the past few decades. Chapter 3 “Developments in solid-state weather radar”
provides an overview of advances in pulse compression algorithms. Chapter 7
“NASA high altitude airborne weather radars” mentions the challenges and new
techniques for Doppler estimation. Chapter 11 “The mitigation of ground clutter”
summarizes the whitening and clutter mitigation techniques employed in weather
radars. In the following, we highlight some major leaps in recent times that have
brought a new perspective to weather radar signal processing.
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1.1.3.1 Waveform design: from convex to nonconvex
optimization

Conventional pulse compression technique is used to achieve high range resolution
while also maintaining the maximum unambiguous range and reducing the peak
transmit power. Here, the transmitter sends a long-duration modulated waveform
while achieving the range resolution of an unmodulated short pulse. Then, in
the digital domain, the sampled received signal is correlated with a replica of the
transmit signal such that it optimizes a certain performance metric such as the
signal-to-noise ratio (SNR) or peak-to-sidelobe ratio of the output. First proposed in
the 1950s, pulse compression has been widely used in hard-target radars [37] and
lidars [38]. However, its application to weather radars gained salience with the
advent of solid-state transmitters in mid-2000s [39]. Since then, waveform design
based on various pulse compression has been developed in many different forms.

Initial pulse compression-based waveform design employed known codes.
However, this approach does not allow for flexibility to choose other performance
metrics. This paves the way for the use of mathematical optimization to obtain
customized codes. In the late 1990s and early 2000s, significant progress was made
toward waveform design by exploiting convex optimization [40], wherein difficult-
to-design waveforms are recast into computationally tractable problems to obtain
either exact or approximate solutions through techniques such as interior-point
methods. However, as more hardware- or application-specific constraints are
included in such problems, often the resulting optimization becomes nonconvex.

Assume that the transmit fast-time code with N coded sub-pulses is
X = [x1,x2,... ,xN]T € CV. Then, the discrete-time received signal y € CV after
sampling from any range bin is [41]

N-1
y = apX + Z adix v,

k=-N+1
k0

interference due to radar waveform

where a is the complex-valued scalar that is proportional to the reflectivity of the
scatterer of interest, the complex-valued coefficients a; are proportional to the
reflectivity of the adjacent range bins illuminated by the radar waveform, J; be
N x N shift matrix, and v is the additive white Gaussian noise (AWGN) vector.
The second (interference) term is not present in conventional weather radars that do
not employ pulse compression. Our goal is to design a linear finite impulse
response receive filter w € CV to estimate ag. The output of the filter becomes
z = why, where (-) denotes conjugate transpose.
Setting w = x results in a classical matched filter such that

N-1
z= xHy = aoxx + Z ax?Tx + xfy.
k=-N+1
k+#0
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By setting ||x||* = 1, we readily obtain the estimate of ag as d = x*'y. This
estimation requires the absence of sidelobes and the performance of the estimator is
measured by the received signal-to-interference-plus-noise ratio (SINR).
Alternatively, one may consider minimizing the sidelobes by solving the following
optimization problem for the transmit waveform design:

N-1 5
. . H
mml}{nlze ;|x ka’
subject to x € Q

where application- or transceiver-specific constraints are encapsulated in the set Q
[42]. The problem above is the conventional integrated sidelobe (ISL) minimiza-
tion that is more prevalent in weather radar waveform design.

In mismatched filtering, larger filter lengths are used to spread the auto-
correlation sidelobe power across larger lag coefficients. Here, assume the aug-
mented waveform and receive filter as X = [0}, x”, 07, "and W € CV, with filter
length N =2M + N, M € Z. ., longer than that of the original waveform x. The
receiver filter output is

N-1
X+ > awW ik + W',
k=-N+1
k#0

z= a()VNVH

where J; is the analogous N x N shift matrix and is the AWGN vector. In this case,
the reflectivity estimate becomes g = ﬁi The performance metric may also be
chosen as mean-square error because minimizing the MSE is equivalent to maximizing
the SINR [43]. The optimum filter is obtained by solving the optimization problem,

minimize

whose solution has a closed-form known as minimum variance distortionless
response (MVDR) : w* = R™IX.

However, the MSE-based filter requires a prior knowledge of noise variance.
This is avoided through the design of mismatch ISL or PSL filters that usually lead
to better estimates. In the case of the former, define the mismatch ISL =

N—1 |\7v” ] ,)"(|2

Zk =-N+1 3§
k#0

transmit waveform and filters as

[41]. The resulting optimization usually jointly design the

N-1 ~ ~HY ~|2
k=i 1 W]
minimize k70 5

W [W!x|
subject to x €Q
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On the other hand, the mismatch PSL optimization takes the form [41,44]:

o W[
minimize maxi
X,W |w X’

subject to x €Q

This is a nonconvex min-max optimization, which is tackled through various
relaxation methods such as recently proposed methods such as block coordinate
descent (BCD) and second-order cone programming (SOCP).

1.1.3.2 Beamforming algorithms for phased array weather
radar

Recently, phased array weather radars (PAWRSs) have been introduced to bring
agility and efficiency in the scanning operations of weather radars that usually
relied on huge parabolic dish antennas and mechanical scanning. A phased array
radar comprises several antenna elements that form a highly directional beam
without requiring any mechanical motion. The array achieves beam-steering elec-
tronically by adjusting the relative phase of excitation in its constituent elements.
Chapters 12 of Volume 1 “Polarimetric planar phased array radar — challenges for
observing weather” and Chapter 1 of Volume 2 “Phased array weather radar
developed in Japan” describe the system-wide PAWR developments.

Consider a uniformly spaced phased array antenna that has N elements. Then,
for the /th snapshot (or pulse repetition interval), the complex valued discrete-time

received signal N x 1 column vector x; = [x,o, S XIN— 1] are
X; = As; + ny,
T. . .
where s; = [s;,o, . ,sLM,l] is the source signal vector of M samples from a given

range bin, n; is additive spatio-temporal white Gaussian noise, A = [a(6y), - - -,
a(0y_1)] is the N x M receive steering matrix with the ith column

27
eﬁTSIH 0;
3(6,') = .
2
—jTH(N — 1)sin 6;
e ’

where d is the channel inter-element spacing, 1 is the operating wavelength of the
radar, and (- ) denotes transpose oqeratlon The received signals x; are combined to
form complex estimates {ylm} of the precipitation profile from the direction
0, as

Yim = WH(em)le

where (-)" is the conjugate transpose and w(6,,),m = 1,---, M are carefully selected
weight vectors. The goal of the beamforming algorithm is to determine w(6,,).
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Once the estimates { Vim }1:”4;11 are available for L snapshots, standard moments
such as the reflectivity (or power), mean Doppler velocity, and spectrum width are
computed from the autocovariance of {yl‘m}f:;; through the pulse-pair processing
method.

The radar estimates the direction-of-arrival (DoA) along the precipitation
profiles by adopting spatial filters called beamformers. A common beamforming
method to determine the weight vector is the Fourier Beamformer. This is
equivalent to spatial matched filtering. So, the weight vector is simply a copy of the
corresponding steering vector, i.e., wgr(6,,) = a(6,,)/N. Here, a uniform phase
shift is applied to steer the beam in a specified direction. This computationally
simple method is the most optimal in the presence of white noise. However, its
precipitation estimates could be considerably biased because of high sidelobe
levels. Recently, adaptive beamforming techniques have been employed in phased-
array-based atmospheric and weather radars to mitigate the sidelobes of conven-
tional beamformers [45,46]. These methods have been previously investigated for
point-target surveillance radars in detail; their application to meteorological targets
is very recent.

A few studies [45,47,48] discuss improvement in sidelobe levels by applying
Capon and MVDR beamformers that are capable of rejecting interfering signals
such as clutter from directions other than the direction-of-interest. This method
requires only the knowledge of the desired signal direction of arrival and deter-
mines the weight vector by solving the optimization

min(i;n)ize W (0,) R (0)W(6,,)

subject to w”(6,,)a(0,,) = 1,
where R, (0) = %ZILZI x;x/! is the lag-0 autocorrelation of the received signal. The
solution of this problem is

R (0)a(6,)

XX

aH(Hm)R71 (O)a(em)

XX

WCP(Gm) -

This approach requires sufficiently high number of samples to accurately estimate
the sample covariance matrix and is prone to steering vector mismatch. In [46], a
minimum-mean-squared-error (MMSE) beamformer is proposed that employs prior
information to reduce the required number of pulses in the covariance estimation
process.

The performance of most adaptive beamformers degrades when there is an
imprecise knowledge of the steering vector, sample size is small, or prior infor-
mation is unavailable. To mitigate these disadvantages, robust adaptive beam-
forming (RAB) such as diagonal loading [49] may also be used. Since the
beamformers involve inversion of a covariance matrix, the numerical stability of
the weight vectors is affected while inverting a matrix with small eigen values.
Diagonal loading helps with the stability and reduces the spread in weight ampli-
tudes. In this method, a quadratic inequality constraint of bounding the weight
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coefficients is added as follows:

minimize w7 (6,,)R(0)w(6,,)

W(On
subject to w7 (6,,)a(0,) =1
wi(6,)w(6,) < T,

where 7 is the constant norm constraint. Solving this problem yields

(Rey 4 o) 'a(6,,)
al(0,))(Ryx + al) 'a(6,,)’

WpL(0m) =

where a is the diagonal-loading parameter and I is an identity matrix. The value of
a = 0 corresponds to Capon/MVDR beamformer while o = oo denotes non-
adaptive beamforming. The intermediate values of a that minimize the total output
power are determined based on a set of constraints such that the SNR and SINR
degradation is minimum.

Diagonal loading has been employed for other volumetric target sensors such
as wind profilers. For example, the norm-constrained directionally-constrained
minimization-of-power (NC-DCMP) beamformer used in [48,50,51] for middle
and upper troposphere measurements is similar to the classical diagonal loading. It
is dependent on the norm constraints whose values are empirically determined in
advance. An optimized version of the NC-DCMP was proposed in [47] to increase
SINR for enhanced probability of detection. This algorithm evaluates residual
clutter and noise powers and is especially useful for weak received signals.

1.1.3.3 Sparse reconstruction methods
While matched filtering or pulse compression reliably estimates target parameters,
their resolution is inversely proportional to the support of the ambiguity function of
the transmit pulse, thereby restricting ability to super-resolve targets that are closely
spaced. Further, matched filtering requires the signal to be sampled at or above the
Nyquist sampling rate that guarantees perfect reconstruction of a bandlimited analog
signal. As the bandwidth increases, the Nyquist sampling rate being twice the base-
band bandwidth also increases, thereby requiring the radar receiver to employ
expensive, high-rate analog-to-digital converters (ADCs). The sampled signal is then
also processed at high rates, resulting in significant power, cost, storage, and com-
putational overhead. Analogous trade-offs are present in dwell-time and Doppler
resolution; array elements and DoA resolution; and sweep rate and resolution [52].
Despite the initial massive time series data acquisition by the weather radar,
the end-products are often reasonably downsized in volume leading to a pertinent
question: Could lesser samples have been acquired in the first place? During the
past 15 years, this bottleneck has led to the development of sparse reconstruction
algorithms that exploit the theory of compressed sensing (CS) [53]. CS is a novel
signal processing technique that unites sampling and digital data compression in a
single step by relying on the inherent sparsity of the data in some dictionaries.
While conventional signal processing methods sample at Nyquist-Shannon rate and
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then compress the data for minimal storage, CS allows sampling of only useful
information at lower sampling rates. CS-based radar signal processing is shown to
reduce receiver hardware complexity by eliminating pulse compression [52],
decrease data sampling cost [54], and enhance target detection resolution [55].

While the initial goal of sparse processing in weather radars was to allow for
smaller dwell times without significant loss of target information [56], other
applications include three-dimensional imaging [57], frequency-modulated con-
tinuous-wave weather radar [58], and refractivity retrieval [59]. The CS techniques
developed for the hard target radars cannot be directly applied to weather radars
because the precipitation echoes may not necessarily have sparsity in either range-
time (see Figure 1.3) or even Doppler domain. In [56] and [57], this issue is
resolved by modeling the remote sensing of weather as a low-rank matrix com-
pletion problem because weather radar returns exhibit high spatial and temporal
correlations. Low-rank matrices are the multidimensional equivalents of one-
dimensional sparse vectors. The sparsely sampling of weather scenario would lead
to the missing entries that are recovered using matrix completion methods. The
spectral moments are then estimated through classic radar signal processing.

Given a matrix M € R™”, its singular value decomposition (SVD) is given by
M =USVT U eR™" V€ R”n,and S = diag(oy,---,0,), where oy >--- >0,
> 0 is the unique singular values and + < min(m, n) is the rank of the matrix. For a low-
rank matrix, most of the diagonal elements of S are zero such that + < min(m, n). The
best 7 -rank approximation M of the matrix M is given by zeroing out the » — / smallest
singular values so that M = USVTand § = diag ((71, 0,0, 0).

As an illustration, in Figure 1.4 we plot the singular values of the spatially non-
sparse 1930 (range gates) by 413 (azimuthal rays) horizontal reflectivity Z; data
matrix corresponding to the actual lTowa XPOL-2 radar data of Figure 1.3(d). We
observe that most of the singular values are very small or close to zero (due to
highly correlated spatial samples of weather backscatter). This makes it possible to
apply matrix completion to fully recover a low-rank matrix from a randomly
observed sample of its entries.

Let Q denote the set of the random locations of the partially observed entries of
the original low-rank matrix M. Then, recovering M corresponds to the rank
minimization problem:

minimize rank(X)
(Po) subject to X;; = My, (i,)) € Q (1.1

However, like /; minimization, rank minimization is also intractable. The
approach to low-rank matrix completion is therefore to minimize the matrix
equivalent of /1, i.e., the nuclear-norm ||X||, = Z Ok,

K

minimize || X.||

(P1) subject to X;; = My, (i,)) € Q (1.2)

In Figure 1.5, we reconstruct the sparsely sampled meteorological reflectivity
using singular value thresholding (SVT) for nuclear norm minimization. Although
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Figure 1.3 (a) Point targets on a radar display. (b) Spatially sparse precipitation (lowa XPOL-2 radar data observed on 0139 UTC,
June 13, 2013). (c) Precipitation echoes are sparse along only a few range profiles (0150 UTC, June 13, 2013). (d)
Precipitation returns do not exhibit spatial sparsity (2308 UTC, June 12, 2013).
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Figure 1.4 (a) Original Zy; data and (b) plot of its ordered singular values.

the illustrated reconstruction uses a low-rank approximation Z, as matrix M, the
results are not very different if Zj, itself is used with some modifications to problem
Py (the relative errors €1 and &, are of the same order). The very close similarity of
the reconstructed data distribution with the original clearly illustrates the potential
of CS for weather radars.

1.1.3.4 Spectrum sharing with wireless communications

In recent years, sensing systems (radar, lidar, or sonar) that share the spectrum with
wireless communications (radio-frequency/RF, optical, or acoustical) and still
operate without any deterioration of performance have captured significant
research interest [60]. The interest in such spectrum sharing systems is largely
because the spectrum offered by the wireless media is a scarce resource, while
performance of both communication and remote sensing systems improves by
exploiting wider spectrum.

Several frequency bands—from Very High Frequency (VHF) to terahertz—are
allocated exclusively for different radar applications. Although a large fraction of
these bands remains underused for most of the time, radars need to maintain constant
access to these bands as well as gain additional spectrum to accomplish missions
such as secondary surveillance, multifunction integrated RF, and communications-
enabled autonomous driving and cognitive operations. On the other hand, the wire-
less industry’s demand for spectrum continues to increase toward serving more users
with data rates higher than the current. Emerging wireless systems such as Long-
Term Evolution (LTE) cellular commercial communications technology, 5G, WiFi,
Internet-of-Things (IoT), and Citizens Broadband Radio Services already face the
problem of sharing spectrum with military, weather, astronomy, and aircraft sur-
veillance radars (ASRs). Therefore, it is essential and beneficial for both radar and
communications systems to develop strategies to simultaneously operate in the same
spectral range in a mutually beneficial manner.



0.18 0.18

Yy
S
>
cy
o
=
>

15) Ey =
5 0.14 5014 1
g 0.12 go0.12
= E=
3 ol g 01
=5 0.08 = 0.08
E 0.6 £ 0.06 &=
“0.04 Z0.04

0.02 0.02 X

0 0 y 0
10 0 10 20 30 40 50 10 0 10 20 30 40 50 10 0 10 20 30 40 50
7, (dBZ) 7, (dBZ) 7, (dBZ)

(e) () (8)

Figure 1.5 (a) Original Zy, (b) Low-rank approximation Z ), of original Zy, obtained by retaining 25% of the most significant singular values,
(¢) Randomly sampled one-third entries of Z 1, (d) Reconstructed reflectivity Z using SVT. Histograms of data corresponding to
@ Zn () Z, and (2) Z. Two relative error metrics &, and ¢, are computed. || - || »  denotes the Frobenius norm.
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Significant synergistic efforts are currently underway by major national entities for
efficient radio spectrum utilization. The National Science Foundation has sponsored
several projects that bring together many different users for a flexible access to the
spectrum. At the lower end of the spectrum in the VHF (30-300 MHz), UHF
(300-1000 MHz), and L-bands (1-2 GHz), radar systems such as FOliage PENetration
(FOPEN) radar, astronomy/ionosphere radars, and Air Route Surveillance Radar
(ARSR) have been encountering and managing interference from the broadcast and TV
stations for decades now. The spectral congestion in centimeter wave bands (S-, C-, X-,
Ku-, and K-) arose later, primarily due to LTE waveforms, e.g. 802.11b/g/n (2.4 GHz)
WCDMA (Wide-band Code Division Multiplexing Access), WiMAX LTE, LTE GSM
(Global System for Mobile comm), EDGE (Enhanced Data rates for GSM Evolution),
802.11a/ac VHT (Very High Throughput) wireless LAN (WLAN), and commercial
flight communications that now share spectrum with radars such as ASRs, Terminal
Weather Doppler Radar (TDWR) network, and other weather radars. Nowadays, it is
the higher end of the RF spectrum or the millimeter wave (mmWave), formally defined
with the frequency range 30-300 GHz, that is witnessing concerted efforts for spectrum
management [60].

In [61], a comprehensive analysis of interference from wireless communications to
weather radars is included. While few cellular services do not currently majorly impact
weather radar frequencies, a partial overlap of the spectrum still leads to degradation in
the performance. Ongoing efforts include sensitizing spectrum regulatory bodies such
as FCC and ITU about the weather radar operations; a more futuristic approach would
be to adopt integrated sensing and communications (ISAC) into the weather radar
design. We suggest the reader to refer Chapter 6 of Volume 3 “Spectral interference in
weather radars from wireless communication systems” for details.

However, wireless interference may also be beneficial. Some current studies
show that exploiting the backscatter from wireless communications signals may
enhance target detection [62]. Moreover, opportunistic sensing of weather using
communications is now a considerably large community (see also Section 1.6).

1.1.3.5 Applications of machine/deep learning models

In general, weather radar signal processing is model-based because it follows
models stemming from physics, mathematics, or algorithms. However, when these
models cannot be rigorously specified, then the conventional engineering approach
is not applicable. In this context, ML has become popular because of its ability to
learn the model from the data. As a class of ML methods, deep learning (DL) has
gained much interest recently for the solution of many challenging problems such
as speech recognition, visual object recognition, and language processing [63]. DL
has several advantages such as low computational complexity when solving
optimization-based or combinatorial search problems and the ability to extrapolate
new features from a limited set of features contained in a training set. Usually,
sufficiently large training data sets exhibiting all the variation in the observed data
sets are either available or can be created. The labeling of training data can be done
with a reasonable effort. Learned phenomenon should remain stationary to acquire
large amount of training data.
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Typical meteorological radar applications of DL include rainfall estimation
[64,65], nowcasting [66], object classification [67], and opportunistic sensing [68].
Note that most scenarios employ DL in a narrow sense rather than replacing the
entire processing with a learning network. Tasks that do not require explicit rea-
soning based on broader background knowledge, a rigorous quantitative perfor-
mance guarantees, or explicit explanations for how the result was found are
appropriate for DL applications. Chapter 12 in Volume 2: “Deep-learning-aided
rainfall estimation from communications satellite links”.

1.1.3.6 'THz-band signal processing

Lately, there is a greater interest in terahertz (THz)-band weather observations. The
atmospheric radar community has intensified research on G-band radars (110—
170 GHz) [69,70]. However, interest in high-resolution low-THz (100-300 GHz)
automotive radar is also catalyzing research on THz-band weather sensing (see
Chapter 5 of Volume 3 “The effect of weather on the performance of mm-wave and
sub-THz automotive radar”). Further, the availability of very wide contiguous
bandwidths in this band is also of interest to ISAC community [71].

The unique nature of THz propagation, scattering, attenuation, and bandwidth
necessitates tailoring the signal processing for automotive radars to address and
exploit two key features of this band: attenuation and wide bandwidth. The first
characteristic mandates short-range deployment of the radar. Further, high propaga-
tion losses and power limitations at THz are compensated by the beamforming gains
obtained through the deployment of extremely dense antenna arrays [71]. Another
THz characteristic, i.e., wide modulation bandwidth of up to 10 GHz introduces
significant linear amplitude and phase impairments from both the radar hardware and
the channel causing range-profile blurring and/or synchronization issues. Further,
wideband Doppler processing, distance-dependent bandwidth, unusual nature of
THz-band noise, and wideband beamforming are additional features of THz radar
signal processing [72]. At THz band, specular scattering becomes less dominant and
there is an increasing sensitivity to surface texture/roughness [73].

1.1.4 Disdrometers supporting radar observations

Disdrometers have played an important role in radar meteorology. It is well known
that the weather radar measures the backscatter from dielectric scatterers within a
given pulse volume. In the case of rain, this backscatter reflectivity depends on the
drop size distribution (DSD). Some of the oldest and the most quoted studies about
rain DSDs were conducted by Marshall and Palmer in 1948 [74], and even earlier
by Laws and Parsons in 1943 [75].

DSDs govern the relationship between radar reflectivity (Z) and rainfall rate
(R). The problem is that there are countless numbers of Z-R relationships that have
been quoted in the literature [76]. Many of these relationships were based on
ground-based measurements with instruments such as disdrometers. There are
different types of disdrometers. One of the earliest instruments developed for DSD
measurements is the (impact-type) [77]. This was extensively used for many dif-
ferent field campaigns for more than 30 years. In the last 25 years however, several
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other disdrometers, with different techniques, have been developed. These include
Parsivel disdrometer [78], 2D video disdrometer [79], often abbreviated to 2DVD,
and optical disdrometer (ODM) [80], and the meteorological particle spectrometer
(MPS) [81]. There are other instruments such as micro rain radar (MRR) [82] and
Precipitation Occurrence Sensor System (POSS) [83] which can provide useful
information on DSDs. Whilst MRR is a vertically pointing radar (with Doppler
capability), POSS is a bistatic radar designed to derive DSDs as well as other
hydrometeor types within a “common volume” [83-85].

Of these, the 2DVD gives the most comprehensive information about size, shape,
and fall velocity for each drop falling through its sensor area [79,86]. It has been used
for DSD studies in many different countries [87,88] and for investigating drop shapes
and fall velocities [89,90], especially during turbulent conditions. Another study [91]
which examined the prevalence of large drops from 2DVD measurements of more than
240 million drops from 18 climatically diverse geographical locations found a giant
drop with equivalent drop diameter of 9.7 mm. Figure 1.6 shows the shape of this drop
reconstructed from the contours recorded by the two orthogonal cameras of a 2DVD
installed in northern Oklahoma. This was verified as a fully melted hydrometer and
“occurred beneath a hail-producing cloud” that moved across the disdrometer site on
April 29, 2012. The shape is very close to the theoretically expected equilibrium shape
[92] and has a fall velocity to the Gunn-Kinzer [93] value for the specified equivalent
drop diameter, D. Drop shapes are of course important for estimating rainfall rates
from polarimetric radar measurements [34].

D4=9.66 mm, OK/US, April 29, 2012, 05:40:38
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Figure 1.6 A 3D reconstruction of the 9.7 mm raindrop that was recorded by the
2DVD at a site in Oklahoma at 0540 UTC, April 29, 2012 [89].
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Disdrometers have been used not only for deriving DSDs in rain but also for
external radar calibration [94,95]. However, spatial and temporal correlations of DSDs
need to be considered since radar pulse-volume is much larger than the sensor areas of
disdrometers and since radar measures instantaneous “snapshot” of reflectivity whereas
disdrometers require integration times of a few minutes, viz., 1-3 minutes.

Many field experiments have made use of combined radar observations and
ground-based disdrometer measurements. For example, there have been several
ground validation (GV) campaigns to support satellite radar measurements such as
the GPM-DPR. The GV campaigns were conducted in several climatically different
locations within the US, e.g. (a) the Mid-latitude Continental Convective Clouds
Experiment (MC3E) in central Oklahoma, and (b) Iowa Flood Studies (IFloodS)
covering parts of north-eastern Iowa, as well as (c) outside the US such as the GPM
Cold Season Precipitation Experiment (GCPEX) conducted in Ontario, Canada.

MC3E was aimed at improving the representation of convective lifecycle in
atmospheric models via 3D characterization of convective clouds. This took place
in the late spring of 2011. It also assessed the reliability of satellite-based retrievals
of precipitation for such systems. Polarimetric radars at S-, C-, X-, Ku-, Ka-, and
W-bands, as well as dense networks of rain gauges and disdrometers were
deployed. More information can be found in [96].

[FloodS was focused more on hydrology-related applications and to assess
strengths and limitations of satellite products for flood forecasting and other related
applications. This took place in the spring of 2013. Polarimeteric radars at S-, Ku-, and
Ka-bands as well as several University of lowa X-band radars were deployed along
with a large network of 2DVDs, Parsivel disdrometers, rain gauges, and devices for
soil-moisture measurements. Further details can be found in [97] and [98].

GCPEx was conducted during the winter season of 2011-2012 in Ontario, pri-
marily (a) to address the limitations of GPM snowfall retrieval algorithms and (b) to
assess the ability of active and passive sensors to detect and estimate falling snow.
Instrumentations included C-band, Ku-band, and Ka-band, radars along with 2DVDs,
Parsivel disdrometers, POSS, MRR, and snowflake video imager. The campaign also
included aircraft measurements using Ku-band and Ka-band radars as well as many
instruments for in-situ measurements. More details can be seen in [30].

The above-mentioned snowflake video imager [99] records greyscale images of
frozen particles falling through its sensor area. Another instrument that can measure
some of the characteristics of falling snow is MASC [100]. It has three cameras which
get activated when a snow particle falls through the “common” view area. Several radar
observation winter campaigns have included MASC [101,102]. The images have also
been used to examine the variation in snow crystal riming and observed Zpg at X-band
[103]. Image processing and ML techniques were used for deriving the “degree of
riming” from MASC digital images of snow particles during a snow event in Greeley,
Colorado, and correlated with the CSU-CHILL X-band radar Zpr over and surrounding
the MASC location, extracted from low-elevation PPI scans. Panel (a) in Figure 1.7
shows a scatterplot of the CSU-CHILL X-band Zpr over the MASC location versus the
riming index determined from MASC images for two different time periods. During the
first time period, more heavily rimed particles were inferred from the MASC image
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Figure 1.7  (a) Scatterplot of CSU-CHILL X-band Zpg over the MASC location

versus the riming index derived from the MASC particle images [103].
The Zpg data were extracted from the 0.9° elevation PPI scans’
azimuths that immediately flanked the MASC location. The event
occurred on November 26-27, 2015. (b) Z;~Zpg variation for the same
time periods from the CSU-CHILL radar. The top and bottom images
inside the plot show an example from MASC for the second period (very
little riming) and for the first period (significantly more riming).

analyses and are seen to be associated with near-zero Zpr whereas during the second
time period, particles with much less degree of riming were inferred from MASC
images and are seen to be associated with distinctly positive Zpg, of around +2 to 3 dB.
Panel (b) shows the X-band Z;~ZpR variation for the same time periods, with the same
color-code. Two MASC images are shown as examples for the two cases.

The above examples (and the references provided) have demonstrated how radar
observations combined with ground instrumentations can be synergistically used to
yield better understanding of precipitation microphysical properties and processes.
Disdrometer data have also been used to develop algorithms for retrieving DSD
moments, particularly the lower-order moments (which are important for under-
standing the dominance of the various microphysical processes) from polarimetric
radar measurements [104,105]. The retrieval methods entail the estimation of two
optimal reference moments, and a representative function for the underlying shape of
the DSDs based on the generalized gamma (G-G) model [106,107]. For the reference
moments, the sixth and the third moments were found to be the best pair for retrievals
from X-band polarimetric radars, and their estimations were found to be best derived
from the radar reflectivity for the former and a combination of differential reflectivity
and specific differential propagation phase or specific attenuation for the latter. Long-
term measurements of full DSD spectra from disdrometers have been used as input to
G-G model fitting to determine the optimal characterization [108].

1.1.5 Scattering from hydrometeors

The last 20 years have also seen the improvement of computational techniques for
calculating scattering cross-sections for hydrometeors. Earlier work made use of
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techniques such as point-matching algorithms [109], Fredholm integral method
[110], and transition or T-matrix formulation [111]. The first two were extensively
used for spheroidal-shaped raindrops, whereas the last one was additionally used for
two-layer (e.g. ice core surrounded by water layer for melting ice particles) models
[112]. A comprehensive survey of the methods was done by Oguchi in 1981 [113].

For non-melted hydrometeors, which tend to have more complicated 3D shapes,
methods such as discrete dipole approximation (DDA) have been utilized [114]. This
method partitions the dielectric scatterer into “cells,” each representing a dipole. The
method can be applied to inhomogeneous particles and those with sharp edges, but its
main disadvantage is that it can be computationally time-consuming if high accuracy
is required. Nevertheless, it is a more commonly used method for scattering calcu-
lations for most hydrometeors other than rain, including hail particles [115].

More recently, a higher-order method of moments (MoM) in the surface
integral equation (SIE) formulation has been proposed for deriving single-particle
(complex) scattering amplitudes for snow and ice hydrometeors [116,117]. The
method has been shown to be more efficient than DDA and more versatile than T-
matrix method. The method has been successfully applied to 3D shapes of snow
particles reconstructed from a multiangle snowflake camera [118].

For raindrops, the T-matrix method has been utilized very often. It can be
applied to drops even with finite (i.e. non-zero) orientation angles with respect to
zenith. However, when raindrops undergo large amplitude oscillations including
the transverse and horizontal mode oscillations [119], their shape may become
“rotationally asymmetric,” i.e. with shapes which don’t have axis of rotational
symmetry. For such cases, the above-mentioned MoM-SIE method has been
applied, again successfully, but this time using reconstructed 3D shapes from
2DVD data. The technique was demonstrated using 2DVD measurements during a
widespread event with an embedded line convection [120].

Scattering calculations for such asymmetric raindrops have also been performed
using commercially available 3D electromagnetic (EM) analysis software packages
which can provide EM solvers for wide-ranging applications. In one case study, drop
shapes derived from 2DVD measurements during the passage of outer rainbands of a
category-1 Hurricane were used to compute the S-band radar cross-sections (RCS) for
horizontal and vertical polarizations [121]. Figure 1.8 shows the single-particle differ-
ential reflectivity for all drops > 2 mm equi-volume drop diameter, D, shown as green
dots. The + one standard deviation (o) are represented by red lines. The “+” points in
blue represent the Zpr calculations using the most probable shapes from [86]. Although
they are seen to be lying within the o lines, they seem closer to the upper red line,
indicating that the reconstructed shapes result in Zpr values which tend to be somewhat
closer to those for more “spherical-like” shapes. Also worth noting is the +-¢ increase
with increasing drop diameter implying that the drop oscillation amplitudes increase
with Deq. This increase has also been noted with wind-tunnel observations [122].

1.1.6  Radiowave propagation applications

Polarimetric radar data have also been utilized successfully for evaluating radio-
wave propagation effects along terrestrial line-of-sight links as well as earth-space
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Figure 1.8  Single-particle Zpg variation with D, calculated using reconstructed drop
shapes (green dots), their +/— one standard deviation (shaded red), and
the expected Zpg from the most probable shapes (blue + points) [121].

links. Much of this work was carried out in the 1990s but work has also continued
beyond 2000. A recent review article outlining the various uses of radar data for
propagation research can be found in [123].

For terrestrial links, radar data have been used for evaluating not only rain
attenuation effects but also rain-induced depolarizations. Examples can be found in
[124] and [125]. Observations from the Chilbolton radar located in southern UK
were used for both cases.

Chilbolton radar has also been used to support several other propagation pro-
grams, including the Olympus propagation experiments [126,127] conducted by the
European Space Agency [128], and the Italsat program [129] conducted by the
Italian Space Agency [130]. The radar was used as a “diagnostic tool” for mea-
surements of earth-space attenuation from the satellite beacon receivers installed
near the Chilbolton radar. Another topic of research where this radar was exten-
sively used is rain-scatter interference (between terrestrial and earth-space links
using the same frequency bands) [131]. In this example, Chilbolton radar data were
used for some case studies to provide rainfall information for 131 km transhorizon
experiment with a “bistatic” common volume (rain-filled or otherwise) between the
transmit and receive antenna beams.

The CSU-CHILL S-band polarimetric radar located in Greeley, Colorado is
another example where the data were used for earth-space propagation research [132].
This was conducted as part of NASA’s Advanced Communications Technology
Satellite (ACTS) program [133]. Convective rain cases and “bright-band” rain cases
were used as case studies for evaluating earth-space propagation effects at Ka-band.

Weather radar images have also been used to determine spatial and temporal
characteristics of rain cells for developing model-based approach and for predicting
radiowave propagation effects [134]. Based on the analyses, a global model for
generating realistic synthetic rain fields had been developed [135]. The data used
for this work were obtained from the research radar based in Spino d’Adda, Italy.
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The spaceborne TRMM-PR data have also provided much-needed information
for earth-space link budgets. One of the input parameters required for the prediction
method given in ITU-R Recommendation P.618-13 (“Propagation Data and
Prediction Method Required for the Design of Earth-Space”) is the freezing-height
data given in ITU-R Recommendation P.839-3 (“Rain Height Model for Prediction
Methods”). The latter provides a model for predicting the “rain-height” for a given
location based on its latitude and longitude. This model has been tested using the
melting layer heights from the TRMM database for tropical and subtropical loca-
tions [136]. It has also been tested for specific locations [137].

Microwave and millimeter wave links have also provided data which have
been used to estimate rainfall rates on a “path-averaged” sense. In [138], a
demonstration is provided to show how signal attenuation data from a transmitter-
receiver network “can be used to retrieve the space—time dynamics of rainfall for an
entire country (The Netherlands, ~35,500 km?)”. Further details can be seen in
Chapter 2 of Volume 3 of this book.

1.1.7 Concluding remarks

We foresee that the most anticipated development of the field is connected to a
proliferation of weather radar technologies across other scientific domains. The
chapter also highlights some specific issues emerging from past and current studies.
Progress in understanding rain and ice microphysics is continuing with radar
observations being combined with ground-based instruments. The quest for highly
accurate rainfall estimates is also expected to continue and yet there is no combi-
nation of polarimetric measurements that can clearly outperform any of the others
for a given spatial and temporal resolution. The other issue is the question of
representativeness or point-to-area variance that depends on the spatial correlation
function which is not well characterized. Finally, the algorithm and measurement
errors must be estimated to determine which component is dominant.

The chapter demonstrates that weather radars continue to benefit from new
theories of signal processing and learning techniques. We anticipate that this pro-
cess will also go the other way around: that is, novel signal processing methods and
applications derived from the more widespread use of weather radars will also
contribute to other research topics. For example, nonlinear, non-Gaussian, model-
free, spectrum-sharing, and distributed signal processing techniques are likely to
yield new algorithms in the context of weather sensing.

There is also much room to improve global-scale modeling of rainfall through
the use of current and future satellite-borne weather radar missions. The relationships
of observables and rainfall are also expected to be different for sea and land; tropics,
mid-latitudes, and polar regions; and across all parts of microwave spectrum.

List of acronyms/abbreviations

2DVD 2D video disdrometer
ACTS Advanced Communications Technology Satellite
APR-2 Airborne Second Generation Precipitation Radar
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ARMAR
AUT
CSIRO

CSU-CHILL
DDA
DoD

DPR
DSD
EarthCARE
EM

FAA
GCPEx
GPM

GV
IFloodS
ITU-R
MASC
MC3E
MoM
MPS
MRR
NASA
NEXRAD
NOAA
NSSL
NWS
ODM
OMT
POSS

PR

ROC
RCS

SIE

T-matrix
method
TAC
TRMM
WSR-88D

Airborne Rain Mapping Radar
antenna under test

The Commonwealth Scientific and Industrial
Organisation
Colorado State University CHILL radar

Discrete dipole approximation

Department of Defense

Dual-wavelength Precipitation Radar

Drop size distribution.

Earth Cloud Aerosol and Radiation Explorer
electromagnetic

Federal Aviation Administration

GPM Cold Season Precipitation Experiment
Global Precipitation Measurement Mission
Ground validation

Iowa Flood Studies

ITU Radiocommunication Sector
multiangle snowflake camera

Research

Mid-latitude Continental Convective Clouds Experiment

method of moments

Meteorological Particle Spectrometer

Micro Rain Radar

The National Aeronautics and Space Administration
Next Generation Weather Radar

National Oceanic and Atmospheric Administration
National Severe Storms Laboratory

National Weather Service

optical disdrometer

Orthomode Transducer

Precipitation Occurrence Sensor System
Precipitation Radar

Radar Operation Center

radar cross-section

Surface integral equation

Transition-matrix method

Technical Advisory Committee
Tropical Rainfall Measurement Mission
Weather Surveillance Radar 88 Doppler
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Chapter 2

Doppler polarimetric radars for weather
observations from 1995 to 2022:
a historical perspective

Alexander V. Ryzhkov1’3’4, Merhala Thurai’ and
Dusan S. Zrnié>*’>

2.1 Introduction

Doppler polarimetric radars have become a standard for modern operational weather
radars around the world. Compared to single-polarization radars, dual-polarization
radars substantially improve data quality, precipitation estimation, and severe
weather warnings. It took more than 40 years from the inception of the idea of using
polarimetry for weather radar observations until its current massive operational use.
Bringi and Zrni¢ [1] provided a historical overview of the polarization weather radar
research during the early period from 1970 to 1995. In this chapter, we review
developments in the Doppler polarimetric weather radar technology and science for
the last 25 years from the mid-1990s until 2022, thus complementing a review in [1].
However, we differ from [1] in the exposition of the material. In [1], the authors
devote separate sections to describe polarimetric radar research by various organi-
zations, whereas we chose to chronicle various subject themes. Since 1995, the
number of organizations engaged in dual-polarization research has been steadily
increasing to the point that it is almost impossible to track.

During this period, three important developments have happened in the evo-
lution of dual-polarization technology. First, this technology has reached maturity
and wide credibility exemplified by the published number of books on weather
radar polarimetry. The first book fully devoted to the subject is by Bringi and
Chandrasekar [2] followed by the monographs of Zhang [3] and Ryzhkov and Zrnié
[4]. The first two of these grew out of lectures at universities. Second, operational
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WSR-88Ds (Weather Surveillance Radars 1988 Doppler) in the US have been
upgraded to dual polarization followed by a similar upgrade by many national
weather services (NWS). Hence, a tremendous variety of polarimetric radar
observables from various weather events is continually captured and made avail-
able to the public. Finally, the massive availability of polarimetric radar data
enabled fundamental discoveries in understanding microphysical processes of
precipitation formation resulting in significant improvement of the operational
methodologies for quantitative precipitation estimation, hydrometeor classification,
and timely warnings of severe weather associated with tornadoes, large hail, flash
floods, freezing rain, icing, etc.

We continue with a brief review of textbooks devoted to weather radar polari-
metry. The book by Doviak and Zrni¢ [5] remained influential and was reprinted in
an affordable paperback edition. Its chapter “Precipitation Measurements” contains
information sufficient for understanding the basic principles of radar polarimetry and
learning about early successes of this emerging technology. The first book devoted
primarily to polarimetry [2] quickly became the reference for the subject. It devotes a
fair amount of text to the electromagnetic (EM) aspects of polarimetry and highlights
its principles and applications. Both are backed by vigorous theoretical arguments.
The book by Zhang [3] draws from class lectures on weather radars at the University
of Oklahoma. It provides a reference for the polarimetric radar data user including
fundamentals and tools. The Zhang monograph covers a wide range of topics
including advanced polarimetric signal processing, retrievals of raindrop size dis-
tributions, and even contains a full chapter on phased array radar polarimetry.

The latest in the series [4] is primarily focused on the utilization of radar
polarimetry for weather observations including advanced methods for polarimetric
estimation of rain and snow, hydrometeor classification, latest techniques for
operational detection of tornadoes, hail of different sizes, hazardous winter pre-
cipitation, and nonmeteorological echoes such as ground/sea clutter, biota, and
others. The authors discuss measurement errors of polarimetric radar variables and
various artifacts affecting the quality of radar measurements such as attenuation,
partial beam blockage, nonuniform beam filling, and depolarization on propagation
among others. The monograph also emphasizes a link between the cloud micro-
physics and polarimetric observations by introducing a concept of “polarimetric
fingerprints” of various microphysical processes and suggesting novel methods for
ice microphysical retrievals.

Succinct and informative overviews of the basics and practical applications of
radar polarimetry can be found in [6-11] and in recently published general text-
books on radar meteorology [12—14]. The fact that polarimetry turned into a stan-
dard subject of weather radar courses at universities proves it is becoming a routine
requiring a cadre of trained personnel to use it effectively. Wide acceptance timing
is evident in the number of papers dealing with dual-polarization issues at the Radar
Meteorology Conferences (Figure 2.1). The largest increase from a few to about 45
per year occurs in the 1990-2000 decade. Beyond about 2000 (not plotted),
polarimetry-devoted sections disappeared but became integral part of combined
weather analysis with other techniques.
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Figure 2.1 Number of papers devoted to dual-polarization issues between 1950
and 2000 at the American Meteorological Society’s Conferences on
Radar Meteorology.

2.2 Physical meaning of Doppler polarimetric radar
variables

Single-polarization Doppler radars measure three variables: radar reflectivity factor
Z, mean Doppler velocity v, and Doppler velocity spectrum width o,. In addition,
dual-polarization radars can directly measure differential reflectivity Zpg, differ-
ential phase ®@pp, linear or circular depolarization ratios (LDR or CDR), and cross-
correlation coefficient pp,. Two very important variables, specific differential
phase Kpp and specific attenuation A, can be derived from the radial profiles of ®pp
and Z. For definitions and detailed analysis of Doppler polarimetric variables, a
reader can consult basic monographs [2—-5]. Herein, we provide a brief description
of their physical meaning.
Radar reflectivity is defined as

2 J
=——|o(D)N(D) dD 2.1
k) (ONO) @)
where o(D) is the radar backscattering cross-section of a hydrometeor with equi-
volume diameter D, N(D) is the size distribution (SD) of hydrometeors, 4 is the
radar wavelength, and |KJ> = [(ew — 1)/(ey + 2)* Where &, is the dielectric constant
of water. For spherical particles with dielectric constant ¢ and sizes much smaller
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than the radar wavelength, a simple Rayleigh approximation of the cross-section o
is:

7 D°
0=—73

where |K|* = |(¢ —1)/(e + 2)|*. Therefore,

K[ (22)
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For liquid particles such as raindrops, K = K,, and Z is equal to the sixth
moment of SD:

Z, = JDﬁN(D) db. (2.4)

For solid ice particles like hail with bulk density of p; and dielectric constant ¢;

_ I

Z
|Kol?

JD6N(D)dD. (2.5)

For snow that is characterized by the inverse dependence of its bulk density p;
on the diameter

gs_l_psgi_l

= ; 2.6
&+2 pieg+2 (2.6)
and the following expression can be written for its reflectivity Zg:
L ey
Z, = T Jps (D)D®N (D) dD, 2.7)
wl Pi

and radar reflectivity is proportional to the fourth moment of SD. This explains
why Z of snow (Z;) is much lower than Z of rain (Z) for a given N(D).

Differential reflectivity Zpg is defined as the ratio of radar reflectivity factors
Zy and Z, at horizontal and vertical polarizations, respectively, if they are expressed
in a linear scale or their difference in a logarithmic scale

Zpr(dB) = Zy(dBZ) — Z,(dBZ). (2.8)

Zpr depends on the particle size, shape, orientation, density, and phase com-
position but not on the concentration of particles. Zpg = 0 dB if the hydrometeors
are spherical or randomly oriented in the polarization plane. Generally, Zpg
increases with increasing oblateness, density, or water fraction. Because raindrops
become more oblate with increasing size, and their aspect ratio is a well-determined
function of diameter, Zpr is a good measure of the mean or median raindrop dia-
meter. It is important that differential reflectivity is significantly higher for rain-
drops than for snow particles with the same sizes, shapes, and orientations, which
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makes Zpr an excellent discriminator between rain and snow. In snow, Zpg is
crucially dependent on its density with dry aggregated snow characterized by low
Zpr which is close to 0 dB as opposed to ice crystals that may have quite high Zpr
due to their high density and often very nonspherical shape. Differential reflecti-
vity is a key parameter for discrimination between meteorological and non-
meteorological radar echo and for classification of hydrometeors of various habits.
Ground clutter and atmospheric biota (insects and birds) have a wide distribution
of Zpg including extremely high positive (and occasionally negative) values which
are not typical for meteorological scatterers. Zpgr is very efficient for distin-
guishing between hail and rain. Hail is generally characterized by higher Z and
lower Zpg than rain due to the difference in size, dielectric constant, and orien-
tations of hailstones and raindrops.

The cross-correlation coefficient py, between the radar signals at horizontal
and vertical polarizations is another polarimetric radar variable that is very instru-
mental for radar echo and hydrometeor classification. It is particularly useful for
distinguishing between meteorological and nonmeteorological radar echoes. The
latter have much lower value of py,,, whereas the majority of weather scatterers is
characterized by py, very close to 1. Mixed-phase hydrometeors like wet snow,
melting hail, and hail growing in the wet growth regime are the only types of
hydrometeors for which py,, can significantly deviate from 1.

Linear and circular depolarization ratios in the linear and circular polarization
bases (LDR and CDR, respectively) were historically the first polarimetric variables
used for hydrometeor classification, specifically for hail detection. These variables,
however, are not directly measured by the modern operational Doppler polarimetric
radars because these utilize simultaneous transmission and reception of the waves
with orthogonal polarizations. Nevertheless, a proxy of depolarization ratio can be
roughly estimated from the combination of Zpg and py,, [15].

Differential phase ®@pp is the difference between the phases of the radar returns
at horizontal and vertical polarizations. It plays a very important role for quantifi-
cation of precipitation and liquid and ice water contents (LWC and /WC). A radial
profile of ®pp can be used to compute two radar parameters closely related to rain
rate R and LWC / IWC — a specific differential phase Kpp and specific attenuation
A. Kpp is estimated as a half of the radial derivative of ®@pp. Its magnitude depends
on the size distribution of hydrometeors as well as their shapes and orientation. In
the Rayleigh approximation, Kpp in rain can be written as [4]

Kop ~ jF (D)D*N(D) dD, (2.9)

where F, and F are the factors describing dependencies of Kpp on raindrops’
orientation (F,) and shape (Fj). It can be shown that the shape factor F for rain-
drops is roughly proportional to D* so that Kpp is determined by the fifth moment
of drop size distribution (DSD). In other words, Kpp is proportional to a lower order
moment of DSD than Z and, therefore is better correlated with rain rate which is
proportional to the 3.67th order moment of DSD.
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In snow [4],

F,F,
Kor ~ 2 [ 20)DN (D) a, (2.10)

so that Kpp is proportional to the first moment of SD because ps is inversely
dependent on the snowflake diameter. This emphasizes the benefit of using Kpp for
quantification of ice and snow because ice water content is determined by the lower
end of the size distribution.

A radial profile of 4 can be retrieved from a radial profile of attenuated Z, and
two-way path integrated attenuation P/A4 along the propagation path (7, ) in rain
as [2,4]

[Zu(r)]"C (b, P14)

Ar) = 1(r1,72) + C(b, PL) (r,12) (2.11)
where

1(r1,7) = 0.46b J (Z,(s)]ds, (2.12)

1(r,ry) = 0.46b J (Zu(s)]ds, (2.13)

C(b, PIA) = exp(0.23bPI4) — 1. (2.14)

In (2.11)—(2.14), the factor b is a constant parameter (usually between 0.6 and
0.9 at microwave frequencies). The value of PI4 (path integrated attenuation)
cannot be estimated with a single-polarization radar but can be computed from the
total span of differential phase A®pp measured by a dual-polarization radar:

PIA(r1,r2) = a|®pp(r2) — Ppp(r1)], (2.15)

where «a is equal to the average ratio of 4 and Kpp along the propagation path. As shown
in Section 2.4, specific attenuation A is particularly beneficial for rainfall estimation.

Because ®@pp is the phase measurement, its estimate and the estimates of its
derivatives Kpp and 4 are immune to radar miscalibration, partial beam blockage,
attenuation in rain, and the impact of a wet radome that cause biases in the mea-
surements of Z, Zpgr, LDR, and CDR. Moreover, ®pp can be used for attenuation/
differential attenuation correction of radar reflectivity and differential reflectivity
using simple formulas

AZ(r) = a [Ppp(r) — Ppp(r1)], (2.16)
and
AZpr(r) = B[Pop(r) — Ppp(r1)], 2.17)

where AZ(r) and AZpr(r) are the biases of Z and Zpr caused by attenuation along
propagation path in rain between ranges 7, and .
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2.3 Polarimetric radars in research and operations
since 1995

Bringi and Zri¢ [1] provide an overview of the pioneering polarimetric weather
radar studies for the period ending in 1995. Next 25 years constitute the “golden
age” of weather radar polarimetry marked by significant research achievements and
operational implementation of the polarimetric technology on the national weather
radar networks across the globe. Various research teams in different countries
entered the “polarimetric race” that accelerated in mid-1990s. Investigations have
been performed using surveillance weather radars operating at three primary
microwave bands: S, C, and X. Toward the end of this quarter-century survey
period, scanning polarimetric radars have been built and utilized for research at Ka
and W bands traditionally applied for cloud research rather than weather surveil-
lance. In this section, we overview various radars used for polarimetric research
and operations since 1995.

2.3.1 S-band research radars

The first research polarimetric radars operated mainly at S and C bands to minimize
the impact of attenuation in precipitation. Herein, we provide a brief overview of a
few S-band radars that played very important role at early stages of the polarimetric
research and some of which continue serving as a valuable resource for in-depth
studies and important observational components of various field campaigns.

2.3.1.1 Cimarron and KOUN radars in Oklahoma

A bulk of polarimetric radar research in Oklahoma was done with the Cimarron and
KOUN radars. The latter one transferred from the NWS for research at the National
Severe Storms Laboratory (NSSL) became a prototype of the operational polari-
metric WSR-88D. The Cimarron radar [16] used a traditional scheme with alternative
transmission/reception of the orthogonally polarized waves with horizontal and ver-
tical polarizations. A novel mode of operation (called the SHV mode) when the radar
simultaneously transmits and receives H- and V-waves was first implemented on the
KOUN radar [17] and later became a standard for operational polarimetric weather
radars. There were several reasons favoring the SHV mode. These are:

(1) The SHV mode avoids the expense of a high-power microwave switch. We
remind the readers that the one-time engineering development plus switch
manufacturing is only a part of the expense. A very significant cost is in the
aftermath expenses including keeping documentation and spare parts.

(2) The errors in the estimates of the polarimetric variables in the SHV mode [18]
can be considerably smaller (especially at significant spectrum widths or sur-
veillance scans) than the corresponding errors in the alternate mode.

(3) Computation of the cross-correlation coefficient is direct and avoids possible
bias and increased errors of alternate mode.

(4) The unambiguous interval in computations of differential phase ®@pp is the full
360° compared to 180° in the alternate mode.
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(5) Computation of the mean Doppler velocity is not coupled to the computation of
the differential phase. Therefore, velocity estimates do not alias if the differ-
ential phase is subject to aliasing.

One of the disadvantages of the SHV mode is its inability to measure the linear
depolarization ratio (LDR). However, Ryzhkov et al. [15] suggested estimating a
proxy of the depolarization ratio at circular polarization (CDR) from the combi-
nation of Zpg and py,, by the radars utilizing the SHV scheme.

Zrmi¢ and Ryzhkov [19] summarized the results of the Oklahoma studies
during the nineties. One of the notable achievements was the demonstrated utility
of specific differential phase Kpp for more accurate estimation of rainfall compared
to the conventional methods based on the use of the R(Z) relations [20,21]. Further
observational studies in Oklahoma with the KOUN radar were instrumental for
developing the algorithms for detection of tornadoes and hail as well as determi-
nation of hail size [22-27].

2.3.1.2 Chilbolton radar (UK)

The magnetron-based polarimetric radar located in Chilbolton, UK has the nar-
rowest beam (0.25°) among the S-band weather radars due to its fully steerable
25 m antenna. A purpose-built, fast mechanical switch enabled alternate radar
pulses to be transmitted with vertical and horizontal polarizations. This allows the
measurement of LDR which proved to be very efficient for the detection of
the melting layer [28]. Polarimetric observations with Chilbolton radar were among
the first used for demonstrating the concept of self-consistency between Z, Zpg, and
Kpp in rain, allowing absolute calibration of Z using polarimetric variables Zpr and
Kpp [29]. The self-consistency technique then was applied not just at S band but
also at C and X bands. Hogan [30] used Chilbolton data to develop one of the first
variational methods for separation of hail-dominant regions in convective storms
and for rainfall rate retrievals using a combination of Z, Zpg, and ®pp. More
recently, a separate Ka-band radar as well as a W-band radar were added to the
Chilbolton facility, all of which were used for cloud-related studies in projects such
as CloudNet [31].

2.3.1.3 CSU-CHILL dual-wavelength polarimetric radar
(Colorado)

The Colorado State University-Chicago ILLinois (CSU-CHILL) radar run by the
CSU currently uses a unique dual-offset feed, Gregorian type antenna (Figure 2.2)
that provides very low sidelobe levels and high polarization purity [32]. The con-
struction of this antenna allows the use of two different single-wavelength feed
horns (S-band or X-band/11 or 3 cm wavelength) as well as a dual wavelength
(simultaneous S- and X-band) horn. All three of these horns are designed for dual-
polarization (horizontal and vertical) operation [33]. The CSU-CHILL radar’s
evolving dual-polarization measurement capabilities have had a number of research
applications ranging from in-depth hail polarimetric studies [34] to the investiga-
tion of polarimetric signatures within the dendritic growth layer in stratiform clouds
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Figure 2.2 CSU-CHILL radar Gregorian antenna.

and winter storms. Kennedy and Rutledge [35] expanded the use of differential
phase measurements by examining ®pp field structures observed by the CSU-
CHILL radar in winter storms. In 2014 and 2015, the CSU-CHILL S- and X-band
radars were used extensively for winter storm studies as part of the “MASCRAD”
project [36]. A variety of ground instruments were installed at a site 13 km south of
the radar.

In one case study [37], the CSU-CHILL X-band Zpg over the instrumentation
site was found to vary with the degree of riming of snow crystals determined from
the images provided by the Multi-Angle Snow Camera (MASC). Riming index
derived by processing the MASC digital images was well correlated with X-band
Zpr over the site. In another case study, the CSU-CHILL S-band radar showed
negative Zpr column which was associated with an unusual graupel-shower event
[38] that passed over the ground instrument site. MASC images and 2DVD mea-
surements had identified the graupel particles to be primarily of the lump type with
larger particles having slightly prolate mean shapes.

2.3.1.4 The National Center for Atmospheric Research

(NCAR) S-PolKa radar
Another unique polarimetric radar, S-PolKa, used for research belongs to the
National Center for Atmospheric Research in Boulder, Colorado. The S-PolKa is a
transportable, polarimetric, dual-wavelength Doppler weather radar. S-PolKa
transmits and receives electromagnetic waves simultaneously at S band and Ka
band (at 0.86 cm wavelength) with matched beamwidths and range resolutions,
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making it one of the two transportable S-band weather radars worldwide along with
the NASA N-Pol radar that are available to the scientific community (see a separate
chapter on the N-Pol radar in this book). The S-PolKa radar was designed to
operate under high winds without a radome. The pedestal was stabilized by four
6 m containers making it relatively easy to assemble and operate since no concrete
pad was needed. This mechanical design is unique and was completely fabricated
by the NCAR machine shop [39]. The radar participated in 20 field campaigns
during the period from 1996 to 2015 including overseas deployments as part of
large international experiments in Europe (MAP), Taiwan (TIMREX), Caribbean
(RICO), and Indian Ocean (DYNAMO).

The polarization state of the transmitted wave can be changed from Hto V on a
pulse-to-pulse basis (also known as H-V alternating) using an in-house designed
and constructed fast mechanical switch with 49 dB of isolation on transmission and
40 dB on reception. With two receivers, the radar allows estimation of the elements
of a full 2 x 2 coherency matrix.

The S-PolKa radar was effectively used in a wide range of studies including
detailed analysis of the microphysical structures of deep convective storms [40],
dual-wavelength retrievals of liquid water content [41], and restoration of the near-
the-ground fields of refractive index and humidity [42], just to mention a few.

2.3.2 C-band research radars

The first polarimetric C-band radar for weather observations called POLDIRAD
operated in Germany in the mid-1980s [43]. The radar provided very informative
and reliable measurements of Zpg and LDR. A decade later, several C-band
polarimetric weather radars came into play with the design similar to the S-band
polarimetric radars utilized in the US. Some of these C-band radars are described in
the next subsection.

2.3.2.1 C-Pol (Australia)

One of the first polarimetric C-band radars, the Australian C-Pol radar was devel-
oped in the mid-1990s as a mobile radar in collaboration between the Australian
Bureau of Meteorology, CSIRO Radio-physics, and NCAR. The radar is described
in [44] and was the critical platform for field campaigns studying intense convec-
tion on tropical islands (MCTEX, [45]), monsoon convection in the South China
Sea (SCSMEX, [46]) and for advanced nowcasting applications during the Sydney
2000 Olympics as part of the first WMO Forecast Demonstration Project [47] as
well as its long-term deployment near Darwin where it operated until 2017. The
radar also provided pivotal data for major international field programs exploring
convection and its impact on the environment and troposphere-stratosphere
exchange [48,49].

Early work with C-Pol focused on fundamental developments of dual-
polarization rainfall estimation [50-52]. The C-Pol radar was also used in tandem
with the Darwin 50 and 920 MHz wind profilers to study the retrieval of raindrop
size distributions and to explore hail measurements with the C-band radar [53,54]
as well as the development of some DSD climatologies and documenting
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systematic differences between convective and stratiform DSD [54,55]. The C-Pol
data showed that hail was present in many tropical thunderstorms even though it
rarely reached the ground [49,56] and demonstrated complex signatures associated
with melting hail [56]. The profiler-C-Pol combination was also used to provide
unique validation of microphysical retrievals [57].

2.3.2.2 King City radar (Canada)

The C-band King City radar located in King City 40 km north of Toronto was
installed in 1984 and upgraded by adding dual polarization in 2004. The radar has a
0.65° beam making it one of the most sensitive C-band research radars. After
polarimetric upgrade, the focus was on the adaptation of the S-band hydrometeor
classification algorithm for C band in partnership with NSSL in the US.
Additionally, the King radar served as the focus for two major field experiments to
validate satellite-based cold season products. The first was the Canadian CloudSat
CALIPSO Validation (C3VP) project in 2006. The second was the GPM Cold
Season Precipitation Experiment (GCPEx) in 2012. For both campaigns, the King
radar invoked unique scanning features coordinated with aircraft in-situ measure-
ments and was the primary source of weather radar information for field study. The
result of this work was the development of improved data quality practices, particle
type identification and quantitative precipitation methods, particularly as applied to
snow for both ground- and space-based remote sensing.

2.3.2.3 OU-PRIME radar (University of Oklahoma)

The OU-PRIME polarimetric radar was the most powerful research C-band radar
with a half-degree antenna beam and 1-MW transmitted power. It was commis-
sioned in Norman, Oklahoma, in 2009. The OU-PRIME observations were paired
with the ones by the S-band KOUN radar which is located just 6.9 km from OU-
PRIME. This created a unique opportunity to compare polarimetric measurements
in severe storms with almost collocated C-band and S-band radars. Of the primary
interest was comparison of the polarimetric S- and C-band signatures in tornadic
and hail-bearing storms [58—60] and utilization of the weakly attenuated radar
signals at S band to quantify much stronger attenuation at C band and develop
attenuation/differential attenuation correction techniques at C band [61,62].

2.3.2.4 University of Alabama in Huntsville (UAH) Advanced
Radar for Meteorological and Operational Research
(ARMOR)
The C-band dual-polarization ARMOR radar was introduced for research at UAH in
2005. This radar was extensively used for the investigation of polarimetric signatures
of hail [63] and tornadic debris at C band [64], and polarimetric radar and lightning
observations in deep moist convection [65] among other research topics.

2.3.2.5 MRI solid-state polarimetric radar (Japan)

The polarimetric radar belonging to the Japanese Meteorological Research Institute
(MRI) is the first C-band solid-state weather radar utilized for research. The
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transmitted peak power is only 3.5 kW requiring use of a long transmitted pulse
(129 ps) with its subsequent compression to ensure fine radial resolution at the
distances beyond 20 km from the radar. A short transmitted pulse of 1 us is used to
cover closer ranges. The focus of the research studies with the MRI radar was on
rainfall estimation (possibly mixed with hail) and retrieval of raindrop size dis-
tributions at attenuating wavelength [66,67].

2.3.3  X-band radars

The first research X-band Doppler polarimetric radar was built in 1997 at the
NOAA/Environmental Technology Laboratory in Boulder, Colorado (Figure 2.3).
The name of the radar (HYDROX) implicates that its primary purpose was rainfall
estimation and hydrological applications. HYDROX was a mobile radar mounted
on a truck. Matrosov et al. [68,69] quickly demonstrated the advantages of rainfall
estimation using X-band specific differential phase Kpp. With attenuation correc-
tion issues properly addressed, certain advantages of X-band radars over longer-
wavelength radars operating at C or S band became evident. These advantages
include higher mobility, smaller size and cost, lower power requirements, poten-
tially higher spatial resolution, and stronger differential phase signals.

This initial success of the X-band radar weather observations encouraged aca-
demic laboratories and private companies to manufacture X-band radars for a wide
range of weather applications including investigations of tornadic storms and avia-
tion hazards in addition to quantitative precipitation estimation. During the first

Figure 2.3 First X-band Doppler polarimetric radar built at the NOAA/
Environmental Technology Laboratory (circa 1998).
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decade of the 21st century, multiple X-band polarimetric radars have been manu-
factured and tested in academic research centers. These include the X-POL and
RaXPol radars built by the private company ProSensing based at the University of
Massachusetts, the MP-X radar designed at the National Research Institute for Earth
Science and Disaster Prevention (NIED) in Japan, the NOAA NSSL NOXP radar in
Norman, Oklahoma, the University of Alabama in Huntsville Alabama X-band
(MAX) radar, a family of Doppler on Wheels (DOW) mobile radars to mention a
few. Traditional radar manufacturers also joined the race. The Enterprise Electronics
Corporation (EEC) built a stationary X-band polarimetric radar (BoXPol) for the
Meteorological Institute at the University of Bonn, Germany. The German company,
Gematronik, started developing its own brand of mobile X-band radars of the
METEOR series (e.g., Meteor 50DX). French company NOVIMET designed its
HYDRIX X-band radar for rainfall estimates in the mountainous regions of Alps.

It is widely recognized that X-band polarimetric radars can be efficiently used
as gap-fillers complementing larger surveillance S- and C-band radars in the areas
of their poor coverage, often caused by the complex terrain [70]. There is also an
apparent benefit of utilizing X-band radars for hydrological purposes to monitor the
precipitation variability over small basins at scales smaller than typically observed
with the longer-wavelength radars. Employing a network of several identical units
can compensate for X-band radars’ lack of spatial coverage. This strategy has
proved economically and operationally feasible, as demonstrated by X-band net-
works like those used by the NSF-funded Center for Collaborative Adaptive
Sensing of the Atmosphere (CASA) Integrated Project 1(IP1) [70], X-RAIN (X-
band Polarimetric RAdar Information [71], and the Tropical Radar Network
(TropiNet) [72]. The objective of these X-band weather radar networks was to
retrieve meteorological echoes in the lower troposphere and adapt to rapidly
changing severe weather.

As an example of effective utilization of a small network of X-band radars for
hydrological studies, we highlight the University of lowa XPOL system consisting
of four mobile polarimetric radars manufactured by ProSensing Inc. [73]. In 2013,
Iowa XPOLs participated in the field campaign Iowa Flood Studies (IFloodS)
which was organized in central and northeastern lowa in the Midwestern US by
NASA in collaboration with the Iowa Flood Center. The IFloodS field campaign
provided a unique opportunity to develop and assess rainfall estimators for mobile
Iowa XPOL radars.

2.3.4 Short-wavelength polarimetric radars

Traditionally, millimeter-wave radars used for cloud research looked vertically and
the only polarimetric variable they measured was LDR. In the last decade, several
research scanning polarimetric radars at Ku, Ka, and W bands have been built to
also measure Zpgr, ®pp, and py, [74]. As an example, the Dual-frequency Dual-
polarized Doppler Radar (D3R) operating at Ku and Ka bands was manufactured to
support NASA for ground validation of the Global Precipitation Measurement
(GPM) mission satellite radar DPR operating at the same pair of wavelengths [75].
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Ka-band scanning polarimetric radars prove to be very efficient for studying snow
and ice where attenuation of millimeter waves is relatively small and the short wave-
length ensures high radar sensitivity combined with good angular resolution. The
examples are the MIRA-35 radar in Germany [76] and the KASPR radar in the US at the
Stony Brook University Radar Observatory [77]. A dual-wavelength scanning polari-
metric radar Ka-W SACR2 manufactured as part of the US Department of Energy
(DOE) Atmospheric Radiation Measurements (ARM) program for the studies of polar
clouds in Alaska operates at Ka-band and W-band frequencies [78].

2.3.5 Most recent developments

Most recent developments in weather radar technology include the use of the solid-
state and phased array radars. During the last decade, the solid-state X-band
Doppler polarimetric weather radars became available. The magnetron transmitters
of the conventional radars need to be periodically replaced and the high power of
the transmitted signal may cause premature wear and tear of the waveguides and
microwave circuits. The solid-state radars operate with much lower voltages and
peak powers (similar to a light bulb) which result in the improvement of their
durability, extending their longevity, and lower maintenance.

Solid-state radars require transmitting very long pulses (up to 100 ps) to
achieve the appropriate average power as opposed to the conventional magnetron
or klystron radars with pulse lengths 7 not exceeding 2—4 us. Radial resolution of
the weather radar is equal to cz/2, where c is the speed of light. Hence, the pulse
length of 1 us is equivalent to the resolution of 150 m. For pulse length of 100 s,
the radial resolution is 15 km which is not acceptable. Therefore, the received radar
pulse has to be compressed 100 times by a special waveforming to ensure 150 m
resolution and sufficiently high radar sensitivity. The problem is that the radar
cannot receive a return signal while it is transmitting. Therefore, the range equal to
ct/2 is not suitable for full compression of the long transmitted pulse and may be
blind to the radar. One solution to this problem is transmission of a shorter pulse (or
a sequence of shorter pulses) after a long pulse. This often causes discontinuity at
range where processing of the short pulse is replaced with processing of the long
pulse (i.e., 15 km if a 100 us long pulse is transmitted) which is an issue for many
solid-state weather radars. A variant solution is simultaneous transmission of the
short pulse at an offset frequency [79]. A recent solution entailing progressive pulse
compression eliminates the “blind” range without the fill-in pulses [80].

Toshiba (Japan) became the first company to manufacture solid-state weather
radars for research and operational purposes. The operational network of X-band
polarimetric radars owned by the Ministry of Land, Infrastructure, Transport, and
Tourism (MLIT) of Japan is partially equipped with the solid-state radars. These
radars have 200 W transmitter power and a pulse length up to 32 us. With such
pulse length and transmitted power, the radar detectability is quite modest but the
blind area is relatively small. However, a high density of the MLIT radars avoids
the blind range and modest detectability via significantly overlapping the coverage
areas of the neighboring radars.
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The current Service Life Extension Program (SLEP) will keep the US WSR-
88D network operating through about 2035. It is very likely that SLEP will be
further extended beyond 2035. The WSR-88Ds are very sophisticated but have
some inherent limitations. The use of mechanically rotating dish antennas that have
big inertia constrains the radar beam agility.

As a consequence of using “rigid” scanning strategies, the radar may need-
lessly scan huge volumes of the atmosphere where no weather phenomena of
interest exist, whereas the areas of rapidly developing hazardous storms are sam-
pled at a slow rate. Moreover, quick scans in vertical planes are not practical.
Continuous rotation of massive antennas causes premature wear and tear of the
mechanical parts. All these factors motivate an effort to evaluate the utility of the
phased array technology with electronic scanning of the radar beam.

The radars with electronic beam steering have been used for decades in a
military sector. However, phased array radars (PAR) have seldom been used for
observing weather. The military PARs cannot be used for modern meteorological
needs because technical requirements for polarimetric weather radars are more
stringent. The greatest challenge is to enable polarimetric diversity in PARs that
matches existing dual-polarization capability implemented on the WSR-88Ds.

The research on the possible utilization of the PAR technology for weather
radars started at the NSSL in 2003 when the lab acquired an old SPY-1A PAR
originally built for the US Navy and repurposed for weather observations. The
SPY-1A radar did not have polarimetric capability and used a passive array of
radiators and a WSR-88D transmitter not suitable for multibeam electronic
steering.

During the last decade, NSSL in partnership with industry continued experi-
menting with different versions of polarimetric PAR like the 10-panel demonstrator
and a larger-scale S-band 76-panel Advanced Technology Demonstrator (ATD)
that replaced SPY-1A PAR in 2018. A more detailed description of the history of
PAR development and capabilities of the modern phased array weather radars can
be found in [81-83] and Chapter 1 of Volume 2 “Phased Array Weather Radar
Developed in Japan”.

2.3.6 Polarimetric upgrade of operational weather radars

The NEXRAD network of operational weather radars is a backbone of the US NWS
observational infrastructure. It consists of 159 WSR-88Ds. The original network of
single-polarization WSR-88Ds was designed in 1988 and completed in 1997. The
initial version of the WSR-88D radar had Doppler capability and allowed mea-
suring a radial component of the wind velocity as opposed to the earlier generations
of weather radars capable of measuring only a power of the reflected radar signal.

After the benefits of radar polarimetry have been demonstrated during the
1990s in the research sector, the stage was set to demonstrate the value of dual-
polarization data in an operational setting. The three agencies owning the WSR-
88D network, NWS, Air Weather Service of the Air Force, and Federal Aviation
Administration agreed to it. A Joint POLarization Experiment (JPOLE) was
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organized with the demonstration using the KOUN radar involving real-time
transferring the Z, Zpg, pny, and @pp fields to the local NWS forecast office [84].
The success of the experiment satisfied the necessary conditions for approval of the
upgrade by the US National Oceanic and Atmospheric Administration. The
polarimetric upgrade of the WSR-88D radars started in 2010 and was completed
in 2013.

NWS of developed countries around the world either have completed polari-
metric upgrade of their operational weather radars or are in the process of doing so.
In Europe, operational networks of polarimetric C-band weather radars have been
deployed in a number of countries. The biggest ones are operated in France (29
radars), Turkey (19 radars), Germany (17 radars), and UK (15 radars). 17 C-band
polarimetric radars in France are complemented by 7 S-band radars deployed in
southern France and 5 X-band radars cover the Alpine region of France at its
southeast. Another modern network of polarimetric weather radars is operated by
the Korea Meteorological Administration (KMA). It consists of 11 S-band radars.
China is quickly modernizing its network of operational weather radars by adding
polarimetric capability to more than 100 of them. Japan is the only country in the
world that runs an operational network of X-band polarimetric radars (in addition to
the C-band network). Japanese X-band network numbers 35 radars and has been in
operation since 2010. Some of the recently deployed radars use solid-state trans-
mitters with lower peak transmitted power that implies the need for pulse com-
pression. A primary function of the Japanese X-band network is rainfall estimation
because Japan is prone to frequent flash floods caused by heavy rain. A regional
composite of rain totals retrieved from the X-band radar measurements is updated
every minute and such product proved to be very useful for a large number of
customers. Longer wavelength radars have significantly higher power of a trans-
mitted signal and larger range of operations. A limited range of X-band radars is
dictated by two factors. One is the difference in the transmitted power and radar
sensitivity. The second one, likely most important, is a stronger impact of
attenuation in precipitation at shorter radar wavelengths. This is a primary reason
why either S- or C-band radars are preferred for weather surveillance.

Although X-band radars become almost blind in the proximity of very intense
bands of precipitation or hailstorms, such periods of “blindness” are relatively short
and the corresponding loss of radar data is relatively rare. The situation when the
X-band radar signal is attenuated but not lost completely is much more common.
Under this scenario, polarimetric capability allows to effectively correct radar
reflectivity by using differential phase ®pp (2.16). A similar correction for differ-
ential attenuation of differential reflectivity Zpgr can also be applied (2.17).

2.4 Weather applications of the Doppler polarimetric
radars

Quantitative precipitation estimation (QPE) as well as classification of radar echo
and hydrometeors were traditionally the primary tasks of weather radars. It is hard
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to overestimate a societal impact of accurate precipitation measurements in the
context of global warming with rapidly increasing frequency of devastating flash
flood events, particularly those associated with landfalling hurricanes and typhoons
causing massive damage to property and infrastructure as well as human fatalities.
While accurate precipitation measurements are critical for storm warnings and
hydrology, they are also important for assimilation into the NWP models and
optimization of microphysical parameterization.

Polarimetric radar is uniquely suited for discrimination between meteor-
ological and nonmeteorological radar echoes and for classification of different
types of atmospheric hydrometeors because they have very different polarimetric
characteristics. Reliable identification of tornadic debris, large hail, and freezing
rain is critical for timely severe weather warnings. In this section, we will provide a
brief overview of the polarimetric QPE and classification methods.

2.4.1 Quantitative precipitation estimation

Traditional radar methods for rain and snow estimation were based on the use of a
single radar variable, the radar reflectivity factor Z. Significant progress in radar
QPE was achieved during last two to three decades with the introduction of
polarimetric weather radars capable to complement measurements of Z with addi-
tional variables such as differential reflectivity Zpg, specific differential phase Kpp,
and most recently, specific attenuation A. The advantages of polarimetric radar
measurements for rainfall estimation have been demonstrated in a number of
research studies back in the 1990s and early 2000s [21,50,84—89]. It was shown that
the use of multiple radar variables helps to reduce the QPE uncertainty caused by
the DSD variability, whereas the specific differential phase Kpp addresses the
issues of radar miscalibration, attenuation, and partial beam blockage.

In the 2000s, the polarimetric technology and methodology for rainfall estima-
tion matured to the point of justifying their operational implementation on the
nationwide weather radar networks. The US spearheaded this effort after the suc-
cessful completion of the Joint Polarization Experiment (JPOLE) demonstration
project [84] which culminated in the polarimetric upgrade of all WSR-88Ds in 2013.
Another important step was the integration of the information from the WSR-88Ds
using the Multi-Radar Multi-Sensor (MRMS) platform that combines the polari-
metric radar data with atmospheric environment data, satellite data, and lightning and
rain gauge observations to generate a suite of severe weather and QPE products [90].

2.4.1.1 Polarimetric rainfall relations

The variability of DSDs is a primary source of uncertainty in the radar rainfall
estimation. Because radar reflectivity Z is a sixth moment of DSD and rain rate R is
approximately proportional to its 3.67th moment [4], the magnitude of Z is pri-
marily determined by the contribution of a few largest drops in the raindrop size
spectrum, whereas a bulk of smaller drops dominate rain rate. This spurred the use
of multiple R(Z) relations for single-polarization radars. The choice of a particular
relation depends on the type of rain (convective vs stratiform, tropical vs con-
tinental, etc.), season, and climate region.
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Historically, the first polarimetric rainfall relations used a combination of Z
and Zpg [91,92]. Utilization of Zpg, a polarimetric radar variable that depends on
the median volume diameter of raindrops and is insensitive to their concentration,
together with Z was expected to reduce the sensitivity of the rain rate estimate to
the DSD variability. However, Zpg is even more affected by a few largest raindrops
than Z. Therefore, the benefit of the R(Z, Zpr) estimator instead of the R(Z) relation
turned out to be relatively marginal. The radar variables Kpp and 4 provided better
improvement because both are proportional to the DSD moments that are much
closer to the 3.67th moment than Z and are immune to the radar calibration errors,
attenuation in rain, and partial beam blockage.

A more quantitative assessment of relative performance of different rainfall
relations can be obtained using Figure 2.4 where the dependencies of the fractional
mean absolute error (fMAE) on rain rate for the R(Z), R(Z, Zpr), R(Kpp), and R(A)
relations optimized for the DSDs measured in Oklahoma at S, C, and X bands are
shown. These relations are listed in Table 2.1. The advantages of all three polari-
metric relations compared to the R(Z) relation are obvious in a wide range of rain
intensities at all three microwave bands. The R(4) is an apparent winner at low-to-
moderate rain rates. Its advantage is particularly impressive at S band where the
fMAE caused by the variability of DSD is less than 10-15% in a wide range of rain
intensities. For higher rain rates exceeding 10 mm/h, fMAE tends to increase at C
and X bands for all relations except R(Kpp) that is least sensitive to the effect of the
resonance scattering on large raindrops which is primarily responsible for such an
increase. Therefore, the Kpp-based relation is an obvious choice for heavy rain at C
and X bands. The Kpp-based algorithms for rainfall estimation were used in a large
number of studies and operational applications. A long list of various R(Kpp)
relations can be found in [4] (their Table 10.3) and in the recent review of the
polarimetric QPE methods by Ryzhkov et al. [93].

A very important advantage of the Kpp- and 4-based QPE algorithms is their
immunity to the radar miscalibration, attenuation in rain, partial beam blockage,
and impact of a wet radome. All discussed radar rainfall relations have advantages
and disadvantages at different rain rates and radar wavelengths. Hence, it is bene-
ficial to use composite algorithms by combining various relations. The operational
polarimetric rainfall estimation algorithm currently implemented on the WSR-88D
radar network uses a combination of the R(Z), R(4), and R(Kpp) relations [94-96]
and is called the Q3DP algorithm [94]. The R(Kpp) relations are used in areas of
high Z where rain may be mixed with hail and the R(A) relation is utilized other-
wise. The QPE algorithm resorts to various R(Z) relations if the radar sample is
within the melting layer or above or if the total span of differential phase A®pp in
rain is too small or beam blockage is severe.

The Q3DP algorithm became operational from October 2020 and demonstrated
very good performance, particularly in heavy rain associated with flash floods.
Figure 2.5 illustrates its performance for the most significant flash flood events of
the 2021 warm season in the US. One occurred in Tennessee on August 21 and
caused 27 fatalities and another one was associated with the hurricane Ida during
the period from August 30 till September 2 with a death toll of 67 people. The
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Figure 2.4 Dependencies of the fractional mean absolute error (fMAE)
on rain rate for the R(Z) (black curves), R(Z, Zpr) (green curves),
R(Kpp) (blue curves), and R(A) (red curves) relations optimized
for the Oklahoma DSDs at S, C, and X bands (see Table 2.1).
From [93].
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Table 2.1 Radar rainfall relations

Radar S band A = 11.0 cm C band A = 5.3 cm X band A = 3.2 cm
relation

R(Z) 1.94 x 107270-694 1.77 x 107220712 3.06 x 10727063

R(Z, Zdr) 1.66 x 10—220.7382&0.979 1.70 x 10—220.7312(1:0.459 1.50 x 10—220,79OZd—r2,17
R(Kpp) 47‘1K&Z90 25.3KB'IZ76 16.9K&§°‘

R(A) 4120493 294408 43.5407°

Zis in mm®m 3, Zy, is in a linear scale, Kpp is in deg km™!, and 4 is in dB km ™.

hurricane Ida had its landfall in Louisiana and transformed from a tropical
depression to a post-tropical cyclone that rolled into the US Northeast two days
later. Color-coded maps in the upper images in Figure 2.5 show 24-hour radar-
estimated rain totals and the circles—their comparison with rain gauges. The size
of the circle is proportional to rain amount, whereas different shades of red and blue
indicate various levels of radar underestimation and overestimation. White or pale
colors mean either the absence of bias or a small bias. The scatterplots of 24-hour
totals versus their radar estimates shown in the bottom panels indicate very good
performance in all three cases with the average bias below 10% and the correlation
coefficient well above 0.9.

2.4.1.2 Polarimetric VPR

Once the radar beam intercepts the melting layer (ML) and snow/ice aloft, the
relation between reflectivity (and other variables) and rain rate at the surface
becomes complicated. Because Z in the ML is usually higher than in rain near the
surface, the R(Z) relation valid in pure rain inevitably overestimates surface rain
rate at the distances where the radar samples ML. At longer distances where the
radar resolution volume is in ice/snow above the ML, underestimation occurs.
Various methods have been developed to address the melting layer problem [97—
100]. Common to these is the estimation of a vertical profile of reflectivity (VPR)
and its use to retrieve rain rate near the ground. One of the ways to obtain the VPR
is to scan the storm, reconstruct its structure near the radar, and extrapolate its
effect to long range assuming horizontal homogeneity. Such volume-scan VPR
corrections are often part of operational algorithms for QPE.

The concept of an “apparent” VPR or AVPR was introduced in [101,102]. The
VPR correction is performed in the “bright band affected area” (BBA) within the
stratiform part of the storm that is identified using radar reflectivity Z and cross-
correlation coefficient py,. The average radial profile of Z at the lowest antenna tilt
is determined within BBA and subtracted from the radial profiles of Z at each
particular azimuth. Then, the standard R(Z) relation is applied to estimate rain rate.
Therefore, it is expected that the radial dependency of Z is entirely determined by
the vertical profile of Z through the ML and the vertical structure if a storm is
horizontally uniform within BBA. This methodology assumes that the BBA is
relatively homogeneous azimuthally and is called “tilt-VPR.” Such an assumption
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Figure 2.5 Top panels: Maps of 24 h rain total estimated using Q3DP rainfall algorithm in Tennessee during the period ending at
1200 UTC on August 21, 2021, in Louisiana during the period ending at 1200 UTC on August 30, 2021, and US
Northeast during the period ending at 1100 UTC on September 2, 2021. Colored dots represent CoCoRaHS gauge sites.
The size of the dots represents gauge observed amounts and the color represents the gauge/OPE (G/R) bias ratios.
Bottom panels: Scatterplots of radar 24-hour rain totals versus gauge estimates. The statistic scores in the scatterplots
are the bias ratio (R/G), mean absolute error (MAE), and correlation coefficient (CC). From [93].
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can fail in the presence of frontal boundaries with large variations of the ML height
which usually happens during cold season with lower ML. Hanft et al. [103] sug-
gested the so-called dpVPR methodology to derive azimuthally-dependent VPRs,
which results in the overall improvement of the VPR correction. Note that, in
addition to reducing artificial enhancement of Z and R(Z) in BBA, the dpVPR
algorithm reduces the negative bias in R(Z) at longer distances from the radar where
the radar beam is above the ML.

Concluding this section, we need to mention recent studies where artificial
intelligence (Al)/machine learning (ML) algorithms have been used for polari-
metric QPE. This is a rapidly growing area of research stimulated by accumulation
of large datasets of polarimetric radar variables combined with surface rainfall
measurements and facilitated by the availability of abundant modern computer
resources. A detailed analysis of the AI/ML polarimetric QPE algorithms is beyond
the scope of this review and we just cite recent articles by Zhang et al. [104], Shin
et al. [105], and Wolfensberger et al. [106] as examples for interested readers.

2.4.1.3 Measurements of snow

Radar snow measurements present an enormous challenge due to immense varia-
bility of snow particle size distributions (PSDs), density, shapes, orientations,
crystal habits, and terminal velocities. Historically, radar reflectivity factor at
horizontal polarization Z was used to estimate snow water equivalent rates S in the
form of numerous power-law relations [107-112]. The majority of these assume
that Z is proportional to $°. Radar reflectivity is very close to the fourth PSD
moment for low-density snow (e.g., aggregates) due to the inverse dependence of
snow density on the snowflake size whereas S is proportional to significantly lower
order moment of PSD (2.1-2.2) [4]. This is one of the primary problems with
existing S(Z) relations. The current radar methodology for snow estimation
employed on the WSR-88Ds is based on the usage of a multitude of climatological
S(Z) relations optimized for different snow types and geographical areas and has
not yet capitalized on the polarimetric capability of the WSR-88D radars.

Radar polarimetry opens new horizons for snow habit classification and quan-
tification. Since the advance of polarimetry, only a handful of studies have explored
polarimetric quantitative snow retrievals—mostly focused on ice water content
(IWC). Vivekanandan et al. [113] and Lu et al. [114] utilized specific differential
phase Kpp for estimation of /WC. Ryzhkov et al. [115] and Ryzhkov and Zrni¢ [4]
used a combination of Kpp and Zpr or Kpp alone to quantify /WC of pristine or
lightly-to-moderately aggregated ice. Using the instrumented aircraft, Nguyen et al.
[116] derived the empirical IWC(Kpp) and IWC(Kpp, Zpr) relations from the air-
borne X-band polarimetric radar measurements and in situ microphysical probes.
These empirical relations are very similar to the theoretical ones derived in [4].

Bukovcic et al. [117,118] introduced the first polarimetric relations for snow
water equivalent rate S:

279 x 1073
S(Kop.Z) = x (po

0.5
0.62 0.33
W ;) (KDP;{) VA (218)
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and
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S(Kpp, Zgr) = 10.8 x 107 (—

p

In (2.18) and (2.19), p is the atmospheric pressure, py = 1013 mb, 4 is the radar
wavelength in mm, Kpp is in deg/km, Z is in mm®m >, Zy, is the differential reflectivity
in a linear scale, and Dy, is the mean volume diameter of snowflakes determined as [4]

Z(1— 27N\ 2
D = —0.142.0 ((Knpﬂd)> . (2.20)

In (2.18), F, and F are the factors characterizing orientation and shapes of
snowflakes. The factor F, is determined by the width of the canting angle dis-
tribution and the factor F is a function of the aspect ratio of snowflakes.

Both relations in (2.18) and (2.19) are less sensitive to the variability of snow
size distributions than the S(Z) relations. The biggest downside of the S(Kpp, Z)
snow estimator is its sensitivity to the shape and orientation factors F; and F,. This
emphasizes the need for realistic assumptions about snow particles’ shapes and
orientations either from in situ microphysical measurements or from polarimetric
radar retrievals. Great advantage of the S(Kpp, Zg,) estimate is its immunity to the
variability of the orientations and shapes of ice particles or snowflakes. However, it
is quite sensitive to the degree of snow riming, whereas the S(Kpp, Z) estimate is
not. It is also quite vulnerable to possible biases of the Zpr measurements, espe-
cially if Zpg is low. Hence, relation (2.19) is not recommended if Zpr < 0.3 dB.

The performance of polarimetric algorithm for snow estimation is illustrated for
heavy snowfall event that occurred in the US Northeast on March 14-15, 2017.
Temporal dependencies of instantaneous snowfall rates and accumulations estimated
using the standard nonpolarimetric relation S(Z) = 0.0882%° and two polarimetric
relations specified by (2.18) and (2.19) are shown in Figure 2.6. The S(Z2) relation
moderately underestimates snowfall rates throughout the event, with peaks not greater
than 3 mm h™' (gauge maximum is 5.5 mm h™"). Polarimetric relations are in good
agreement with the gauge, especially S(Kpp, Z), which more accurately reproduces the
peaks in rates. Polarimetric-based accumulations are in good agreement with the gauge
estimate, whereas the S(Z) relation underestimates the SWE amounts by about 40%.
Additional examples of polarimetric measurements of snow can be found in [118].

The results in Bukovcic et al. [117,118] are quite encouraging but some serious
challenges still remain. The values of Kpp and Zpy in heavily aggregated dry snow
are close to zero, which limits the applicability of (2.18) and (2.19). Moreover, a
single snow event may have both wet and dry snow segments with possible pre-
sence of graupel or plates during different time intervals, which makes polarimetric
snow QPE quite difficult under such a scenario.

2.4.2 Classification of radar echo and hydrometeors

There are various classification methods that utilize statistical decision theory,
machine learning/neural networks, fuzzy logic, etc. The fuzzy logic methodology is



60  Advances in weather radar, volume 1

~
(o)
(=]

— S(Kpp,Z)

6 i 50 N— S(KDP’Zdr)

5 £ 40— S@=0.088 703
T 4 g -=- ASOS-KBGM
£ 8 30
g3 @
“ Z 20

1k 10

05 8 10 12 14 16 18 20 22 24 05768 10 12 14 16 18 20 22 24
Time, UTC Time, UTC

(@) (b)

Figure 2.6 Instantaneous snow rates S (a) and snow water equivalent (SWE)
accumulations (b) for the snow event observed by the KBGM WSR-
88D radar on March 14, 2017. Black dashed curves indicate the
estimates from the ASOS extinction coefficient and red, green, and
blue curves—the radar estimates using the S(Kpp,Z), S(Kpp,Zpr), and
S(Z) relations, respectively. From [93].

currently the most popular classification technique implemented on the modern
operational weather radar networks. It can be easily implemented and tailored for
identification of the classes for which the domains in the space of polarimetric
variables overlap and the variables may be contaminated by measurement noise.
Furthermore, in the fuzzy logic approach, the confidence factors can be con-
veniently assigned to various types of measurements.

The first fuzzy logic classification schemes for polarimetric radars have been
introduced in the 1990s [19,119—-121] followed by the majority of the studies dur-
ing subsequent two decades [122—-131]. The first hydrometeor classification algo-
rithm (HCA) operationally implemented on the US WSR-88D radar network
utilizes the scheme described in [125]. The HCA discriminates between ten classes
of radar returns: (1) ground clutter including the one due to anomalous propagation
(GC/AP), (2) biological scatterers (BS), (3) dry aggregated snow (DS), (4) wet
snow (WS), (5) crystals of various orientation (CR), (6) graupel (GR), (7) “big
drops” (BD), (8) light and moderate rain (RA), (9) heavy rain (HR), and (10) a
mixture of rain and hail (RH). The “big drops” category designates rain with a DSD
skewed toward large sizes. This usually implies the presence of drops bigger than
3 mm and the deficit of smaller drops. “Big drop” signatures are generally caused
by size sorting associated with convective updrafts often exemplified with Zpg
enhancement.

Six polarimetric variables are directly utilized for discrimination. These are (1)
reflectivity factor at horizontal polarization Z, (2) differential reflectivity Zpg, (3)
cross-correlation coefficient py,, between horizontally and vertically polarized radar
returns, (4) specific differential phase Kpp, (5) texture parameter SD(Z) of the Z
field, and (6) texture parameter SD (@pp) of the field of differential phase ®pp.
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In the fuzzy logic methodology, different classes of radar echo (or hydro-
meteors) are described by the sets of the membership functions P(i)(I/j) character-
izing distributions of polarimetric variables V; for the ith class. The parameters of
the membership functions are determined from theoretical simulations and obser-
vations. Different radar variables may have different classification potential with
respect to various classes, which is reflected in the matrix of weights W. Any
degradation in the quality of radar measurements attributed to bias or noise can be
addressed via the confidence vector Q.

The fuzzy logic HCA for WSR-88D prescribes computing the aggregation
value 4; for each ith class of the radar echo via the weighted sum of the member-
ship functions:

> WigPY(v)

A=t ee——,
> O
J

(2.21)

where the factor Wj; characterizes classification efficiency of variable V; with
respect to ith class and Q; is the confidence index quantifying possible degradation
of the measurement of the variable V; caused by (1) radar miscalibration, (2)
attenuation, (3) nonuniform beam filling (NBF), (4) partial beam blockage (PBB),
(5) the magnitude of py,, (which determines the statistical errors of all polarimetric
variables), and (6) receiver noise. The parameters of the membership functions P*)
(V) for the initial version of HCA are specified in [125] and in [4] (their Chapter 9).

Because polarimetric characteristics of rain below the melting layer and snow
above it are very similar, effective performance of the hydrometeor classification
algorithm is contingent on the accurate melting layer designation which is a crucial
module of any classification scheme. The melting layer (ML) in stratiform clouds
exhibits very pronounced polarimetric signatures that ensure its reliable detection.
In addition to the classical Z enhancement known as the “bright band,” it is char-
acterized by the strong increase of Zpr near the bottom of the ML and sharp
depression of py,, coupled with the LDR enhancement in the middle of the ML. The
values of Z, Zpg, and py,, have been used to design the first ML detection algorithm
implemented on WSR-88Ds [132]. There are alternative techniques for detecting
the melting layer based on slightly different principles. The Brandes and Ikeda
[133] method matches observed polarimetric radar measurement profiles with
idealized model profiles of Z, LDR, and py, expected in the ML, whereas Tabary
et al. [134] present a similar technique for operational ML identification at C band
but use solely profiles of p,, as well as Matrosov et al. [135] at X band.
Wolfensberger ef al. [136] utilize the product of Z (in linear scale) and (1— py,) for
detection of the melting layer at X band.

The problem with all these methodologies for ML detection is that only the
data collected in a close proximity to the radar are utilized and, as a result, desig-
nation of the ML is made at relatively close distances from the radar and does not
account for spatial nonuniformity of the ML far away from the radar. To detect and
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quantify the ML at longer ranges, the data from lower antenna tilts (down to 0.5°)
have to be used. Recently Ryzhkov and Krause [137] suggested a more sophisti-
cated method, which allows to produce the maps of the heights of the ML top and
bottom up to 150-200 km from the radar.

According to the NEXRAD HCA, classification is performed at each antenna
elevation and a typical example of the vertical cross-sections of Z, Zpg, pny, and
classification results constructed from the series of conical scans is illustrated in
Figure 2.7. The melting layer is identified as wet snow (light green) and separates
dry snow and rain in the stratiform part of the storm. In the storm’s convective part,
graupel is shown in yellow and hail in pink. Hail is detected aloft (two small areas)
and likely melts completely before reaching the ground. Biological scatterers are
recognized in the boundary layer ahead of the storm at the distances beyond 95 km
from the radar for this case.

In a modified version of the WSR-88D HCA, the class “rain mixed with hail”
was split into three separate size categories of small, large, and giant hail [25-27].
The term “small hail” is used for size smaller than 2.5 cm, “large hail”—for
maximal sizes between 2.5 and 5.0 cm, and hail in excess of 5.0 cm is considered
“giant.” The corresponding module in the WSR-88D HCA algorithm is called
“Hail Size Discrimination Algorithm” (HSDA). The HSDA primarily capitalizes
on the fact that the magnitudes and vertical profiles of Z, Zpg, and py, in the rain/
hail mixture below the freezing level depend on the dominant size of hail under-
going melting.

Polarimetric radar detects tornado efficiently because lofted tornadic debris
typically has large size, irregular shape, nearly random orientation, and high
dielectric constant that produce high Z, low Zpg, and anomalously low py, that
distinguish it from meteorological scatterers. The original WSR-88D HCA algo-
rithm [125] was modified by Snyder and Ryzhkov [23] to add a tornado class or
“tornadic debris signature” (TDS). Identification of tornado requires some estimate
of vertical vorticity, which is accomplished by adding azimuthal wind shear as an
input variable to the classification scheme.

In deep convective storms, their ability to produce large hail or heavy pre-
cipitation depends on the strength and size of a convective updraft. Fortunately,
such updrafts manifest themselves as the so-called “Zpg columns”—the appearance
of an upward extension of enhanced Zpr above the ambient 0°C level. The Zpr
column signature is attributed to partially frozen large raindrops lofted by the
updraft and water-coated graupel or hail which grow there [138]. Higher Zpg col-
umns signify stronger updrafts and their detection is crucial to estimate potential
severity of the storm. This motivated development of an automated Zpr column
detection algorithm for the operational WSR-88D [139].

The initial HCA algorithm implemented on the WSR-88D was developed for
warm-season weather and, therefore, required modification to address classification
issues related to transitional winter weather such as detection of freezing rain and
discrimination between rain, ice pellets/sleet, and different types of snow. Ordinary
warm rain and freezing rain have identical polarimetric characteristics and their
discrimination requires knowledge of ambient temperature that motivates
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Figure 2.7 Composite plot of Z, Zpg, pn,, and the results of classification in the RHI cross-section for the Oklahoma storm observed
by the KOUN radar on May 13, 2005. Overlaid solid horizontal lines indicate the top and bottom of the “true” melting
layer and dotted lines—the boundaries of the melting layer within the radar beam as functions of the distance from the
radar. From [125]. © American Meteorological Society. Used with permission.
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combining polarimetric radar data with information about vertical profiles of
temperature and humidity which can be retrieved from numerical weather predic-
tion (NWP) models. Ice particles generated at higher levels in the clouds undergo
various microphysical changes before they fall to the ground and these are different
for particles with different initial sizes. Their microphysical evolution can be
described in a framework of spectral bin cloud models that explicitly treat the
impact of depositional growth, sublimation, melting, refreezing, riming, and
aggregation separately for each size bin of the initial size distribution of ice aloft.
Such models of different complexity have been developed at NSSL/OU and serve
as a backbone for the so-called Spectral Bin Classifier (SBC) [140,141]. The SBC
algorithm was applied nationally (to many WSR-88Ds) and the fields of designated
precipitation types were compared to the observed types by public and recorded on
the meteorological Phenomena Identification Near the Ground (mPING; [142])
system (Figure 2.8). The mPING observations are made by citizens in multiple
locations across the US (left panels in Figure 2.8). The mPING reports and SBC
analyses (right panels in Figure 2.8) are very consistent in the three selected cases
of the transitional winter weather.

Various modifications of HCA focused on the identification of non-
meteorological radar echoes such as land and sea clutter, biota, military chaff,
smoke plumes, dust storms, and volcanic ash are described in the monograph [4].

A series of alternative fuzzy logic hydrometeor classifiers has been devised at
the CSU [121,126,127,130,131]. The number of discriminated hydrometeor cate-
gories varies in different versions of classifiers. For example, Liu and Chandrasekar
[121] consider two categories of graupel (wet and dry) and hail (small and large).
Dolan and Rutledge [126,127] distinguish between low-density graupel (density
p < 0.55 g cm ) and high-density graupel (o > 0.55 g cm ) and treat vertically
aligned ice as a separate crystal category. Vertically aligned crystals characterized
by negative Zpr and Kpp indicate the regions of possible strong electric fields.
Thompson et al. [130] and Bechini and Chandrasekar [131] consider dendrites as a
separate hydrometer class. The classifiers at all three microwave frequency bands,
S, C, and X are explored by Al-Sakka ef al. [129], Thompson et al. [130], and
Bechini and Chandrasekar [131]. Grazioli ef al. [143], Wen et al. [144,145], and
Besic et al. [146] suggest using cluster analysis for an objective determination of
the distinguishable classes of radar echo and for derivation of the membership
functions of polarimetric variables and the temperature. This approach, called
unsupervised or semi-supervised classification, avoids scattering simulations con-
ducted over an arbitrary defined number of hydrometeor classes.

2.5 Radar polarimetry and cloud microphysics

The utilization of polarimetric weather radars to optimize NWP models is a new
frontier of research. It is widely understood that inadequate microphysical para-
meterization schemes in NWP models are a primary source of forecast uncertainties
[147,148]. Due to its ability to distinguish between hydrometeors with different
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Figure 2.8 (a), (c), (e) mPING distributions of observed precipitation type for the
2-hour period surrounding the time indicated at the top of each panel,
and (b), (d), (f) the corresponding SBC analyses. In (b), (d), and (f),
only the areas with observed composite reflectivity larger than 0 dBZ
are shaded. From [140]. © American Meteorological Society. Used
with permission.
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microphysical habits and identify the “polarimetric fingerprints” of various
microphysical processes, polarimetric radar has emerged as an important source of
needed information.

Assimilation of polarimetric radar data into storm-scale NWP models can be
done either by comparing prognostic model variables with their retrieved radar
estimates or by converting the model output to the fields of polarimetric variables
and comparing these directly with radar observations. The first methodology
implies radar retrieval of the mixing ratios ¢; for different hydrometeor types (or
water and ice contents), median or mean volume diameter, and particle number
concentration. The second methodology requires use of the forward polarimetric
radar operators [149-152]. A comprehensive review of the forward polarimetric
radar operators can be found in [153].

Herein, we provide a brief overview of the microphysical and thermodynamic
retrievals using polarimetric radar data.

2.5.1 Microphysical retrievals

Multiparameter measurements available from dual-polarization radars provide
ample opportunities for the retrieval of key microphysical variables: rain or snow
rates, liquid or ice water contents, and particle size distribution parameters such as
the mean volume diameter or number concentration. The latest methodologies for
polarimetric microphysical retrievals are described in the monograph [4]
(Chapter 11) and in the review paper [153].

2.5.1.1 Radar microphysical retrievals in rain

Rain microphysical retrievals include the determination of rain rate R, liquid water
content LWC, mean volume diameter D,,, and total concentration of raindrops N,.
Novel methodologies for polarimetric radar rainfall estimation are described in
Section 2.4.1.1 of this chapter. Prior to the introduction of polarimetric radars, LWC
was estimated using only radar reflectivity Z. Such estimates are notoriously
inaccurate and sensitive to the variability of the raindrop size distribution. Much
better accuracy is achieved if either a combination of Z and Zpz or specific
attenuation A is used following radar relations optimized for DSDs measured in
Oklahoma at S band [153]

= 1. X B : .

LWC(Z) = 1.74 x 10732064 222
LWC(Z, Zpp) = 1.38 x 10737 x 1072437011225, -0.176Z},) (2.23)
LWC(A) = 1154 (2.24)

where LWC is expressed in g m™>, Z is in mm® m >, and Zpg is in dB. The
advantage of using the LWC(A) relation is that it is least sensitive to the DSD
variability and is immune to the biases of Z and Zpr measurements. Our analysis of
the errors in the radar estimates of LWC using a large disdrometer dataset in
Oklahoma shows that the fractional standard deviation (FSD) of the LWC(Z, ZpRr)
estimate is about 35% for LWC varying from 0.1 to 1.0 g m >. The LWC(4)
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relation yields FSD about two times lower—17%. A table listing radar relations for
LWC at S, C, and X bands is in [4] (Chapter 11).

Owing to the monotonic relation between raindrop size and oblateness, the
mean volume diameter D,, of raindrops, defined as the ratio of the fourth and third
moments of the DSD, or median volume diameter D, (which is very close to D,,) is
traditionally estimated from Zpgr. A summary of various proposed Dy(Zpgr) rela-
tions is in Chapter 11 of [4] for different radar wavelengths. Herein, we present two
popular Dy(Zpr) relations often used at S band:

Dy = 0.171Z3, — 0.725Z%; + 1.48Zpg + 0.717 (2.25)
suggested by Brandes ef al. [154] and
Dy = 0.0436Z3, — 0.216Z2;, + 1.08Zpg + 0.659 (2.26)

from Cao ef al. [155]. In (2.25) and (2.26), Dy is in mm and Zpy is in dB. Relations
(2.25) and (2.26) were obtained using disdrometer measurements in Florida and
Oklahoma. These two estimates are relatively close and can be utilized inter-
changeably. However, all rain retrieval relations may need some minor modifica-
tions depending on a climate region. It would be a good practice to check the
validity of the suggested relations in a concrete geographical region where sizeable
DSD datasets exist and modify these if needed. The total number concentration of
raindrops ; (in units of number per L) can be estimated from the combination of Z
and ZpR as

log(N,) = —2.37 + 0.1Z — 2.89Zpg + 1.28Z3, — 0.213Z3, (2.27)

where Z is expressed in dBZ and Zpy is in dB.

The standard deviation of the estimates Dy(Zpr) in (2.25) and (2.26) increases
with D, but the fractional standard deviation (FSD) is constant at about 10%. The
standard deviation of the log(¥;) estimate is about 0.3 for the majority of DSDs and
tends to be larger for very high [log(®,) > 3] and very low [log(#,) < 1] raindrop
concentrations.

2.5.1.2 Radar microphysical retrievals in ice and snow

Recently, substantial progress has been made in microphysical retrievals of ice and
snow from polarimetric radar data. Two sets of relations for estimation of ice water
content (/WC) and mean volume diameter D,, have been suggested. The first set
proposed by Ryzhkov and Zrni¢ [4] is:

K

IWC = 4.0 x 1073 D"’l_ (2.28)
1— 2,
Z(1 =z N\ 2

D= —0.1 + 2.0( (KDp/ldr )> (2.29)
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and the second described in Bukovcic ef al. [117,118] is:

IWC(Z, Kpp) = 3.3 x 1072 (KppA) "7 203 (2.30)

7 \13
Dm=0.67(KDM> . (2.31)

The first set of equations benefits from being immune to variations of snow-
flake shape and orientation but is sensitive to the degree of riming and is prone to
possible Zpr miscalibration biases. The second one does not use Zpg but is sensi-
tive to the variability of particles’ shapes and orientations. The total concentration
if ice N, can be found as

log(N;) = 3.69 + 2log(IWC) — 0.1Z(dBZ), (2.32)

where N, is in L' and IWC is in g m .

It is convenient to display the results of radar microphysical retrievals in the Quasi-
Vertical Profiles (QVP) format. The QVP profiles are obtained via azimuthal averaging
of the polarimetric variables and derived microphysical attributes at high antenna ele-
vation angles to significantly reduce statistical errors of estimates [156,157]. The QVPs
from individual volume scans stacked in a height versus time format represent the ver-
tical microphysical structure of the storm and its temporal evolution clearly. While the
QVP is a radar-centric product, the Columnar Vertical Profiles (CVP) product represents
the evolution of the vertical profiles of the polarimetric radar variables and retrieved
microphysical parameters LWC/IWC, D,,, and N, within the column centered at an
arbitrary distance from the radar [158]. The examples of the CVP microphysical products
from two landfalling hurricanes, Harvey and Florence, are displayed in Figure 2.9 [159].

Hu and Ryzhkov [160] built a climatology of the vertical profiles of LWC /
IWC, D,,, and N, for three different types of weather systems: hurricanes, con-
tinental, and marine mesoscale convective systems (MCS) using polarimetric data
collected by a multitude of WSR-88Ds from dozens of events in each category.
Such climatology reveals significant microphysical differences between hurricanes/
marine MCS and continental MCSs with tropical systems characterized by higher
concentrations and smaller ice particles compared to the continental storms. This
information can serve as an observational reference for cloud modelers. The
retrieval relations (2.28)—(2.32) will likely be refined in the course of further
research via comparison with in situ microphysical probes’ measurements at the
ground and onboard research aircrafts [158,161].

2.5.1.3 Dual-frequency microphysical retrievals

The dual-frequency or triple-frequency microphysical retrievals capitalize on the
difference between reflectivity factors at different radar frequencies or wave-
lengths. They are based on the fact that the hydrometeors scatter in the Rayleigh
regime at longer wavelengths and the resonance scattering takes place at shorter
wavelengths. As a result, reflectivity Z is usually higher at longer wavelength and
the difference between reflectivity factors at longer and shorter wavelengths is a
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Figure 2.9 Columnar Vertical Profiles (CVP) of retrieved LWC/IWC, D,,, and N,
for the hurricanes Harvey and Florence. From [159]. © American
Meteorological Society. Used with permission.

good measure of the characteristic size of hydrometeors. Needless to say that the
dual-wavelength ratio (DWR) or dual-frequency ratio (DFR) should be used for
estimation of the mean particles size after the difference in attenuation at the two
radar wavelengths is taken into account.

Historically, the dual-wavelength ratio between S-band and X-band reflectiv-
ities was first utilized for the detection of hail and estimation of its size [162]. Later
on, the primary focus of multifrequency radar studies shifted toward estimation of
the key microphysical parameters of snow and ice such as snow rate and char-
acteristic size of snowflakes [163—168].

A dual-frequency precipitation radar (DPR) operating at Ku and Ka bands is
deployed onboard the Global Precipitation Measurement (GPM) Core Observatory
satellite. Its primary goal is to infer precipitation rate and raindrop/particle size
distributions. A more detailed information about DPR algorithms and observations
can be found in [169].
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2.5.2 Thermodynamic retrievals

Hydrometeors undergoing a phase transition exchange latent heat with the envir-
onment and these diabatic processes are a fundamental driver of atmospheric
motion across a range of spatial and temporal scales. Condensation of water vapor
in convective updrafts releases latent heat and drives convection by increasing
buoyancy. Riming/accretion and refreezing represent another source of latent heat
release that warms the environment. Evaporation and sublimation cool and moisten
the environment, whereas depositional growth of ice results in warming and drying.
Melting of hydrometeors also causes cooling of the environment and, combined
with evaporation and precipitation loading, may produce strong downdrafts asso-
ciated with “cold pools” and microbursts. Polarimetric radar variables are very
sensitive to the phase transitions of hydrometeors and thus can be very useful for
thermodynamic retrievals in addition to the microphysical retrievals.

Carlin ef al. [141,170] and Carlin and Ryzhkov [171] suggested a new para-
digm of using polarimetric radar data for thermodynamic retrievals of warming
and cooling rates associated with latent heat release and absorption. Carlin ef al.
[170] demonstrated that the use of Zpr columns as proxies for convective updrafts
has advantages for radar data assimilation compared to utilization of Z. One
common technique of reflectivity assimilation is through cloud analysis by
inserting temperature and moisture increments as well as hydrometeors deduced
from Z via empirical relations to induce and sustain updraft circulations. In the
study of Carlin ef al. [170], the Advanced Regional Prediction System’s (ARPS)
cloud analysis was modified from its original Z-based formulation to adjust
moisture and latent heat based on Zpr columns. In another study, Carlin et al.
[141] demonstrated the utility of the polarimetric radar measurements coupled with
the 1D bin microphysical model for predicting the onset of snowfall at the ground
with a lead time up to six hours. Such a forecast was possible due to the accurate
prediction of the moistening of the atmospheric surface layer caused by sublima-
tion of falling snow.

2.6 Concluding remarks

The basic principles for the utilization of Doppler polarimetric radars in meteor-
ology were laid down during the period from 1970 to 1995 [1]. Next 25 years were
marked by a rapid acceleration of the polarimetric radar studies and transition of
research to operations. This was a result of collective efforts of several scientific
teams around the world that used sophisticated research polarimetric radars some of
which were uniquely designed to measure the full polarimetric covariance matrix.
At the turn of the century, the scheme for simultaneous transmission/reception of
horizontally and vertically polarized waves was introduced and accepted as the
most practical for operational applications.

The first research polarimetric radars operated mainly at S and C bands to
minimize the impact of attenuation. However, smaller-size and less expensive
shorter-wavelength polarimetric radars operating at X band (and even at Ka and W
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bands) were massively introduced and utilized for weather observations during the
first and second decades of the century. This was possible (at X band) owing to
effective polarimetric techniques for attenuation correction based on the measure-
ments of differential phase.

Numerous demonstrated advantages of polarimetric weather radars like QPE
improvement, ability to discriminate between different types of precipitation, tor-
nado, and hail detection convinced decision-makers at national weather services to
start massive polarimetric upgrade of the operational weather radars around the
globe. This transition was spearheaded by the US NWS via modernization of its
network of the WSR-88Ds.

Although weather radar polarimetry has already matured as a discipline in the
research and operational domains, its further refinements and novel applications are
underway. On a technological side, these include the low-power solid-state radars
to complement large surveillance weather radar networks and development of
phased array polarimetric weather radars. On a basic research side, a more active
use of polarimetric radar data is anticipated via assimilation into NWP models and
in better microphysical parameterization of cloud models. This will be accom-
plished via polarimetric microphysical and thermodynamic retrievals.

List of acronyms/abbreviations

A Specific attenuation (dB/km)

ASOS Automated Surface Observing Systems
c Speed of light

CDR Circular depolarization ratio (dB)
Ccvp Columnar vertical profiles

D Equivolume diameter

D, Median volume diameter

D Mean volume diameter

DFR Dual-frequency ratio (dB)

DSD Drop size distribution

DWR Dual-wavelength ratio (dB)
DYNAMO DYNAMics of the Madden-Julian Oscillation
F, Shape factor

F, Orientation factor

fMAE Fractional mean absolute error

HCA Hydrometeor classification algorithm
HSDA Hail size discrimination algorithm
IWC Ice water content

JPOLE Joint POLarization Experiment
Kpp Specific differential phase (deg/km)
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LDR Linear depolarization ratio (dB)

LWC Liquid water content (g/m?)

MAP Mesoscale Alpine Program

MCS Mesoscale convective system

MCTEX Maritime Continent Thunderstorm Experiment
MRMS Multi-radar multi-sensor platform

N(D) Particle size distribution

N¢ Total number concentration (1/L)

p Atmospheric pressure

PIA Two-way path-integrated attenuation (dB)
PSD Particle size distribution

QPE Quantitative precipitation estimation
Qvp Quasi-vertical profiles

R Rain rate (mm/h)

RICO Rain In Cumulus over Ocean

S Snow water equivalent (mm/h)

SCSMEX  South China Sea Monsoon EXperiment
TDS Tornadic debris signature

TIMREX  Terrain-Influenced Monsoon Rainfall EXperiment
v Doppler velocity (m/s)

VPR Vertical profile of reflectivity

WSR-88D  Weather Surveillance Radars 1988 Doppler
Z Radar reflectivity (dBZ)

Zpr Differential reflectivity (dB)

Zar Differential reflectivity in linear units

Z; Radar reflectivity of ice

Z Radar reflectivity of snow

Z,, Radar reflectivity of water

a Ratio A/Kpp

o] Ratio App/Kpp

P4 Dielectric constant

& Dielectric constant of solid ice

& Dielectric constant of snow

Ew Dielectric constant of water

p Particle density

Phv Cross-correlation coefficient

Pi Density of solid ice

Ps Density of snow
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o Radar cross-section

oy Doppler spectrum width

A Radar wavelength

T Radar pulse length

Ppp Total differential phase (deg)
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Chapter 3

Developments in solid-state weather radar

Stephen J. Frasier' and Luca Facheris®

3.1 Introduction

Since the initial development of microwave radar, enabled by the invention of the
magnetron, most radar systems have relied upon vacuum tube technologies for their
high power sources. Even today, devices such as the magnetron, klystron, and
traveling wave tube (TWT) serve in the vast majority of operational radar systems
for surveillance and navigation. All tube technologies are characterized by high
operating voltages, typically a few to several kilovolts, which are necessary to
support an electron beam flowing from cathode to anode. Interactions of this
electron beam with resonant structures in the tube and, in the case of the klystron
and TWT, with an input radio frequency (RF) signal, yield the high power output.
Tubes are noteworthy for relatively high reliability, but they have a finite lifetime
dictated by the depletion of the cathode as a source of electrons.

Solid-state sources, on the other hand, are characterized by low to moderate
operating voltages, typically tens of volts, and comparatively high operating cur-
rents (or current densities within the semiconductor material). Solid-state sources
do not have finite lifetimes as do the tube technologies, at least in principle, and the
lower operating voltages imply a higher degree of safety and reliability.

The rise of solid-state weather radar coincides with research into networks of
short-range radar systems as a means to better monitor the atmospheric boundary
layer [1]. In such networks, maximum range is limited to around 50 km or less so as
to avoid earth curvature and terrain blockage issues. The limited range permits the
deployment of smaller, less costly radar systems often operating at X-band.
Demonstration networks such as those of the CASA project deployed in Oklahoma
[2] and in Dallas-Fort Worth, Texas [3] have shown the benefit of such regional
networks. Similar X-band networks have been deployed in mountainous regions of
France [4] and in coastal regions of Italy [5]. These recent networks have still relied
primarily on magnetron-based transmitters (the Dallas-Fort Worth network
employs a mix of magnetron and solid-state radars). Nonetheless, these networks
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have spurred industry interest to develop both solid-state weather radar systems
[6-8] and subscription-based services based on ground-based and spaceborne
solid-state radar technology [9,10].

Solid-state technology is also key to the development of phased-array radars
which are now being developed and evaluated for meteorological applications
[11-14]. These radars realize their transmit power through the combination of
hundreds to thousands of individual radiating elements. Each element is driven by a
transmit/receive (TR) module containing a small power amplifier (PA) for trans-
mission, a low noise amplifier (LNA) for reception, and a circuit for amplitude and
phase control.

In this chapter, we describe the salient properties of solid-state weather radars.
We begin with a summary of the state of the art in solid-state power sources and
related enabling technologies. We then survey known solid-state radar systems and
describe the methods necessary to realize systems with sufficient sensitivity for
weather applications.

Tube-based technologies are capable of high peak power, which is desirable
for radar. Typical peak power levels range from tens to hundreds of kiloWatts,
whereas for solid-state sources, typical power levels range from tens to hundreds of
Watts. We will show that radar sensitivity is fundamentally dictated by pulse
energy. Because the peak power of a solid-state transmitter is substantially lower
than that of a tube, the pulse energy must come from the pulse-duration rather than
from its amplitude. Normally, a longer pulse implies coarser range resolution. In
order to retain range resolution, the pulse must be modulated to occupy a band-
width concomitant with the desired resolution, and a technique known as pulse
compression must be employed to realize the desired resolution. We describe
several aspects of pulse compression that must be dealt with in weather radar
applications. Finally, we also consider alternatives to the conventional pulse-
compression radar, namely the frequency-modulated continuous-wave (FMCW)
radar and the use of quadratic phase coding to realize high duty cycle.

3.2 Enabling technologies

3.2.1 Solid-state sources

Because solid-state sources employ lower operating voltages, they operate with much
higher current densities within the semiconductor material. Any losses within the
material generate heat, and dissipating or removing the heat is the principle difficulty in
realizing high power levels. Indeed, most of the weight and volume of a high-power
solid-state amplifier is taken up by cooling through heat sinks, fans, and possibly liquid
circulation. Figure 3.1, reproduced from [15], summarizes the power generation cap-
abilities versus frequency for several semiconductor technologies.

The most common and least expensive semiconductor technology, silicon-based
complementary metal-oxide-semiconductor (CMOS), is generally too lossy at
microwave frequencies to be effective for high-power operation. Laterally diffused
metal-oxide-semiconductor (LDMOS) is a planar silicon technology widely used for
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Saturated Output Power vs. Frequency (All Technologies)
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Figure 3.1 Summary of saturated output powers for various solid-state
technologies as of July 2019 (from [15], © 2020 reproduced by
permission of H. Wang).

mobile network base stations at the lower end of the microwave frequency range
[16]. Lower loss semiconductors at microwave frequencies include II1I-V compounds
such as gallium arsenide (GaAs) and indium phosphide (InP) for millimeter-wave
applications. These compounds are comparatively expensive to silicon.

In applications such as phased-array radars, it is desirable to integrate both
digital and analog functions into a single monolithic microwave integrated circuit
(MMIC) chip that can be deployed near the individual antenna elements. Silicon-
Germanium (SiGe) has been proposed for applications not requiring high power as
it permits slightly higher power than CMOS and the possibility of integration with
digital circuits controlling components such as phase shifters and variable
attenuators [17]. SiGe transmit-receive MMICs have been incorporated into phased
arrays designed for manufacturabilty [18] such as the X-band Skyler phased array
developed by Raytheon [19-21]. CMOS control chips are proposed for use in a C-
band phased-array weather radar [13]. In these applications, it is possible to use
these lower-cost, lower-performance technologies because the transmit power is
distributed among thousands of low-power TR-modules. Figure 3.2 illustrates two
examples of TR-modules. The first is an X-band circuit card employing discrete
components including a 2W GaAs PA, LNA, switches, and a common leg circuit
(CLC) containing the amplitude and phase control. The signal is routed through the
CLC on both transmission and reception. The second is the block diagram for the
first generation of a SiGe MMIC chip incorporating all the same functions. The PA
for this TR chip produces 100 mW.

For more conventional weather radar architectures employing reflector anten-
nas, affordable high-power microwave amplifiers are a relatively recent develop-
ment enabled principally by advances in gallium nitride (GaN) technology.
Amplifiers based on high electron mobility transistor (HEMT) in GaN producing
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Figure 3.2 Annotated photo (top) of a TR-module for the UMass Phase-Tilt
Weather Radar, an X-band phased array with 64 active elements.
Block diagram (bottom) of a mixed-signal SiGe MMIC chip for the
X-band Skyler radar developed by Raytheon (from [22] © 2014
Raytheon Company, used with permission of Raytheon Intelligence
and Space).

hundreds to thousands of Watts are now being offered as replacements for
traveling-wave-tube amplifiers. In the mm-wave range, GaAs amplifiers produce
tens of Watts [23].

3.2.2 Digital transceivers and software radio technology

Another enabling technology is related to the advancement of digital signal genera-
tion and signal processing. The ability to generate precisely controlled waveforms
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did not really materialize until the 1990s with the advent of commercially available
direct digital synthesizers (DDSs) and arbitrary waveform generators (AWGs). Prior
to this time, the generation of pulse-compression waveforms, particularly frequency-
modulated waveforms, required either agile voltage-controlled oscillators or surface
acoustic wave (SAW) or bulk acoustic wave (BAW) devices. It is now commonplace
to specify a transmit waveform simply as a sequence of digital samples which are
played through a high-speed digital-to-analog converter (DAC). On the receiver side,
advances in analog to digital conversion and in programmable logic devices such as
field programmable gate arrays (FPGAs)) have made the digitization and subsequent
processing of digital signals at the intermediate frequency of the receiver more
common. The current state of the art is the so-called “Radio Frequency Systems on a
Chip” (RFSoCs) that incorporate analog functions such as amplification and fre-
quency conversion tightly coupled with the FPGA [24]. These currently offer
essentially direct sampling of RF signals up to C-band frequencies.

Most recently, the proliferation of software radio platforms and open-source
standards have enabled the easy generation and processing of almost any desired
waveform [25]. When connected to a standard personal computer or server via
ethernet, software radio devices provide the necessary real-time interface for cap-
turing radar signals without the need for a real-time operating system on the
computer. Often, both transmit and receive functions are incorporated in a digital
receiver/exciter (DREX), i.e., in a single unit operating at the radar’s intermediate
frequency (IF). Finally, advances in CPU technology have ensured the real-time (or
near real-time) post-processing of radar data routine.

A typical solid-state weather radar block diagram is depicted in Figure 3.3. It
consists of a DREX that produces the transmit waveform at the radar’s intermediate
frequency. Frequency conversion from baseband (I and Q) waveforms to the
intermediate frequency is achieved through digital upconversion with a numeri-
cally controlled oscillator (NCO). The waveform is further upconverted to micro-
wave frequency using the radar’s stable local oscillator (STALO), amplified by a
solid-state power amplifier (SSPA), and transmitted. Received signals are down-
converted to the intermediate frequency where they are directly sampled by an
analog-to-digital converter (ADC). Digital samples are further filtered and down-
converted to baseband in-phase and quadrature samples that are recorded or further
processed by a conventional CPU. Pulse compression may be implemented within
the DREX or it may be performed on the host computer CPU. Within the DREX,
everything to the left of the DAC and ADC in Figure 3.3 may be implemented in an
FPGA that is programmable using a language such as Very High Speed Integrated
Circuit (VHSIC) Hardware Description Language (VHDL). For RFSoCs, the
dividing line between analog and digital functions moves to the right, between the
frequency conversion stage and the RF front-end.

For active phased-array radars, the transmit power is distributed among many
lower power TR-modules, one at each element. For radars employing a reflector
antenna, the only significant difference from a tube-based radar is the presence of a
SSPA in place of the tube, as most modern weather radar systems now incorporate
digital IF transceivers.
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Figure 3.3  Principal components of a modern solid-state weather radar

3.3 Survey of solid-state weather radar

Table 3.1 shows a representative, though incomplete, list of solid-state weather
radar systems as of this writing. Notably absent from the table are commercial
aviation weather avoidance radars, as we focus here on ground-based and airborne
research and operational radar systems. The systems listed are grouped according
to the type of antenna or modulation used. The first grouping is all phased-array
weather radar systems, a few of which are currently in development. At S-band, the
Advanced Technology Demonstrator (ATD) is a dual-polarized phased-array test-
bed developed by MIT Lincoln Laboratories and operated by the NSSL of NOAA
[11]. A prototype all-digital S-band phased-array architecture is under development
at the University of Oklahoma [27]. At C-band are a ground-based mobile phased-
array [13] and an airborne phased array targeted for the National Science
Foundation’s C-130 aircraft [14]. Both of these systems are currently in develop-
ment. At X-band, the University of Massachusetts developed a dual-polarized
phased-array with electronic scanning in one dimension [12], and Raytheon has
developed a two-dimensional scanning dual-polarized phased array [19]. Toshiba
and Osaka University have also developed phased-array architectures in single and
dual-polarization with electronic-scanning in the elevation plane [29].

In all of these phased-array architectures, the transmit power is distributed
among many elements, each driven by a TR module. Each module contributes a
small amount to the total transmitted power, from several milliWatts to a few
Watts. These phased arrays are referred to as “active” or Active Electronically
Scanned Arrays (AESAs). The active array stands in contrast to the passive array,
where a single high-power amplifier drives an array consisting only of passive
components (phase shifters and couplers). The predecessor to the Advanced
Technology Demonstrator at the National Weather Radar Testbed, a modified
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Table 3.1 A survey of solid-state weather radars (as of 2022)

System Developer Band  Status Ref
Phased Arrays

ATD! NOAA-NSSL/MIT-LL S Research [11,26]
HORUS U. Oklahoma S In development  [27]
CPAIR? ” C ” [13]
APAR>* NCAR C » [14]
CPPAR? U. Oklahoma/NOAA-NSSL C Research [28]
PTWR? U. Massachusetts X ” [12]
Skyler Raytheon/U. Massachusetts X Res./Comm. [19,21]
PAWR® Toshiba/Osaka U. X ” [29]
Reflectors

PX-1000 U. Oklahoma X Research [30]
IWRAP’ U. Massachusetts/NOAA C,Ku ” [31]
HIWRAP®“ NASA-GSFC KuKa 7 [32]
CRS”™ ” W » [23]
DPR'%* JAXA (Japan) KuKa ” [33]
RainCube® NASA-JPL Ka ? [34]
Ranger EEC X Commercial [8]
SSWR Toshiba (Japan) CX ” [6]
GMWR-SST Gamic (Germany) X ” [7]
Rainwatcher JRC (Japan) SCX 7 [35]
WRS400 Vaisala (Finland) X ” [36]
WRX-100 BIRM (China) X ? [37]
E700 PDR EWR X ? [38]
WR2120 Furuno (Japan) X ” [39]
FMCW/QPC

S-Band FMCW  U. Massachusetts S Research [40,41]
IDRA" Delft U. Tech. (Netherlands) X ” [42]
QX-120 MetaSensing (Netherlands) X Commercial [43]
MRR!? METEK (Germany) K Res./Comm. [44]
BASTA" LATMOS/Meteomodem (France) W ” [45]
KPR U. Wyoming/ProSensing Ka ” [46]

! Advanced Technology Demonstrator, 2C-band Polarimetric Atmospheric Imaging Radar, >Airborne
Phased-Array Radar, *Cylindrical Polarimetric Phased-Array Radar, *Phase-Tilt Weather Radar,
®Phased-Array Weather Radar, Imaging Wind and Rain Airborne Profiler, *High-Altitude Wind and
Rain Airborne Profiler, °Cloud Radar System, '°Dual-frequency Precipitation Radar, ''IRCTR Drizzle
Radar, '*Micro Rain Radar, *Bistatic Radar System for Atmospheric Studies, '*Ka-band Precipitation
Radar, a denotes airborne, s denotes spaceborne

SPY-1A radar, is an example of a passive phased array. While the passive array
provides all the capabilities of rapid and arbitrary scanning, the high-power
amplifier remains a single point of failure. Active arrays are more robust as they
can tolerate the failure of a few to several elements and are said to degrade
gracefully.

The second grouping in Table 3.1 all use reflector or flat-plate antennas and
therefore employ much higher power solid-state transmitters than do the active
phased-array systems. These systems employ a single transmitter typically of
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hundreds of Watts. The majority of commercially available solid-state weather
radars fall into this category. The NASA radars are all airborne or spaceborne
systems with nadir or near-nadir pointing and typically with tens of Watts of
transmit power.

All of the radars in the first two groups are pulsed, and with the exception of
the DPR radar, all of them employ pulse compression which we discuss in the next
section. The final grouping is radars that are not pulsed in the usual sense but rather
use frequency or phase modulation as a means to increase their average power.
These are generally vertically profiling instruments, although the IDRA and QX-
120 radars scan horizontally. We discuss frequency and phase modulation techni-
ques later in this chapter.

3.4 Peak and average power considerations

To understand the practical operation of solid-state radars, it is necessary to
understand the underlying sensitivity requirements. The sensitivity of a monostatic
radar is often expressed in terms of the single-pulse signal-to-noise ratio (SNR),

P,G*N*o

SNR; = ——
(47) R [k(Tant + Trec)B]

3.1

where P, is the peak transmitted power, G is the antenna gain (the same antenna is
assumed for transmission and reception), 4 is the radio wavelength, R is the range,
and o is the target’s radar cross-section.* The term in square brackets in the
denominator is the equivalent receiver noise referred to the antenna terminals,
where k is Boltzmann’s constant, 7,,, is the radiometric temperature sensed by the
antenna in Kelvins, 7., is the radar receiver’s noise temperature or the equivalent
radiometric temperature produced by the receiver electronics, and B is the receiver
bandwidth.

For rectangular pulses without any other modulation, the SNR is optimized if
the receiver bandwidth is approximately the reciprocal of the transmitted pulse
length, B ~ 1/T, where T is the pulse length. Employing this, (3.1) can be rewritten
as

(P.T)G*A*o
(47) R (Toms + Tree)

R = (3.2)

where the quantity P,T is the transmitted pulse energy, E,. Thus, for a given
antenna and receiver, it is the pulse energy that fundamentally dictates the single-
pulse sensitivity of the radar.

*In this form, the equation implicitly assumes the target is a “point target.” For volume targets such as
hydrometeors, the radar cross-section incorporates both the volume reflectivity and the illuminated
volume, o = nV. For the purposes of this development, we will retain the point target form.
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A single pulse is nearly useless in practice, due to the fluctuating nature of
most radar targets. Typically, several pulses are combined or integrated to improve
detectability. In the microwave range, radars require multiple pulses in order to
measure the Doppler frequency shifts of moving targets. If the pulse returns are
combined coherently (including both magnitude and phase information), then the
SNR is improved at most by the number of pulses integrated, SNRy < N - SNR;.
The number of pulses available to integrate in this way is dictated by the dwell
time, 7, which itself may be determined by the radar antenna’s scan rate or by the
rate of fluctuation of the target. The number of samples available to integrate
during the dwell time is N = f,T,;, where f, is the pulse rate of the radar.
Incorporating these expressions, we obtain

sNRy < PBTIT] G*)’o

T (A7) R (Tans + Thee) (3.3)

where now the term in square brackets in the numerator represents the total energy
of the N pulses. The product f,7 is the duty cycle of the transmitter or the fraction
of time that the transmitter is on. Multiplying this by the peak power, one obtains
the average power transmitted over time, P,,. = Pf,T. Thus, for a given dwell
time, the SNR depends upon the average transmitted power, and further, for a given
peak power, the SNR depends upon the duty cycle of the radar.

The duty cycle of a tube-based radar transmitting high-power unmodulated
pulses is typically quite low. Often, the duty cycle is of the order of 0.1%. For
example, a 25 kW peak-power magnetron with a 0.1% duty cycle has an average
power of 25 W. To achieve a comparable average power, solid-state weather radars
must operate with a substantially higher duty cycle, of the order of 10% or more.
For example, a solid-state power amplifier with peak power of 250 W operating at
10% duty cycle also has an average power of 25 W.

To summarize, (3.2) indicates that single-pulse sensitivity is fundamentally
dictated by pulse energy, while (3.3) indicates that N-pulse sensitivity is dictated by
the total energy of the NV pulses which may be expressed as average power times the
dwell time. In the former case, sensitivity is improved by lengthening the trans-
mitted pulse. In the latter case, sensitivity is improved either by lengthening the
transmitted pulse or by increasing the pulse rate (or both). Most of the remainder of
this chapter focuses on pulse compression, which is based on the lengthening of the
pulse to increase the average power. At the end of the chapter, we consider an
alternative method which is based upon increasing the pulse rate.

3.5 Pulse compression and the matched filter

Increasing the pulse energy implies lengthening the transmitted pulse. Doing so
however results in a degradation of the radar’s range resolution. The range reso-
lution of a radar is usually characterized by its ability to discriminate between two
closely spaced targets, and this is dictated by the pulse length. Because of the
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round-trip propagation of the pulse upon reflection by a target, the range resolution
is half of the radar’s pulse length as it propagates through space,

Ar =" (3.4)

where Ar is range resolution, ¢ is the speed of light, and 7 is the pulse length. A
more general definition of the radar range resolution, however, is written in terms
of the pulse bandwidth, B,

C

Ar=—.
2B

(3.5)
The idea of pulse compression is to transmit long, modulated pulses that occupy a
desired bandwidth, and to process the received pulses in a way that exploits both the full
energy of the pulse, which comes from the duration and the full bandwidth of the pulse,
which defines the range resolution. The key to this is the so-called matched filter.

The matched filter originally attributed to North [47] is the filter that max-
imizes the instantaneous SNR at the filter output at a given instant in time. The
derivation can be found in many texts [48] and involves the maximization at a
desired time instant 7 of the ratio

s P

5 (3.6)

where s,(¢) is the real signal at the filter output and P, is the noise power also at the
filter output. The numerator and denominator can both be expressed in terms of
their Fourier transforms
s H )P | (3.7)
X = lo'e} N
No/2 [ IH ()P df

where S;(f) is the Fourier transform of the signal at the filter input (assumed not
affected by Doppler and therefore proportional to the transmitted signal), H(f) is
the filter transfer function yet to be determined, and Ny/2 is the (double sided)
noise power spectral density. At this point, the derivation makes use of the Schwarz
inequality applied to the numerator,

2 00 -
<| s i 69

| sominera

where the left-hand side is maximized (equality holds) when the filter transfer
function is chosen to be H(f) = S;(f)e 7", In the time domain, the filter’s
impulse response is the time reverse of the input waveform, A(z) = s;(f — 7). With
this choice for H(f), the ratio in (3.7) reduces to
00 2
o ISi)af

x= TN (3.9

where the numerator is recognized as the signal energy applied to the filter input.
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While the matched filter maximizes the SNR at the desired time instant, that is
the only constraint in its design. The filter does not preserve the transmitted signal’s
shape in any way. In the time domain, the filter output is expressed as the convolu-
tion of the input signal and the filter’s impulse response. The convolution operation
itself involves the time reverse of either the input signal or the impulse response,

so(t) = J si(t)h(t — 1)dr. (3.10)
Because the impulse response of the matched filter is already the time reverse
of the desired signal, the matched filter output becomes

(o)

5olf) = J si(2)silt + T)dv G.11)
o0

which can be recognized as the deterministic autocorrelation function of the input

waveform. Thus, convolution with a matched filter and correlation with a copy of

the waveform are mathematically equivalent.

Herein lies the key aspect of pulse compression. A long-duration pulse is
transmitted which has been modulated in a way to occupy the desired bandwidth.
Upon reception, the matched filter “compresses” the long-duration pulse yielding
an output waveform which is the autocorrelation of the transmitted waveform. The
effective length of the compressed pulse is approximately the reciprocal of its
bandwidth, Tz ~ 1 /B. Because energy is conserved, the energies of the input and
output pulses are equal, so the peak power of the compressed pulse must increase.
This increase in effective power is called the compression gain and is given by the
ratio of the actual pulse width transmitted, 7, to the effective pulse width, Ty,
output by the matched filter, G. = T/T.y ~ BT. Thus, the compression gain is
approximately given by the time—bandwidth product of the transmitted waveform.
Note that for unmodulated, simple pulse waveforms, the time—bandwidth product is
approximately unity. The conservation of pulse energy can be written as

Et == P,‘T - PIGCTQ,/. (3.12)

The first expression is in terms of the actual transmitted pulse width. In the
absence of pulse compression, the range resolution would be degraded with an
increased pulse length. The second expression is in terms of the effective pulse
width which retains range resolution and incorporates the compression gain.

Recognizing that the pulse compression gain is the product of the pulse length,
T, and the pulse bandwidth, B, it is important to reiterate that the sensitivity
improvement comes from the pulse length and not from the bandwidth. While
increasing the pulse bandwidth does indeed increase the compression gain, it also
reduces the compressed pulse length and requires that the radar receiver’s noise
bandwidth be increased as well. The result is an increase in receiver noise power
and no net improvement in sensitivity. The real improvement comes from the
increased pulse length, resulting in a higher duty cycle and higher average
transmitted power.
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A variety of modulation schemes may be employed to cause the pulse to occupy
a desired bandwidth. By far the most common method is linear frequency modulation
(LFM) or “chirp” modulation, where the instantaneous frequency of the pulse varies
linearly during the pulse duration. The term “chirp” alludes to the sound one might
hear if the waveform were an audible signal. This waveform also has the desirable
property that its performance is robust in the presence of Doppler shift [48].7

3.6 Range sidelobes and their reduction

While pulse compression methods increase the average power without sacrificing
range resolution, they have undesirable properties that must be addressed in a practical
weather radar. The most serious of these is the presence of so-called time sidelobes or
range sidelobes. These are most readily illustrated in the case of LFM waveforms with
large time—bandwidth products. Figure 3.4 shows properties of a chirp waveform. This
waveform has a rectangular envelope and a linearly varying frequency versus time
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Figure 3.4 Properties of a LEM waveform with bandwidth 1.5 MHz and duration
50 us: (a) real part of the chirp waveform, (b) instantaneous frequency
versus time, (c) power spectrum, (d) autocorrelation function.

Despite this fact, some of the early works on pulse compression for weather radar applications actually
employed phase coding techniques [49,50], as binary phase modulation was more readily implemented
on the weather radar hardware at the time.
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during the pulse, as indicated by the two upper panels of the figure. The power spec-
trum of the chirp waveform is approximately rectangular as shown in the lower left.
The matched filter output waveform, which is the autocorrelation function of the chirp,
can be expressed as the inverse Fourier transform of the power spectrum. Due to the
rectangular spectrum shape, the autocorrelation function will have the form of a sinc
function, or sin(x)/x, as illustrated in the lower right panel. The half-power width of the
compressed pulse is approximately the reciprocal of the bandwidth as expected.
However, there are sidelobes on either side of the peak, and in the case of a rectangular
spectrum, the first sidelobe is at a relative level of about —13 dB. These sidelobes are
undesirable, as they may mask other targets or features near the peak.

For weather radar applications, it is desired that the sidelobes be very low:
typically well below —50 dB. Indeed, weather radar presents one of the most
challenging applications of pulse compression. The weather signal has a high
dynamic range, with reflectivity variations of 30—40 dB within 1 km being a fre-
quent occurrence and sharp contrasts exceeding 55 dB on occasion. Very low
sidelobes are also necessary for nadir-looking airborne or spaceborne precipitation
and cloud radars, as near-surface atmospheric echoes compete with the sidelobes
from the very strong surface return [23,34,51].

The challenge of low sidelobes is compounded by the fact that the time—
bandwidth product for weather radars is often not particularly large (<100). So-
called Fresnel ripples in the spectrum of the chirp waveform (evident in
Figure 3.4c) limit the utility of conventional methods to reduce the sidelobes. In the
following sections, we outline several methods to address range sidelobes.

3.6.1 Windowing

The unacceptably high sidelobes of the compressed waveform arise in part from the
sharp gradient of the power spectrum at the band edges. The classical way to reduce
these is to modify the spectrum in some way to remove the sharp edges. This can be
done through a technique called windowing, where the matched filter is modified
so as to taper the spectrum, removing the sharp edges. By virtue of the chirp
waveform, the instantaneous frequency is linearly related to time within the pulse,
so a time weighting is equivalent to a frequency weighting. The impulse response
of the receiver filter can be modified to

h(t) = w(t)hy (1) (3.13)

where £,,(7) is the original matched filter (the time reverse of the transmitted
waveform) and w(7) is a window function that varies smoothly from zero at the
beginning to unity at the center and to zero at the end of the waveform. Technically,
once amplitude weighting is applied, this filter is no longer the matched filter.
However, in practice, it is not uncommon to refer to any impulse response that is
based on the time reverse of the waveform as a matched filter.

Many window functions have been proposed including [52] triangular (Bartlett),
Hamming, Hanning, Blackman, Kaiser—Bessel, Chebychev, and others commonly used
in applications such as spectral estimation. Table 3.2 summarizes the properties of a few
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Table 3.2 Properties of some common window functions

Window Peak Sidelobe (dB) Compressed Width ((B~!) SNR loss (dB)
Rectangular —13.2 0.88 0.0

Bartlett —26.5 1.27 —1.25
Hanning (von Hann) —31.5 1.44 —1.76
Hamming —43.7 1.30 —1.34
Blackman —58.2 1.64 —-2.37
Blackman-Harris' ~ —74.4 1.70 —2.54

'~74dB 3-term.

common window functions. Each of these provides a certain level of sidelobe sup-
pression as indicated by the peak sidelobe level (PSL). Because the amplitude weighting
shapes the spectrum, generally reducing its width, the compressed pulse broadens
slightly. The second column of the table expresses the half-power width of the com-
pressed pulse relative to the reciprocal of the bandwidth of the linear FM pulse. Lower
peak sidelobes generally come at the expense of increased broadening of the com-
pressed pulse. Some windows such as the Chebychev and Kaiser—Bessel are parametric
meaning they can be tuned to achieve particular sidelobe levels or main lobe widths.

The effect of windowing on the peak SNR at the output of the receiver filter is
most easily described in the case of a discrete-time filter with a finite (fixed length)
impulse response. Here, the loss in signal power relative to a rectangular window
can be estimated as

1[Nl 2
Li=v5 (Z w(n)) (3.14)

where N is the length of the filter (i.e. the number of samples of the time-reversed
waveform) and w(n) are the filter weights. This expression is the ratio of the total
energy obtained through coherent integration of the window (the square of the sum
of the weights) compared to that of a rectangular window.

The filter will also reject some of the input noise power. The loss in noise
power is given by

1=
Ly =~ w(n) (3.15)

which is the ratio of the total energy obtained through non-coherent integration of
the window (the sum of the squares of the weights) compared to that of the rec-
tangular window. The loss in peak SNR is just the ratio of these two,

Ne—1 2
M. (3.16)
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The signal experiences a greater loss than does the noise, so the SNR is
degraded by windowing. The last column of the table indicates the SNR loss of the
window. In determining sensitivity, this is to be subtracted from the compression
gain. As an example, a linear FM waveform with a time-bandwidth product of
100 has a compression gain of 20 dB. If a Blackman window is used upon recep-
tion, then the pulse compression gain is effectively reduced by 2.37 dB to 17.63 dB.

Shaping of the spectrum via amplitude weighting can be achieved in a few
different ways. Because most radar transmitters operate in saturation, it is usually
not feasible to shape the amplitude of the transmitted pulse. Therefore, it is more
common to apply weighting in the receiver alone. It should be noted that in the case
where weighting is applied both in transmission and reception, the window coef-
ficients in the above expressions should be replaced by the combined weighting by
transmitter and receiver, w(n) = w,(n)w,(n).

The performance of the window functions indicated in Table 3.2 is predicated
on the assumption of a rectangular input spectrum. For chirp waveforms, the use of
amplitude weighting, especially when implemented in the receiver alone, is gen-
erally unsuccessful in achieving adequate sidelobes for typical weather radar
applications. The problem is illustrated in Figure 3.5, where a Blackman window
has been applied to the LFM waveform of Figure 3.4. While the near-in sidelobes
close to the main lobe are suppressed to the expected level, the far-out sidelobes are
only suppressed to a level approximately equal to 20log(BT) as indicated in the
figure. The far-out sidelobes are observed to peak at a time lag of T/2 relative to the
center of the pulse.

The sources of these far-out sidelobes are the remaining Fresnel ripples that
exist throughout the spectrum. Some improvement is possible by applying

~20l0g(BT)
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Figure 3.5 Effect of amplitude weighting alone implemented in the receiver on the
LFM waveform of Figure 3.4 (left), and the resulting compressed pulse
(right). A Blackman window has been applied. The sidelobes close to
the peak are at the expected level, but the more distant sidelobes
increase to approximately —20log,o(BT).
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weighting also in transmission. For example, Tanner ef al. [51] demonstrated range
sidelobes of better than —55 dB with an airborne, nadir-looking rain radar. In their
case, they applied amplitude tapering also to the transmitted waveform, which
required operating their transmitter in the linear portion of its dynamic range,
thereby sacrificing some sensitivity.

3.6.2 Nonlinear frequency modulation

Because of the shortcomings of windowing, an alternative means of shaping the
spectrum is through nonlinear frequency modulation (NLFM). In this scheme, the
rate of change of the frequency, or the “chirp-rate,” is varied during the pulse. It is
rapid near the beginning and end of the waveform, corresponding to the band edges,
and slower in the middle, corresponding to the band center. Because the waveform
“spends more time” in the center of the bandwidth, more energy is contained there
compared to the band edges. Thus, the spectrum shaping is achieved.

The earliest treatment of NLFM was given by Cook and Paolillo [53] who
approached the problem as a predistortion of the LFM waveform presented to the
transmitter of high-power radars. Their analysis suggested a modification of the
instantaneous phase of the waveform would have a similar effect as an amplitude
modulation. The resulting instantaneous frequency modulation appeared as a piece-
wise linear FM rate. Since then, a number of nonlinear waveforms have been pro-
posed with chirp rates that are polynomial based [54—56], tangent-shaped [57], based
on Fourier series [58,59], or based on Bezier curves [60]. An example of a NLFM
waveform is shown in Figure 3.6, where the time-domain waveform, instantaneous
frequency, power spectrum, and autocorrelation are shown [59].

The primary advantage of the NLFM waveform is its ability to shape the spec-
trum, thereby improving range sidelobes, without resorting to amplitude weighting.
Despite this, most NLFM waveform designs still do resort to some form of amplitude
weighting. In most cases, the amplitude weighting is in the form of a Tukey window,
which is nearly rectangular but with a raised cosine-shaped taper at either end. The
waveform of Figure 3.6 employs such a Tukey window. The incorporation of modest
amplitude weighting aids in the design optimization, with only a slight penalty in
SNR loss, typically less than 0.5 dB. The modest windowing is justified as it mimics
the finite rise-time and fall-time of pulsed amplifiers.

Some NLFM waveform design approaches rely in part on the method of
“stationary phase” [53,58,59] which is used to obtain analytical expressions relat-
ing to the time-domain and frequency-domain representations of the modulating
waveform. The complex waveform, u(¢), that modulates the carrier is given by

. T T
u(t) =a(t)e?, — = <1< (3.17)
2 2
where a(t) is the amplitude, ¢(¢) is the phase, and T is the duration of the pulse
waveform. The autocorrelation function of u(7) can be expressed as

R(r) = jw U s, (3.18)
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Figure 3.6 Properties of a NLFM waveform from [59] with swept bandwidth of
2.2 MHz and duration 67 us: (a) real frequency and imaginary parts
of the chirp waveform, (b) instantaneous freqency versus time (dotted
line denotes LFM), (c) power spectrum, and (d) autocorrelation
function.

where U(f) is the Fourier transform of u(¢) and is given by

U(F) = Un(F)e), 7§§f§§_ (3.19)

where U, (f) is the amplitude, 6(f) is the phase, and B is the swept bandwidth of
the waveform. Note that in NLFM pulses, the swept bandwidth does not necessarily
coincide with the spectral (i.e. equivalent rectangular) bandwidth, as is the case
when using linear frequency modulated pulses. Similarly, BT may happen to be
quite different from the compression gain 7'/T,;. For the waveform of Figure 3.6,
the equivalent rectangular bandwidth is 1.57 MHz, and the half-power width of the
compressed pulse is 7y = 0.86 s, implying a compression gain of 78.

The object of the stationary phase method is to relate the amplitude and phase
of u(¢) given by (3.17) to the corresponding amplitude and phase of U(f). For
sufficiently large time—bandwidth products, an approximate relation can be found.
The method of stationary phase purports that the main contribution to the integra-
tion of oscillatory functions occurs around “stationary points” that satisfy,

d
00 = 2. (3.20)
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These are points where the phase of U(f) is the conjugate of the complex
exponential in (3.18). These define an approximate relation between the instanta-
neous frequency and the time within the waveform, /* = y(¢). With this relation, the
magnitudes and phases of the Fourier transform pair u(¢) < U(f") are related by

o U)
)N O G20
d(i;—gt) ~ 27y (). (3.22)

As was the case with the performance of window functions, the quality of this
approximation varies directly as the time—bandwidth product of the waveform, which
for weather radars is not particularly large. For NLFM waveforms, the lack of a direct
analytical relationship between time and frequency domain representations requires
that the design and optimization of the waveform be done numerically.

The design of these waveforms is generally based on some sort of optimization
scheme over the autocorrelation. Usually, it is minimizing the energy in the side-
lobes subject to a constraint on the main-lobe width. Metrics used to constrain the
design include the PSL and the integrated sidelobe level (ISL).

The former of these is simply the level of the highest sidelobe, which is usually
the sidelobe closest to the main lobe. The ISL is ratio of the energy in all of the
sidelobes relative to the main lobe,

o ()] dr+ [ (1) dr
Jla R(7)*dr

where +a denotes the first nulls about the main lobe. Optimization schemes used
include least-mean-squares [56], genetic algorithms [60], simulated annealing [58],
and eigenfilter and quadratic optimization methods [59].

Beginning with the stationary phase method, Pang et al. [58] arrived at an
expression for the frequency versus time behavior of a NLFM waveform of the form

ISL= 10log,, , (3.23)

14 . [2nnf
27 2 lnao < )] (3.24)

which is seen to be a linear FM waveform perturbed with an odd function expressed
as a sine series. The stationary phase method is not necessary to arrive at this
expression per se, but it is necessary in order to relate it to the power spectrum. The
N coefficients, a,, also describe the shape of the power spectrum according to

K ¥ 27n
= E;an cos <7f). (3.25)

where K is a constant. The optimization over the coefficients a, was then done via
simulated annealing based on sidelobe levels of the autocorrelation. They found
acceptable results with N = 7 terms, achieving sidelobes below —63 dB.
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Argenti and Facheris [59] also began with the stationary phase method but
found that the approximation inherent to the method precluded its practical use in a
non-iterative design. They resorted to a nonlinear optimization to find the optimum
filter also based on a power spectrum of the form in (3.25). The NLFM waveform
of Figure 3.6, with sidelobes below —80 dB, was obtained using this iterative sta-
tionary phase technique and N = 20 terms.

Kurdzo et al. [60] specified the shape of the frequency versus time curve through
12 symmetrically placed tie points about the center of the waveform. They then used a
genetic algorithm to optimally locate the (time, frequency) coordinates of the six unique
tie points obtaining a waveform with sidelobes below —59 dB. Since the specification
of the curve is based purely on geometry, there is no direct relation to the other methods.

3.6.3 Predistortion

While the aforementioned methods to developing efficient waveforms and their
associated filters promise acceptably low range sidelobes, achieving these in
practice is complicated as the radar electronics introduce distortion. The distortion
comes principally from the power amplifier in the transmitter, and it generally
raises the sidelobes above the designed level. Figure 3.7 illustrates the gain char-
acteristic typical of a small microwave power amplifer that might be used, for
example, in a phased-array TR module. A similar curve would also describe a high-
power amplifier. This figure shows the output power versus the input power with
both specified in dBm (deciBels relative to 1 milliWatt). For low levels of input
power, the output is linearly related to input by the amplifier’s small-signal gain of
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Figure 3.7 Gain characteristic of a typical amplifier illustrating the linear,
nonlinear, and saturation regions of operation.
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19.5 dB. The upper end of an amplifier’s dynamic range is typically specified by its
1-dB compression point, P45, or the point at which the gain is reduced by 1 dB. At
power levels approaching this point, the amplifier’s gain characteristic begins to
deviate from linear, and a few dB beyond this point, the output power reaches its
maximum. To maximize transmit power and hence radar sensitivity, most trans-
mitters are driven beyond their linear range of amplification into saturation. Some
amplifiers are intended for use only in saturation.

A consequence of nonlinear amplification is the generation of harmonics. When
multiple frequencies are present at the input, these harmonics undergo intermodula-
tion, resulting in the production of sum and difference frequencies. Harmonics
themselves are usually well out of the band of interest, perhaps twice or three times
the transmit frequency. However, when more than one frequency is present in the
modulating signal, the intermodulation products (or frequencies) may lie within or
just adjacent to the band of interest. For the case of two modulating frequencies
present (i.e. two tones at f] and f>) the most troublesome intermodulation products are
third-order products occurring at frequencies 2f; — f, and 2f; — fi. These products
cause a spreading of the transmitted spectrum known as “spectral regrowth.” The
problem is illustrated in Figure 3.8, where the NLFM baseband waveform of
Figure 3.6 is translated to an intermediate frequency of 40 MHz, passed through the
amplifier of Figure 3.7 at various output levels, and translated back to baseband.
When operated in the linear range, the effect of the amplifier on autocorrelation
sidelobes is minimal. However, when driven into the nonlinear or saturation range,
the growth of sidebands within and outside the signal power spectrum yields a sub-
stantial reduction in the autocorrelation sidelobes if not compensated.

A method to deal with this distortion is by adjusting the waveform input to the
transmitter so as to produce the desired waveform at the transmitter output. This is

0
£ (MHz)

Figure 3.8 Power spectra (left) and matched filter output (right) for the NLFM
waveform of Figure 3.6 transmitted through the amplifier of
Figure 3.7 operating in the linear range (P;,3—10 dB, solid line), at
1dB compression (P4, dotted line), and in saturation.
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referred to as predistortion, and it involves a careful characterization of the transmitter.
With the advent of arbitrary waveform generation and software radio technology, it is
relatively straightforward to implement and is referred to as digital predistortion (DPD).

Predistortion was built into the waveform design approach of Kurdzo et al.
[60], as the sidelobes were optimized through evaluation through the actual
transmit-receive system. In their case, the predistortion was applied as an inverse
transfer function, H~!(f), applied in the frequency domain to the ideal input
waveform’s Fourier transform. The inverse transfer function was that which was
necessary to obtain the input (desired) waveform from the output (measured)
waveform. Figure 3.9 shows the autocorrelations for their ideal waveform, the
waveform distorted by the transmitter, and their final predistorted waveform.

This straightforward approach was sufficient to reclaim about 10 dB of side-
lobe suppression that was lost due to distortion. To achieve better results, more
sophisticated modeling of the power amplifer is required to capture nonlinear
effects. These may include so-called “memory effects” due to self-heating of the
electronics and other causes. Various nonlinear models are available to characterize
nonlinear effects including the Volterra, Hammerstein, Wiener, and MP models
[61]. Of these, the MP model is perhaps the most popular. The MP model describes
the system through

K—1M-1
y(n) = hinx(n = m)[x(n — m)|* (3.26)

0 m
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=
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where y(n) is the current output, x(#) is the current input, K is the order of nonlinearity
(k=0 is linear, k = 1 is quadratic, etc.), M is the memory depth, and %, is a matrix of
coefficients determined experimentally that describes the nonlinear behavior. The MP
model is a simplification of the more general Volterra model, and because it is linear in
the coefficients, 4y, it is relatively straightforward to determine them from measure-
ments once the order of nonlinearity and memory depth are known. However, deter-
mining the forward model and its inverse can also be subject to numerical instabilities
as the order of nonlinearity and/or memory depth increase [62].

The predistorted waveform may also be determined through adaptive approa-
ches where feedback is used to repeatedly adjust the input waveform until the
desired output waveform or autocorrelation function is obtained. Figure 3.10
illustrates the results of this approach which may be referred to as “open-loop
adaptive digital predistortion with indirect learning” [61]. In this case, the ideal
sidelobes are nearly recovered after several learning iterations. The predistorted
input waveform is observed to have autocorrelation sidelobes similar but com-
plementary to the original output waveform.

Though the primary source of distortion is the radar transmitter, another
potential source of error in achieving desired sidelobes is the effect of quantization.
This is an important consideration if the pulse compression filter is to be imple-
mented in fixed-point arithmetic (usually in hardware) as quantization errors in the
designed filter coefficients may adversely affect sidelobe performance. We do not
address this issue here.
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Figure 3.9 (a) Autocorrelation function of an optimized waveform with PSL of —59
dB. (b) Autocorrelation function of the waveform distorted by the
transmitter with PSL of —42 dB. (c) Autocorrelation of an optimized
waveform output by the transmitter with a predistorted input. PSL is —52
dB (from [60], © American Meteorological Society, used with permission,).

3.6.4 Mismatched filters

Most of the literature addressing pulse compression and sidelobe reduction begins
with the matched filter and adds various modifications such as amplitude tapering
and phase or frequency adjustments. The resulting filters all sacrifice some reso-
lution (i.e. bandwidth) and energy compared to the matched filter. Comparatively
few authors have approached the problem differently.
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Results of predistortion applied to the waveform of Figure 3.6

transmitted through the amplifier of Figure 3.7 in saturation:
baseband waveforms and envelopes (left) and autocorrelation
functions (right) for the original distorted amplifier output when
driven by the ideal input (top), the derived predistorted input
(middle), and the amplifier output when driven by the predistorted

input (bottom,).

Mismatched filters are those whose design is not predicated initially on the
matched filter. Keeler and Hwang [57] reported on the use of “inverse filters” using
a design approach of Ashe ef al. [63] for Barker-coded waveforms and for linear
and nonlinear FM waveforms. These algorithms attempt to minimize the mean
square error between the actual filter output and a desired output which is an
impulse-like function, with a few points about the main peak left unconstrained.
Cilliers and Smit [64] reported on mismatch filter design for linear FM waveforms
based upon minimization of L,-norms.

Another approach attempts to deal with the residual Fresnel ripples of the
spectrum directly through the so-called “reciprocal ripple correction.” In this
scheme, the filter is designed to compensate the ripple in order to obtain a
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rectangular spectrum which can then be subject to a given window function. This
technique was first applied in the design of SAW devices [65]. Figure 3.11 illus-
trates this with a filter designed by reciprocal ripple correction. The filter was
designed by dividing the desired output spectrum by the Fourier transform of the
input waveform. In this case, the desired output spectrum had the shape of a
Blackman window. The figure shows the impulse response of the filter.

The filter output has sidelobe properties consistent with the Blackman window.
The compression gain of this waveform and filter combination is the time—band-
width product of the LFM waveform (10log;,(75) dB) less the SNR loss of the
window (2.37 dB), or 16.4 dB. Were it a matched filter, the coefficients outside the
dashed lines in Figure 3.11a would be identically zero. Because these methods are
not specifically based upon the time reverse of the waveform, their impulse
response is not limited to the length of the waveform, and in fact, it can be much
longer than the waveform. This can lead to difficulties in their practical imple-
mentation. In this case, the impulse response extends well beyond the range of the
x-axis shown in the figure, though the values are small. To limit their length, the
filters can be truncated, but truncation tends to re-raise the far-out sidelobes. The
dashed curve in Figure 3.11 shows the sidelobes that result when the filter length is
truncated to twice the length of the waveform.

Other mismatch filter design approaches operate on the output of an initial
matched (or similar) filter and attempt to cancel the resulting range sidelobes.
Algorithms in this class include the CLEAN algorithm borrowed from astronomy
and image processing [66], and adaptive pulse compression methods [67-69].
These methods appear generally geared toward “hard” (point) targets and have not
been employed in weather applications.
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Figure 3.11 Mismatched filter design by ripple correction. (a) Filter impulse
response for the LEM waveform of Figure 3.4 where dashed lines
mark the duration of the transmitted waveform. (b) The mismatch
filter output using the full impulse response (solid line) and truncated
impulse response (at £50 us, dashed line).
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Figure 3.12  Results obtained with the mismatched receiver filter algorithms for a

NLFM waveform of swept bandwidth 5 MHz and duration 50 us: (a)
Matched filter output (SNR loss = 0.36 dB), (b) MIMMF algorithm
(SNR loss = 2.58 dB), and CMMF algorithm with (c) Ajyss = 2 dB
and (d) Apss = 1 dB (from [59] © IEEE, used with permission).

A mismatch filter is proposed in [59] that permits a tradeoff between SNR loss and
ISL. Figure 3.12b illustrates a “Minimum ISL Mismatched Filter” (MIMMF) imple-
mented for a linear FM chirp with a Tukey window and no other optimizations. The
sidelobe levels obtained are below —65 dB; however, the SNR loss is 2.58 dB which is a
little higher than may be desirable. By adding a constraint on SNR loss, they can sacrifice
ISL. The figure also shows two “Constrained Mismatched Filter” (CMMF) designs with
SNR losses of 2 dB and 1 dB. When the MIMMF algorithm is applied to the already-
optimized waveform of Figure 3.6, a slight improvement of 2.4 dB in PSL is reported.

3.6.5 Doppler tolerance

Most pulse compression filter designs, whether based upon the matched filter or not,
assume that the received echo has zero Doppler shift. When present, a Doppler-shifted
echo waveform is no longer “matched” to the original design criteria. In the case of
weather, Doppler shifts are usually sufficiently small so as not to seriously degrade
performance, particularly for FM waveforms which are known to exhibit Doppler
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tolerance for small to moderate radial velocities and small to moderate time—bandwidth
products [48]. However, the effect is noticeable and has been discussed by a few
authors. In [59] and [60], the compressed waveform in the presence of Doppler shift is
presented explicitly. The effect is a slight asymmetry of the compressed pulse with a
higher first sidelobe on one side than the other. The effect on all other sidelobes is
negligible. One can include Doppler tolerance as a design criterion in a multiobjective
optimization procedure as shown in [58]. This approach is much more complex
because of the very large search space requiring random search approaches. A multi-
objective solution may lead to results that are less optimal in terms of PSL or ISL.

3.7 Blind range and its mitigation

Pulse compression weather radars employing a common antenna for transmission and
reception are necessarily “blind” during transmission. This means that echoes from
targets closer than half the transmitted pulse’s length in space are only partially recov-
ered. In practice, some transition time is necessary between transmission and reception
to account for switching delays. As a result, the area surveyed by the chirp is an annulus
surrounding the radar, and the size of the hole at the center of the annulus compared to
the maximum range is basically defined by the duty cycle of the transmitter. Greater
sensitivity at long range is afforded by increasing the duty cycle, but this also increases
the blind range or the radius of the hole at near range. In practice, the duty cycle for a
pulse-compression radar is typically limited to about 10-20% because of this.

It is desirable therefore to have another means to monitor the closer ranges.
The most common method is to transmit a short pulse immediately following the
chirp prior to switching to receive mode. The short pulse is offset in frequency from
the chirp so that it may be processed separately from the chirp echo in the receiver
[30,70,71]. In [30], they followed a 67 us chirp with a 2 us short pulse. Because the
energy of the shorter pulse is much lower, the sensitivity of the radar is also much
lower within the blind range. This lack of sensitivity is offset by the much shorter
range of interest; however, there remains a transition from lower sensitivity to
higher sensitivity at the blind range as illustrated in Figure 3.13.

An alternative is to note that echoes from within the blind range but beyond zero
range are partially present in the received signal, so partial compression of those
signals is possible. Salazar ef al. [72] refer to this as “progressive pulse compression.”
Within the blind range, this results in a variable range resolution that degrades with
decreasing range, as progressively less chirp is available for compression. This also
affects the absolute calibration, as the effective time—bandwidth product, and hence
the compression gain, of the partially received chirp also varies directly with range.

3.8 Other techniques to increase average power

While to date most solid-state weather radars are pulsed radars employing pulse
compression, there are alternative methods to increase the average power. The
following sections describe two approaches.
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3.8.1 Frequency-modulated continuous-wave

The FMCW radar may be thought of as the extreme example of a pulse-
compression radar that operates with a duty cycle of 100%, or nearly so. In this
scheme, the radar simultaneously transmits and receives all the time. The radar
transmits a linear FM waveform of duration, 7, and bandwidth, B. However, unlike
the traditional pulse-compression radar, the duration is longer compared to the
round-trip time-of-flight of the radar echo, T < 2R/c, as illustrated in Figure 3.14.
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In the radar receiver, the received echo is mixed with a copy of the transmitted
signal and low-pass filtered. The resulting signal from a target at range, R, is a
constant frequency sinusoid whose frequency indicates the range. The detected
frequency is the time-of-flight of the echo multiplied by the chirp rate, B/7,
_2RB

Jr= T (3.27)

Because many echoes are potentially present, the received signal will contain
the superposition of many sinusoids of various frequencies. It is necessary to sort
them by frequency, which is easily performed via a DFT.

The range resolution of the FMCW radar is determined by the frequency
resolution of the DFT computed on the detected waveform, Afz. It can be deter-
mined by re-arranging (3.27) and taking a differential, AR/Afz,

cT
AR :EEAfR. (3.28)

Noting that the frequency resolution of the DFT is given by 1/7, one obtains
the expected result, namely AR = ¢/2B.

Once the detected signal from a given frequency sweep is Fourier transformed, it
may then be treated like any pulse echo waveform, with the FM sweep period, 7,
serving as the pulse interval. Doppler shift can be measured from pulse to pulse in the
usual manner. Because the FMCW radar uses the detected frequency to determine
range, it is subject to error in the presence of Doppler shift. It can be shown that for a
target at range R, with Doppler shift fp, the response of the FMCW radar is [40]

_sin 7(fpT + (R — Ro)/AR)
W) == T+ (R—Ro)/AR)

(3.29)

where the sinc form of the impulse response is due to the inherent rectangular win-
dow defined by the dwell time T In practice, a window function is applied to reduce
the range sidelobes to an acceptable level. We note that the problem of Fresnel
ripples in the spectrum that was characteristic of the pulse-compression radar is not
present here, as the detected signals are constant-frequency sinusoids. In the presence
of Doppler shift, the apparent range of the target is offset from the true range

Rapp = Ro — fpTAR. (3.30)

For most meteorological applications, this error is usually less than one range
bin. The misregistration is less than one half of a range bin for unambiguously
measured velocities [40].

FMCW radars are very sensitive, not only because of their high average power
but also because their receiver noise bandwidth is usually very small. The detected
frequencies are often in the audio frequency range, so the receiver’s instantaneous
bandwidth can be very small. As was the case for the pulse-compression radar, the
improvement factor over the equivalent pulsed radar with the same transmit power
is given by the time—bandwidth product of the waveform, BT. Because 7 is now
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quite long, this can be a very large improvement factor. In practice, 7 is limited by
the coherence time of the microwave echo. That is, the FMCW technique assumes
that the scatterers are essentially stationary or are translating together without re-
arranging their relative positions. Relative motion amongst the scatterers results in
a spread of radial velocities and spreads the echo in range. In practice, the sweep
time is limited to a few tens of milliseconds at most.

Because of the relatively long FM sweep interval, the FMCW radar is best suited
for relatively short ranges (i.e. $10 km) and slow-moving targets, (|v.| < A/4T).
FMCW techniques are well suited to vertical profiling applications. One example is the
MRR [44], a vertically pointed 24 GHz FMCW radar that is widely used for pre-
cipitation profiling. With a transmit power of only 50 mW, the MRR profiles up to
5 km altitude providing the fall velocity of hydrometeors obtained from the Doppler
spectrum. Using expressions for terminal velocity as a function of drop diameter, the
measured Doppler spectrum can be converted to a drop-size distribution (DSD).

A significant practical concern for FMCW radars is the adequate isolation
between transmitter and receiver. It is important that the transmitted signal does not
saturate the receiver since both functions must occur simultaneously. This concern
often precludes single antenna operation, requiring separate antennas for trans-
mission and reception. In the case of the MRR, the transmitter power is sufficiently
low and the echo is sufficiently large that a single antenna is sufficient. The FMCW
technique with dual antennas is employed in the UMass S-band FMCW radar
(which was converted from a traveling-wave-tube transmitter to a solid-state GaN
amplifier in 2017), the X-band IDRA and QX-120 scanning precipitation radars
[42,43], and the W-band BASTA cloud profiling radar [45].

3.8.2  Quadratic phase coding

A recently developed scheme that is analogous to the FMCW radar is the use of
quadratic phase coding from pulse to pulse and a very high pulse rate. In this
scheme, described by Mead and Pazmany [46], the radar is pulsed at a rate of an
integer factor higher than that which dictates the maximum or unambiguous range,

c
2Rmax ’

fo=Mf) =M (3.31)
where fp0 is the pulse rate that defines maximum range, c is the speed of light, and
Ryax 18 the maximum range.

The transmitted pulses are themselves unmodulated, but each pulse is trans-
mitted with a progressive starting phase given by

an?

=— 3.32

p(n) = (3:32)
where M is related to the length of the base code. For M even, the code length is
Ly = M, and for M odd, the code length is Ly = 2M. The phase code is symmetric,
or palindromic, when observed modulo-27r. With this scheme, each range bin
sampled by the receiver will contain up to M overlaid echoes from different
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(ambiguous) ranges. Upon reception, the echo signal is multiplied by the complex
conjugate phase of the last transmitted pulse as illustrated in Figure 3.15. It can be
shown that each range-overlaid echo will have a unique frequency shift

Afm = —m pO,

m=0,1,2,...M—1. (3.33)

where m denotes the echo-trip. Thus, the echo trips may be separated by frequency
through a discrete Fourier transform.

The QPC radar has a duty cycle M times that of the nominal pulsed radar;
hence, the improvement factor is equal to M. Doppler processing of the echoes for
each range bin and echo trip occurs in the usual way. Indeed, a single, long DFT is
sufficient to separate the echo trips, with a unique Doppler spectrum for each trip.

In the limit of the QPC technique, the pulse rate is increased until there is only
a single range bin within the maximum range. At this point, the duty cycle of the
radar is nearly 50% after accounting for some switching time. When the duty cycle
is increased to this upper limit, the scheme is referred to as a phase-modulated
square wave (PMSW) radar as illustrated in Figure 3.16.

An advantage of the QPC or PMSW technique is that there is no pulse com-
pression. There are no range sidelobes to contend with. There is also no long blind
range associated with transmitting a long pulse. Instead, there are multiple blind
ranges associated with the transmit cycle that are interleaved between each of the
blocks of overlaid range samples. For continuous volumetric signals such as
weather, these interleaved missing ranges may not be a major concern as adjacent
range bins are often correlated. Otherwise, they should be mitigated.

There is the necessity of a fast switch in PMSW mode. For a radar with 150 m
range resolution, the switching speed would be 1 MHz. Such a switch is available
for transmit powers of the order 1-10 W. However, with lesser duty cycles, the
switching speed can be slower. If separate antennas for transmission and reception

Phase code
generator

l

Complex
conjugate

l

Multiplier

Transmitter T/R

1/Q data | Digital receiver | | Analog
with FIR filter receiver

Decoded signal Power spectra

DFT .
averaging

Figure 3.15 Simplified block diagram of a quadratic phase code (QPC) radar
(from [46] © American Meteorological Society, used with
permission,).
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Society, used with permission).

range, km

1

velocity, ms~

Figure 3.17 Range—Doppler plot in rain with mean noise subtraction using a
composite code of length 130 000 and FFT length N = 65 000 with
two power spectra averaged for a total dwell time of 43.3 ms. No
spurious-induced range sidelobes are visible above the residual
noise floor after mean noise subtraction (from [46] © American
Meteorological Society, used with permission,).

can be employed, then the 7/R switch can be removed, the duty cycle can go to
100%, and the blind ranges can be eliminated.

Analogous to the problems encountered in pulse compression with non-
linearities induced by the transmitter requiring predistortion, errors in the trans-
mitted amplitude and phase may also occur in QPC radar. The effect of these errors
is spurious peaks at zero Doppler shift for each range bin. Short of correcting these
errors on transmission, it is shown that these can be suppressed by extending the
length of the code by a large integer factor and by modifying the phase increment
resulting in a “composite code.”

The technique has been demonstrated on a Ka-band cloud radar employing a
10 W solid-state transmitter. Figure 3.17 shows the results of operating the radar in
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PMSW mode observing rain at 45° elevation angle. The pulse length was 150 ns and
the pulse rate was 3 MHz, yielding a duty cycle of 45% and a range gate interval of
50 m. A composite code of length L = 130 000 was made from a base code of length
M = 250. The multiplication factor of M resulted in a maximum range of 12.5 km
(250 range bins) and maximum unambiguous velocity of 25.2 ms~!. A 65 000-point
FFT was used, resulting in a velocity resolution of 0.194 ms~.

3.9 Conclusion

In this chapter, we have reviewed the state of the art in solid-state weather radars.
These radars achieve sensitivity by operating with a high-duty cycle compared to
their tube-based counterparts. Advances in solid-state microwave power generation
are now yielding practical and affordable transmitters. Advances in digital tech-
nology have enabled both the generation of sophisticated waveforms and com-
pensation for nonlinearities inherent to solid-state power amplifiers. Looking to the
future, we can expect further improvements in and broader availability of high-
power solid-state sources as well as continuing sophistication of digital receivers
and exciters. At the time of this writing, the state of the art in receiver/exciter
technology is RFSoCs which blend RF and digital signal processing at frequencies
through C-band. Much of this development is driven by the wireless communica-
tions industry, particularly 5G technology. The weather radar community will
benefit as these technologies are further integrated pushing the digital/analog
boundary within the radar systems ever closer to the antenna.
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