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Executive summary

Phased array radar (PAR) technologyp&ng considered as one of the candisl&de the next generation

of weathersurveillanceradarsin the US.The unique capabilés of this technologyan potentially enable
enhanced weatheurveillance strategies thabuld increasethe quality and timéness ofweather radar
products ultimately improving severeveather warnings and forecas®ne of the majortechnical
challengesrelated to the use of PAR technology for weather surveillandbeisntegration of dual
polarization technology, which isuorently available on the NEXRAD netwaqrkito polarimetric PAR
(PPAR) In other words, a major condition for the adoption of PAR technology for weather surveillance is
demonstratinghatit can produce polarimetric radar variables that meet Nationalh&feService (NWS)
requirements.

In polarimetric weather radars, tig copolar beam shape and channel matchamgl 2) crosgolar
isolation, primarily drive theuality of the polarimetric variables (i.e., differential reflectivity, differential
phase, and copolar correlation coefficient). The copolar bet@apematching refers to the agreement
between the location and size of radar resolution volumes sampléuk dyorizontally and vertically
polarized radar beam$hesearemainly controlled by the shape and the angular alignment of the copolar
antenna radiation patterns (i.the directional dependence of ttnansmittedradio waves strengtandthe
antennairectional sensitivity to radiation that impinges on it). The copolar channel matching refers to the
similarities, both in amplitude and phase, between the transmit and receive electrical signals in the
horizontal and vertical channels assuming perfectiespal scatterers$f uncorrected,nsufficient copolar
channel matching leads $o-callediicopolarbiase® in the polarimetric variables. The crgsslar isolation
measures the degree by which signals in the horizontal channel leak into the vertioal,ciiad vice

versa, the higher the isolation (the smaller the leakage), the higher the quality of the polarimetric variables.
This leakage occurs through the antenna epo$sr patterns on receivas well as through the hardware in

the antenna backplanreceive pathscausing theso-c a | Icresscoupling biases in the polarimetric
variablesOn PPARs, both the copolar beam/channel matching and thepoiasssolation can drastically
decrease when steering away from the antenna principal planes.

In general, polarimetric calibration consists of measuring the imperfections (i.e., mismatches and leakages)
in the radar system and using these measurements to correct (or calibrate) the quantities measured by tl
radar. Unlike reflector antennas, which candharacterized by a single set of antenna radiation patterns
and thus require a single set of calibration parameters, phasgdantennas employing electronic
beamsteering exhibit different copolar and crpstr antenna radiation patterns for eacleribg angle

and require a different set of calibration parameters for. édmivever,copolar beam shape mismatches
cannot be corrected via polarimetclibrationin thereattime signal process; thus,copolar beanshape
matching must be achieved viaepise beamformingA satisfactory copolar channel matching can be
achieved via corrections that require the measurement of the transmit and receive copolar beams: The cros
coupling biases can be reduced via the ptdgaulse phaseoding transmission semedeveloped at

NSSL without any calibratioriHowever, he efficacy of this method declines as beams are steered farther
away from the principal planes. For beamsteering directions where this method is insuffioient,
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theoreticaresearch suggests thhe effects of signal leakage can be corrected usggsurementsf both
the copolar and crogmlar beams.

The Advanced Technology Demonstrator (AT a fullsize, Sband, planar, proedf-concept
polarimetric PAR at the National Weather Radar Tes{bBRT) in Norman, OK Its main purpose is to

serve as testbed for evaluating the suitability miodern PPAR technology for weather observatioi®

support the measurements needed for calibratieninstalleda Calibration Tower in the line of sight of

the ATD.ltpr ovi des a known source with a fixed geogr e

The ATD antenna was fully characterized in tiearfield chamber at MITLincoln LaboratoryWe used
these measurements ¢orroborate the need for correctionstiod copolar and crosupling biases and
therequirenent ofaccurate characterization of copotdmannel matching as well as crgssar isolation.
Because the crosoupling biases can be effe@ly mitigated by using puls®-pulse phaseoding
transmission schemes (at beamsteering awglessponding to thiewer elevationsn a scaip the current
ATD polarimetric calibration only corrects the beamsteedagendent copolar biases associatsith
copolar channel mismatches.

Three offline calibration processes were developed: (1) the absoluteaadasection (RCS) calibration,

(2) the broadside polarimetric calibration, and (3) the beamsteering polarimetric calibFagoabsolute

RCS alibration uses the expected and measured reflectivities of the Calibration Tower to adjust the
reflectivity calibration constant. The expected reflectivity of the Calibration Tower was empirically
obtained by computing the ATD reflectivity calibration stant thaminimized the differences between a

field of KOUN radar reflectivity and a simultaneously collected field of ATD radar reflectiVibe
broadside polarimetric calibration measures the copolar mismatches for all available transmission
waveformswhen the ATD beam is at broadside. Tépgproachis analogous to the polarimetric calibration

of a radar that uses a reflector antenna. The beamsteering polarimetric calibration measures the copole
mismatches relative to those at broadside when the ABIhhe electronically steered off broadside. For

this process, copolar mismatches are measured for 341 electronically steered beam directions evenl
distributed within the typical beamsteering coverage envelope; this takes ~4.5Aululitienally, a range
calibration process was developed to measure a range offset, which is defined as the difference between tt
actual range of the Calibration Tower and the range measured by theTA&D.TD signal processor uses

the storedoutputs from these calibration messes$o enable the application obrrections in real time.

Preliminary evaluation of the performance of the ATD polarimetric calibrationcosapletedvia a self
consistency test and with comparisons with neighboring W&R radars. The setfonsistencyest relies

on data from a series of sector scans obtained with the antenna in gradually different mechanical positions
As such, thelata processing fromammon sector between adjacent sganslucegolarimetric variables

for the same hydrometedist areobtained with different electronic beamsteering angles. Thus, agreement

in the data from one scan to the next confirms the performance of beamsteering polarimetric calibration.
Our preliminary analyses show that the difference in the uncalibratedfrdah one scan to the next
approximatelymatch the expected biases obtained from the-fedr antennameasurementswhen
calibrated, the agreement in the data from successive scans is significant, confirming the effectiveness o
the currenbeamsteeringolarimetric calibration.



Comparisons with other radars provide another means to evaluate the performance of the polarimetric
calibration on the ATD. Similar qualitative and quantitative comparisons betweer38[3Bata and ATD

data bothuncalibratedand calibrated provided very encouraging results #geedwith the results from

the selfconsistencytest. At this time, however, we do not have enough data to precisely evaluate the
accuracy of calibrated ATD polarimetric data using the describesl Téusts, it is still premature to make
assessmentss towhether the biases the polarimetric variabemeetNWS requirements

Our evaluatioridentified two challenges. One challenge is relategslysiem temperaturdyifts that affect

the performance of th@nalog components in the antermmal ultimately compnmisethe repeatabilityand
accuracyof some ATD calibration measurementsThis is important because the entire polarimetric
calibration takes several hours, and the system temperature can drift appreciably during tAibetime.
observedemperature drit may be exacerbated by the fact that Afi® antennas air-cooled so weare
exploring improved thermamanagement approaches for the ATD faciliye are also studying the
relationship between the antenna temperature and the polarimetric calibrationtoesdeNtslopadvanced
processing of the calibration ddteat is more robst to temperature variations

Another effect adversely affecting the repeatability and accuracy of polarimetric calibration measurements
on the ATD is multipath interference. Mipath interference is a phenomenon whereby electromagnetic
waves travel frn their source to a detector via two or more propagation paths, and the two or more
components of the resulting wawgerfereconstructively or destructively, introducing errors in the
measurement of the direpath signals. We speculate, however, thatrtiultipath interference effects can

be effectively mitigated via smoothing of the noisy measurements.

Once these two problems are addressed, we plan to focus on other important questions such as the stabili
and robustness of the polarimetric calibratrocess. The former will help us determine the frequency of
execution for the offine polarimetric calibrationwhile the latter will aid in identifying modifications to

the current procedures or perhaps the development of different approaches.

To fully understand the performance of the ATD polarimetric calibration and assess the accuracy of the
calibrated ATD polarimetric data, ewvill conduct selconsistency checksncea larger pool ofATD
weather datds available as well asconductcomparisons with the collocated WSRD radars. Another
approach for datguality assessmembuld involve the evaluation and comparisorLefel Ill products
obtainedfrom the ATD base dataAdditionally, we will research alternative calibration procedur©f
particular interest is the collaborative effort with the University of Oklalib#dvanced Radar Research
Center(ARRC) on the use of unmanned adsystems foPPAR polarimetriccalibration which could be
exploited to obtain more robust and preally feasible solutions to the PPAR polarimetric calibration
problem While not supported by the ATD, we also plan to conticolaboration withthe ARRC to study
the flexibility of the all-digital PPAR architecture Such architectusssignificantly reduce the number of
analog componentsnd could lead tperformancehat isless susceptiblee system temperatuhanges
Combined with liquidcooling, theseantennaarchitecturesnay result ilmorerobustPPAR systems

Despite allinitial practical issues, it is our view that tberrentquality of the calibrated polarimetric data
from the ATD isat a level sufficient for qualitativéata interpretatioat lower elevationsThisfinding was
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verified via comparison with collocated WSID radars and wasorroborated by polarimetric radar
expertsoutside of our group. We beliexaur preliminary results documented in this repguggest a

promising outlook for our research and development efforts on the use of polarimetric-pitageddars
for weather surveillance.
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1. Introduction

Polarimetric phased array radar (PPAR) technology is being considered as one of the sdodittee
next generation of weather radangheUS( Zr ni | et al . TisOsOéflecteditenbrerous2 0 1
publications and conference presentations on the topic of PPAR use for weather observatiétené.g.,
Discussion: The NexGeneration Operational Weather Radar NetWorkhe unique electraa beam
steering capability inherent in PPA#ablesenhanced weather surveillance strategiesdbald improve
the quality of weather radar products well ageduceupdate timegHeinselmaret al. 2011) However,
one of the majorchallengesrelated tothe use of PPAR technology for weather surveillance is the
requirement to produgeeasurementsgith qualitycomparable tohat from polarimetrigaraboliereflector
antenmradars (PRAR] Zr ni | e This ia typicallg réfarrad to as tiAR-polarimetriccalibration
challenge.

Unlike PRARs PPARantennas are characterized significant crosgolar antenngatterns, which
induce cross coupling between returns from the horizontally and vertically oriented Giéldstely
biasing polarimeric variable estimateslo address this issueulgeto-pulse phase coding in either the
horizontal or vertical ports of the transmission elements has been proposed to mitigate tbeuprioss
effects (Zrnil et al .| 28iThi@dpdroachhowa\@r] does ndt adiréss tBe0 1
scandependent biases in PPAR estimdtest area consequence cdlectronic beamsteering hese are
caused by the horizontal (H) and vertical (V) copolar antenna pateenich vary with beamsteeringnd
are referred to asopolar biases (dseamsteering biaséfsmeasured relative to a reference point such as
broadside) The effects of these variations must be addrebgeapplyingappropriatecorrectionvalues at
each boresight | aanan20l®nv i( il vaahtzman®e?20D ISthehcrkossroupling
effects aresufficiently suppressed viphase codingthe corrections can be conducted using only the
measurements of t he c dHpweVen the ritationeof arosmulingveffetts 2 0 1
achieved via pulse&-pulse phase coding is inversely proportional to the epota pattern levels. Thus,
at boresight locations where the crpsdar pattern levels areelatively high (and the crossouyling
mitigationfrom phase codings insufficient) a correction using knowledge of both the copolar and eross
polar patterns needs to be conducteds 201.8). Furthermore, the effects of active electronic components
in transmit and receive patld PAR systems can result in significant differences between transmit and
receive patterng-or these reasons is important tohave an accurateharacteriation ofboth transmit as
well as receive copolar and crgso | ar ant enna foreffecieerpolasimetrit calibfatior2 0 1 9
of PPARs

The Advanced Technology Demonstrator (ATi®a fullsize, Sband, planar, proedf-concept PPAR
at the National Weather Radar Testbed (NWRiTINorman, OK(https//nssl.noaa.gov/tools/radar/atd/
Funded by the National Oceanic and Atmospheric Administration (NOAA) and the Federal Aviation
Administration (FAA), the ATD wasleveloped by the National Severe Storms Laboratory (NS8&),
University of Oklahoma (OUMIT Lincoln Laboratory, and General Dynamics Mission Systems (Stailey
and Hondl 2016). The main purpose of this system is to seéeathed for evaluating the suitability of
modernPP AR technology for weather observations (Zr

1 https://ams.confex.com/ams/2019Annual/webprogram/Paper352287.html
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In this preliminaryreport we describe oueffortsto dateaimed atthe polarimetriccalibraion of the
ATD for weather measurement&/e alsoidentify remaining open questions and propose a plan for future
researclio determine whethePPARs can be adequatelyibehtedfor weather observations amehether
their calibration can be maintained over timehe ultimate goalis to determine ifPPARs can produce
weather radar productwith quality thatis commensurate with &tional Weather Service (NWS)
requirementgNOAA/NWS RFR 2015)

The report is organized as follows&irst, we describe the ATD hardware arni calibration
infrastructure. Thera bias assessment is conducted to familiarize the readers with the nature of biases in
PPARs ando provide motivation foPPAR polarimetric calibrationThe description of reaime software
follows next We continue by presenting weatkrefated polarimetric calibration procedures and their
applications on weather datllected with the ATD Finally, we end the report with summary
conclusionsand a plan for future work

2. The Advanced Technology Demonstrator (ATD)

2.1. Hardware

The ATD radar is composed of an Antenna Subsystem and Radar Backend Subsystem installed on a
Elevation Pedestal arah Azimuth Turntableto allow mechanical positioningsjgure2.11). The radar is
installed atop a 10 m tower and enclosed within a spherical radome.

z{m)

; 2
2 -15 1 05 0 05 1 15 2
x{m}

Figuré 2.11. Front (left panel) and backriddlepanel) of the antenna assemblyie antenna layout with
subarray centers shown as red dots (right panel).

The Antenna Subsystem consists of the antenna and a processor referred to as tBée8eagn
Generator (BSG). The antenna ism#Active Electronically Scanned Array (AESA) with individual active
Transmit/Receive modules for each of the 4864 elements. It consists of 76 panels, each with an 8x8 matri
of duatpolarization (horizontal andertical) radiating elements. Electronic steering is controlled by phase
shifters at the element level. Leaevel control of the phase shifters and transmit/receive amplifiers on a
panel is handled by a Field Programmable Gate Array (FPGA), which esceigherievel instructions
from theBSG

On receive, the signals from the 64 elements of each panel are first internally summed. Each of the 7€
panels provides four outputs (i.e., two in H and two in V) in support of the overlapped subarray arehitectur
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employed by the ATD (Herd et al. 2005). Each subarray consists of 8 panels arranged in a 2x4 matrix for a
total of 24 subarrays in H ari2dl inV. The antenna layout and subarray centers are shokigune2.11.

The Radar Backend Subsystem is located on the yoke arms of the elevation pedestal and comprises a
the equipment responsible for waveform generation and downconversion/digitization of éhedec
echoes. The Digital ReceivEixciter cabinet generates the radar signal at the chosen center frequency,
along with the desired waveform, all timing signals necessary for the radar signal processing, and the loca
oscillator for downconversioof the RF to a lower intermediate frequency (IF) for digitization. The Analog
Receiver subassembly within the Radar Backend primarily handles the analog RF signtie &maenna,
which have already been summed analogouslyi@gubarray signal®4 for H and 24 for V) 2 sidelobe
blanker channels. These 50 signals are downconverted from RF to IF prior to digitization and processing.
The Digital Beamformer within the Radar Backend serves as the first level of processing, combining the
digitized subaray data, applying digital beamforming, and retaining the beam data only.

The Antenna and Radar Backend Subsystems are both located on an Elevation Pedestal and Azimut
Turntable The Elevation Pedestal provides mechanical positioning of the antennd frmi81° (upside
down on the reverse side). The Azimutarntablecan move through the full 360Both areprimarily
intended for positioning the antenna to scan electronicallytHeutAzimuth Turntablemay be rotated
continuously if desired. Thpolarimetric calibration schemes described later in this report make use of
mechanical positioning to characterize the beam at vaelegsronicsteering angles.

Nearfield testing of the ATD antenna was conducted by thelNti€oln Laboratoryprior to instalation
in Norman, OK(Conway et al. 2018 During this testingmultiple parameters were measured such as EIRP
(Equivalent Isotropic Radiated Powgebroadside directivity, beamwidth, beam steering accuracy, mean
squared sidelobe level (MSSL), and crpstarization isolation. The results are summarize@lable2.1.1.

Table2.11. ATD nearfieldestingresults.

Antenna Metric Goal Measured
85.3 dBW TxV
EIRP 85.4 dBW 84.8 dBW TxH
. . . 41.1 dB (Rx) 40.8 dB (Rx)
Broadside Directivit
roadside Directivity 42.3 dB (TX) 41.9 dB (TX)
Relative EIRP, Gain < 0.1 dB delta between 0.5 dB delta between
between V& H Beams V and H V and H
Beamwidth 1.8 (Rx), 1.4 (Tx) 1.7 (Rx), 1.3 (Tx)

-53.9 dB (RXV)

Mean Squared Sidelobe -53.1 dB (RxH)

<-50dB
Level (MSSL) -50.4 dB (TxV)
-49.3 dB (TxH)
Beampoint Error <0.05° <0.04
. > 35 dB (Rx)
>
Cross Pol Isolation 35dB > 40 dB (TX)




To increase thaensitivity the ATD employs pulse compressiand a matched receiver filter that
results in range resolutidhat isseveral times bettéhan the length of the transmitted pulShkis approach,
however, results in a considerable blind range that depends on the lethgtinafsmitted pulseTo resolve
this issue, the ATD transmiesshortii f ipuldeilnmediatelyafter the phasenodulated long pulse. The
two pulses are shifted by 8 MHz relative to the center operating frequamtyhe corresponding returns
areseparagd via filtering in the digitaleceive. Thesamplingatesson 't he Al ongd and fAst
are8 and 4 MHz, respectivelpfter applying the pulse o mpr essi on mat ched filt
are decimated to a sampling rate of 4 MHz. Timst; streams of IQ signaisith 4-MHz samplingare sent
to the weather Digital Signal Processor (DSR¢ Hp o |l ar i zat i on Al datagnddthevi d A s
polarization il datagrbe rangedamplimchspacingdor thegghals is 37.5 m.

{

2.2. Calibrationlnfrastructure

The ATD is installed within the repurposed NWRT facility in Norman, @k€fore this installation, a
Calibration Tower was installed north of the ATD. The overall purpose of the Calibration Tower is to
provide a means for numerous calibrations and system checks needed for proper ATD operation. Prior tc
its arrival in Oklahoma, th&TD arntenna was characterized in thearfield chamber at MITLincoln
Laboratory The Calibration Tower provides a complementary capability with an externakaopéar

field test range.

Figure 2.21. The AID Calibration Tower.
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The Calibration TowefFigure2.21) is 45m tall and is located approximately 425 m north of the ATD
Affixed upon the top of the Calibration Tower is a Radome assembly that houses a standard single
polarization gain horn on a motorized rotating platform. The Calibration Tower hornibamSVR284
standard gain horn that has a nominal antenna daitD aB. The horn is connected to a remotely
controllable servo motor that can change its orientation between horizontal, vertical, or any other desired
position. The primary purpose of the Calibration Tower horn is to transmit and receive test signdls to
from the ATD antenna. At the base of the tower is an enclosure containing RF circuitry that supports six
different modes of operation with coherent RF signal paths to and from the ATD radar. It can also transmit
an independent, necoherent, continuawave signal. Underground singteode opticafiber
transmission linesarryRF andEthernet signalbetween the ATEand Calibration Tower.

The ATD Facility houses the command and control of the Calibration Tower equipment. A processor
called the Calibrgon Tower Controller receives mode requests from the ATD software and performs the
necessary actions on the Calibration Tower RF Circuit to support the desired mode (transthé fwith
array, transmit witla single element, receive with ATD antenragpback, etc.).

In summary, the ATD calibration tower provides a known, coherent source with a fixed geographical
l ocation that acts as aheATP potagmetrizcadibdation.c onst ant 0 t

Figure 2.22. The ATD Facilityand the Calibration Tower.
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2.3. PreliminaryBias Assessment

As mentioned before gfore installatiorat the NWRT the ATD antenna transmit and receive copalzi
crosspolar patterns were measured in the #fedd chamber at the MIFLincoln Laboratory facilitiesn
March-April 2018 (Conway et al. 2018)The patterns were collected for a total 985D electronic
beamsteang positions.Beampeaks were extractedoin each measured polar andcrosspolar pattern

and results are shownhiigure2.3.1 (left and middle panelsT.heextracted beam peaks effectivetpguce
averageembedded radiation element patteifisese element patterns can be coupled with the theoretically
computed array factor (i.e., directional twedimensional functiorthat weights the pattern shapes of
individual radiatorsvia controlling therelative phases and amplitudes of the radio waves emitted by the
antenna elements in the aryay produceealisticATD antenna patterns that accounttfoe variable array
impedances, theattern shapes of individual radiators as well as mutual couginagg themFurthermore,

by extractingcopolar beam peaks along the horizontal cardinal plane, the copolar biasdeivity in

H (Zv), differential reflectivity Zor), anddifferential phas€F pp) can becomputed andre shown inthe

right panels ofigure2.31 (note that the biases anermalizedto broadsidg To put this into perspective,

it is desirablethat the bias of estimates is kept within +1 dB atioht ofZpr estimatesvithin £0.1 dBfor
intrinsic (i.e., truelZpr between 0 and 1 dB and less th@n13 Zpr for largerZor values(Z r ret al. 2010
NOAA/NWS RFR 201% However, the biases shown in this figure siguifitly exceed the desired limits,
especially as the beamsteering angles depart from broadsideg@imuth and elevatiQnThese results
corroborate the need for corrections of beamsteebiages(i.e., calibration)that requireaccurate
chalcterizatim of copolar pattern levelelative to each othetn addition, relative phases of copolar
patterns must be measured to correct(éalibrate)differential phase changes as beams are steered in
various directionso meet the bias limit requirement of fiNOAA/NWS RFR 2015)

In addition using the ATD antenna patterns (created using measured embedded ATD element patterns
coupled with the array factor), the crassupling biases of polarimetric variables can also be computed
using analytical expressiois| v (2017).Figure2.3.2 shows crossoupling biasefor beams directed at
az=0, el =30 andaz= 30, el = 15. The hiases are computed for Simultaneous Tragsiuin
Simultaneous Reception (STSR) and Phase Coded Simultaneous Transmission Simultaneous Receptic
(PCSTSR) modes. These indicate that the cross coupling can also cause biases that exceed the desired lirr
and that these biases increase as beams atealeally steered away from the H and V principal planes.
As shown inFigure2.3.2, these biases strongly depend on the intrinsic vallepef Also, theresults for
PCSTSR mode demonstrate that the ptdspulse phase codirgffectivelymitigates crossoupling biases
in Zpr andF pp estimates but exacerbatéemin |rn| estimates (bottom middle panelfigure2.3.2). To
put the bias offn,| estimatein perspectivenotethaB a | a k r i s h n(#80 statetliat bAagswithih
NO. 01 shoul d bsensing uhfe fmixedhasen precipitabr andi gauging the hail size
guantitativelyp At the same time, NOAA/NWSadar functional requirements (NOAA/NWS RFR 2015)
set the bias limits fojrn,| estimateso aneven more stringent value of £0.006 that regardthe black
curve in the lower middle panel &igure2.3.2 shows significant biases |nn,| estimategxceeding the
recommended limits for intrinsi€ pp values larger than ~50n the PCSTSR modé&or F pp estimates, the
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bias limit requirement af1 is exceeded in both the STSR and PCSTSR modes=a20 , el = 15 (lower
right panel inFigure2.3.2), but not ataz= 0, el = 30 (upper right panel ifrigure2.3.2).
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Figure 2.3.1. Transmit (left panels) and receive (middle panels) beam peak powers of the ATD antenna
measured in the nedield chamber. Neafield derivedbeamsteeringiases alonghe horizontal
principal plane (right panels).
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Overall, two approaches may be applied to mitigate the copolar andcowgdsg biases. The first
approach is to collect data in the PCSTSR mode and correct only copolar biases. This simpler approact
works well for beam directions whepellseto-pulse plase codingsufficiently mitigates crossoupling
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biases. For beam directions where this is not the case, a second more involved approach is required utilizin
knowledge of both copolar and crgsslar patterns.
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Figure 2.32. Crosscoupling biases in polarimetric variable estimatesdar= 0, el = 30 (upper
panels) and az = 3Q el = 15 (lower panels).

2.4 Application Software Radar Control/Monitoring and Signal Processing

The Application Software in the ATD includes twsignalprocessing paths (one for the Airaffic
Control mission, or ATEDSP, and one for Weather Surveillance mission, orDV#®) and two human
machine interfaces, or HMIshe General DynamiddMI, or GD-HMI, and the NSSICIMMS Weather
HMI, or Wx-HMI). The GD-HMI controls the back end of the radar, commands other subsystems (such as
the BSG), andcan beused toconfigure and execute ATD calibration sequences. When a calibration
sequence is executed successfiilym the GDHMI, calibration productgthe outputs obtained from
processing the calibration dat@e sent to th&®/x-DSP. The Wx-DSPreceives calibration products and
stores them inhe sacalled ProductDatabase. The latest available calibration products are logdia: b
Wx-DSPand used in redlme datgprocessing (e.g., when collecting weather d&ajthermore, archived
calibration products can be used to condattistorical analysis of the stability and accuracytlod
polarimetriccalibrationon the ATD Also, throughthe systemati@nalysis of archived calibration products,
we plan to continue to enhancalibration sequences for improved stability and robustness.

The Wk-HMI is designed to suppowteatherdata collection activities. Figure 2.4.1 illustrates thain
control panel in the WHMI. The system tab displays higével control parameters and allows a user to
start aweatherdata collection. The top section has clickable buttons used to enable/disbbjstems
and/orspecific functionality. For examle, the base data (Levl) and timeseries data (Levd) can be
recorded by <clicking on thei nmBtalke MDAapgmloi caantdi ol
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respectively. The bottom section displays important notifications that inform the uder stiate of the
radar (e.g., status information, warnings, errors).

MPAR ATD Weather HMI (Test/Controlling)

can | BaseData | DSP Status

Front End

Radar Made Pedestal Position stephen.gregg
Weather Only azimuth: 07 @sgreggwinstorm.ess : [1]
efevation 09

MNaotes

Add Mote

|G Data

oFF

Base Data

OFF

WDSS-Il Data

oFF

Figure 2.4.1. System panel of the WeathékI| used to controand monitorthe ATD.

Meteorological data collectealith the WxHMI incorporateshe following checks/calibrations:

T

Waveform checkthis checkensures that transmit/receive waveforms meet design requirements
and will not damage thentennaWaveforms that do not passshbheck are not loaded into the
exciter and cannot be used for data collections.

Range calibrationthis calibrationdetermines rangadjustment parameteit® place radar
returnsin thar correct range locatigrit accounts fomll system delayand procesingthat may
affect the apparent range of targétss a function of the waveform.

AbsoluteRCS calibrationthis processletermines the systereflectivity calibration constant
(commonly r 8YISEAD: eudatemlibratal radar reflectiviy values.

Broadside calibrationthis calibrationdetermines the differential powemd phase offsets
between the H and V polarizatioas broadsid¢on PRARSs, these ammmonly referred to as
A grsystemb i asdhitiah systemFppb i &S 0

Beamsteeringand crossoupling bias calibration: this processdetermines magnitude
corrections for both polarizations (H and &9 well aghe differential poweand phase offsets
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between thecopolarH and V polarizationsas a function oklectronic beamgeering angle
relative to broadsideln addition, it determinesthe coefficients for the correction of cress
coupling effects The correctionsare derived fromantennacopolar and crospolar beam
measurementandareapplied in the realime processing tealibrateestimates ofeflectivity
and polarimetric variablesHowever, the crossoupling corrections are not currently used
because the use of puisepulse phase coding effectively mitigates crosapling effectsat
lower elevation scans currently employeddote thatthesebias corrections areelative to
broadside and must be combined with broadside calibratimstantsto produce properly
calibratedpolarimetricdata

The following summarizes the basic procegssteps used to obtain calibrated reflectivity and
polarimetric variables on the ATD.
1 Reflectivity:

1. Estimate the mean signal pow&Y, in the H channel by computing the total mean power
0 , and subtradng the noise power obtained with the RadigdRadial Noise (RBRN | v i |
et al. 2014 estimatoy Nh. That is,

2. Compute a raw reflectivity estimate using the rarilgeas adjusted by the waveform
dependent rangealibration constantand compensatg for atmospheric attenuation
(ATMOS typically 0.01 dB/km).That is,

£ =10log, & +20log,R ATMOS* |

3. Compute the final reflectivity estimate by additige broadside reflectiwt calibration
constant(SYSCAL and ompensahg for the scan loss §L), which is a function of
beamsteeringazimuth ) and elevation90 - @) angles (where f and g are spherical
coordinategelative to the antenna fac@hat is,

E=zE isvyscaL +g¢, 3.

Note that this calibration is conducted under the assumption that thecorgdmgeffects
are not appreciable in the estimatesighalpowers intheH and Vchannels

9 Polarimetric Variables:

1. Estimate the mean signal powers in the H and V chgrieand"Y, by computing the total
mean powers and subtracting the chaispelcific noise powers.

2. Estimate the crossorrelationat lagO [i.e.,”Y 11 ] between the H and V channels

3. Compute the correctggbwer and crossorrelationestimatesusing the beamsteerirand
crosscouplingbiascorrectionmatrices which are a function of radar varialflg as well as
beamsteeringzimuth(f) and elevation (90- g) angles. That is,
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4. Compute the polarimetric variabl&®m the variablespecific correctedcovariancesusing
the conventionagstimatorsThat is,

o éérgZDR)
DR,raw = 1O|0910€; >(Zpr) !
&S,

IEDP,raw :arggﬁ(hf,m) ( O) y and

R
|ﬁv| _W .

5. For differential reflectivity and differential phase, subtract twrespondingbiases
computed via broadside calibratiodefoted asiSYS_ZDR for il gr systemb i aaaddo
ASYS_PHIDB for thefinitial systemFppb i & $hat is,

£.=zE  -svys zpl,and

£, = &

DP — 'DPraw

SYS PHIDF.

Note thatin the case whereby ontppolar biases are correct@hd the crossoupling biases are mitigated
via phase codingjhe beamsteeringnd crosscouplingbias correction matriceas step 3 areliagonalkince
only copolar pattern measurements are used for the computation ofribetioas If both co and cross
polar patterns are used for correction computatfoas both the beamsteering and crosspling biases
are corrected)the beamsteeringnd crossouplingbias correction matrices have all Rpero elements.
The biasmeasuremenprocedurs aredescribed in the next section.

3. ATD Polarimetric Calibration Procedures

Polarimetriccalibrationon the ATDconsists othe four procedureslefinedin the previous section. These
are: ange calibrationRCS calibration broadsidecalibration and keamsteeringand crossoupling bias
calibration We utilize the Calibration Tower to conduct all calibration procedures. The first three
procedures are performed with the ATD antenna pointing directly towards the FRigrglblee radabeam
is steered at broadsidehese are described next

In general, absolute RCS calibration requires a reference target with known RCS. For the ATD, this
would naturally be the Calibration TowetUnfortunately,we do not know the RCS of the Caliboati
Tower, so a onetime procedure was devised to estimate it. Firdbaselineestimate of the broadside
reflectivity calibration(SYSCA) constant was deriveldy comparng simultaneous weather observations
collected withthe ATD and the KOUN radaihile KOUN was assumed to beroperlycalibrated the
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ATD used aSYSCAlconstant of O dBBecause¢hese radars have different beamwidths asw different
scan strategies, the first step was to matcisphagalsampling grids. To this enthereflectivity field from
the ATD was linearly interpolated into a polar grid matching dheusedby KOUN, and loth datasets
were aligned in azimuth and rangée ATD baselineéSYSCAIlconstant was obtainexs theconstanthat,
when added to thé\TD reflectivity, minimized the root-meansquared(rms) reflectivity differences
between the ATD and KOUN fieldblext, the ATD antenna was mechanically pointed at the FF probe on
the Calibration Towerand the same waveform that was used to collect the weather data in theprevi
step was transmittetboped backhrough theoptical delay line ©DL), and retransmitted over the air to
the ATD. Received 1Q samples were recorded and processdidma range profile of signal powers from
which the range gate with the maximumuewas selected as tlo@e corresponding tahe Calibration
Towerreturn The baselineSYSCALconstant washenused to estimate the reflectivity of tRalibration
Towerin the conventional wags described in the previous sectidhe result of this onime processvas
an accurate estimate of the reflectivity of the Calibration Tower, which provides the required reference for
the absolute RCS calibration

The range and absolute RCS calibrations are performed as follows. tResATD antenna is
mechanically pointed directly at the FF probe that is oriented in the horizontal polarization. Then, a pre
defined sequence of waveforms is transmitted from the ATD to the FF probe in rapid succession.
Waveforms are received by the FF prainel are injected into the ODL, which increases the apparent range
of the FF probe being measured by the ATD. Data from the ODtedransmitted to the ATD over the
air and processed by the Wx D&Pthe conventional wayNext, the FF probe is rotatedarthe vertical
polarization, and the process is repeated for measurement of the same quantities in the vertical polarizatior
Then, the reflectivity of th€alibrationToweris used to derive waveforspecificSYSCALconstants for
all ATD waveforms.That is, regardless of the waveform used, the ATD should measure the same
reflectivity for the Calibration Towelhe same data set is used for wavefalependent range calibration.
Given that the ATD basdata range sampling is 225 m, a parabolic fit (withglak point and its two
adjacent neighbors in the range profile) is used to improve the accuracy of the range calitiratiange
of the peak in the parabolic fit is extracted and used to calculate a waxddpendent range offset. That
is, since the @ual location of the FF probe and the configuration of the ODL are known, the actual range
to the ATD can be calculated. Then, the difference between the apparent and actual ranges is computed ar
is used to compute a range calibration adjustment. An ghearaflectivity profile, with the interpolated
parabolic function, is shown iRigure3.1.

The broadside bias calibration produces wavefoithependent gz bias and initial systenk pp bias
values, as follows. The data collection procedure is identical to the previous one; kel Dtlamtenna is
mechanically pointed at the FF prodneda predefined sequence of waveformamgasured, first with the
FF probe in the horizontal orientation and then in the vertical. These data are processed by the ATD receive
as in the previous procedurThen, the difference between the peaks in the ramrgghting functions of
horizontal and vertical polarization returns is computed. This differential reflectivity between H and V is
the system gr bias (i.e.,.SYS_ZDR The phases of the H and V signate also computed at the peak of
the rangeweighting function. Their difference is calculated to produce the initial syStgniias values
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(i.e., SYS_PHIDPR The outputs of this calibration (for a set of 62-gedined waveforms) are shown in
Figure3.2.

1 T T 1 Ll 1 1
50 Response from FF probe [T
40 b —— Parabolic fit

Reflectivity (dBZ)

19 20 21 22 23 24 25 26
Range (km)

Figure 3.1. Example reflectivity profile from the range and reflectivity calibration sequence. The solid
black line shows theeflectivity produced by the Wx DS&hd the blue line shows the parabolidfgm
which the range calibration adjustment is derived
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Figure 3.2. Example broadside bias calibration sequence, which produces system differential reflectivity
and initial differential phase as a function of the weatbesn waveforms.

In the case ofdamsteeringnd cosscouplingbias calibrationthe fourth proceduret, is necessary to
characterize the beanfat and around beam peaks) fowltiple electronicsteering angleslue to the
existence ofscandependent copolar ancrosspolar patternsOn a typical weathescan the ATD
electronicallyscans a sector that spans 4% azimuth and €0 in elevation while the antenna is
stationary. This poses a requirement that beams be characterized for electronic steering angles in thi
domain. Accordingly, the calibration procedure curremfrformsbeam measurements akectronic
beamsteering anglébat span azimuths of +4%n 3 steps ad elevations €20 in 2 steps for a total of
313 11=341beammeasuremest To measurehte steering dependent biades a given electronic angleve
employa multistep calibration procedure. At each measurement,pibe antenna is mechanicapjaced
into position so thavhen the beam is electronically steered in the direction to be measured, it points towards
the FF probe locatiorfo achieve this, we developed an algorithm that calculates the antenna mdchanica
position (i.e., azimuth and elevation) given the measured beamsteering direction relative to the antenna fac
using the known location of th&- probe.For each beam measurement, a small scan is executed to capture
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the beam centers and a neighborhoodirdathem.That is, he area arounthe expected beam peak
scanned electronically using a-called box scan and alternating between transmit and receive beams to
create copolar and crepslar quaspattern data. This processexecuted for the horizéal and vertical

FF probe polarizations. It intirely automate@nd is graphically depicteid Figure3.3. The data from

each box scan are processegtoduce a set of beam measurements for a given electronic beamsteering
angle. The resulting beam measurements are finally fitted withdrggr polynomials in azimuth and
elevation to produce matrices of calibration values on an electronic beamstgetingth 0.25 steps in

both azimuth and elevation. In its current version, teantsteeringand crosscoupling bias calibration
procedure takes ~4.5 hours to execute.

ATD ATD
A
\ HORN
\\ HORN \ 0 D
O | B
61
1. Mechanically move the ATD antenna such that ' 2. Ellectronically steer ATD transmit pulses to scan<
the calibrated steering angle points towards the a fine rectangular grid around the FF probe
FF probe. expected location. Receive signals from the FF
probe.
ATD
ATD
HORN HORN

3. Transmit from the FF probe and receive with
ATD, scanning the receive beam in a fine grid
around the expected FF probe location.

4. Rotate the FF probe by 90° and repeat steps 2-3
for the other polarization.
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5. Mechanically move the ATD antenna such that 6. An example of a vertical copolar quasi-pattern
the next calibrated steering angle points towards measured in step 2 for a vertically polarized FF
the FF probe. Repeat the steps 1-4. probe.

Figure 3.3. Depiction of beancharacterization procedure.
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Figure 3.4. 3-D depiction ofelement @z in the Zpr correction matrk derived from calibration data
collections on 7/23/20 (left column), and 10/1/20 (right columhg Bp and midle panels show raw
and smoothedalibration data, respectively. Bottom panels show averagay temperaturdin °C)
derived from &ensors located throughout the ATD antenna.
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