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Preface

Beginning i n Natidnal ActoBattl @red SpabeeAdministrati@hASA) solicited
scientists and engineers to develop satellite infrared and microwaveneddis to remotely
measure the atmospheric and surface properties of planets within our solar system. In 1971, after
completing my PhD in Electrophysics where | studied plashiasgan my government career
working at NASA atthe time when they first began launching experimental microwave
radiometers aboard satellites to view Earth from space. | then jtweedNational Oceanic and
Atmospheric AdministrationNOAA) in 1972 working on more advancegerational microwave
radiometers Subsequently, they weresal developed for operational ubg the Air Force and

Navy. Thesesensitiveinstruments measure thextremely low levelthermaly emitted natural
radiation(~10¥ watts)e manat i ng from the Earthos eweehace ¢
1.42 and 183 GHz. To detect such weak signals in the presence of instrumental noise, radiometers
require very high gain receivers with large noise reduction. Such capability is analogous to being
able to hear a person speak next to a roaring jet engine. This feabmspished using the logh

amplifier or synchronous detection approach developed around 1944 by Dr. Robert DiEkes[1].

to its simple desigrand historical significancéhis analog approach is uséédre. Furthermore,

these radiometers aséll used vdayfor groundbased and satellite radiometers.

The development of satellitdborne radiometers initiated a new field of study, Satellite Microwave
Radiometry which is highly interdisciplinary, drawing on results frelactrical engineering,
oceanogrphy, geophysics, atmospheric and earth sciense8lOAA | was mainly involved in
evaluating the performance of radiometers a®deloping algorithms to derive surface and
atmospheric parameters frotmeir measurements. These parametauch as temperatyrevater
vapor, rain rate, snow cover and sea ice concentraienused by various organizations to
monitor, analyze anfbrecasthe globalweather and climatéJponretiring from NOAAin 2005,I

first considereddeveloping improved algorithms for thesegucts. However, | found it more
challenging to construct grousizhsedmicrowave radiometsmusing components available through
the Internesuch as from EBaylhis interest was spurred by2803 article | read from the internet
(http://www.qgsl.net/oh2audicke) by Michael Fletcher who describa homebuilt 11 GHz Dicke
radiometer and gave referenc@se reference, the Septber1978 article in Skyand Telescope

by Swensonand Yang[2] was most helpful sinceit gave detailed circuit diagram#nother
reference is the bookMicrowave Radiometer Systems: Design & Analgdig Neils Skou [3],
which describes a 5, 17 and 34 GHz radiometer, each operating as a total power, Dicke and noise
injection instrument. These, as well as all other references are hsahpter 15 of this book.

Although much of my work at NOAA was devoted to analyzing satellite data, my main interest
following retirement was to construct microwave radiometers using components available from the
Internet. Thisbecame a reality when éalized howinexpensivehe radiometercomponerg could

be. In fact the most expensiymart was the test equipment needed to measure the radiometer
performance. Such test equipment included a Tektronix oscilloscope and a Hewlett Packard
spectrum analyzeand sweep generator. The test equipment was of high quality from thé&1970
purchased fromeBay. While some equipment waslatively expensive i(e., 0.01 to 22 GHz
spectrum analyzer cost $400), | was able to constag@dmeters operating at #2, 20.5and 22.2

GHz from parts costinggss thar$200, with the highest cost being at the two higher frequencies
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Most costly were the front end componeotssisting of a wveguide toSMA (SubMiniature
versionA) transition or adaptefpllowed by a Pin Diode Swgh, Isolator and.ow Noise Block
(LNB) amplifier, which | could not construct. However, | constrgdt the lower frequency
componergwhich consist of aquare law detector, AC amplifier asghchronous demodulator

| began this project by first buildg a total power radiometer that only requiredL&lB, square

law detector and DC amplifier. Howevas discussed herkefound that very smaljjainchange in

the LNB andDC amplifier due to incremental temperature variatiomsde it impractical to build

drift free radiometer without very frequent calibration. | therefore decided to foregapproach

in favor of the more stable Dicke radiometisignwhich use the above mentioned logh
amplifier approach of signal modulation followed by AC amedifion and synchronous
demodulationto reducehe effects due to electronic noise ayain change. In fact, because of this
design, much concerns involving signal to noise ratio (SNR) or noise figure, stability and
sensitivity proved to be unfounded by thetruments unattended long time performance.

The book describes the construction, measurement and analysis of radiometers operating at 4, 12,
20.5 and 22.2 GHz. While all of theadiometershavesimilar design the4 GHz unit required a

narrow band filer to suppressitermittent Radio FrequencyterferencgRFI) from WiFi, radar

and aircraft altimetersas primary exampledn fact, the 4 GHz radiometer without the filter
routinely detected approaching aircraft. No siRRl was seen for the 12 GHz radieter.
However, unlike the 4 GHz radiometer, the 20.5 GHz radiometer detects interrRifteint the

form of DC offsets that could not be filtered, while the 22.2 GHz radiometer shows no
interference. Of greater importance is that these highest frequadaymeters have a peak
response approaching the 22.235 GHz water vapor absorption line. As such, they have a higher
sensitivity to water vapor as well as clouds and rain than the lower frequency units. Calibration of
these radiometers therefore requiresewaapor corrections when using clear sky measurements.

In addition to calibration, algorithms are applied to derive water vapor and cloud liquid water from
the combined 20.5 and 12 GHz radiometer measurements. Because of issues REtlthas

results a@ compared with that obtained using the 22.2 and 12 GHz radiometers as well.

Apart from correcting typographical errors, thi& @dition also describes the construction,
measurements and analysis of a 1.4 GHz radiometer, which is the latest and legquestdy
radiometer placed aboard satellites. Besides measuring soil moisture beneath vegetdtiow,
frequeny radiometers areensitive tahe salinity inoceansand within sea iceAlso discussed is

my recent finding of excessive interferernethe 4 GHz radiometer. ThiRFI was only observed

after publishing the™ edition. As suchits original filter was replaced with a narrower band filter

to remove tis newinterferenceThese addition® the 2 editionare consistent with my objective

to add updated material as more information becomes available through analysis and measurement.

Originally, | wrote this document to keep track of my progress in constructing these radiometers.
As the project evolved | added separate chapters and appendicebidg the calibration and
analysis of the measurements. The appendices were added to provide more detailed analysis of the
radiometer components athatck-in amplifier approach. They also include some less understood
issues pertaining to radiation tramsand emissivity modeling. To share my experience with others

| decided to write this material as a book. Since about half of this book involves microwave
engineering, it contains numerous references to the iddickowave Engineeringby David Pozar

[4]. | also added three extensive chapters on satellite instruments and their measurements, much of
which is based on my firdtand knowledge. These chapters outline the history of satellite
radiometers and show unique examples of measurements that playgd pded in establishing

their role in earth remote sensiriExamples also describe some unresolved observations that need

to be better analyzed and understood even after many years of launching new satellite instruments.

2



Content

Chapter Page
1 Introductioné é¢ é é ¢ éé ééééé é€éé.éé.éé....... 5
2. Radiometersat4and 12GHzé é é ¢ é ¢ é é 6 & é é .é .. 7
3. Radiometer Block Diagrams é é é é é éé é ééééééé.o
4 Radiometer Calibration é é é . . é éééé é é é éé .. & é ..14

o 0

10.
11.
12.

13
14
15

4.2 LNB Gain Change with Temperature.6 ¢ é é . & € é é ¢é .19

4.3 Sky Brightness Temperature..é ......... @& 6.6 .6.6¢6¢6¢.20
4.4 Clear Sky Calibration Measurementsé € € .......cccccceeveevviiiicnnnns 25
Gain Variation, Noise and RFI Mitigation........................... é .6 26
Detector Responseé ¢ é é é 6 6 6 6 6 €€ .ooviiiviiiiiiinennn. 29

8.1 Radiometerat20GHzé é ¢ é é é ¢ é ééé éé .é¢é¢é ... 48
8.2 Radiometerat22GHzé é ¢ 6 é é éé é e éé ééé .é ... 53

8.3 Cloud and Rain Measurementsé € € € € € € é ......ceevvveeennn. 56
8.4 Tipping Curve Calibration Measurementsé .6 .é é é . ..é ....59
8.5 Water Vapor and Cloud Water Simulations.é¢ é é é ............... 68

8.6 Water Vapor and Cloud Water Measurements é & .6 € .é ...72
8.7 Water Vapor Retrieval Accuracy.é é é é ¢ ééé é ééé .75

,,,,,

12.1 Desert Measurementsé é é ¢ é ...é éé é é .é .é é é é 102
12.1.1 Diurnal EffECtS. oo 106

12.1.2 Scattering Effectsé é .&é € 6 é ¢é 6 é¢é é¢é .6 ..é 108
12.2 Snow Cover Measurementsé ¢ € & . & .é é .é ..& .é é ...... 112
12.3 Sealce Concentration é é é é ¢ e e ééé ééeé .éé ... 116




Content - Continued

Chapter Page

Al
A2.
A3.
A4,
A5.
A6.
AT.
A8.
A9.

A10.
Al1l.
Al12.
A13.
Al4.
A15.
A16.
Al7.
A18.
A19.
A20.
A21.
A22.

,,,,,,

,,,,,,,

Synchronous Demodulatoré é . é & é . ....... e 140
Temperature Compensated Detector........ gééé ... 143
AC Amplifier....... Eééeéeééecé. b, 145
4 GHz Radiometer Isolator. éé.é é é € é . cevvvivennnnne 146

4 GHz Radiometer RFI Filteré ..é é é é é é ..é é é . .147
é é ..149

[¢]
[N

Glass Door Reflection and Transmissioné é .é

Severe Storm Measurementsé é é é é é é & .............. 154
Tipping Curve Analysisé é é 6 6 € é € é ..ccovevrieenn, 155
Dual Frequency 211 22 GHz Radiometeré é ,.é ........... 161

Spectral Analysis of Dicke Radiometersé é é ..é é . ..164

Modeling Limitations of Random Media....é .é .é é . é 166

rrrrr

!_\
N
®
I
N
)
Q
o
(@]
3
0]
po4
(0]
=
N
N
0N
N
0N
N
N
N
0N
N
0N
0N
0N
0N
N
o
N
N




1. Introduction

After working as amicrowave engineer ancompleting myPhD in Electrophysicd began my
government career at NASA and then at NOAA during the evolution of a new interdisciplinary
field Satellite MicrowaveRadiometry from its onset in 197ntil | retired in 2005 As with raday
radiometersare placed on the grourahd aboard satellites to measumemospheric and surface
properties However, unlike radar which is an active sensor, radiometers passively measure the
naturalthermal radiation emitted by the earit NOAA | spent much of my care@valuating the
performance of satellite radiometers aapplying them to measureatmosphericand surface
parametersFollowing my retirement focused orgroundbased radiomegr which is contained in

the first nine chaptersending with three chaptersand appendice®n satellite radiometry
Appendices comprisgbouthalf of the book providing detaik on subjects in the marhapters.

Thefirst eightchapterssummariz my experience in construeg groundbasedicke radiometes

a 4, 12 and near the 22.23 GHz water vapor absorption lindt descrbes thecalibration
measurementand analysisof the radiometersin many ways tese chapters ailéke a diaryor
notebooksince much is written in the chronological ordeffinflings | must therefore apologize
for some repetition and unevenness due to the chronology of the preseiftattbermore the
book has beemupdatedas more informatiothe@me availablghrough analysis and measurement
The revision datds listed on top of thePreface The 2" edition expand my 15 edition by
describing algorithmsised tomeasure atmospheric temperature, winds and sea ice concentration
from satellites This 3 edition describs my recent observationand mitigation of strondRFI
around 4 GHzin Appendix A9 It all includes an extensivdiscussionon the construction,
measurement and analysia 1.4 GHz radiometan Appendix A22 Thisfrequency is protected
by the Federal Communication Committee (FCG)be used only in radiometry. Akescrited in
Appendix A22, its frequency is included ithe latestsatellite radiometes to provide the most
accurataneasurmentsof soil moistureas well as the salinityver ocears andwithin sea ice

Unlike satellites, goundbased radiometergovidelocalizedand even controlled experimenfs
an exampleChapter 8 describes the use of the 12 and 22 GHz radi@tetaeasureloud liquid
water, precipitationand water vaporThese applications arebest obtained outdoorgut for
convenienceahey are also viewedthrough a glass patio dodrherefore Appendix A10 analyzes
the radiation transfer througthe glassdoor. As mentioned above, thesgppendicesomprise
nearly half of the bookso asto not interrupt themain flow of the text.Appendicesalsoinclude
subjectsrequiring more detailFor example, Appendix A16 describ#se problemspertaining to
modelingrandom mediavhile Appendix Al8derivesthe nonlinear calibratioequationdue to
imperfectsquare lawdetectos. However, b keepthe booksmall,| omittedderivationsavailable in
otherbooks Therefore, although not @xtook, it should [ of interest tothosewaning an in-
depthdescriptionof groundbasedradiometersAlso discussedn detail are satellite radiometers,
including their measurerantsand algorithmgo derivesurface and atmospheric parameters

Although mcrowave radiometry is lesgamiliar than radar it is well recognizedin the
Atmosphericand Earth Sciences dudo its uniqueapplicationin remote sensingf temperature
atmopheric absorptiorand surface emissivityAlso, while both sensorshave theiradvantage,
radiometers arsimpler to construct than radeshosephasemeasuremenor echereturnis best
detected andnalyzed digitallyAs mentioedin Sectiors 7.3 and 2.2 such phase informatiois
only available from radar andasel to observethe ice stratificationin snowand measurehe fall
velocity of rain and its vertical distribution However dthough it& easy to findDoppler radar
modules from the internet for unde$10to measure spegthis is not truef radiometersin fact, it
took 10 yeas working on and off untilarriving at the final designdescribed in Chapt&. While it
wasa great learning experience reasorit took solong was that| initially tried building total
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power radiometerdt howeverbecame obviousfter manyfailed attemptsthat the bestvay to
minimize the slow drift andspurious instrumental noiseasto useDicke®& metod of synchronous
modulation and deodulation which is called synclnous detectionAs described in Appendix
Al5, both of these effects are mitigatesing modulationto shift the low frequency noisaway
from the signalThe followinglists someissues | came acroggile construcding theradiometers

The firstissue ivolved the testing and evaluatiof the radiometer performance. As described in
Chapter4, this ultimately required the construction of a high emissivity calibration target using
high quality ferrite materialcalled Eccosorimanufactured by Emersd Cuming. Calibration of

the radiometer using the target revealed a number of issues. In particular, it became obvious that
except for viewing the target &rge anglesan isolator[4, pg 465] was needed to suppress the

LNB local oscillatorsignalfrom beingtransmitted out anthenreflected back into the radiometer

due toa slight impedance mismatch of the tardéte isolator also reduces refledtradiatiordue

to impedance mismatch between other front end composecitsas the antenna, switch &iNB.

The secondproblem areahad to do with thedetector This critical radiometer component is
discussed extensively throumit this documentAs explaired in Chapter6 and Appendix A6
rather than purchase a square @atector, | construetl one usinga Schdtky diode[4, pg 509].
However, &er considering differentliodes andreviewing the literature, $aw the advantage of
usng a matched pair of diodas atemperature compensatenlcuit. Chapteré demonstratethe
improvel radiometer performanagonusng such aemperature compensatdetector

The thirdprobleminvolvedthe synchronous demodulatahich wasconstructedrom information
acquiredfrom the internetAs described in AppendiA5, this unit uses operational amplifiers
configuredas a diference amplifieranintegrator and DC amplifieio process the input signal in
the analog domairMost important waghejudicious choiceof a J17MetalOxide Semiconductor
Field Effect Transistor (MOSFEWhose gate inpus energized by a clock genaeyato switchthe
polarity of the difference amplifier outputuring half the clock cycle This sameclock also
energizes a pin diode swit¢th, pg 514] to switchthe radiometer inpurom antenna to reference
load | tried differenttransistors until arrimng atthe J17Avhich could handle the larggrainsignal
when viewing spaceithout affecting the switching action.

The fourth issuepertairs to RFI observed withthe 4 GHz radiometeBesides obvious sources
(e.g, aircraft altimeterstadar andNiFi), which | tracked down using my spectrum analyzer, there
were many other frequencies that turned up intermitteinttied usingdifferent filters placed after
the LNB intermediate frequencyutput to suppress thBFI until arriving at a filter whose
frequency response idescribedn Appendix 29. It also explains the need for updated filters due to
changingRFI frequency. Alsp as discussed i€hapter8, RFI is not always narrow band and
intermittent This is shown for radiometeat frequencies of 20.5 ariell.1 GHzw h o RF$ could

not be ranoved using filtes. In contrastmy highest frequency radiometeenteredat 22.2 GHz
displaysno significantRFI since it resides in a protected region.

Many of themostimportant applications of microwave radiometens obtainedby placing them
aboardsatellites to view Earth globallyAs discussed in Chapter 10, while satellite and greund
based instruments are similar, depending on the application different antennas arevised to
Earth and calibrate satellite tnsments.| thereforeincluded three chaptersat the endincluding
appendicespn satellite radiometers. Isummary Chapter 10 provides ahistory of satellite
radiometerswhile Chaptes 11 and 12 describe tire atmospheric and surface applications.
Atmogpheric applications includeater vapor antemperaturemeasurementahich serve asput

to weather prediction modelSurface applicationsompriseof snow cover, surface wetnesand
rainfall for use in hydrology, and measuremest of sea ice concentratioc and winds in
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oceanograpkh models Besidessynoptic scalaneasuremest Chapter 1lalso highlightsthe use
of satellitemicrowaveradiometers to measure tgebally averaged temperatuirendfor climate
studies an application requirgnexceptionallyhigh accuracyindependent of cloud cover

2. Radiometers at 4 and 12 GHz

| began thisproject by firstbuilding a total power radiometewhich only requiresthe minimal
configuration i.e., usng DC amplification of the detected signak brief desciption of the
instrument andts measurement is described in Appendlix It is shown thathe slow drift in
output die tovery smalltemperature induceglain changenakes it impracticalto use thistype of
radiomeér without frequent calibratiofi.e., less than a minute) thereforedecided tdorego ths
simple approachin favor of the more stable Dicke radiometer whitdes AC amplificationand
synchronous modulatiedemodulationto eliminate drift and low frequency electronic noise
[4, pg 669]. As such, his book only describeghe constructiorof this uniquetype sensor, which
provides accurate measurementsing analog techniquealthough not used hie applicationof a
digital or Software Designed Radio (SDR) approachrisfly mentioned inSection 6.1Also not
considereds any digital processing othe pre-detectionsignal for RFI mitigation and thermal
noise detectioras discusedin Chapter 5. Due to its complexity only theimpleranalogdesign
developed by Dicka the 194@ is usedhere which besides its historical significanisestill used
today for groundbased and satellieorne radiometsr Unlike radar which requires digital
processing of phase information to analyze the return echo, dete€ttbe incoherent thermal
radigion by radiometersan beobtainedusing analogechniques.

The first radiometersonstructecbperate at 4 and 12 GHz. In addition to being least costly, the
measurements are least affected by atmosphbsgorptionIn comparisonmy highest frequecy
radiometerperateat 20.5 and 22.2 GHavhichis near the22.235 GHzwater vapor absorption
line. As dscussedn Chapter8, ther cost is highemandrequires larger atmospheric corrections
Figure 1 shows the 4 GHz radiometdnerethe rightmostpicturehasits lid opened toshowthe
labeledcomponentsA larger picture of the components ishown inFigure 18. The bottomright
shows the radiometer output connedti@ad Ou} as well as other outputssedfor diagnostics.
Also shown is the 15 dB gahlorn antennavhose @sign equationaregiven in Appendix &. The
appendix shows that in ordg&r increase the gain alecrease thbeamwidth one needs to greatly
increase the axial length of the horn anteriifee bottorrleft of Figure 1 shows the power put
connectors, the D@ne offset control and two additional diagnostic outpuss.digital voltmeter
shownin the topleft picture displays the radiometer output rad LNB temperatureFor more
reliablemeasurement&see Section4.2 and6.1), atemperaturgegulated exhaust fan on thght
side of the cabineits used toconvectively cool the LNB as well as othecomponentsusing
ambient temperaturelhe circuit is shownn Appendix A3 althoughl found thatthe fanis
unnecessargfter waiting about an hodor the instrument to reach thermal equilibriugmmilarly,
Figure2 shows he 12 GHz radiometelt has a 19 dBjain horn antenna and the sameut and
output connections as the 4 GHz radiomel&e bottomtwo figures show thdéid opened toview
the canponentswhich isenlargedn Figure A4 ofAppendix A4. Most mmponents arabeledso
they anbe comparé with the block dagrans discussedn thenextchapter
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Figure 1 - Different views of the 4 GHz radiometer. The open lid seen on the top-right shows the
components while Figure 18 shows a larger image. The bottom-left shows the 12 V power input, DC
offset control and diagnostic outputs of the synchronous demodulator, TP1, TP2. The bottom-right shows
the radiometer output (Rad Out) and other outputs. This view also shows the 15 dB gain horn antenna.
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Figure 2 - Different views of the 12 GHz radiometer. The top-left shows the 19 dB gain pyramidal horn
antenna. The back view on the top-right image shows the power input and access to the fine offset
control. The top lid is opened in the two bottom figures to show the various components. Figure A4 in
Appendix A4 shows a larger picture of the components. The top-left image also shows the temperature
controlled exhaust fan used to mainly cool the LNB. Its controller circuit is described in Appendix A3.



3. Radiometer Block Diagrams

The radiometers are constructed using separate modufasilitate the assemblgnd testingas
well asenhancing thésolation It is alsoimportantto use quality connectors when constructing the
instrument, particularly for the front end mogvave componentsrigures 1 and 2show the
placement of theifferent modulesn the cabinetsvhile Figures 3 and 4howtheblock diagrams.

A description of the block diagrams is given below, waitiditional details presented in later
chaptersaand appendes

The flow diagramfor both radiometes begins on the left wittthe horn antennaThe antenna
receivesmicrowavethermalradiation andutputsit to asingle pole single thronSPST) pin diode
switch that switches between the input noise temperafwrend a resistive loadside the switch
at temperatured As such, theswitched output is amodulatedmicrowave signal whose envelope
is a square wave with amplitudex T Ta. The pin diode switch is driven by a square wave
generator (clock) that alsaides thelast stagesynchronous demodulatowhose output i DC
level proportional to theénverteddifference between the two signals,, Ta - Tr. Although shown
separately, the clock is part of the synchronous demodulator whidgscisssedelow and more
fully describedin Appendix A5. This modulation reducesthe slow radiometer drift while
Appendix Al5shows howsynchronous demodulation removesv frequencyelectronicflicker
noise by first shifting it to higher frequenes A low-pass filter hen blocks this frequeny
componentwhile extracting the lower frequencydesired synchronizedsignal The flter or
integrate stage o significantly reduces thethird componentof fluctuations thatis due to
broadandelectronicthermalnoise[4, pg 488]. In summary,Dicke radiometers are designed so
that thermal noise is the major noise source.

At each output stage of the radiometdifferent electroniccomponentsare usedd process the
waveformsillustrated in theblock diagrams of Figure 3 and 4As an example, Figure 5 shows the
measured waveformseen on my oscilloscops the detectooutputand after the detectostage
when the 4 GHz radiometerviews spaceover a period ofabout two clock cyclesor 10
milliseonds The left-most Figure displaysthe very small amplitudenodulated signafrom the
detector which is about2 millivolts (mv) with a 10 mvDC bias esulting fromthe LNB noise
which is also detectedAlso shown isthe output from the next stagehigh gainAC amplifier,
which increases thenodulated signal to 2 voltand removes theonstantnoise evel This AC
amplified signal isnextsent tothe synchronous demodulator.

The rightmost image inFigure 5 showsthe synchromus demodulatooutput TP> prior to its
integrator andDC amplifier stage The synchronous demodulatoses a difference amplifier to
switch the polarity of thenodulated signadluring half the clock cycléo produce a 2 volt signal
with small jumpsAs discussed in Appendix5A this demodulatedvaveformshown in Figures is
then passed through low pass filter ofintegratod having time constants of 0.1, 1.0 and 5.0
second to smooth thesignal and produce a constant voltaglee next stages the synchronous
demodulatoarethenused toprovide low level amplificatio and sethe DC offset As a result of
the switching operationthe synchronousdemodulatoroutput shown inthe block diagramsof
Figures 3 and 4educe the slowdrift Torift and gain fluctuationsof the amplifierswhich contain
low frequencyelectronicflicker noise As mentioned abovehe use ofmodulation reduceshe
radiometer drift and low frequency fluctuatiobg shifting thento higher frequenciewhile using
a lowpass filterto attenuate themwhile passing the synchronized signgte low-passfilter of the
synchronous demodulatalso reduceshe Gaussiardistributedwidebandinstrumentalnoise Tn
by temporal averagingrhis noise reduction due tmporal averagings containedin equation
(7b) of Chapter 5which is the fluctuation ofradiomete outputor Noise EquivalentDifferential
Temperaturevritten asNEDT.



Before reachingthe synchronous demodulator, the modulated microwave sgimaln in the
block diagram®f Figures 3 and & first amplified by thd.ow Noise Block (NB). The LNBhas
very high gain(60 dBor 1¢ power gain with a very low noise figureof 0.2 dB or 14K noise
temperaturdor the Cand Ku bandsThis figureof meritis the noise introduced by the LNB to the
signal. It isthe difference in dBor equivalent temperaturef the outputnoisepowerto that of a
noisefree receiverhaving the same input noise signdlhese microwave amplifiers were
developeccommerciallybeginningi n  t h e direct Woddcashtellite TV receptionandis
the key radiometer componeue to mass productiptheseamplifiershave becomeelatively
inexpensive particularly in these bandalso, unlike more recentdirect detect amplifiersusing
Monolithic Microwave IntegratedCircuit (MMIC) technology L N B 6 s theunsoee traditional
heterodyne principld4, pg 650] using a mixeiand local oscillatorl(O) to down convert thénput
microwavesignal to a lower intermediatéfferencefrequencyor IF betweenl and2 GHz These
operations are shown in the block diagram of a generic LNByur&6.

To obtain the very low noise figurdyeg LNB usewerylow noiseField Effect Transistos ( FET 6 s )
configured asamplifiers,a mixer andLO. The stable LO frequencyis generated using a crystal
Dielectric ResonatoiOscillator(DRO) driven by arFET which has an.O stability within 1 MHz,

which is more than adequatds such,L N B @reatly simplify the radiometeconstruction by
combining theamplifiers, LO and mixerinto a single unitUnfortunately,these commercially
produced. N B arsonly avdlable atspecificfrequengesin C, Kuand Ka BandWhile LN B éat

other frequeng bandscan beobtainal by custom orderfrom the manufacturerthey ae very
expensiveto acquire Incidentally,i nst e ad toef lowlfrBgBems/1.4 GHz radiometer
descriledin Appendix A22 usgdirect detection without a mixer ahe for amplification.

The bottom ofFigure 6 shows the commercially availabld. N B &used inmy 4 and 12 GHz
radiometers which have waveguideput and coaxoutput for the IF signal As discused in
Section4.l1, these radiometershave a NEDT of about0.3 K for a 0.1 secondntegration time.
Figure6 also indicates the availabilityf €a band LNBY thatgenerallycover the 18.3 to 20.2 GHz
regionwhile some goas high a2.2 GHz While | beganthis project by developing a 4 and 12
GHz radiometer, later construced a Dicke radiometer using the Norsat 9000C Ka band LNB
shown in Figure6, whose construction is shown in Figure 28 radiometeris measuredn
Chapter 8 to hava peak response a.5 GHz. As such, alsodiscusghis radiometeras well The
9000CLNB hasanLO at 19.25 GHzwith a 1.3 dBnoise figure or a noise temperaturef 100 K.
The radiometerthereforerequires a larger integration timelargerthan 0.1 secontb obtain the
same0.3K NEDT of the lower frequencyunits.

Chapter 8 dscrbesthe 20.5 GHz radiometery its calibrationand measuremesntof water vapor
cloud liquid waterand precipitationFurthermore | also acquiral a still highe frequencyLNB
from Norsat, the mod&d000D. This highest frequencamplifier has a 20.25 GHEO soits input
is between 21.2 to 22.2 GHz, which is 1 GHz higher than the 9000CItanipperfrequency
approaches th22.235 GHzwater vaporabsorptionline so it has thehighestsensitivty to water
vapor. Its measurements asempared witlthe 20.5 GHzradiometer measuremernitsSection 8.2
Also, as discusseth Section 8, the22 and12 GHzradiometers are mounted on tripddsview
and scarspace Theiroutdoormeasurements are combirtedieterminethe water vapor and cloud
liquid water variation Lastly, Chapter Qescribesa simple outdoorradiometerexperimentto
measure the absorption of low loss materials suctesarisand.

Referring back to thelock diagrans, the square wave galope of thdF signalfrom the LNBis
detectedusing matched pair Schottky dialéhat are temperature compensated using
difference amplifiercircuit in Appendix A6. As mentioned abovehis very small envelope is
amplified using an AC amplifier thatlso removes thdetectos 10 mv DC bias signalresulting
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from theLNB noise The AC amplifier circuit is described in Appendix’ AThe radiometeralso
use awide bandsolatorbetween thewitch output and.LNB input, where Appendix A8 shows the
4 GHzisolatorresponseNote that itblocks reflectionglue to an impedance mismatch between the
switch andLNB at the inputfrequencies of 3.76 to 4.01 GHit also blocksthe 5.15 GHzLO
radiationgeneratedvithin the C-BandLNB which isleaked out through thentennaThe Ku Band
LNB has itsLO at 10.75 GHzand therefore requires a different isolatdfithout the isolator,His
leakedradiationcan poduce errorsising the near fieldalibrationapproachin Chapter 4which
places thetargetover the antennarhis leakageis thenreflected back into the radiometer dioe
impedance mismatch between antenna and tafrget isolatoralso preventsthe LO from being
reflectedback into the radiometdry an impedance mismatch betwdbe switchand LNBwhich
producea an additionalerror.

While RFI is found to beinsignificantat Ku-Band, there are many sourcesCaBand(e.g., WiFi,
radar aircraft altimeterg. Chapter 5 describes the latest digital technique for mitigating
interference although analogltering is ugd hereand found to be sufficienAs such the 4 GHz
block diagramcontains a optimally chosemarrow bandcoaxialbandpass filteatthe LNB output

to suppressostradio frequencynterferenceFigure A9 of the Appendix showshe filterresponse

to becentered at 1.26 GHz with a 250 MHz bandwidtid veryhigh out of band rejectiorAs a
result of the filter, the frequendyand detectedy the radiometer $ reduced fronthe full LNB
band 0f3.30- 4.30 GHz to 3.76 4.01 GHz. Since theantennanput pover isgivenby the Nyquist
equationkTBwhereki s Bo |l t z ma n d s itsacegaivaedtraaiation tempetature in Kelvin
the four timesreduction in bandwidthB, requires aour timesincreasein gain Becausehe 12
GHz radiometerdoes not requirsucha filter, it can use its full LNB bandwidth &00 MHzso its
gain would be half that che 4 GHz radiometerlt turns out that differences between theN B 6 s
and othercomponents even further redsdbe 12 GHz radiometer gain comparedhat needed
for the 4 GHz radiometeAs discussed in Appendi&9, | recentlymeasurd strongRFI in 2025
using the 4 GHz radiometer.This RFI was eliminated by narrowng its IF filter bandwidth
However, his does not affecthe measurementdiscussedn this booksince the measurements
wereobtainedprior tothistime.

The synchronous demodulatshownin the block diagramsf Figures 3 and ,4and described in
Appendix Ab, contain an integratohaving different time constants tareduce the random
fluctuations due tanstrumental noise More will be said about this noise Chapter 5 The
demodulatoralso @ntainsa low gain DC amplifieand DC offset control setduring calibration
Schematis of the synchronous demodulator, temperature compensated detector angii@ram
aregiven in theappendces. Not shown in the block diagrais thetransitionwhose waveguide
input connects to the antenna white SMA output connects to thein diode switchA second
transition(also called waveguide adaptés)placedbetwea the LNB waveguidénput and SMA
isolatoroutput. These component&re shownn Figures 1 and 2along witha multiplexerthatis
connected to the LNB- output The multiplexeor bias teeshownin Figure7 (Left) uses filters to
pass DC power to the LNB/hile extracing its IF signal. To improve the insertion loss and
bandpassa commercidly built multiplexer shown in Figure 7 (Right)uses Surface Mount
Technology (SMT) components aPrinted Circuit Board (PCB)for betterimpedance matching
anda widerfrequency response logducingparasitic capacitance.

Many of the radiometercomponents have adjustable paramesdtisough they are fixed after
calibration Theseparametersnclude thegain of theAC amplifier, G;, detector,Ggy, and DC
amplifier, G. As shown in the block diagrams Dicke radiometers measure the difference between
the input radiation seen by the antenna and that of the warm reference tempengetirés such,

the smallest signal occurs when viewing earth while the largest signah shiegative, occurs
when viewing cold space as shown in Figure 5. To prevent saturation of thenpl@ier output,

11



its gainmust beset so that the radiometer output is less ti@rvolts when viewing spaceilso,

as discussed in Section 6.1, the dtebias and input signal level must be such that the detector
output volts varies linearly with input power for both small and large signals. Finally, for
conveniencethe DC offsetin the synchronous demodulatsrdetso the radiometer output iear

zero when viewinga high emissivity target at ambient temperature.

12 GHz Radiometer Block Diagram GingGy G152 [Ta -Trl2
6 G [TotTosT GLugGyGy [Tr -Ta+Tnl2

+Try+Tori —
Gl TR+ T+ Toritt | tneCa [Tr* T+ Torin

Gingl Ta+ T+ Torit | !) ﬂ 0 o Gy Ca [Ta+Tn+Toritt | o o

Tr
T’WW\MT"

“GingCaC [Tr -Ta+Tnl2 A

Car=19dB T, ﬂ 10150, 17-12.26Hz e
12 GHz LNB Temp - Comp AC Amplifier + Integrator > Out™
W Ta Pin Diode || Isolator |1 1075 GHz LO | — 4| Detector —— = G <=5 db — |—’, Gy,<=15db
Switch — Ging = 60 db Gy=20db Taft L2 10 uf = 1,15 sec be
\WR-90 (8.2 -12.4 GHz) A R e Ofiset

11.7-12. 2 GHz based 3
on the LNB bandwidth

A
@ Clock (

fowiton =172, 500, 1000 Hz

Parameters used for both Sky and Earth Measurements

* The coupling capacitors are part of the AC
AC Amplifier - G, =212 (46,5 dB) Amplifier & Synchronous Demodulator inputs.
Temperature Compensated Square Law Detector : Gy = 10 (20 dB)

** The Synchronous Demodulator Output =T, —Tg
Synch Demodulator : G, = 1.4 (3 dB), fien=172Hz, 7,4=0.1sec

Figure 3 — Block diagram of 12 GHz radiometer showing different modules and waveforms. The detector uses a dual Schottky diode
(HSMS-2825 biased at 25 pamp) connected to a fixed gain difference amplifier (G4=10) with one diode used as reference to
compensate for temperature change. The detector's input is 75 € to reduce the input to less than -25 dBm when viewing space. It's
output then follows a square law response when viewing Earth and Space. The AC amplifier input capacitor removes the 150 mv
detector bias. It's gain G1 is set to 212 {47 dB) so its output doesn't saturate when viewing space. Also, the synchronous
demodulator's DC amplifier gain G2 is set to 1.4 (3 dB) so its output is less than -10 V when viewing space. The total radiometer gain
15 BO(LNB)+ 20({Det)+ 47(AC Amp)+ 3{Synch Demod) = 130 dB. The synchronous demaodulator contains the DC offset control.

4 GHz Radiometer Block Diagram GLnpGa GGz [Ta -Trl2
GLnpGaCr [Tr -Ta+Tnl2
GineCu [Tr+ T+ Toritt ]
Gingl Tr* T+ Toritt |

Gungl Ta+Ti+Toritt | _f“_GLNaGa [Ta+Tu+Toritt |
— -0 0 0 - 0

T 36 GHz 5.0 GHz
I Al s — L
‘M/WW\) _2EW _FL “GLug GyGr [Tr -Ta+Tyl2 A
-30 dB
8]

Ganr =15 dB Tr n r—3 e ‘—\GHZ 33-43GHz |[1.13-1.38 GHz Synch Demod
- +Integrator Kk
Pin Diode 4 GHz LNB Temp - Comp AC Amplifier > Out
MW Ta ek Isolator 5.15 GHz LO Detector I_*’ G, < =66 db ;‘ i~ * G,<=20db
Ginp = 60 db Gy<=40db | T&fT |7 # T=01,1,5sec
A DC
WR-229 (3.3 - 4.9 GHz) ] Coigspandsity Nrey ! Offset

3.76 - 401 GHz based
on the AEL filter response.

3.76 - 4.01 GHz = }
Clock

<

fawito = 172, 500, 1000 Hz

Parameters used for both Sky and Earth Measurements

* The coupling capacitors are part of the AC
AC Amplifier: Gy = Gy, =1900 (65.6 dB) Amplifier & Synchronous Demodulator inputs.
Temperature Compensated Square Law Detector : Gd = 10 {20 dB)

**
Synch Demodulator : G, =21 (6 4 dB), fuyen = 172 Hz, Ty = 0.1 56C hesghehronohsiRemoatialoROUPIRSp=ly

Figure 4 - Block diagram of 4 GHz radiometer showing different modules and waveforms. A narrow band (1.13—1.38 GHz) AEL filter
reduces RF! by moving the input to a better protected band {3.76 - 4 01 GHz). The detector uses a dual Schottky diode (HSMS-282P
biased at 25 microamp) connected to a difference amplifier {G4=10) with one diode used as reference to compensate for temperature
change. The detector's input is 47 & to reduce the input to less than -25 dBm when viewing space. It's output then follows a square
law response when viewing Earth and Space. The AC amplifier input capacitor removes the 15 mv detector bias. It's gain G, is setto
1900 (66 dB) so its output doesn't saturate when viewing space. Also, the synchronous demodulator's DC amplifier gain is set to 2.1
S0 it's output is less than -10 volts when viewing space. The total radiometer gain is 66{LNB}+ 20{Det)+ 66{AC Amp) + 6.4(Synch
Demod) = 158 4 dB. The synchronous demodulator contains the DC offset control.
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(A) Detector (5 my /div) (=)

Synchronous demodulator signal - TP,

7
m 10 mv
s Bmv 2V
O;mv
!
Space View , Reference |

i
i
|
'
|

AC Amp (2 v Iidiv)

FIGURE 5 - 4 GHz radiometer viewing space through glass door shown in cover picture.
Radiometer parameters are G, =1900, G, =2.1, G, =10. Shown is the output

voltage from

(A) Detector and AC Amplifier (nhote the different vertical scales).
(B) Synchronous Demodulator before its integrator and DC amplifier stage.

Radiometer Qutput
The integrator and amplifier stages of the synchronous demodulator smoothes,

amplifies and inverts the signal TP, so the radiometer output becomes — 4.9 volts.

Generic LNB Block Diagram

! C, Ku, KaBand L - Band

| Bandpass

. Filter Output to Cable,
095-2.15 GHz
T Low Noise Low Noise

i Amplifier Amnplifier

i Waveguide Local Oscillator, 5.15 GHz,
i 10.75 GHz, 18.25 GHz

C -Band = 34-42GCGHz (4GHz) LO= 5.15GHz
Ku - Band = 107 =127 GHz (12 GHz) LO=10.75 GHz
Ka - Band = 183 -202GHz (19GHz) LO=18.25GHz

KuBand LNB | KaBand LNB

C Band LNB

Figure 6 i The key radiometer component is the Low Noise Block (LNB) down converter whose generic
block diagram is shown in the top. It uses the heterodyne principle to receive microwave radiation and down
convert it to a lower Intermediate Frequency (IF) between 1 and 2 GHz using a Local Oscillator (LO) and
mixer. The LNB has high gain (~ 60 dB) with a very low noise figure and was originally used at the feed
point of satellite TV dish antennas. The bottom shows the L N B Gsed in my 4 GHz (C-Band), 12 GHz (Ku-
Band) and 20 GHz (Ka-Band) radiometers which have waveguide input and coax output.
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Bias -Tee Multiplexer

LNB Power Input

and Power Input
1-2GHz

LNB IF Output 0 C aell B LNB IF Output

LNB /F Out
(1-2GHz)

POWER
(12V DC) INPUT

Figure 7 1 (Left) Homemade multiplexer or bias-tee used in the 4 GHz radiometer shown in Figure 1. It uses
lump circuit elements with the circuit drawn in the insert. The LNB Input connection provides the 12 volt DC
powerpat h to the LNB i n addiRoutpuhsigtabbetieermluand 2iGiHg The mductor |
and 1 nf capacitor block the IF signal from leaking to the power supply while the 47 pf capacitor blocks the DC
power from exiting the LNB. (Right) Commercially made multiplexers use an optimally designed layout on a
printed circuit board to provide wideband (0.01 to 6 GHz) operation with less than 1 dB insertion loss. This one
was placed in a metal enclosure and used in the 22 GHz radiometer shown in Figure 32 on page 55.

4. Radiometer Calibration

Much time was initially spent ortesting different radiometer configurations as well as different
components before coming up with the final desigimown in Figures 3 and #nextfocused on
determinng the radiometés performance ands calibration. Table 1 lists the four different
calibration proceduressed most frequentlyy others as well as here. It aisdicatesthe primary
advantage and limitatioof each techniqudn addition to calibration, theadiometer frequency
responses obtainedusing asignal generatoconnected to th@ntenna inpubf the pin diode
switch This procedure is described in Section 8.1 for the 20 GHz radionvelbese frequency
response ishownin Figure 29

Table 1- Comparison of Different Cdibration Procedures.

Calibration Procedure Advantage Limitation

1- Near Field (Sedtion4.1) LaboratoryMeasurenent ModerateTemperature

2- LN2 Target (Secton 4.3) | Coldest Laboratory Procedur  CryogenicFacility Needed

3- Clear Sky (Secton 4.4) ColdestTemperature NeedAtmosphericCorrection

4-Tipping Curve (Sed. 8.4) Most Accurate WeakAbsorbingFrequencis
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The 15tand2" calibration procede in Table1 uses neafield radiometer measurements of a high
emissivity targeplacedclose tothe horn apertureWhile nearfield measurements have been used
since the very beginning (see Figure 41) #féect that a close target has on the antenna
measurements is leastiscussedind understoodince standard antenna analysis is not applicable
More specifically,the strongreactive coupling betweerthe antenna and target farearfield
measurements much more difficult to analyzethan the more commorfar-field obsenations
However as explained ilppendix Al7 the use oa high emissivitylow reflectivitytargetgreatly
simplifies the analysis ohearfield measurementsince the object radiates at its physical
temperaturevith minimal field distorion due tomultimodeeffects As such, the target acts as a
black body, where its use for calibration is described in Sectior®4.ddditional importancehe

low reflectivity targetreducesanythermal radiatioremitted bythe LNB, as well ast& leaked LO
radiation from being reflected back into the radiometer.

The coherenLO radiation generatedithin the LNB is leaked out of its waveguigmrt at abouta
-25to -30 dBmlevel. This signalmust beproperly attenuated so it is not reflected baokoi the
radiometerduring nearfield calibrationmeasuremest In addition tomore tharnlO dB attenuation
by the low reflectivity target, theO signalis alsoreducedby the 30 dB isolatoin Figures 3 and
4. Notethatfrom Figure A8in AppendixA8the 4GHz radiometer isolatas wideband taot only
suppress the 5.15 GH signalbut alsoany reflecions due to impedance mismatch at the LNB
input frequenciedetween 3.76 and 4.01 GH#/ithout an isolator, theadiometer outputiue to
the LOdisplays arising and fallinginterference pattern whosenplitudeincreases aghe targets
brought closer tdhe antennaThis testassure the quality of the highemissivity targefis well as
the isolator Also, as amoresensitivetest of the isolatg a high refectivity low emissivitymetal
plate isbrought closer to the antenimaa mannersimilar tothe high emissivity calibrationarget.
Incidentally, pior to the development of isolatbrin the 1948, Dicke useda simple innovative
approach taninimizethis interference probleifsee Section 8.4 on page 62).

After considering different materials the beatibrationtargetat 4 GHzis constructedisingthree
sheets offerrite material, calledEccosorbMCS by Emerson and Cuming, glued together and
backed byan aluminum plateSimilarly, & 12 GHzonly one sheet was needed to provide the same
absorption According to the manufacturer thigghly absorbingargetworks by havingits relative
permittivity e/e; and relativepermeabilitynim equal over wide fregenciesso thatits interface
impedancez = /¢ /U is that of free spacgO =[eo/C =377 W- As suchthere is little refleavity

at normal incidencasince its reflectance is|G|=|(Z- Z,)/(Z+Z,)| The reflecanceis also
related to tk voltage standing wave ratio (VSWR) and emissitby the equations,

VSWR- 1
Gl=awrT

= where e, =1- \G\z O
VSWR +1

Figure8 shows the target in the upper right pictuks.an example hie upper lefphotoshows the

layout used to measure ttergetsVSWR [4, pg 59] which is theratio of maximum to minmum

voltage along a transmission line terminatedh®target The VSWR is measuremner the4 GHz
radiometer frequency barad 3.76 to 4.01 GHas defined bythe bandpass filteshown inFigure

4. The setup consists & coaxial slotted lire [4, pg 69]terminatedon one side by a coax to
waveguide transition that the target rests on. The other side of the slotted line goes to an isolator,
which is connected to a signal generator. Also shown is the VSWR meter connected to a crystal
detectorwhich slides along the slotted line to measure the ratio of maximum to minimum voltage.
A plot of the VSWR as a function of frequency is shown in the bet&ftmmage Within the 4
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GHz frequency banthe VSWR varies between 1.10 and 1.05 so the calcutateskivity is better
than 0.99Usingthe same taget, he emissivity for the 12 GHz radiometerespected to beower
due to its higher frequency and wider bandwidth, wiegtend between 11.7 and 12.2 GHz due
to the LNB (see Figre 3). Within these fequenciethe VSWRIs found to vary between 1.8 and
1.2 so thecalculatedemissivity is between 0.92 and 0.99, respectividlywever eventhough the
12 GHz radiometer does nobntaina bandpass filter, the radiometer bardth islikely similar to
the 4GHz radiometer sincthe detect@ bandwidth i230 MHzas showrn Figure 29 As such,
the emissivityshould besimilar tothe 4 GHz radiometein addition to emissivity, its temperature
must also be knowro calibrae the radiometer. A shown in Figure8 and 9, the targets
temperaturés measured bgladng a LM34 thermocouplesensomwithin the Eccosorb

4.1 Near - Field Calibration Measurements

Although thecalibrationtarget can be set at fixed temperatures using thermally controlled sources,
| found it easier to use variable temperatufes . part of thenearfield calibration procedure, the
Eccosorhtarget wadirst cooled t0260 K by placing it in a freezelhe targeis then placed over
the antennaas shown in Figured, and the 12 GHz radiometeroutput voltage and target
temperaturearerecorded as the targetarms quickly and theslowly for an hourto reachroom
temperatureThe target is next heated to 330 K using a hair drged cools down toroom
temperaturen an hourafter againbeing phced over the antennkigure 10 showshe target
temperature (topight) and12 GHz radiometer voltage (tdeft) plotted as a function of timdo
bestmeasure thenitially fast temperaturechange, theadiometerintegration time is set to its
minimum d 0.1 secondd-However, this does not reduaay errors due to thermal gradientghin
the targetthatis expected to béargest initially. For this reason, thmeasurements are analyzed
after waitingabouta minuteafter initially heating or coolinghe Eccosorltarget.

Least squares regressianalysisof thetarget temperature and radiometer voltegesed to derive

a calibration equationrelaing temperature tovoltage The target temperature and calibration
equationis plottedin thetop-left of Figure10 as a function ofime. For data storage and analysis,
the radiometer outpwioltageas well as théarget and LNB temperatureriscorded byconneding

a 12 bit analog to digital convertéDl-158J) by DATAQ Instrumentsto a laptop computer
throughits USB port.Software supplied bypATAQ enables one to monitor the time variation of
up to four signals at oncd=or comparisonthe bottomleft of Figure 10 showsthe @rget
temperatureindderivedcalibration equatiomplotted againsthe radiometer vahge The resulting
calibrationequaton obtained fronstatisticalregression analysis of the data is given by

To(K) =297.25+ 3225V . (2)

The equationis shown to have standard error (SEdf 0.12 K and convers the radiometer
measuredroltage to temperaturayhich is referred to abrightness temperatur@y. This linear
relationship between brightness temperature and thermally emitted radaatiwitage results
from the Rayleighleans law whiclis valid at microwave frequenciegp to about 300 GHZThe
calibration constantof 297.25 Kin (2) is called the offsetwhich depends on thgynchronous
demodulator DC amplifier offset control setting. Aldbe voltage proportionality constaof
32.25 K/Voltis calledthe radiometric gaiand depends on the radiometers total amplifier.gain
addition to the equation and standard erfeigure 10 (bottomleft) aso lists the radiometer
amplifier gainsG;, G, and Gi.. A very similar calibration equatiors obtained forthe 4 GHz
radiometer by appropriately setting its amplifier gaiim this way the4 and 12 GHzadiometer
measurements can be compared directly with one anwitieout having to account for different
calibration parameterd.€., offset and radiometrigain). Alternatively, once the radiometer is
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calibrated one can use the brightness temperatures instead of voltages when comparing radiometer
measurements. However, since the radiomateplifier gains have been changed slightly during

the course of thisnvestigation, loften reference the voltage measurements together with the
calibration equations.

As mentioned abovehe calibratiorequation has atandard erroor NEDT of only 012K for the
0.1 second integration time. This IOMEDT is attributedto its linearity over ther0 K temperature
range in addition to theNB & low noise figureof 0.2 dB While this temperatureangeis adequate
when viewing earth, colder temperatures areferredfor calibraion whenviewing space since
then the cleasky atmospheriaadiation can approacthe 2.7 K cosmic backgroundHowever,
assuming the radiometer operates linearly, one could use equation (2) to extrapolate measurements
to colder or warmer temperatures. For exampksedon the calibration equatiothe voltage
increases from9.3 volts to 0 volts agp increases from 2.K to 297.2 K. Although these voltages
are within the +0 volt saturation limit, calibration using celdtemperaturesre preferredo
assurehelinearity overthe large dynamic ra@e observed when viewing both earth and spase.
listed in Table 1, for non routine operation one ohtain colder temperatures usiadarge target
immersed ifiquid nitrogen whose temperature is K7However the clear sky calibration method
or tipping curve procedures listed in Tablepiovide the coldest temperaturé3df these two
procedures the tipping curve approach is considerect axxurate since iprovidesthe mat
precise atmosphericcorrections due to water vapor and oxygawsorption Interestingly, as
evidenceof the radiometers linearitygection8.4 obtainsnearlythe samecalibration equatiorior
the 20 GHz radiometeausing the outdoor tipping curvaethodaswhen applying this nearfield
laboratoryprocedure using the Eccosorb target

: W A S eeryed
g I 1 KHz Modulated Signal Generator

=

High Emissivity Target
with LM34 Thermocouple

o Slotted
S Line

For calibrating the 4 GHz radiometer the target
emissivity is determined by first measuring the
Target with 3 sheets of Eccosorb VSWR using the slotted line, VSWR meter and signal
generator. To minimize reflections hetween the slotted
line and signal generator, a 3.2 — 4.2 GHz isolator is
placed between the signal generator and slotted line.
4 G Radiometer Band Shown is the setup used to measure the VSWR of the
| 375-401GHz target using the slotted line and VSWR meter. Also
- shown is the target which uses 3 Eccosorb sheets
10 3 . glued together and bhacked with a metal plate. When
3.4 3.5 3.6 3.7 3.8 3.9 4.0 calibrating the 12 GHz radiometer a similar setup is
used except that a 8.2 - 12.4 GHz isolator is used in
place of the 3.2 — 4.2 GHz isolator.

VSWR

20

15

Frequency (GHz)

Figure 8 - The target shown in the top-right contains three Eccosorb sheets backed by an aluminum
plate. Its temperature is measured using the LM34 thermocouple imbedded in the Eccosorb. The
targets VSWR is measured using the slotted line setup in the top-left image. The bottom-left shows the
VSWR plotted as a function of frequency, which is used to calculate emissivity based on equation (1).
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Power Supply

Figure 9 -Calibration of the 12 GHz radiometer by placing a high emissivity target
over the antenna and measuring its temperature using the attached thermocouple.
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Figure 10 - Calibration of 12 GHz radiometer using a high emissivity target of varying temperature (see
Figure 9). The top-right shows the output voltage due to changes in target temperature. Similarly, the top-
left plots the target temperature and resulting Tr equation relating temperature to radiometer voltage on the
same scale. These two temperatures are plotted against radiometer voltage in the bottom-left, which also
shows the best-fit straight line using regression analysis. On a different topic, the bottom-right shows small
oscillating temperature variations of the LNB due to thermal conduction during the 1t hour of calibration
when the target was initially cooled. Similar features are found when heating the target during the 2" hour
of calibration
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4.2 LNB Gain Change with Temperature

The block diagramin Figures 3 and 4hows the LNB being powered using a low noise faion
switching 12 volt regulated DC power source, while AC amfifier, temperature compensated
detector and synchronous demodulator requirel2/volts Actually, the voltages +/- 12.5 volts

since the LNB, detector, amplifier and demodulator power inputs contain 0.5 volt forward voltage
diodes to prevent damage dige accidental polarity reversal. All voltages anetained from a

single regulated power supply which proviasesre thar200 milliwattsto power each radiometer,

with most power used by the LNBs wi t h many solid stateiedevic
Gain and Noise Figure) degrades with increasing temperature. In the case of the LNB, a portion of
the DC power raises its temperature, which reduces its gain slightly. However, | found that
temperature regulatiowas not a serious problem@fter waiting @ hour until the LNB reaches
thermal equilibrium. Also, to lessen the time perioti2avolt exhaust facan be used a&e in

Figure 2.The fan speed vasewith LNB temperaturewhereAppendix A3 describes theontrol

circuit usng ambient temperature f@onvective cooling.

The largest self heating effect is found for the 20.5 GHz radiometer whose LNB draws 200 ma
compared to the lower frequency units which operate at 100 ma. For this radiometer its LNB gain
decreases with temperature, resulting in diomaeter voltage decrease albout 60 mvK. For
comparison, the LNBjainis found to decreaseytonly 15 mvK for the 12 GHz radiometeAs
discussedn Section 43, this parameter can be used to adjust the radiometer calibration. However,
the radiometer atput is constant after about a one hour warm up period. In addition to self heating,
a much smaller LNB temperature change was foumaccur usingthe calibration procedure
described in the previous Sectidn that procedure a heated and codiggh emssivity calibration

target radiatelectromagnetic energyyhich is measuredby the radiometerFurthermore, he
targetconducts andonvectively transfers hefitom the horn antenna tthe waveguide adapter.

This heatflow, which is an electrical analogwf currentis then corductedfrom the waveguide
adapterto pin diode switch and LNBIts thermocouple measure@mperaturein Figure 10
(bottonmtright) is seen to varypy about0.4 K for the 35 K targettemperaturechange.This heat
transferfrom the target to LNB isalsoseento oscillaie with decreasmg amplitude and frequency

as the targeteachesambienttemperatureAs discussed belowalthoughthis smalltemperature
variationhas little effect on the radiometer calibrati@gnreveas a number ofintriguing features

worth mentioning

In order b modelthe oscillatory waveformin Figure 10(bottomright), F 0 u r pagaboficheat

conductionequation% = &1 must be mdified as éﬁf—} +l¢% =&p°71. In addition todiffusion,

resultng from the temperature gradiemérm the additional term &yu’1/t® introducesa lag
between heat flux and temperature gradidhtproducesa finite speed of thermal energy

propagation\/i'g where £ is the thermal diffusivityand £ is therelaxation time of thenedium

Since this modificationwas firstintroducedindependentlyby Cattaneo and Vernottie 1956
many publicatiors havediscused its ramification It was found to b@articularly important to use
this fihyperbolicheatconductionequatiom for situationsinvolving suddenly applied heat flukor
example Nordlund and Kassap5] applied the hyperbolic equationto show how an abrupt
temperature change propagatssashockfront that is reflectedn an enclosures oscillating
travelingwaveswith increasing wavelength downstreafs discussed next, thfsature issimilar
to the LNB temperaturevaveform shownn Figure 10.
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The LNB temperaturevaveformin the bottoraright of Figure 10is due tothermalcorductionand
convection of the cooled (also heaed) high emissivity calibration targetto the radiometer
componentsBoth the frequency and amplitudef LNB temperaturas shown to diminish as the
target temperatureappro&hes thermal equilibrium When modeled using the hyperbolic heat
conduction equatigrthe temperaturevariationis equivalentto the voltage(i.e., temperatureand
current (.e., heat flow)propagating along a transmission line. In félog hyperbolicequation for
one dimensional flowhas thesame form as the Telegraplerds equation[4, pg 50] whose
distributed componentsf lengthDz consistof a series resisir RDz andinducior LDz connected to
groundthroughcapacitanceCDz and parallel conductancesDz. The equivalenttransmissiorine
elemerts then becomeRC = 1/€, LC = & andG = 0. In the caseof unbounded media the voltage

propagats as traveling wavesvith phasevelocity ﬁ = \/IE that decag exponentiallywith the

time constant?2L/R = 2€. Also, in the case of theorn antenna these waves aeflected at the
front ard back interfaceso the wavelengtH depends on the horn dimensiongh frequency

ll\/i’g. However,as evident bythe LNB temperature measurement Figure 10 its frequency

decreaseas thermal equilibrium is establishés mentioned abovéis canresult from an abrupt
temperature change which propagates as a skagkwith increasingvavelength. Gnsegently

thefrequencyll\/zg decreases time. However | must mentiorthatwhile thecapacitance is the

product of specific heat and mass and physically reprebeatsstorag®r thermal inertiathe
inductance has neuchphysicd significance

| found it interesting thathe hyperbolic heat equatioand supporting measuremerits Figure 10
(bottomright) have not beerreported ordescribed isewhereeven thouglit wasreadily observed
here It is also notable thatone of tle 0.4 Kvariatiorsin LNB temperaturés seenin the12 GHz
radiometer measurement® the top-right of the Figure This is due to the fact that the 0.4 K
temperaturehangeonly producesa maximumvoltagevariationof 6 mv (15 mvK x 0.4K), which

is negligible canpared to thdarger and more rapid changein radiometervoltage as the target
warms up Furthermore, tis 0.4 K change inLNB temperaturevas reduced by more than half by
insulating the target bgoveringthe horn aperturavith Styrofoam Lastly, an evensmallerLNB
temperaturezariationwas measuredvhenreplacingthe calibration targewith an aluminum plate
As discussed in Appendix Al7his is due tothe smallerthermal radiation emitted by metal
surfacesompared tdhe high emissivitfeccosorltarge.

4.3 Sky Brightness Temperature
As indicated by (2) htelinearbrightness temperatusgjuation has the form
T,=1+SV (3)

Wherel is theintercept oroffset Sis theslope orradiometric gain an is the output voltage.
The slope is predominately due the gain from the LNB and detector sensitivity. Both
componentsre relatively constant althougls mentionedn Section4.2 the LNB gain decreases
slightly with temperaturel.ns. Also, the detector sensitivity is also foutw changewith its
temperaturel,.; sotheequationbecomesl, =1+SV + [clTLNB +c, TDET], wherethe constans c:

and c; are determinedfrom measurementsimilar to that dscusgd in Section4.1, by also
including Tune andTpet as linear preidtors n the regression analysi§temperaturelata Chapter
6 alsoexplainsthatdetectos can exhibit amallnonlineaity in its power lawresponseAppendix
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A18 showsthe calibration equatior8)] thenbecomed, =1+SV + mS(V - V.)(V,, - V), where

the nonlinear parametemis obtainedusing thelaboratoryprocedurs listedin Table 1 In general,
however,the modifications of (3) due tbNB gain changeand detectornonlineaity are small
enough to baeglgible for mostgroundbasedandsatellite radiometemeasurements

In the 1%t calibration procedurdisted in Table la high emissivity target having variable
temperature was used determinethe offset and gairparameters and check the linearity over a
small temperature rangA. more detailed discussn of this neafield calibration method is given

in Appendix A17.However, in general, the offset and gparameters ardetermined using a two
point calibration procedure whereby the radiometer views a high emissivity target having warm
and very cold teperaturesTw andTc. As such, the calibration parameters become

S= TW' Tc and |:TCVW' TW Vc

(4)
Vy, - Ve Vy, - Ve

where v and \t are themeasuredadiometer voltagesbtainedwhen viewingthe warm and cold
targets. To obtaialarge dynamic rangdhe 2" calibration apprach uses ambietemperaturdor
Tw while thecoldesttemperaturd ¢ is obtainedby immersing the target iiquid nitrogen Liquid
nitrogen(LN>) is nealy transparent to microwaves and hdsoding point temperaturef 77 K. As
noted in Table 1 this qeiires a cryogenic facility which is its major limitaticeind was therefore
not used hereAs a3 calibration approach, the momaditional cold skymethodis usedwhere
the warm target measurement defineke high voltage calibration pointwhile cloud free sky
measuremesnt Tc = Tsky, IS used to obtairthe lowestvoltage,Vc = Vsky, calibration point.For
these measurements the radiometers were placed on my upper patio deck with the antenna viewing
the sky as shown in Figurd for the 4 GHz radiomet. At suchlow frequenciesor at very high
altitudesthe atmospheric absorption is smalb thatTskyapproximats the cosmic background
radiationTce of 2.7K. However, in generalsky>Tcs SO that one musiccurately determin@sky
based ormeasuremestormodel calculationsThis is noted to be its major limitation in Table 1.
As discussed below, this is rectified using 4feand last calibration procedure listed in the Table.

A lengthy analysis of Maxwe equationss requiredo derive Tskyfor vertically stratifieddiffuse
random medig6]. However,the samesolution is obtainedmore directlyusing aless rigorous
phenomenologicaltheory of radiation transferwhich is based on heuristic arguments or
experienceAs describedin Appendix Al6 this theory is applicable for sparse discrete random
media such as the Eagtratmosphetrdn this applicatiorof the theorythe solution of the radiation
transfer equation for thedownwelling sky brightness temperatuns given by the two terms
illustratedon the left ofFigure 12 The resulting equation fdrsky then becomes

Taey @ = FOT, +[1- U T,, (5)

where thel® term is the attenuated cosmic radiatiot?™T,, and the2" is the atmospheric

thermal enssion|[1- L’?ed] T, - Both terms contain thatmospheridransmittance which is the
fraction ofpowertransmitted vertically through the atmosphere to the receiving anfEhe&ed

exponentin ¢ resuls fromthe increased path length when viesvat zenith angledl, through a
vertically stratified atmospherdgnored is any radiatiobending by the gradient of refractive

1 Tsky is derived phenomeologically by following the path of photons as they interact with particksilar to
B o |l t z nransporbeguationradiation transfer theorgombinesthe scattering, absorption and emission of
photons into &ingle first order integredifferentialequation for radiation intensity.
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index As discussedbelow, except when analyzing clear sky rmgementsthe atmospheric
emission ternin (5) is oftenthe onlytermrequired

Based on the radiation transfer equatitie, inean temperature in (5) can be written as

o Seq
Az @ (Z) dz
z
T, =2 = (6a)
o a
At (2) 4z
o 4dz
z
a(2) - gg(Zi) azi (6b)
with t(z)=€ =e : 6

The analysis resulting in (6& containedn Chapter 6 othe book fAtmospheric remote sensing
by microwave radiometry edited by Michael Janssern{7]. Physically, Tm is the atmospheric
temperatureT (z) vertically averaged over the weighting functiedt (2)5¢%/dz wheret (2) is the
transmittance functioat heightz above the ground\s mentioned above,=7 (z =2) in (5) is the
transmittance function from thgroundto the top of the atmosphergavhich is caded total
transmittanceThe transmittance function in turn depends on the absorption coefficient per unit
length,g(z), or opacity functiora(z) in (6b) wherea(z = ©) = a is thetotal opacity.Equation (6b)
results from theBeerLambert law which is stictly valid for low density diffuse medjas with
the radiation transfer equatioAlso, as a result othe Born-Oppenheimer approximatiothe
absorption coefficient is the sum diiat due tavater vapoyoxygen, ancevenliquid water drops in
the case o€louds and rain sa = @ Heo+ @ o2+ a Liq andthereforet =th2otoz tLig. In summary
although less fundamental than Maxwédfield equationsthe resultsobtainedbased on th&eer
Lambertlaw, BorrOppenheimespproximation and Radiation Transfineoryareaccuratevhen
analyzingradiomeé&r measurementsf gaseous atmospheriegluding clouds and rairHowever,
as discussed iAppendix Al while theseapproximaé modelsare applicable for diffuse media,
they are insufficientwhen analyzing deesinhomogeneousediasuch as snow coveagedsea
ice and desert surfaces

Figure 12 on the Right shows the calculatbebr atmosphereotal transmittance 2o to2 and
individual components due to oxyges, and water vapotn2o as a function of fregency for an
atmosphere having 25 mm of water vapor. The calculations use the latest absorption models of
oxygen and water vapor as developed by Dr. Philip Rosenkranz and described in Chapter 2 of the
above referenced bodK]. From (6b), he weighting function i dt (2)5°%/dz is g(z)Seq t(z)°°®

and found to be dominated byyz)Seq in Appendix A13. It is also shown to béargestat the

surface decreasmg exponentiallyto zero as z approaches infinity As such, Tm is mainly
proportional to surface tem@ureandcan be approximaéd asGuiTs. The proportionalityfactor

Gu is obtained by calculatingm using an historical sample of temperaturesounding from
radiosonde observations (RA@Band correlatingim with Ts. The resultingGu valuesare0.93,

0.9 and 0.96at 4, 12 and 22 GHz respectivelwith a standard error of about B for Tm. As
discussed in AppendiXAl13, the angular variationof Gu and Twm is largest for the small
transmittance obtained &equenciemear the 22.2 GHz water vapor lineHowever, evemear

this frequencythe cbudfreeatmospheréransmittance is greater than 88Appendix A13 shows
Twmincreasng by only 1.2 K asq increases from 0 to 70 degreBscomparisonthe sky brightness

temperature (5) increasby 80 K due tdhechange iremissivity[1 - Used] . Therefore, as a good
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approximationthe angular variation ofw is neglectecompared to atmosphergnissivitywhen
derivingthe tipping curve calibration technique in Appendik3.

At low frequencies, or atery high altitudest ¢ 1 so that (5) results ifisky = Tce = 2.7K. In
general, however <1 so Tsky> Tcg and one mustletermineTsky from measurements anodel
calculations. Under cloud free conditipmsicrowave radiation is absorbed by oxygen antewa
vapor. The measured transmittance due to water vapor and oxygen was first obtained by
radiometermeasuremest using the tipping curve procedtirdescribedby Dicke in his 1946
landmarkpaper Phys. Rev70, 340 348). This4™ and final calibration praadurediscussed here
uses clear sky radiometer measurements at two or more elevation angtdgaito the
transmittance and calibratadiometersit has also been used moeasureghe cosmic background
radiation.As noted in Table 1, this"calibration nethod is considered to be the most accurate, but
is generally limited to frequencies having moderate atmospheric absorptatails of tle
approach anapplication arggiven in Appendix AB andusedin Chapter 8 tccalibrate the 2%
GHz radiometeandcompareit with the F' calibrationproceduren Table 1

The atmosphericemission by water vappoxygenand the attenuation of cosmic radiatien
shown in Figure 3 This Figure plots the simulated cloud free sky brightness temperature for a
zenith viewng radiometer as a function of frequendyetween3 and 22 GHz with Total
PrecipitableWater TPW) or vertically integrated water vapas a parameteifhe TPW is the

depth of water vapan millimetersthat would be accumulatedtiie entirevapor was ondensed

in a vertical column.The simulationsuse (5) with thetransmittance andnean temperature
calculatedusing the absorption modetontained in the previouslseferencedbook [7]. Three
different vertical soundings of temperature and water vapa usgdo calculae Tsky.

The nearlyflat frequency responsghown in Figure 3 in the absence of water vapdrRW = 0

mm) is due to the 2.K cosmic radiation in addition to heesonant oxygen absorptitelow 50

GHz due to molecular collision§.e., collisional broadeningyvhose strong resonant lines occur
between 50 and 70 GHz. Atmospheric emission due to oxygen is comparable to the cosmic
radiation of 2.7K so that the brigtness temperature increases to 5.tor the 4 GHz radiometer

and 6.6K for the 20 GHz radiometer whose center frequency is at 20.5 GHz. A much larger
increase occurs due to water vapor emission which incrdageas a function off PWwith the

peak response occurring at the center of the water vapor line at 22.238V/atdz vaor emission

is shown to be negligible at 4 GHz, but increstbe brightness temperature an addition&l &t

12 GHz 55K at 205 GHz and up to 9K at 22 GHzfor tropical atmospheres where the water
vapor amount can reach 60 mm or mdtas thereforeimportant to include thisadiationwhen
performingcalibration using sky measurements.

) . . L BTy - Tey (D . o
The procedure is based on (5) which can be writtein U= Seq Int . Differentiating with

€ ™ -Tes U

dIn[Ty - Try(@]

d Seqy

respect t@Gecd we obtain

=Int =-a where a = opacity.
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1 Target View: V = 9.2 mvolts Nadir View: V, = - 8.4 volts

| T e B i '

Figure 11 7 The bottom-left shows the 4 GHz radiometer viewing clear skies. An enlarged picture is shown
in the bottom-right. Calibration begins by placing the target over the antenna and setting the radiometer
output to nearly 0 volts by adjusting its fine offset (Top-Left). The top-right shows a sky measurement of
- 8.4 volts at zenith viewing while the bottom-right shows it reduced to -9.0 volts by rotating the antenna by
90° and directing the antenna away from the back of my house. The target temperature is 69° F so
assuming the sky radiation is 2.7 K (-455 °F), the radiometer gain is (455+ 69) / 9 = 58.22 °F/V or 32.34
K/volt. The radiometer parameters for these measurements are G1= 1930, G2=1.7, Ga= 10.
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Figure 12 i (Left) Sky brightness temperature Tsky received by a ground-based radiometer. The radiation
consists of the cosmic background Tcs and atmosphere emitted radiation at mean temperature Ty with
emissivity 1-tSecd. The cosmic radiation is attenuated by the transmittance t whose exponent Secq
accounts for the increased slant path at zenith angle, g. The Right-most Figure shows the atmospheric
transmittance due to oxygen (toz) and water vapor (th2o0) as a function of frequency for a standard
atmosphere having 25 mm of TPW. Also shown is the total transmittance t = toztHzo.
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Figure 13 - Simulated brightness temperature for cloud free atmospheres as a function of frequency for
different amounts of water vapor, TPW. The vertical lines identify the center frequencies of the 4, 12, 20 and
22 GHz radiometers which are at 3.9, 11.7, 20.5 and 22.2 GHz, respectively. The insert is an expanded plot
for frequencies less than 12 GHz.

4.4 Clear Sky Calibration Measurements

Under cloudfree and dry atmospheric conditions it is relatively quick and easy to measure the
offset and gain calibration parameters in equation (3). To assure accurate sky measutements,
antenna is moved around nadir to see if any antenna contributions arise from surrounding objects.
Figure 11 (Bottom-Left) shows the sky radiation calibration measurements taken from my patio
deck using the 4 GHz radiometer. The procedure begins anshadhe topleft figure, where the

high emissivity target is placed over the antenna while the radiometers fine offset control is
adjusted to produce a near zero output voltage for the ambient target temper&@if&.of he
top-right figure shows the tget removed so that the radiometer views space with the antenna
directed at nadir. For this particular orientation, the antenna pattern seen by the back of my house
contains the larger beamwidth of 28.7 degrees. Thi®rtunatelyresults in maximum earth
radiation reflected off the back of my house into the antdfeld Of View (FOV). The
corresponding radiometer measurenmsn8.4 volts.

The bottonright of Figure 1L shows the antenna rotated 90 degrees so that the smaller beamwidth
of 25.5 degreessidirected toward my house. Furthermore, the antensmngedslightly away

from the back of my house so the combined changes reduce the earth radiation scattered into the
antenna FOV. As such, the radiometer measurement is decrease@®.#dam-9.0 volts. Another

means ofedugng stray radiation is tsurroundthe antennéby alargemetalenclosureTherefore,

if the sky radiates at the cosmic background ofkR (7455 °F), thegain is (455+ 69)/9 = 58.2

9F/volt or 32.3% K/volt. This gain decreasds 32.05 K/voltwhen including the X (3.6 °F)

increase in sky temperature due to oxygen emission. The radiometer parameters associated with
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these measurements i=G1930, G= 1.7, G= 10 andtint = 0.1 secondsNearly the same
radiometric gain was olteed using thenearfield calibrationmethodin Table 1 anddescribed
before. Also, compared to sky measurements at 4 GHz, the nh8rdegredeamwidth of the 12

GHz radiometer results in much smaller effects due to the surrounding earth radiaticedscatte
into the antennas FOV. Calibration of the 12 GHz radiometer with nearly the same radiometric
gain was obtained using the cold sky procedure and setting the instrument parameter286, G
G2=1.4 and G=10.

The nextchapterdescriles the effecbf gain variationfor a Dicke and total power radiometer

addition tothermal noiseeffects It also briefly discusseRRFI detection and mitigationThis is

followed by an experiment in Chapter 6 showing $keasitivity of a Schottky diode detector to
temperature variation and its effect on the Dicke radiometer performance. The temperature effect
is shown to be greatly pronounced when the radiometer views cold space. Therefore, a temperature
compensated detector such as that shown in FigGref AAppendix A6 is usedto reduce his
effect.Unless specifically mentioned, all of thediometersiescribed here uske designshownin

Figures 3 and 4vhich use a temperature compensated detector.

5. Gain Variation, Noise and RFI Mitigation

Appendix Al desdbes the total power radiometer | initially constructed. It he simplest
radiometersince it excludesthe switch and synchronousdemodulatorshown in the Dicke
radiometers ofigures 3 and 4However, die to it high gain (120 dB)any slighttemperatue
variationis shownto producea largedrift of theradiometer outpuflhis drift canoccur due to gain
variationsfrom self heatingsee Section 4.23s well as variations the LNB noise Figure with
temperaturewhich vares in time and sets a practicalimit on the maximum usable gaims
discussedn Chapter 3the Dicke radiometersised hergeduce the output drift due to such gain
variations by switching the antenna input from the st¢erereference load and differencing the
output signalsusing asynchronous daodulator The requiremenbeing that the gains stable
within the switching timesj.e., fwitchtint >1 wherefswichis theswitching frequencyandt i is the
integration time.A similar criteria is found in Appendix Al15using spectral raalysis of the
radiometer responsee., fswitch> fc Where fcis the lowpass filter cutoffrequency In this case, the
filter suppresssthelow frequencyl/f electronicflicker noise and wideband thermadise.l found
no problem using the lowest gehing frequency and smallest integration time,, fswitch=173 Hz
andtint = 0.1 secondsThis is consistent with experimeritgat show the bulkof gainfluctuations

is less tharl Hz. In fact Dicke only used a 30 Hz switching frequency for his radtens[1]. The
following compares thaoisecharacteristic oatotal power and Dicke radiometer.

The mndom fuctuations in the outpuif atotal power and Dicke radiometés given by

1 apc(f)§
! ()8
Bt \t c G =

DTy | power = (D72 ) +(DT2) = (T, +TN)\/ (7a)
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Equationg(7a) and (7byefinethe minimum detectablehangeor NEDT of each radiometetueto
broadbandhermalnoise as well as that due @mplifier gain variatios DG(f), which has a low
frequencyl/f electronic flicker nois@owerspectrumwith nonGaussian probability distributian.
Such sporadic noisesuls from electron transitions in the semiconductors used in amplifi@es.
1/ noisedepends on the total radiometer gain (G®eg&5q4 G1G2) shown in the block diagrams of
Figures 3 and 40n the other handhérmal noise is a function dhe IF bandvidth B, the
integration time int of measuremerdandthetotal system noise temperaturg Which isreferenced
tot he receiver 6s [4,rpp6b3] Eqadtidn €/cexdresse Ty asa seaeohterms
starting with the thermal radiation du transmission loss by the connecting lines, switch and
isolator, which when combined emit with emissivity (1) at average temperature. This is
followed by the LNB which radiates at its noise temperaturgsT The remaining terms in
bracketsis due to the detectoy AC amplifier and synchronous demodulatoHowever, these
contributionsare generallysmall since (7c) shows tem to bereduced bythe high LNB gain
Therefore, as a very good approximation the system noise temperature is given usihg bray
two terms a the right of (7c). Furthermore, whersing thisapproximaion andexpresig the 15
stageamplifier noise figure NF anéffont-endtransmission loss L in dB it can be written as

Ty=To 207D 10y (8)

This equation is used tBection 3.3 of Appendix A2® determinehe system noise temperatufe
a radiometegivenits 1% stageamplifier noise figure and transmissidwss. It alsoexplains howa
cold calibratiortargetcan ke obtained using thermal noise generdtedh alow noise amplifiet.

As an example of radiometer noiseasuremenis-igure 14 showshe output voltage from a 12
GHz Dicke radiometer while viewinthe high emissivity calibration targdor 10 minutesat a
temperature nedhe referencéemperaturelr. The three top plots show the time series using
integration timetint of 5, 1 and 0.1 secosdEach plot alsshows the calculated standard deviation
for each time serieslo analye the noisethe bottomgraph plots the standard deviation as a
function oftin2 rather thartin: . Except for the intercemf 2 mvthe straight line fibf the data
has the same form as (7b) sinte °© Tr. As such the randomfluctuation of measurements
corresponds to thaif thermal noiseBesides thermal noisé&ppendix A22mentionsother noise
forms which can bédentifiedusing aLog-Log plot of radiometer voltage against integration time
Furthermore in addition to standard deviation, which is the second momergraifability
distribution function (PDF)higher order moments agenerally useé to more preciselyidentify
the Gaussiandistribution corresponding toinstrumental noiseAs discussed nextstatistical
measuremesf thePDF has also bearsedfor RFI detetion and mitigation.

Since Gaussiannoise also resultsfrom the natural thermal emitted radiationby t he eart
atmosphere and surfgcany nonGaussiamoisesuch asRFl can be dentifiedusinghigher order
statisticalmomentsof the measurement8 radometerusingthis approacho mitigate interference

is describedby Dr. Chris Ruf[8]. The paperdemonstrates the technique using laiBand
radiometercentered at 1412 MHwith a 24 MHz bandwidth.Such a radiometer is particularly

useful to measure soil aisture beneath dense vegetation cover and the salinity in oceans and sea
ice. The latter two applications stem from its larger sensitivity to salinity and smaller effect due to
sea surface temperature and surface roughness variakiussrequency and arrow bandpass

SNeglecting transmission | oss, the TQSI'E_,\}Be:mo[][O%Efl%-a] temper a

where NF is the amplifiers noise figure in dB. Therefore, by covering theraméth a metal plate, its reflected
radiation is the amplifier noise. For example, if NF = 0.5 dB aywZB0 K then N =35 K so this target serves as
a cold calibration point. A 2 calibration point is obtained using a high emissivity taafénown temperature.
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resides in a protected region allocated by R for use only in radio astronomy and passive
space research. However, itgsll not immune fromRFI due to harmonicsesultingfrom high
power active sourcesuch as air traffic control rad and other terrestrial systentisis therefore
necessary to develop procedures to mitigRiEe even in this highly protected regiono identify
and removanterferencethe 24 MHz bandwidth is subdivided into Bigh isolationfilters of 3
MHz bandwidth.Histogramsare then obtainedusing 128 bins foeach subband where aly the
subbandmeasurementbaving Gaussiamlistributionsare consideredinterferencefree, with the
others discardedAlso, the second moment of the Gaussian distributoyrstandarddeviationof
the interferencefree measurements proportional to the thermally emitted radiatiby the
radiometer ad thethermal radiatiorseen by the antenna@herefore the standard deviatioof the
time serieswithin each RFI-free subbandprovides an alternative means ofmeasuringthe
brightness temperatusmithout the use okquare law detectar$his point will beexpanded upon
in Section6.1.

When microwave radiometers weliest placed on satellites intHeat e 1 9e6a0rolsy aln9d7 O «
RFI issues were not as prevalent as they are today. However, since that time large adwaaces

made in the development of low cost high frequency amplifiers. This advance in technology has
accelerated the use of higher frequencies by the internet, telephonesidelas well as the
automobile industry which use radar for collision avoidance syst€orssequently there is now

more sources oRFIl to deal with. Suchnterference is of particular concern in microwave
radiometry since the receivers use high gain diep to detect the very weak (~ ¥owatts or

0.01 picowatt s) naturally emitted ther mal ra
Furthermore, RFI is not only seen with grotlmased radiometers but also when viewing earth

using satellite borne radiometers.Techniques such as that developed by Chris Ruf are being
developed to alleviate the ongoing problem.

While the digital radiometerdeveloped by Chris Rt al., is most agile, it isnuchmoredifficult

to constructthan analogechniqus. For this reason the radiometers, and in particular the 4 GHz
instrument constructed here used traditional analog filtering as discussed in Appendix A9.
However,the Appendixalso describes the need fadaptivefiltering to facilitate changes irthe

RFI frequenciesAnalytic filters based otemporalinformationas well as polarizationanalsobe
usedto removeRFI for a given channelThese approacksarethe easiest to apply sinceety do

not require any hardware chang@s. an example of & use onewould only outputthe filtered
measurementsf smallest valuesince they would likely be least contaminatedR#l. Similarly,
relationships amondifferentchannels can also detect and mitgRFEIl. As an example, Figurels

in Section 87 showsthe 20.5 and22.2 GHz brightness temperatureeasuremest highly
correlated andelated bythe equatiorns(20) = 2.33 + 0.623 Tbh(22) ith a standard error of 0.82

K. While a smaller error would be better, it can stillusedas a discriminate functioto filter
much of the RFI observedat 20.5 GHz(seeFigure 33 sincethe 22.2 GHz channelresides in a
frequencyprotectedregion by the FCCHowever,to bestdeal with changes in FCC frequency
allocation or changes RRFI frequencies, the moffeexible digital filtering approach isequirel.

Returning back t¢7a) and (7b)it is noted thathe NEDT from a total power radiometés 1/2 that

of aDicke radiometewhenassuming no gain variatioesdTa = TR, i.€., DTp]picke= 2 DTp]power
This factor of twolargernoise for a Dicke radiometer results from the atiégration timeused
when measumg Ta. In addition to the larger noise iterssitivity is half that of atotal power
radiometersince V]picke= KG B (Ta-Tr)/ 2 while V]power= KG B Ta. Therefore(DV/DT a)picke=

1/2 (DV/DTa)rower Unfortunately, he lower thermal noise andigher sensitivity of a total power
radiometer is offset byts larger drift and noise due tgain variationscompared to a Dicke
radiometer In fact, the gain variation of a Dickadiometer can be virtually eliminated using a
null balancing or noise injection radiometer which uses feedback to minimizactbeTa - Tr in
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(7b) by adding noise of sufficient amplitude Ta. However, this requires additional electronics

and was notised since the unbalanced Dicke radiometer was found to provide sufficiently high
stability and noise reduction. This stems from the fact that the modulation provided by the Dicke
switch reduces radiometer drift. Also, synchronous demodulation suppi@sdesquency flicker

noise by shifting the noise spectrum to a higher frequemsy explained inAppendix A15.
Incidentally, devices usng modulation followed by amplification and synchronous demodulation
arecalledphasdock amplifiesors i mp llogk-ineamgiifiero . 't is not only wus
but also in other electronic instrumentgécover a signal originally below the noise floor.

In summarythe reduceddrift and gain variations of a Dicke radiometer greatly offsets the smaller
thermalnoiseof total power radiometers. In fatt, operatgroperlya total power radiometenust

be continuouslycalibrakdless than a minut® minimize anydrift andgain variationgsee Figure
Al-4 in Appendix Al) As described in ChapteOland shown irFigure 59 this is best obtained
using satellite radiometersvhose antenna is rapidlgcannedto view earth, followed by
unrestricted viewof cold space and itsn-board warm calibration targen this case the drift and
gain variations can be reducedfmiently soDTy in (7a)is dominated by thermal noise.
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Figure 14 i The time series in the top plots show the 12 GHz Dicke radiometer measurements when

viewing a calibration target at integration times tiNnT of 5.0, 1.0 and 0.1 second. Each plot also shows the
calculated standard deviation from the time series. The bottom graph plots the standard deviation as a

function of 1/t where the straight line fit corresponds to thermal noise fluctuations.
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6. Detector Response

In addition to the LNB, théetector is critical in determining the radiometer performanceohlgt
does the detectordefine thelinearity of the radiometerit can also affecthe overall gain,
bandwidth and temperatuependence othe radiometerTheseissuesare discussedn this
chapteras well as in Appendix Aénd A18

A dual packagedschottky diode series detectelement modelHSMS 2862was chosenbecause

of its high sensitivityat microwave frequencie®When used with ra optimally designednput
impedance matching networke diode sensitivity, gyet, IS Specifiedas 50 mwiw at 1 GHz,
decreasing to 25 mww at its highest frequency of 6 GHz. This decreased sensitivity with
frequency results from the di oedet® Beabounltpf.i nsi c
Furthermore, as described in Chapter 8 (searEig9), stray capacitanceand inductanceeduces

the sensitivity andrequency response when the Schottky diode is connected in a more complete
circuit that includes a difference amplifiéor temperature compensation and a multiplexer to
supply DC power to the LNB and extract IEs signal. As such,| found the detectorsensitivity

and frequency responge be different for each unit. stead of obtaining a broadband detector
with high ®nsitivity its responseeals anywherebetween 1 and 2 GHz witensitivitybetween 5

to 50 mvhw due to thesestray parameter Such parasiticelemert effecs are minimized in
commercially producedetectors, wherthe diode element ands components arplacedon well
designedprinted circuit boarslasin Figure 16 to obtainanimpedance matclvith a broadband
responseThis detectoris mentionedin Appendix A6and used iMAppendix Al4 toconstructa
dualand singlefrequencyradiometer

The following describes another important detector characteristic, namely its temperature
dependenceHowever, lefore discussing the temperature effectrief overview is given of the
detector 6s s q Uleratordeth of Hgure $slowsstieedetectorconrected in a
voltage doubler circuidlong with picturs of theopened an@nclogd unitused in an early 4 GHz
radiometer For illustration, he bottomright of the Figure displays a representativedetector
responseusng a LogLog plot oftheinput poweragainst theutput voltageNote thatto ensure a
square law responseo the radiometeoutput is linearly proportional to power or brightness
temperaturgthe diode input poweshouldbe kept below-15 dBm withits output voltage below

100 mv.This isgenerally not a problem since the detector signal is below 100 mv as shown in
Figure 5.0therdetectorissuesarediscussedextas well asn Section 6.1

Whil e the detrespdnsmndirgput power pusedfacttahe overall gaiand linearity
the radiometersensitivity isalsofound to beemperature dependehe temperature dependence
is dueto the characteristic of Schottky diodehich although consisting of a metal semiconductor
junction, its arrentvoltage characteristic can be desedbbythe pn junction dode equation
[4, pg 510] If the diodes series resistance is neglettedurrent islg [exp(V/qVth ) - 1] where k

is the diodes saturation curresmd Vi, = KT/qg is the thermal voltage witkb ei ng Bol t z me

constant andj being the electron charge. Alsbetquality factor h typically vaiesfrom 1 to 1.6
depending on the material and fabrication procése temperature dependenteappears in the

thermal voltage as well as the saturation cumrith is proportionato T?exp(-V/Vin) where \f
is the surfacebarrier potentialnd can result in poor performance if not accounted Adso, as
derived in Appendix Al8when the exponentiajuantity is expandedn a seriesthe diodes

responseextends beyond® order inpower so (3)becomes T, =1 +SV +mS*(V - V,)(V,, - V)
wherethe mparameter results from t289 order contribution
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In contrast to Schottky diodete highly dopedunnel diodesonsist of a g junction andare
much less temperature dependent since the detemperate at zettmas where the tunnel current
dominates thaliode operationThis current $ characterized by the peak voltage ahd peak
current p which is insensitive to temperature and given lpy=1,(V/V )expl- V/V,). The

detector operates at vagjes up to the peak voltage so its performance hardly depends on
temperature excursionsurthermore, some tunnel diodetectos operate as backward diodes to
increase their frequency response and sensitivity.

Temperatureeffect on the radiometeutpu is obtainedusingthe equations in thélock diagrams
of Figures3 and 4j.e,,

Vbicke = 3KG'B Guerl Ta - TR] (9a)
DV): Do
)Dicke — %kG'B I.TA - R] det (9b)
Dlget DTdet
where G'=G _ GpppGg)nO (%)

From (©@b), thetemperaturevariation of a Dicke radiometés shown tooccurpredominatelyfrom
changes irthe detector sesitivity g,. Furthermore, théemperature variationccursprimarily

when viewng cold space since thefia<< Tr. Conversely,tie temperature variatiors muchless

when viewingwarmer groundemperaturesince thenTa is comparable tdr. To demonstrate

these featuresgxperments were performed using an earlier 4 GHz radiometer which uses the
uncompensated detector shown in FiglBeAs shownin Figure 23 theradiometer isnounted on

top of the 12 GHz radiometer apthced on a movde cart that is elevated so that the antenna
views space through my basement glass patio door. During the experiment the detector
temperature is heated by about’B5or a short time using a small incandescent light. For the first

90 minutes the high essivity target is placed over the antenna as in FiQuead then removed

for about 60 minutes so that the antenna views space.

The two top plots in Figure7ishow the radiometer voltage (Left) and detector temperature (Right)

as a function of timelNote the abrupt decrease iadiometeroltage when the detector is heated
while the antenna views spaatethe time of 125 minute®o change is seat the earlier timef

75 minuteswhen the antennaiews the high emissivity targefThe bottomleft Figure shows the
measurements viewing space on expanded scales, whilbottmm right Figure shows the
correspondingvoltage plotted againstdetector temperatureUsing least squaregegression
analysis, a linear equation is obtained between the voltage andodeétsnperature that has a
slope of-0.1Volts/ °F. Also, using the detector temperature as input, the voltage derived from this
equation is shown to accurately reproduce the true measurements in the bottom left figure. What is
also noteworthy is how wethe radiometer voltage follows the detector temperature even though
the temperature sensor is mounted outside of the detector case as shown inSHigapeRight).

In fact, much of the difference between the two measurements seen in the-fightofgure is

due to the time lag between the outside temperature change and detector respmnskar A
example of this time lag between the measured temperature and detector temperature response will
be displayed in the neséction when testing a temperate@mpensated detector.

The resultsshown in Figure 7 arein qualitativeagreement with equatiof8b), which givesthe
slope ofthe radiometer outpwoltage versus detector temperatiue,

DV) Dicke
I:)Td et

Do
=1kG'B[T, - Tl Tdet
D det 31



Note that as in the measurams the slope is negative when viewing space sinceltker, and
becomes negligibly small when viewing the high emissivity target sincelth@Tr. It shouldbe
mentionedthat | initially observed the detector problem by viewing space while warnheg t
detector with my fingers as shown in Figu [Loriginally thought that the temperature stability
issue was due to the LNB amplifier whose gain can be temperature dependent. However, after
heating the LNB in the same manner as the detector and findiredfect, | concluded that the

issue was solely due to the detectbhis was different than that found using the 20 GHz
radiometer.As mentioned previouslyn Section4.2, the LNB usedfor this higha frequency
radiometer resudtin a noticeable gain vetion that decreasewith temperaturedue to self
heating where his effect can be reduced using passive co@mondicated ithe section

Schottky Diode Detector with no temperature compensation

W — \.‘
‘ C,=47 pf HSMS 2862

10 mv |

Log - Diode Output

1 |
o Noise Level

0.1 mv . S : ) '
HSMS 2862 40 30 20 110 0 10 20 30 40
Log - Power input (dBm)

Figure 15 - The HSMS 2862 Schottky diode chip contains two elements connected together to double
the sensitivity. The detector circuit is shown in the bottom-left, while the open unit (top left) shows the
labeled components of the detector that is wire connected. This uncompensated detector was used in
an early 4 GHz r adi oemperatune is mdnitoeed usieg aeticetmmaoudple wthtich is
attached to its outer case (top right). The bottom-right shows the generic detector response on a Log-
Log plot. It shows the regions for which a diode displays a square law and linear response. Note that
to assure a square law response the input power must be below -15 dBm so t hat t
voltage is less than 100 mv.
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Figure 16 1 Commercially available envelope detector using a single Schottky diode element. It
has a square law response with a sensitivity of 3 mv/nw from 0.1 to 3.2 GHz with a temperature
variation of about 0.1 mv/°F. This wideband response is obtained using the optimally designed
component layout on a printed circuit board rather than the homebuilt unit shown in Figure 15.
This detector was used in the 22 GHz radiometer discussed in Section 8.6 and dual frequency
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Figure 17 - Earlier 4 GHz radiometer with an uncompensated Schottky diode detector displays the
detector temperature effect. The top-left Figure shows the radiometer voltage when the antenna
views the high emissivity target followed by the space view. The top-right Figure shows the
detector and LNB temperatures. The bottom-left Figure shows the space viewing measurements

while the bottom right Figure plots these voltages against detector temperature.
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6.1 Detector Temperature Compensation

Upon realizingSchottky diode are highly temperature sensitivalternative approachesvere
considered | first considered thdackwardtunnel diode detectgrwhich was mentioned in the
previous section to have minimal temperature dependenaksolbhas lower noise than Schottky
diodegs[9]. However this approach wadiscardeddue totheir lower sensitivityof around Imv/mv
andits lack of avaiability. | nextconsidereda quadrature detector since it eliminatbe need for
diodes. A quadrature detectoequiresa powerdivider and 90 phase shittr to convert thel NB 6 s
IF signal toin-phase(l) and quadraturphase(Q) components, after whicthe | and Q quantities
aresquared to producan output representing togawer As mentioned at the end of thesction,
this 1/Q techniqueis used inSoftware Defined RadioSPR) based radiometsr but was not
considereddue to its complexityLikewise, the elimination of square law detectausing digital
techniquegto measurghermal noiseas described in Chapterafid at the end of this sectiaras
also not consideredAs such | ended up usinghe conventional and isipler temperature
compensatedircuit in Figure A6of the Appendix The circuit alsousesthe readily availabledual
packagedmatched pair of Schottky diodeshich areconnectedo a difference amplifier One
diode elementservesas a reference while the other is connected to tNBG $F output. The
difference output then approximately cancels temperature €f8aute both diodes operate at
aboutthe same temperature.

Figure B shows the finalized 4 GHz radiometer with teenperature&eompensated detector while
Figure B (Bottom left) shows the detectorsoverall response. Theletector response was
determined by connecting a signal generator to the input and measuring the output in millivolts
(mv) as the input power was increased from 0.1 microwatO(dBm) tol milliwatt (O dBm).
The frequency was set at 1.4 GHz, which is near the center of IENBandwidth. Figure @
(Bottom right) shows that for input power levels betwed@ dBm (1nw) to-12 dBm (63nw), a
linear relationship exists between input power and output voltage witlxienora error of +/- 0.2
dBm,i.e.,

P(w) =-0.6 + 0.2 V(mv),

V(mv) = 3.0 + 50 Pfiw) .

The bdtom equationwas obtained by invertinthe top oneand shows aetector sensitivity of5

mv/nw for input power within the above mentioned 18 dBm range. This detector sensitivity
includes the difference amplifigyain of 10. Also, for completeness, the two plots on the top of
Figure © compare the above equations with the measurements over a 250 mv output range. From
these sets of measurements it is evident that to insure a linear detector response, the ahput sign
strength must be such that the output detector voltage is less than about 200 mv or the input power
is less than 40rw. The output voltage must also be greater than about 8 mv, corresponding to
input power greater than iw. Also, not to be overlooked ithe detectors frequency response,
which can define the overaksponsef the radiometer. This point was mentioned previously and
shown in Figure 2 of Chapter §or the 20 GHz radiometer detector.

The 4 GHz radiometer response is again measureadsatistituting the temperature compensating
detector as shown in Figur8.1For this experiment, the 4 GHz radiometer is subjected to the same
type of measurements as before. Since the temperature compensated detector has a different gain
than the uncompeiated detector, the improved radiometer was calibrated to have the same
radiometric gain as the earlier unit. As shown in Fid@€Top Right), the detector temperature is
now increased by 5 °F using the small incandescent lamigso, wnlike before,the radiometer
voltagenow increases (Figre 20 Top Left) rather than decreases as its temperature incré€xses.
greater mportarce, Figure 20 (Bottom) shows the radiometer temperature sensitivity is +0.6& V/
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whereas before it was 710.10 VPF using the uncongmsated detector. This factor of 10
improvement in stability using a temperature compensated detector was implemented for the 12
GHz radiometer (see Rige 3) as well as the 4 GHz Dicke radiometer of Figure 4. Also note in
Figure 20 a small wavdike displacement between the radiometer response and the detector
temperature change. This delayed radiometer response in thefttepd bottom plots occurs
because the temperature sensor is mounted to the detector case, which is at a different location, and
therefore at a slightly different temperature than the detector element. A similar effect was
mentioned when discussing Figur&, Where again a time lag was evident between the two
measurements

As mentiored abovethe SDR approaclcanalsobe used ta@onstuct radiometerskRather than use
hardware, his approachusessoftwareto perform the operations ahixers, detectorsfilters,
amplifiersanddemodulatorsTo achieve this, theNB down-convertedF outputbetween land2
GHzis first separated into itsiphase ) and quadraturphase Q) componentsisingfor example
a power splitterwith a 90° phase shifat one portThe I/Q outputs are thesampledusing high
speedanalog to @jital convertes (ADCO )s and the detected power is obtained by squariag th
and Q quantities using computer softwawkll of the otherwaveformsand operationshownin
Figures 3 and 4can also be obtainedusing software which includesthat of the synchronous
demodulator, integrator and offsétlso, a digital IF filter can ke used topreciselydefine the
radiometebandpassThis is particularly useful foRFI mitigationandwhen constructinghe high
spectral resolution temperature sounders discussed in Ghdieand1l. Lastly, Chapter 5
describes different digital appwach that usestatistical analysis of thi€& signalfor thermalnoise
detection as well aRFI mitigation. However,in generall felt the analogueDicke radiometers
developed here halifficientprecisionand stability so thatalthough more flexiblethe hardware
neededo constructigital radiometersvasunnecessarior groundbased radiometers
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WR - 229 §
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9
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Figure 18 - Finalized 4 GHz radiometer has a temperature compensated detector. The labeled
components are shown here as well as in the block diagram of Figure 4.
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Figure 19- Measurements of 4 GHz radiometer detector at 1.4 GHz with the AD620 amplifier
gain set to 10. The top-left shows the detector output voltage as a function of input power,
while the adjacent figure shows the inverse relationship. The bottom-left shows the detector
output voltage varies linearly with input power over a -30 to -12 dBm range, with a +/- 0.2 dBm
accuracy (bottom-right). However, the bottom figures show the detector is greater than the
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Figure 20 i The 4 GHz radiometer with a temperature compensated detector displays a
reduced temperature effect compared to the uncompensated detector in Figure 17. As in
Figure 17, the radiometer views space while the detector temperature is increased by 55 °F
using an incandescent lamp. The top-left shows the radiometer voltage increasing with
detector temperature (top-right) with a sensitivity of + 0.01 V/°F (bottom). This is 10 times

less than the uncompensated detector whose temperature sensitivity is -0.10 V/°F.
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7. Radiometer Applications

Much time was spent inconstructingradiometerswith different componentsnd testing their
performance This wasfollowed by experimerstto measure theiresponseand demonstrat ther
usein earthremote sensingn this chapter, examples sky and ground viewing measurements
are describedising the 4 and 12 GHz radiometemis is extended in Chapter 8 to include
measurements at higher frequencies using the 20.5 and 22.2 GHz radiontetereasurements
arealso compared withnalyticalmodels tahelpexplain the observatien

As =enfrom the books coverthe radiometerare mounted aboveachanother and placed on a
cart thatcan beelevated to view theky or groundat elevation angles up to 25 degredste also
thatthe measurementaere donein my basemenivith theradometer viewingoutdoos througha
glasspatiodoor.Incidentally,this measurement could not be dam@nginfraredradiometersince
glass (also Styrofoan) is opaqué Fortunately, glass has very little absorption at microwave
frequencies although patially reflects radiation Therefore, while it isa poor substitute foa
radone it shields the radiometerfrom the environmenso it isparticularlyusefulwhenmeasuring
rain. A better alternative althoughnot as convenientwould beto put the radiomeers in a
transparentess reflectingStyrofoamenclosure Since this was not donanalysisis used toshow
the effectglass hason the measurementOf equal importanceanalysisis also performedto
examinethe spatial averagingffect resulting fromthe differentradiometerantenndbeamwidtls.

7.1 Surface Viewing Measurements

As mentioned abovehé radiometers view the ground througlglass doar As illustrated in
Figure 21 the brightness temperatuaie frequencyn contains three componentwhich combined
become

T,(N) =AgleTo+RTy] + Ty + RyT (10a)
where e;=a =1- R,- A (10b)
and ej=a,=1- Ry- Ay . (10c)

The largest componentin (10a) is the ground emitted radiationwhich is the product of its
emissivity e andtemperaturel's, From Kirchoff® law of thermal radiatiorthe emissivityequals

the absorption coefficientis, which from energy conservation is given by (10khereRsis the
reflection andAs is the transmission coefficientAs seenby the radiometerhis radiaton esTsis

attenuated by the glass dowhere Ag is its transmission coefficientwhich is mainlydue to
reflection Equation (10a) lao containsthe downwelling atmosphericradiation Tq which is
reflectedby the groundand attenuated by the gladsor before reaching the radiometeédot
included is any sky radiatioseenindirectly when viewing the gund, such as by antenna side
lobes. As discussethterin Section8.3, Tq is largest for rain emission, but even therr@iected
contribution is small ovelow reflectivity land surfaces Although glassabsorptionis very small,
for completenessgeiaion (10a) alsoncludes the glasemitted radiatiorwhich is the product of its

emissivity e; and temperaturelTy. As with the groundemissivity, the glass emissivity equals its

4 While Styrofoam is essentially transparent in the microwave region it is measured to be opaque at infrared
wavelengths around 0.65 microns and 10.5 microns.
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absorption coefficiend, in (10c)whereR; is the reflectiorandAq is the tansmissiorcoefficient
Thelastterm in(10a)is the thermalradiationin my basement aemperaturd which isreflected
by the glass doand viewed byhe radiometer

Many surfacesare highly absorbing sahat A; =0 and from (10b) e, =1- R,. As such, he

emissivity forflat homogeneousurface such asvaterandsmoothsoils can beobtainedusingthe
reflection coefficientderived fromthe Fresnel equatiohsvith the dielectric constant, viewing
angle and polarizationsainput parameterdn contrastto these surfaceshe glass door has

negligible absorptiorso g @0 and Ag @L- Ry. However, as discussed in Section 7.2 and

Appendix A10 the glass doogflection coefficientequiresextensive analysis singecontaingwo
glass panes separated by an air. g@n nore complexmodelsare requiredfor rough surfaces
such as oceansnd inhomogeneousnedia such as snowand aged seace. The eflection
coefficientand emissivityfor these surfaceequire soluions of Maxwell® equationghatinclude
surface scattering in the caseawfears andvolume scattering byhe ice grainsin snowand air
bubblesformedin agedsea icedue to brine depletiorThe emissivity ofseaice is discussed more
fully in Section 123.

Although analytical models can provide physical insight, actual emissivity measurenmés are
required using ground based aircraft flown and satellitdaunchedradiometes. Such far-field
observationsare particularly neededat high frequenes where nodels aremost deficientas the
wavelength approaches tlseale ofinhomogeneitiesand surface roughnes®ther aspects of
emissivitymodelingarediscussedn Appendix A16.Lastly, Appendix Al7describes the difficujt

in using nearfield laboratorytechnquesto measureemissivity. For referencefigure 22 shows
exampls of emissivity spectraAs stated in the Figure legendiete plots use multifrequency
observationditted to anempiricalfunction. Note that lhe highest emissivitgpccurs for vegetated
land newseaice and melting snowvhich is about0.95 The lowest emissivityccursfor open
water which is about 0.4Also note that he emissivityspectum has a positive slope fovater and
wet surfaceswhich absorbmicrowave radiation while having a egative slope for surface
containing icegrains and air bubbleghat scatter radiationBoth the magnitudeand slopeof
emissivityareusedwhendevelopng algorithmsto identify surfacesind atmospherifeatues from
satelliteobservationd10]. This stuly describes a decision tree algorithondistinguish between
snow cover, sea icedeserts and precipitation based on their different scattering and emission
properties combined with information from small data samplesUse of the emissivity
characteristis is also discussed in Section 12.3 when developing a dual frequency algorithm to
identify ice type and measure sea ice concentraBoh global measurements by satellites are
used by different organizations for analysis and prediction of weather eatedif§erent space
time scalesIncidentally, instead othe more physically basedecision tree approacmeural
networls or artificial intelligencecan also be used foridentification. In this casethe physical
aspectsare contained in théistorical daia baseor library usedto train themachine learning
approaclby finding connectionghrough pattern recognition

As mentioned abovet enicrowave frequencigbe absorption and emissivity of glassiegligibly
smallso thate, =a, @0 and Ag @- R,. Furthermore,ite downwellingreflected radiatiorRsTq

is generallynegligibleovervegetatedandsoequation(10a) reduce to

® Fresnel reflection coefficiest (RS)VH =|r \2 wherer, =-Tan(qg- gi)/ Tan(g+dqi), r, =Sin(q- qi)/Sin (g+di)
and Singi =Sinqg/ Je . Howevermostsurfaces do not appear perfectly smaatthigh frequenciso the reflectivity
is alteredby surface roughnes‘ﬁherefore,(RS)V isless and(RS)H is greatethan from the Fresnel equations
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Tp(n) =]1- Ry()] es(M T + Ry(M)T . (11)

Therefore, thérightness temperaturehangeDTy, dueto variations inemissivity D& and surface
temperaturdTs becoms

DT, (n) =[1- Ry(n)] [ es(n) DT, + T, Dey(n) ] (12)

where his equations usednextto analyze the followingwo experiments

1 - Surface Temperature Variation:

In the first experimentshownin Figure 23(Top-Left), the 4 and 12 GHz radiometers view the
patio whose temperature decreases over 5 hours beginning at 7 pm on August &o#013.
radiometersare assumed to viethe sane temperature change the measurement ratlmased on
12)is

DT,(n,) _ - Ry(n)Zey(n)

-e .
DT, (M)t ~constant 6L~ Ro(N2) g &s(n2)

(139)

The bottomtleft of Figure 23showsboth radiometervoltages decreasingsteadilyas the surface
temperaturalecreass Upon plotting the 4against 12 Glz measurementsn the bottonrright, a
slope of 3.1 i®btainedusingleast squaregegressioranalysis Since the emissivity overegetated
landis about0.95at both frequencieshe slopeof 3.1is the glasstransmission @efficientratio at
the two frguencies

2 - Surface Emissivity Variation :

In the secondmuch laterexperimentshown in Figure 24the 4 and 12 GHz radiometers view the
patio on January 15, 201&t 4 pm The patio was sprayed with watefor 3 minutesto lower its
emissivity from abut 0.95(e,) to 0.37(e,,) as indicated in Figure 2Z'he spraying was then

stopped and the wetneseaslowly decreased due to runoRrom (12) the measurememdtiois

DT,(n) @ & R()7 e n)
DT,(n,) lJlJ]'S:C:onstant él' Rg(nz)u Dey(n,) .

(13b)

The emisstity is expressed ag,(n) = ¢, - [e, - e, ] f,,(n) wheref,, (n) is the fractioml wet area

seen bytheradiometes. This simpleexpression of emissivity using fractional areaggplicable to
far-field measurements and fulliiscusedin Appendk A17. 1t is particularly important to use this
type of expression for satellite measurements to include spatial averaging by theifidbd g
view. This is also descriled in Section 12.3 with regard tihe measurement o$ea ice
concentrationTherefae, the emissivityratio in (13b)is Df,, (n,)/ Df,, (n,), which is unity if both

radiometers view the same aréathat casethe measurement rat{@3b) isthe glasstransmission
coefficient ratio However,the bottom right plot ifrigure 24 showghe slopeof Ty, to bel.7 while
it was 3.1in Figure 23. Tis smallerslopeof 1.7 resuls from the emissivity ratio which isless
then unitysince Df,, (4) < Df,, (12) due totheantenna beamwidtbf 27° at4 GHzcompared td.6°

al1l2 GHz
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3 - Insertion Loss Measurement :

For a more definitivestudy done prior to the F' experiment the glasstransmissionratio was
obtained using thmsertion lossneasurementdescribed in AppendiRA11. In that experimerthe
radiometeroutput voltage is measuredafter opening and closing the glagstio door. The
reflection coefficientat 4 and 12 GHi1s thendeterminedto be 0.20 and 064, respectively As
such, he transmission coefficiermatio between 4and 12 GHazs (1- 0.20)/(1- 0.64) =2.2. This

more direct masurements less than the 3.&lopein Figure23 and greater than the 1.7 slope in
Figure 24 In fact theinsertion lossmeasuremenof 2.2 is nearly the average of the other two
measurementd.o best understarttbw the glass dooeffectsthe radiometer masurements, model

analysis is performed. As shown in the next Section 7.2, the transmis&fiicientof the glass

door varies as a function of frequency as well as the glass door parainefi@es. as discussed in

Appendix 10, the door acts as adiltwith characteristics similar ta FabryPerot Etalon or

interferometer whose resonant frequencies and spectral shape depend on the glass dielectric

constant, thickness, separation and incident angle.
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Figure 21 - Schematic of different brightness temperature, T,, contributions seen inside my house by a radiometer
viewing the ground through a glass window. The primary radiation seen outside my house is the ground emitted
radiation, which is the product of emissivity, €5, and surface temperature, T Itis highlighted in blue. Also shown is
the downwelling atmospheric radiation, T, reflected by the ground R5T, which is added to £5T and shown by the
dashed line. Inside my house these two terms are attenuated by the glass door. It is denoted as T,, and
highlighted in blue, and shown by the dashed line. Two other quantities seen inside my house is the emitted, T,,
and reflected radiation T, by the glass.
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Figure 22 i Emissivity obtained using the empirical function eg =|_e0 +eg, (%0)"J/|_1+(%0)”] whose

parameters &, €, ,n ,n, are obtained from representative measurements at nadir viewing. Note that the

highest emissivity is for vegetated land, new sea ice and melting snow while the lowest is for water and wet
soil. Multiyear sea ice and re-frozen snow also has very low emissivity at high frequency »n with a negative
slope. Surface identification is obtained from satellite radiometer measurements using the magnitude and
slope of emissivity with frequency.
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Figure 23 - The 4 and 12 GHz radiometers are placed on a movable cart to view the ground (Top Left)

and sky (Top-right) from my basement. Radiometer voltages are plotted as function of time (bottom-left)

when viewing the ground and a best fit linear equation is obtained (bottom-right) and shown in yellow.
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Figure 24 1 The top-right picture shows the patio and grass area after being watered for 2 minutes. The

top left shows the 4 and 12 GHz radiometer measurements before and after watering. An expanded plot
of the 4 GHz data is shown in the bottom-left. Also shown is a plot of the 4 GHz estimate using a best fit
linear equation relating the 4 to 12 GHz measurements. The radiometer measurements together with the
best fit equation is also plotted in the bottom right.

7.2 Glass Door Reflectance

As noted in Appendix A2, the antenna receives verpoddrization to reduce surface reflections
when viewed at large elevation angles. The dielectric constant of glass is reported to be about 6 so

its reflection coefficient is quite large. In fa& is computed to be 0.16 at vertical polarization for

a 20degree viewing angle using the above mentioned Fresnel equations for a smooth dielectric
interface. However, a more realistic model must include wave interference due to multiple
reflections within a glass sheet. Using this model, Figure-ADd AppendixAl10 shows large
variations in reflectance even for very small changes in the frequency and glass parameters.
Similar calculations were also performed by Dr. Philip Rosenkranz who | have been collaborating
with and whose results are summarized in the Woilg Tables. The Tables below also compare

the model calculations with the above mentioned insertion loss measurements of reflection
coefficient.

Table 2 lists the calculated reflection coefficient at normal incidéarca 2.5 mm glass slab. Note

that tre reflection coefficient is 0.20 at 4 GHz but now increases to 0.51 at 12 GHz at normal
incidence. Also, for a 2iewing angle the calculated reflection coefficient is reduced to 0.17 at 4
GHz and 0.47 at 12 GHz. These calculations compare much betterthei insertion loss
measurements than the fixed reflectance of @at6a single glass interface using the Fresnel
coefficients. Furthermore, the glass door actually contains two glass panes separated by an air gap
or spacer. The reflectance then vamepending on the separation distance as well as the glass
thickness. In fact, the model calculations as well as FigurelAd4ldow it is possible to obtain a
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wide range of reflectance by fixing the dielectric constant to 6 and just varying these two
paramegrs. Since the results are sensitive to frequency, the power reflection coefficients were
averaged over the radiometer bandwidths because thermal noise is uncorrelated at different
frequencies. As an example, Table 3 shows the calculated reflection ieo¢ffior a glass
separation of 5 mm with a glass thickness of 4 mm. Note that for these particular parameters the 12
GHz calculations are nearly the same as the measurements while the 4 GHz results are now
different. There is also little difference at ttveo viewing angles. Unfortunately, the glass door
dimensions were not available to obtain more exact comparisons.

Table 2: Reflectivity for a 2 mm glass sheet.

Measurements* Calculation** Calculation***
4 GHz Ry (0°) =0.20 Ry (0°) =0.20 Ry (20°) = 0.17
12 GHz Ry (0°) = 0.64 Ry (0°) = 0.51 Ry (20°) = 0.47

* Insertion loss measurements atr¢ident angl€See Figure Al of Appendix).
** Calculated at Qincident angle used ithe insertion loss measurements.
*** Calculated at Z0ncident angle used in ground and sky viewing measureme

Table 3: Reflectivity for two 4mm glass sheetseparated bya 5 mm air gap.

Frequency Measurements* | Calculation** Calculation***
4 GHz Ry (0% =0.20 Ry (0°) =0.11 Ry (20°) =0.13
12 GHz Ry (0%) = 0.64 Ry (0°) = 0.67 Ry (20°) = 0.65

* |nsertion loss measurements atrident angl€See Figure Al of Appendix).
** Calculatedat @ incident angle used in the insertion loss measurements.
*** Calculated at Z0ncident angle used in ground and sky viewing measuremg

7.3 Sky Viewing Measurements

While the previous section studied changes due to temperature and emissiiation this
section examines changes due to atmospheric variations. Figure 2RQ)tpshows he4 and 12
GHz radiometers viewg spacethroughthe glasspatio door. Analogousto the ground viewing
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experiment whose brightness temperature components arershowigure 21 the sky viewing
componentsredepicted m Figure 3. Combining the componenthigbrightness temperatuie

Ty(n) = Ay Ty +egTy + RyT (14a)
where T, = (1- t>)T,, (14b)
and e, =1- Ry- Ay . (14c)

The first term on the right sidaf (14a)is the downwelling atmospheric radiatida attenuéed by
the glass doatransmission coefficienf‘kg. This componenis denotedasT: in Figure 25and is the
largest contribution unlike that of surface observati@rmitting the cosmic radiatiotermin (5),
Tqlis givenby (14b) wheret is the atmospheridransmittanceand T, is the meartemperaturen
(6a). The second term in (14a) is ttleermalemission by the glass door which is the produdtsof
glassemissvity ey andtemperaturd . It is designated a$: in Figure 25with the emissivitygiven
by (14c). The righimost term in (14a) ithe in-housereflectedradiation at temperaturg, where
Ry is the glasseflection coefficientThis term is depictedsTsin Figure 25Lastly, (14a) assumes
no ground radiation is observadlirectly byway oftheantenna side lobes.

Substituting (14b) ito (14a) ancheglecting the very smajlassemissivity,
T,=(@1- Ry) @- t>9T, +RyT (15a)

where t = t ol ot g - (15Db)

As meriioned in Section &, the atmospherictransmittance(15b) is the product of thewater
vapor, oxygen and liquid watéransmittancesThe liquid water componett,, is due tothewater

dropsin clouds and rain. Itransmittance i®btaned by summing the energy absorbed by each
drop. At frequencies where the drops are smaller than the wavelengthdegiradiates as
dipoles Its absorption then varies as th® power of drop size to wavelength based the
Rayleigh model Also, due to ther small fractional volume the radiatiomom each dropis
considered unperturbettom its neighbos. Collective effects such aswave interferenceis
therefore neglectedJsing thisBorn approximationwhich is applicable for a sparse group of
particles(see Appendix Al6dheliquid watertransmittancean bewritten as

£ () =€ Q1) (162)
2 2

with  Q(n) =415 ”n;’ :O (16b)
0

and n, =160 "t %" el (16c)

The derivationleading to (16a)s based on angsis by HerbertGoldsteinin Section 8.6 of the
Radation Lab. book [11]. Due to Rayleigls model theresultingtransmittancet .. in (16a)is

independent of drop size but ordp the total liquid watecontentQ in millimeters.It is aralogous
to the TPWdescribedin Section 43, whereQ is the depth of liquid that would be accumulated if

Liq
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all drops were compressed in a vertical column. Equati@a)(&lso contains drequency
dependenparameterQ(n) given by (16b)and a temperature depdentrelaxation frequencyy,

realting from Debyé dielectric constant of wat€29], page 17). The mrametem, is given by
(16c) whereTcp is the cloud temperatur@able4 lists the values ofQ (n) andno at three cloud

temperaturefor the 4, 1220and 2 GHz radiometers whose measured center frequenciedsare
listed

Table 4: Cloud transmittance parametersQ(n) and no at different temperatures.

Center

Radiometer | Frequency Tewo =270K Tewo =275K Tewo =280 K
no= 102 GHz no=117 GHz no= 134 GHz

4 GHz n=3.9GHz | Q(n)=278 mm Q(n) =319mm | Q(n) = 365 mm
no= 102 GHz no=117 GHz nNo= 134 GHz

12 GHz n=11.7GHz | Q(n) = 31.3 mm Q(n) =35.8 mm | Q(n) =40.8 mm
no= 102 GHz nNo=117 GHz nNo= 134 GHz

20 GHz n=205GHz | Qn)=105mm | Q) =11.9mm | Q(n) =13.5mm
no= 102 GHz no= 117 GHz no= 134 GHz

2GHz | n=222GHz | Q(n)=9.03mm Q) =102mm | Q(n)=1L.7mm

Sincen < ny, Q(N) @41.5n/n. Also, for cloudsand light rainQ < 1 mmsoQ/Q (n) <0.1
and(16a) approximatelybecomes

£ (M9 ° 1- [Q/Q()] Seq where Q (n) @41.5ndn? . (17)

In the experimentekcribed below the skyward viewing radiometers observe changksid and
rain water DQn wherethe subscripnh denotes thdrequency of theparticular radiometerFrom
(153), (15b)and (T7) the observeddrightness temperature charigg, is

DT, (n) =[1- Ry(M)] [t120(N) tox(M)] > [DQ,/Q(N)] Ty, Seqy (18)
R X Seq . 2
DTb(nl) o @l- Rg(nl)ﬂ ?tHZO(nl)tOZ(nl) ﬂ aﬂg Dth ’ (19)

DTb(nz) gl' Rg(nz)a gtHzo(nz)toz(nz)H 6%2 DQn

2

where DQ, =DQ, if bothradiometerdiave the samantennabeamwidthso they view the same

sceneFor n;=11.7 GHzn,=3.9 GHzandq = 2(° the ransmitanceratio termin (19)is calculated
to decrease from 0.99 to 0.97 tag TPWincreasesrom 0 © 40 mm.More important is he liquid
water absorption ratigni/nz)?> which is 9.0 at the two frequenciesThis factor would be the
dominanttermin (19)if not for theglasstransmission coefficiestl - Ry(n).
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Using the insertion loss measurementiesaibed in Section 7.1on page 40, the ratio of
transmissiorcoefficiensis 1/2.2= 0.45 socombiring all these factorgquation(19) becomes

DT,(12) _, DQ;,
DT, (4) DQ,

(20

Equation(20) is used toanalyzethe 12 and 4 GHzadiometemeasurementsf clouds and rain
As an example, Figure 26 showse measurements obtaineh June 12, 201#&hen two heavy
rain events occurretbetween 5 and 7 pnThe topleft plot showstwo large voltagespikesat 12
GHz Even the 4 GHz radiometer respondgherain although witrsmaller increased.he figure
also showsa period of moderate rain between theo heavy rain eents. Since the non
precipitating touds observedprior to 5 pmhave smaller drapwith less water content they
producea much snaller increaseat 12 GHz with no change at 4 GHEhe topright shows a
expanded ploof the first heavyrain eventwhich incudes moderate raif-or comparison,he
bottomleft shows the measurements plotted agaiesichotherfor the moderaterain period while
the bottom right includesthe first heavyrain event The noderate rairplot hasa slope of 8.6
between measurememntsile the plot cantaining heaver rain hasa slope of12.4.Interestingly,as
shown in Figure A12 of Appendix Al2, nearly the same large slope was obtained for another
severe storm event on February 24, 20H®wever,otherrain events havslopesbetween @ and
15. The reason fothe differentslopesis discussedhext

Theslopes in Figure 26ombined with(20) result in DQ,,/DQ, =124/4 =3.1 for heavy rain and
DQ,,/DQ, =8.6/4=2.1 for moderate rainThese differem values of DQ,,/DQ, is attributecto

the large spatial averaging by the 4 GHmtenna beamwidtbf 27° comparedto the 12 GHz
beamwidthof 16°. To estimatehe maximumspatial averagingffectwe consider mopaque rain
feature within the antennabeamwidth so the 12 to 4 GHz brightness temperature ratis

proportional tothe ratio of viewing area, i.e., (27°/16°)2 = 2.8. This valueis comparablewith the

3.1factorobtainedfor heavy rain Also, for widespreadain the spatial averaging effecs smaller,
which is consistenwith thesmallerratio of 2.1for moderate rain

In summary, lte spatial averagingffect defined by DQ,,/DQ, when combined witlthe glass

transmission ratin (19) resulsin Ty ratios comparable to the measuremeiitss alsonotewortly
thatthe 12 GHz radiometedetecs rain similar toradar However,unlike theRayleighabsorption
measured by radiometers whigapend on the 2'¢ power of drogsize to wavelengthhe Rayleigh
scattering cross section measured by radar depends 4 ploeverof drop size to wavelengfior

small spheical drops As such,the radiometer measurement is proportional to the liquid water
contentQ while radar measurements are not as directly relat€l bowever, radar has the added
advantage of being abte measure the range and fall velocity of rain drops, which can not be
achieved using radiometerst must also be mentioned that in addition to frequency, the
polarization signals resulting from n@pherical raindrops can provide additional information o
rainfall detection when using radar as well as radiometry.

Lastly, arelationship can be obtained betweba liquid water measurkby radiometers and rain
rate.As mentioned previoushQ is the depth of liquid that would be accumulated if all dropsew
compressed in a vertical columihwe think of rainfall likewaterfrom a sprinkler(seeAppendix
Al) then te vertically integrated areaaveragediquid water measured bya radiometeris the
amountof rain dropsaccumulatedn the grounaver the tme it takegshemto reach the ground,
i.e.,
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@
ffedt =Q

(21)

where FE is the rain ratégn mm/hrand {4 is thedescentime in hours

Since rain is highly random, varying both spatially aedporally rain rate has been related
statistically to parameters such as the esie distributionfall velocity and their vertical extent

While many of these variablesan beinferred using different types ofadar,evenwhenutilized
togethertheygenerally provide #&ss direcineasure of rafiall than thdiquid waterobtairedfrom

radiometes. In fact, the areaverage raifall obtained fronradiometer measurementspiobably
more represent&e than that measured locally by rain gasgdowever due to the complex
nature ofrain, the best way to characteripeecipitationremotelyis to usegroundbasedradar and

radiometemeasurements.
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Figure 25 - Schematic of different brightness temperature, T,, contributions seen inside my house by a radiometer
viewing the sky through a glass window. The primary radiation seen outside my house is the downwelling
atmospheric radiation T,. Upon entering my house this radiation is attenuated by the glass door and denoted as
T,. It is highlighted in blue and shown by the dashed line. This downwelling radiation is also reflected by the
ground RsT, and added to the surface emitted radiation e5T. The other two quantities seen inside my house is
the emitted, T,, and reflected radiation T, by the glass.
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Figure 26 - The top left shows the 4 and 12 GHz measurements over 8 hours beginning at 12 pm on June
12. Two heavy rain events proceeded by clouds occur between 5 and 7 pm, with the 12 GHz output
increasing from -4 to less than -1 volt while the 4 GHz output increases by only 0.2 volts. The top right
shows an expand view of the 1st rain event which consists of heavy and moderate rain. During this period
the bottom right shows the 12 GHz increasing by a factor of 12.4 compared to 4 GHz. However, the bottom
left shows the 12 GHz only increased by a factor of 8.6 for the widespread moderate rain.

8. Water Vapor Radiometers

This chapterdescribes my highest frequency Dicke radionsdtegether withsomemeasurements
analysisand simulationsThe first suchradiometerwas bult using the Norsat 9000C Ka band
LNB shown in Figure6 which amplifies frequencies between 20.2 and 21.2 Gétzlinear
polarization Its higher frequeny makesthe radiometemore sensitive to atmospheric absorption
by cloudsandrain than thetwo lower frequency radiometerg&igure B also shows it to benore
sensitive to water vapor than the lower frequency radiomaterand 12 GHZAs explainednext,
the center frequency is &0.5 GHzalthough itwill sometimesbe referred to as a 20 GHz
radiometer For comparison, | also discuss radiometers constructed at 21.1 éh&2. and
compare thie measurementsith the 20.5 GHz radiometer.

8.1 Radiometer at 20 GHz

The NorsatLNB has & LO of 19.25 GHzwith a down convertedF between 0.95 to 1.95Hz.

Therefore the correspondindrF is between 2@ and 21.2 GHz As with the lower frequency

LNBOs i @&ithaswaveguide input and coax output at tReport. Also, the LNB gain is55

dB with a noise figure of 1.3 dB or 180noise temperatur@hisis 7 times greater than the 4 and
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12 GHz LNB noise temperature$ 14 K. The radiometer noise is th@roportionally largesoa 1
secondintegration time is requiredor its noise to be comparable tothe lower frequency
radiometersvhich generallyuse a0.1 secondntegration timelts higher frequencylsomakesthe
20 GHzradiometermore expensiveto constructdue toits higher LNB and waveguide adapter
cost The LNB alsorequiresa currentof 200 ma versus 100 ma ftre lower frequency unitsAs
mentoned in Section 4.2his LNB alsohasa largergain decreaseavith temperatureLastly, to
obtainlow front endloss the radiometer requirasvell matchedantennacable in addition tdow
VSWR waveguide adaptersic.,at this frequency

While the Norsat KaBand LNB is more expensive than the &d Kuband units, | was able to
find amodel9000Con eBay for only $50. The block diagram of the 20 GHz radiometer is similar
to the 12 GHz radiometer shown in FigureABo, Figure Z shows the radiometerdliopened to
display the componentsts smaller size antenna has 20 dB gain, whilelalger12 and 4 GHz
antenna havegairs of 19 and 15 dB respectivelyCalibrationwasperformedas showrin Section
8.4 using the tipping curve and ndmld method listed in Table 1 The resulting calibration
equation is nearly the same as the lower frequency radiomstesgttng the AC amplifier,
detectorand DC amplifiergains to G1=1000, =10, G»=3.2 respectively As such,the total
radiometer gainvhich includces the LNBis 145 dB Thisis larger than the 12 GHz radiometer gain
of 130 dBand less than the 4 GHadiometeigain of158 dB

While waveguide adapters afgblatoss are available forthe 18 to 22 GHXa frequencyband |
was unable tdind a pin diodeswitch oneBay at frequences beyond 18 GHzl therefore usgthe
sameGeneral Microwave (M8@) pin diodeswitch usedfor the lower frequencyradiometes.
This switchis specified to operate between 0.1 and 18 GHz with 2 dB insertion loss aiil 45
isolation. However Imeasuredifferent frequencycharacteristicheyond 18 GHzlepending on
the unit For examplefFigure30 shows litte degradatiometween 18 ané0.8 GHz for this switch
Also, & these higher frequencid¢ise Figure showsa 3 dB insertionlosswhen thepin diodes are
switched on andhorethan45 dB isolationwhenthe pin diodes are powereaff. However, leyond
20.8 GHz theinsertion losf the switchincreased$o 12 dB at 21.5 GHzSuchhigh loss not only
requires larger gain budlso increases the radiometer noisele to increased front end loas
indicated byequation (7c)In comparison Figure A142 only showsa 3 dB insertion losseyond
21 GHzfor a different M862B switch In general, @ obtain the lowest insertion lossat high
frequencies mechanical switches are usétbwever theyrequire larger activation powénanpin
diode switches sdhey were not used Also the switchingtime must be small compared to
integration time. Thigs no problem forpin diode switches with can operatein nanoseconds
compared to microseconds foechanical switches

Unlike the lower frequency units, which are far removed from the 22.235 GHz water vapor line,
the 20 GHz radiometer requiresa more precise frequencgeterminabn. The radiometer
frequency response is shownkigure29 next tothe detector. Tésemeasurementwere obtained
using a RF sweep generator whosgtenuatedutputof -87 dBmis connectedo the pin diode
switch input This also corresponds to the noise power emitted at rteomperatureusing the
Nyquist thermal noise equatioR=KTB with an integration bandwidth of 500 MHZhe sweep
generator frequency was varied between 20.15 to 21.15a@tHhe normalizedradiometer output
voltageis plottedin dBV or 20 LogioV as a funabn of equivalentF frequency(0.9 to 1.9 GHz)
However, mlike the LNB which covers a 1 GHz bandwidth from 20.2 to 21.2 GHz, the radiometer
output peaks at 20.5 GHz with a 250 MHz bandwidih explained nexthis narrower bandwidth
centered at 20.5 GHxcursprimarily due to the detector.

In a similar experimenthe detectomwas excied using asweep generatdhat operatesat lower
frequenges with its powerlevel set b -25 dBm As with the radiometer, the normalized detector
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output volagein dBV is plottedin Figure 29 as a function ofF frequency.The detectorcircuit

shownin the Figure hasits amplifier gain set t010 by settingRs to 5.5 K Its response peakat

1.26 GHz with asensitivity of 18.6 mvAw for input power less than 2@w, or output voltage

less than 370 mvFor some unknown reasohig sensitivity is much larger than the 5.0 mw/
measuredn Figure 19 for the 4 GHz radiomeigetector Note alsothatthe detect@responsédias

a 230 MHz bandwidthwith a shapesimilar to the radiometerspectrum As such the radiometer
responseas mainly due to the detector which inadvertentigrrows the bandwidthbeyond that of
the LNB. Also, & mentioned above, thecreasednsertion lossof the pindiode switch beyond
20.8 GHzalsocontributes tdhe response.

Unfortunately, tle Ka band radiometer detecBFI at certain times when viewing spad&n
example of thenterferenceseenby the 20 GHz radiometer is shown in Figure ®here theRFI

begirs at 9 pmon May 3, 2017Unlike the occasional spikedservedat 4 GHzin Figure Al2of
Appendix Al2 the 20 GHz interferencexhibits long-period stepwise jumpgdisplayng similar

noise variationsbefore andduring RH. Compared tothe 12 GHz measuremés) the 20 GHz
radiometer displays abrupt offsets of 0.1 to 0.3 volts that persist throughout the evening until the
next day at 12 pm. Other observations shemilar interferencebegiming at later timesAs
explained next, ifferent methods wertried to identify RFI.

Asdiscussedn Section8.3 the RFI only occurs when viewing space soriginally felt it wasdue

to TV broadcast from geostationary satellites. However, the anteasanot directed toward
Dired-TV geostationary satellites anthe RFI only occurred at certain times.Also, the
interferencewas not doserved for the radiometeoperaing within the C and Ku broadcast basd
As such | concluded thathe RFI is probablydue to nomrstationary low orbiting satellitesr to
localizedsourcesn my areal nexttried to identify the RFI frequencies using spectrum analyzer
measurementst the IF output However Icould not isolate angignals coincidnt with thetime of
interferenceAlso, unlike the 4 GHz radiometerwasunable toreduce theRFI usingdifferent IF
filters. Lastly, | consideregerforning statistical analgis d the time serieas discussed in Chapter
5 to identify andmitigate RFI. This techniquénoweverrequiresa numberof narrow band filters
which | did not haveto partition the IF signal irto small subband and digitally obtain the
histogram distribution The distribution would then be used determineif the RFI differs
significantly from Gaussianthermal noise However, a statedabove, the noiséuctuationsin
Figure 31 appear similar before arauring RFI so thisapproachmay not work As an update, |
must mention that most recently after publishing tieeglition of this book | observed very strong
interference for the 4 GHz radiometer. Although not affecting ttegenal presented here,
Appendix A9discuseshow ths interference waglentified andeliminated

After constructing te 20.5 GHzradiometey | found that the FCC allocates raarrow protective
band between 21.2 to 21.4 GHz fadio astronomyand spaceeasearchalthough itexcludes
mobile services| thereforeconstrucéd a 2" radiometerusing aothe LNB but shiftedi t L&@Ds
from 19.25 GHz taa maximum 0f19.93 GHz by reducingits DRO size and tuning it Different
views of the LNBare shown in Figure 2&s well as its DRO and tuning screwhis 680 MHz
increase of the.O increased theadiometerRF frequencyto the edge of the protective band at
212 GHzasdef i ned by t he dedt225tGblz nmriumatelgduchDROs pon s ¢
modification reduceits LNB performance bylteringits gain andtemperature stabilityAlso, as
shown in Figure30 this pin diode switch haan 8 dB insertion lossat 21.2 GHz This requireca
doubling of thedetectoramplifier gain from 10 to 20 Thes wi t crdebirssertimdoss also
increased th&lEDT so a5 seondintegrationtime was neededompared to 1 second for the 20.5
GHz radiometer However after all of this modification! only observeda small reduction in
interferenceso it wasnot worth the effortBy the way,a much improved 21.2 GHz radiometer is
described in Appendix Al4it uses a higher frequency Norsat LNBOOOD and a General
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Microwave pin diode switchvith lower insertion losbeyond 20 GHzl t 6 s Imowdvextbat e
Figure A144 of AppendixAl4 also siowsthatthis 21.2 GHz radiometedisplaysthe samesmall
RFI reductionwhencomparedwith the 20.5 GHzmeasurementd-urthermore no interferences
observedfor the 22.2 GHzradiometer measuremensinceits frequencyis allocated mainly for
radio astramomyuseby the FCC

Detector G,=10
+ Multiplexer

WR42 Adapter 1+

Norsat LNB o
55 dB Gain ““’

\ \ -

Pin Diode

\ Switch

Synchronous Demodulator G,=3.2 | - WR-42 Adapter Isolator

\
remmwwwww v I 00 00N

Figure 27 - The top lid of the 20.5 GHz radiometer is opened to show the components. Except for
the Norsat LNB, the components are similar to the 12 GHz radiometer shown in Figure A4.

Norsat 9000C LNB ‘  Bottom Plate Removed i

LO=19.25GHz, {F=0.95-1.95GHz |

[ /

/
,

1 BP Fifter
rF ampiiters TE”""]

| LO adjustment screw |

Open ended cable used to detect the LO frequency by
moving the cable end close to the LO adjust: t screw
and connecting the other end to the spect lyzer.

Removing cover plate to show the dielectric resonator
illator (DRO) disk

Figure 28 i The top and bottom-right show the inside view of the Norsat 9000C LNB used in the 20.5
and 21.2 GHz radiometers. Microstrips on a printed circuit board connect the components. The top-
right shows the cover plate removed to view the RF amplifiers, filter and IF amplifiers illustrated in
Figure 6. The bottom-left shows the LO tuning screw to set the dielectric resonator oscillator (DRO)
frequency. Its cover plate is removed on the bottom-right to view the DRO.
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Figure 29 - The 20 GHz radiometer uses a temperature compensated detector (top-right) similar to the
other radiometers. Its circuit (top-left) uses an AD620 difference amplifier with its gain set to 10 by setting
Rc to 5.5 K. Note that its input contains a multiplexer circuit to power the LNB while passing the IF signal to
the detector. Also observe that the normalized detector sensitivity (bot-left) peaks at 1.26 GHz with a 230
MHz bandwidth. Due to the detector, the normalized radiometer response (bot-right) peaks at 1.26 GHz (IF)
+19.25 GHz (LO) = 20.51 GHz with a 250 MHz bandwidth.
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Figure 30 - General Microwave pin diode switch (M862B) measurements of insertion loss and isolation at
frequencies beyond 18 GHz. It is specified to operate between 0.1 and 18 GHz with 2 dB insertion loss and
45 dB isolation. The measurements show little degradation between 18 and 20.8 GHz. However, beyond
20.8 GHz its insertion loss decreases to 8 dB at 21.2 GHz and continues decreasing.
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Figure 31 1 Cloudy sky measurements using the 20 GHz and 12 GHz radiometers on May 3, 2017. This
oscilloscope picture was taken a few minutes prior to and after 9 pm when abrupt jumps lasting 12 minutes
occur due to RFI. Integration times for the 20 and 12 GHz radiometer are 1.0 and 0.1 second, respectively.
The radiometer output voltages are shown using the same vertical range of 0.45 volts, with both horizontal
time scales covering the same 53 minute period.

8.2 Radiometer at 22 GHz

Upon completing the 20.5 and 21.2 GHz radiometers | aaairBlorsat 9000D LNBrom a
distributor for $10C, which is much less than thsted retail price While similar tothe 9000C
LNB, this highest frequencgmplifierh a s LO dt 205GHz with a gain of 60 dBThe 1 GHz
higher LO corresponds tan input frequency between 21.2 t@.2 GHz with its IF output
frequency betweeR.95 to 1.95 GHz. As such, | was able to build &222Hz radiometer by
connecting its LNB output to marrow bangassfilter between 1.8 and 2.@ GHz with sharp
cutoffsas shown irFigureA14-2 (Top-Right). The outputfrom the LNBis therefore between 1.80
to 1.95 GHz sahe radiometexIF bandwidthis 150 MHz

To detect thelF signal a temperature compensatedtector was constructegimilar to that in
Figure 29 buthad a sensitivity greater than 25 nm at frequences between 1.5 and 2.2 GHz.
This high detectorsensitivity at high IF frequencies waseededto construct the 22 GHz
radiometer. In fact, none of the other radiometers used suchigh frequencydetector.
Furthermore, | was able to findpgn diode switchHP 33142A)that had low insertion losat 22
GHz. The radiometeris shown in Figure 3avith its components mounted onnzetal baseplate
which waslater enclosed in a metal cabin€&b setthe different amplifier gaingnd approximately
cdibrate the radiometerclear sky measurementwere takenduring the winter when the water
vapor was low The correspondinggains werefound to beG;=2000, G=10 and G=2.8 for a
radiometeoutput ofabout-9 volts whichis increased to near zevolts when viewing arambient
temperaturealibration target
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Sincetheradiometerfrequency is centered near the 22.235 GHz water vapoiHigere 13 shows

it to have the highest sensitivity to water vapor. It is alssignated by the FCC to be in a
protectiveregion used mainly for radio astrononfys an examplefigure 33 shows the effect of
RFI on the 22 GHz radiometer measurement$his digitally recorded dataalso shows
measurementsbtainedusing the20.5 and 1.7 GHz radiometerswhile viewing overcasskies
throughthe glass patio door on December 28 between 7:30 and 11:00Mthree radiometers
were placed above each otls#milar to thatshownontheb o o k 6 s  c. Dwiegrthis finaeg e
period the 2 GHz radiometermeasurements displagporadicjumps due tostrong RFI while
none is seefor the22.2and 11.7 GHz measurements.

To obtainsimilar instrumentahoisethe 22 GHz radiometensesa 1 second integration time while
the 20 and 2 GHz radiometes hawe a 0.1 second integratiotime. Suchnoise is similar to that
seenin Figure 33 around 10:30 PM when R¥1 is evidentat 20.5 GHz.The 10 times larger
integrationtime requiredfor the 22.2 GHz radiometés attributedto its LNB noise figureof 1.5
dB. In comparison the LNB noise figure is31dB at 20.5 GHzand only 0.3 dB for the 11.7 GHz
radiometer As shown by equation (7bjhe 22 GHz radiometemoiseis also larger due to its
smaller bandwidtiof 150 MHz compared to 250 MHbr the otherradiometes. Lastly, the pin
diode switchinsertionlossis likely largerat 22.2 GHz than at 20.5 GHZn contrastto thelarger
noiseat high frequenies, the 11.7 GHzmeasurementdisplay very little noisedue toits small
LNB noise figure Another example of the smafinoiseat 11.7 GHzwas shown in Fgure 31.In
this example,the 11.7 and 20.5 GHz measuremedisplay similar noise but the 11.7 GHz
radiometeonly usesa 0.1 second integratiotcompared to 1 secorad20.5 GHz

Another comparison betweemadiometer measurementgas recordedthe following day on
December 29vhen light rain occurrebetween 9:30 to 11:00 AMIhemeasurements apotted

in Figure 34 and showo RFI during this timeperiodfor the 20.5 GHz measuremenBeginning
at about10:30 AM, all of the measurements respondttee rain. However, while all radiometers
showanincrease due toain andclouds, the 20.5 GHz measuremenlisplaythe largest variation,
while the22.2and 11.7 GHarevery similar with a slope of 1.1 between the measuremé@iitsse
different variationsare also seenin the bottom of Figure 34vhen plotting the measurements
against each othefthe following explans the muchlarge signalobserveddue to rain and clouds
at20.5GHz compared t@2.2GHz.

The ratio ofthe 20.5 and22.2 GHz measurements andyzed usingequation(19). Calculations of
the transmittance ratim (19) for n1 = 22.2GHz, n, = 20.5 GHzandq = 2@ is foundto decrease
from about 0.99 to 0.90 as the water vapor incre&sas 0 to 40 mm.Also, the liquid water
absorptionratio (ni/n2)? is 1.1 so the combined ternis nearly unity. Also, the two radiometes
have nearly the samentennabeamwidthso Din/DQ,,2 is also near unityTherefore,the rain

measuremestshould beabout the samewithout the glass doorThe slopeof 0.53 between
measurementsusttherefore result fronthe glass transmissiaoefficient ratio in {9). This slope

is similar to thel/2.2 =0.45slopementionedon page39 from theinsertion loss measurements for
n. = 11.7 GHzand n2 = 3.9 GHz However, a shown in AppendixA10 the transmission
coefficiens vary greatlywith frequencyand glass dimensions. As such the slop&as not be
comparedising modelsvithout havingthe exact glass dimensions, whichitlchothave.
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Figure 32 - Shown is my highest frequency, 22.2 GHz, radiometer prior to being enclosed in a cabinet.
All components are mounted on a metal baseplate. Starting at the front end is the horn antenna, which
is connected in-turn to the isolator, pin diode switch, Norsat 9000D LNB, multiplexer, IF filter, detector,
AC amplifier and lastly the synchronous demodulator.
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Figure 33 - The 22.2, 20.5 and 11.7 GHz radiometers view overcast skies on December 28, 2019 from 7:30
to 11 PM. Only the 20.5 GHz radiometer displays sporadic RFI at this time. Integration times are 0.1 second
for the 11.7 and 20.5 GHz radiometers and 1 second for the 22.2 GHz radiometer. For display purposes the
22.2 GHz measurements are offset by 1.9 volts (see Text).
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Figure 34 - The 22.2, 20.5 and 11.7 GHz radiometers view clouds and light rain on December 29, 2019

between 9:30 to 11 AM. Unlike Figure 33, no RFI occurs at this time at 20.5 GHz (top plot). The bottom right
shows the 22.2 GHz against 20.5 GHz measurements. Its slope of 0.52 is due to the glass reflectivity.
Similarly, the bottom left shows the 20.5 GHz plotted against 11.7 GHz measurements. This slope of 2.22 is
due to the glass reflectivity as well as the cloud absorption ratios in equation (19).

8.3 Cloud and Rain Measurements

1 - Sky viewing cloud measurement

In the absence of interference tR0.5 GHz radiometer provides high quality atmospheric
measurements when viewing space. As an exarfere $ showsthe 20 GHz and 12 GHz
radiometer measurementsadduds seen through the glass patio dmoMay 3, 2017 between 12
pm and 9 pm (Togeft). Throughouthis 9 hour period n&Fl is seen except for itsmallonset at

9 pm. The topright picture taken at about 4 pshowsa largevisually opaque(i.e., deep
cumulouscloud while the bottorteft is aplot of the 20 GHz against 12 GHfoud measurements
over the 9 hour periodDuring thistime the radiometers view varying amounts of cloud liquid
water within the FOMvhich appears as abrupt variatioA$so, the slope between the 20 and 12
GHz radiometermeasurements shown to be 2.0 in Figure 35. This slope will be compared next
with ground viewing measurements as well.
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2 - Ground viewindindirecf) rain measurement

As shown in Figur&5, RFIl isobservedo start at 9:30 PMon May3 when viewing spacd.o help
identify the direction ofRFI the radiometercart istilted downwardso the antenna&iews the
ground ratherthan space However,while no interferenceis seenwhen viewingthe ground a
small increase of 0.168 voltsis seenfor the 20 GHzmeasurementat 10:20 PMalong with a
smallerincreaseof 0.084 voltsat 12 GHz Both voltageincreases weréund to occurduring a
brief light rain event Thesemeasuremestare shown in Figure@and analyzed belv.

Neglectingany sky radiationcontribution from antennasidelobesthe increasg measurements
shown in Figure 36nust bedue to thedownwelling radiationTq by rain which isreflected by the
ground.As such, the brightness temperatab¢ained usingl(Oa)and (14b) is

To(n) =[1- Ry)esTs + RyT1+ T, (22a)
whereTj = (1- Ry) Ry [1- (t,20t ot Liq)secq] Ty - (22b)

The dominant term in (22a) ike glassattenuatedurface emitted radiation-{®y) & Ts. Equation
(229) alsocontainsT, which isthedownwellingatmospheric radiation reflected by the groand
attenuated by thglassdoor. This term given by (22b) igesponsible for the small perturbations
seen in Figure & It increases the brightness temperatuwe tothe liquid watertransmittance.
However,as enin Figure 2 the emissivity ovenvegetatedand isabout 0.95so the ground
reflectivity Rs= 1-& is only 0.05 Thereforeto obtain a significant brightness temperatazease
tLiq must be smalbr the liquidwatercontentmust be large

To furtheranalyze the measurements in FiguBeeluatiors (22b)and (17) areised to obtaihe
ratio of 20to 12 GHzbrightness temperatuohangeDTy due to liquid water variatior®Qn , viz.,

N N Seqq o 2
DT, (n,) al_ Rg(nl) eRs(n,) get 6 (Nt o, (N) 2 an, 9 DQ,,

23
DT, (n,) ~ 1- Ry(n,) ER(M,) 01 & oo (M), (M) G €M, 8 DQ,, 23)

wheren;=20.5 GHzand no=11.7 GHz

Since theland reflectivity is nearly the samat the two frequencigeshe brightness temperature
ratio (23) is the same awhe sky viewingequation (9). This similarity is also suppoed by the fact
that the slope of 2.0 when viewing cloudsn Figure 35is identical tothat when viewing the
reflected radiatiomlue to rairnin Figure 36j.e., DT, (20)/DT,(12) =0.168/0.084=20.

To obtain largerreflectedsky radiation, a2" ground viewingexperinent was performedon May
5, 2017whenheaver rain occurred Figure ¥ (Top) shows he time series over @hour period
starting at 12AM. For more detail, the bottom Figure shows epanded plotof the
measurementsround 8 AM during theheavy rainperiod. As in Figure 3, the radiometers
measure abrupt increasdue to rain whose ground reflected radiatios larger than before
Furthermore, the 20 GHz measurement satsrait 0.65 voltswhile the 12 GHz measurement
increase to 0.55 volts. The slope DT, (20)/DT,(12) now becomes0.65/0.55=1.2 which is

smaller tharthe 2.0slope found in the previous light rasasedue to saturatioat 20 GHz
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This indirect observation of raiby way of ground reflectionis a demonstratioof the high
radiometricsensitivityto detect very small signal much larger sigrlas obtainedusingdirect
(skywarg observationsinstead of (22b) the brightness temperature increase due ts tmsed

on (153) so Tj becomes(1- Ry)[1- 159 T,, . The absencef thegroundreflectivity termresults

in a 20 fold increase inT,; compared to (22bassuminga land reflecivity of 0.05. Compared to

the indirect result,the much larger direct measuremenof rain occursdue b the large contrast
between cold space atfterain emitedradiation

In an analogous situatiosatellite radiometers operating below 20 Glrarely detecs rain over
land due tothe very small difference betweerthe radiationemitted by land and that of rain.
However thesesamelower frequencyadiometerseadily detectbothrain and clouds over oceans
since the sea surface emissivityordy about 0.45 so a large contrasistsbetween the ocean and
atmospheric emissior-urthermore, & discussed inChapter 12and displayed in Figur&Q,
satellite radiometersoperatingat high frequencieg¢e.g, 85 GHz) detectain over landnot by
emission, butue tothe scatteringof upwelling radiationby the ice particlesformedaloft in rain
cloudsas part of lte precipitation procestce has very low absorption at microwave frequencies
so itmainly scatters radiatiofhe backscatter due to ice particlésereforereduces the brightness
temperature measurements belbxatemittedby land as well as oceaurfaces This contrastdue

to precipitatirg cloudsis further enhanced using vertical polarization since then the surface
emissivity is highestresulting inthelargest brightness temperatutifferencedue to icescattering
overland @& well as ovelower amissivity ocears.
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Figure 35 - Clouds measured using the 20 and 12 GHz radiometer on May 3, 2017 between 12 and 9 pm
(Top-left). The cloud picture on the top-right is at 4 pm, while the bottom-left plots the 20 GHz against 12
GHz measurements over the full 9 hour time period. The measurement ratio of 2.0 is the product of the
cloud transmittance and glass transmission ratios in equation (19).
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Figure 36 i Surface viewing rain response on May 3, 2017 at 10:20 PM using the 20 GHz and 12 GHz
radiometers. The integration time is 1 second for the 20 GHz radiometer and 0.1 second for the 12 GHz
radiometer. Both measurements are viewed on my oscilloscope using a 0.45 volt vertical scale and 53
minute horizontal time scale. The 0.168 volt increase at 20 GHz and 0.084 volt at 12 GHz results from rain
emitted radiation reflected by the ground to the antennas. This ratio of 0.168/ 0.084 = 2.0 is the product of
cloud transmittance and glass transmission ratios in equation (23) at the two frequencies.
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Figure 37 - Ground viewing measurements by the 20 and 12 GHz radiometers on May 5, 2017 over a 9
hour period starting at 12 AM. The top plot displays the total time period while the bottom is an expanded
plot during the most intense rain period around 8 AM. As in Figure 36, the integration time is 1 second for
the 20 GHz radiometer and 0.1 second for the 12 GHz radiometer. The ratio of the 20 GHz to 12 GHz
measurements during this intense rain period is 1.3. This ratio is less than the 2.0 value found for light rain
in Figure 36 due to saturation of the 20 GHz measurements by heavy rain.
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8.4 Tipping Curve Calibration Measurements

Clear sky calibratiorof the 20 GHz radiometerequiresatmospheric corrections due veater
vaporand oxygen absorptioAs mentioned in Section 4.4ych corrections can be obtained using
themodeled calculations Figure 13based o theRAOB observationsAlternatively, thissection
appliesthe tipping curve calibratioprocedurdisted in Table 1 ashdescribed in AppendiAl13. In
summary, ituses angular scan measurements to determinatiiespheric absorption as well as
the slope and intercept parameters in tlwear calibration equation (3). The firssuch
measurements were mattem my upper pab deckon July 9, 2018 at about 2 Pihen the
surfacetemperature was 99F. Unlike zenith viewing sky measurementsit 4 and 12 GHz
described irSections4.3 and 4.4the 20 GHzadiometewiews the sky at differentzenith angle ¢
using the flat copper eflector in Figure38. However, a& shown later a nonlinearincreasein
radiometer voltageoccurs at low elevation angldue to blockage by my houseand trees
Therefore, to obtaithe best view ofpacethe reflector was scannedly at zenith angles betwa

0% and 78 in 10° steps 6 thatSeay varies between 1.0 and 2.Figure 39 plots the radiometer
voltageas a function oSeq; wherethe procedurewasrepeated four timer consistency The
following outlines the steps used for calibration.

As discussedn Section 43, thelinearbrightness temperatusgjuation is
T, =1+SV (24)

wherel is theoffset Sis theradiometricgainandV is theradiometeroutput voltageFigure 3
showsthebeststraight linefit of the measuremestis

V =-838+126 Seqy (25)
so that upon substituting@g) into (24) thebrightness temperaturs i
T, = (1 - 8.389) +126 SCBeq. (26)
As explainedn Section 43, the sky brightness temperature is
T, =t39 T + (@1- t5°9T,, (27)
sothatfor Seqy =0, T, = T, = 2.7K. ThereforesettingSeq = 0 in (26) we can writé,
T, =I-838S. (28)

Also, when viewng the high emissivitywarm target attemperatureTw = 307 K (92 °F), the
radiometer voltages 94 mv sofrom (24),

T,, =1 +0.094S. (29)

6 |f the calibration parameters | and S are kn@apriori then (27) can be used to derilig. This approach
was in fact used by Dicke, and later by Penzias afgbwito accurately measufes. Conversely, as
done here, (27) can be used to calibrate the radiometerTgjinés now known with very high accuracy.
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Subtracting () from (28) theradiometricgainis,

TW B TCB

=—~—=2_=3591 K/\Volt (30
8.38+0.094
and fromequaton (29) the offsetis
| =T, - 0.0945=30362 K. (31

Substituting(30) and(31) into (24), the calibration equatiobecoms

T, =30362+3591V (32)

and thecalibratedtipping curve 26) becoms
T, =2.7+45175(eq . (33)

It should be noted that thradiometricgain of 35.91K/Volt in (32) depend on the extrapolated
cosmic background measurentof -8.38 volts as obtaired by settingSe@ = 0 in (25). Also, as
discussed next thatmospheriopacitydepends on thigpping curveslope of1.26 in (25).

As explaired in Appendix AB, theatmospheriopacityis obtained usingquationA13-19,

- 0T - T@] gy 1,0 285K (34)
dSeq M ’

with Tp(g) obtainedby applyingthe calivation equation 32) to the voltage measurementsf
Figure 3. Thenatural logarithm terns then plotted gainstSe@in Figure40to obtainthe bestfit
line,

n[T,, - T,(a)] =5.71- 0.229Seq . (35)

Therefore uponapplying (35) to (34) theopacitybecome 0229 neperssothetransmittancés
t =e%%*°=0.80. (36)

The cloudfree atmosphdc transmittanceis the product of the oxygen and water vapor
componentsi.e.,

t =t ozt 0 — e— aoz(ﬂ)e— TPW/W(3) (37)

wherethe water vapobpacity is proportional toTPW so its transmittancean beparameterized
using the frequency dependent quan®¥{n). Neglected is thesmall effect of the water vapor
vertical distribution on tramsittanceand its frequency dependendéis dependences discussed
in Section 87 whendescribingthe TPWretrievalaccuracy At n=20.5 GHzthe calculatedvalues
of ao,andW arelistedin Table5 on page 8 as0.014 and270 mm, respectively Therefore from
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equation(37), TPW=-W|[Int + ao;] = 58 mm for t = 0.80. Howeverthis TPWvalue approaches
the upper limit found in tropical atmospheessl is therefore too large

Thelargeopacity of 0.22%ontained in equation 3 resultsfrom theslopeof 1.26 seenin Figure
39. Thislarge slopes likely dueto blockageof the sky radiationat low elevatiorby objects such
astrees Furthermorethe thermallyemitted radiationby treescan be leaked intthe feed horras
the reflectorrotates to largeenithangles. Even when viewing the sky at zenituch leakageor
spilloveris seen & a result ofsidelobes in the antenna patteAs discussed nexibne way to
reduce the angular variation of the antenna pattern is ta cgeical scanningeflector.Betteryet,
any antenna pattern variatiocaused by theeflector rotation is eliminated by mounting the
radiometer ora tripodas described belaw

To minimize theantenna patteraariation with scan angleadiometerause a circularly polarized
corrugatedeed horn with the reflector rotateth azimuthabout the feed horn ex{12]. As such,
theantenna patteris nearly unchangeds the reflector rotasen azimuth My feed horn is linearly

polarizedso the brightness temperatukaries with azimuth anglgi.e., Tp = Ty Cosf + Ty Sirff,
whereTy and TH are the vertical and horizontal polarized componemtspectively Fortunately,

the sky radiatior(27) is unpolarizedsoTp = Ty = Ty = ¢ Sed Tes +(1- ¢ Sef )T, Where the zenith

anglenow becomeghe azimuthangde. Alternatively, rather than use a reflectorview the sky

the radiometer cahe scanned in elevation and azimuth fapuning it on a tripod As shown in
Figure41l, this approachwasused by Dickdor sky measuremenndwill be used hereBy the

way, as an interesting sidete, when Dicke developed his radiomgiem t he 19400 s
no isolators and no Eccosorb target available. In fact, he constructed a target outioflzoltied

with conductive graphite materia] which was wedgshaped andmounted ona board.
Furthermore,as shown in Figure 41his i s h a g g ytargaet evgsoshaken randomiyhen
obtainingnearfield measurementsThis random motiorreducs the time-averagedcoherentLO
radiation which is leaked out of the antenramd reflectd by the targeback into the radiometer
(see Chapter,page b).

Figure42 shows the20 GHzradiometer mounted on a tripod whadevationcan be varied from
0°to 60° so that the zenith angle varies fronf 893, respectivelyHowever, vhile no poblem
occurs whenviewing the sky at high elevation various objectscan obscure the skat low
elevation The area outsidany patio is surrounded by tree#lso, for privacy, a plastic lattice
panel exists between my house and my neighiSanse his panel producs blockage the tripodis
raisedon a patio table to elevate d@s shown in Figurd2. The bestorientationto view spaceis
determined bymoving the tripodand scanningt in elevation and azimutlo find the location
havingthe lowestradiomeer voltagemeasurementJsing this procedure, Figud? showsthe best
sky view at low elevatiorwhile Figure 43 shows thecloud free measurementbtained at this
locationon August 26 when theurfacetemperaturevas89 F.

The left plotin Figure43 displaysthe full range of radiometemeasurementsas a function of Sec

for zenith angles between B&nd 86. Note that he voltage increasdinearly for q < 70°, after
which the responsebecomesnonlinear for larger angles. This nonlinear behaviotis due to
blockage of the sky radiation by tremsaddition to itsthermalemission Also, as explained in
Appendix A13, the tipping curve procedwsobecomsless accurate for zenith angles exceeding
7. Sucheffectsfor q > 7(° is alsodisplayedoy compaing thebest fit quadratic equatiomith the
linear equatiombtained forg < 7P or Secq < 3,i.e.,

V =-8.10+1.105Sed . (38)

62



For further analysisrigure43 on the right shows an expanded gdtmt zenith angles less than®0
It also plotsthe tipping curve(38), and br comparisorshowsthe previous tipping curvequation
(25) with its largerslope of 1.26. This earligipping curvewas obtainedisingthe setup in Figure
38 which results in greater blockage due to the privacy panel and radiaktakagefrom
surrounding objectdJnlike the nonlineaty seen at large zenith anglebe slopedifferencefor
smaller zenith angteappearsas asmallereffectin Figure 8. Furthermore, pon repeating the
previous analysigsing thenewtipping curve(38), the calibration equatios

T, =3106+380V] . (39)

Also, aftersubstituting(38) into (39) the calibratedtipping curveequatiomnow becoms
T, =27+420Sed. (40)

Finally, uponapplying (40) to (34) the opacityis 0.192 Also, the transmittancdbecomed.825
with TPW=-W]In¢ + ao;] = 48 mm ThisTPWis 10 mmlessthan that obtainedsing the setup in
Figure 38, which contairs more error sources This smaller amount of water vapaes more
reasonablsothatthe calibratiorequation 89) should banoreaccuratehan that of (32).

For comparison witlthe above results,raadditional set of tipping curve measurememastaken

on April 3, 2019. During this early spring period the trees were bare and the water vapor amount is
much less than during the summer periéture 4 (Left) showsa plot of theradiometer
measurementfor this day in addition to the natural logarithrotp(Right). Both quantities are
plotted @& a function of air massé€cq). Due tolessobstructionby trees a smaller elevation angge
obtainedso themaximum zenith anglés 80 degreegsSec q = 5.7 with none of the nonlinear
effects seen in Figure 3 Also, theresultingcalibration equatiobecomes

T, = 293+38.89V (41)

which has a slope@r radiometric gairslightly larger tharthat of equation 89). This calibration
should be more accurate than that obtaifiech Figure 8 (Right) since it is obtained using a
wider range of data&-urthemore, the opacity given by the slopkthe logaritimic plot is 0.0955
so that the resultingPWis now only22 mm which is less than half &hobtainedon August26,
2018

Lastly, for comparisorthe 20 GHz radiometer was calibrate August 7, 202Lising nearfield
calibrationprocedure described Bection4.1. Using thismethod the target was coolduktlow 1P

F (260K) until it warmed up to room temperature (299f&) overan hour.lt was then heated up
to 12% F (324 K) and slowly cooled down to room temperature. Figure 45 stimvsnge of
tempeature (Top-Left) and radiometer measurements (FRight) used for calibrationlt also
showsthe derived calibration equatigBottom-Left). Note that &hough the temperature range is
much smaller than the tipping curve experiment,rédseailtingcalibraion equationobtained from
these measuremenss

T, = 299+3957V (42)

whoseradiometricgainis nearly the same an (41). This similarity between the two calibration
methods attests to the lineariyd long term stabilityf the radiometerComparing equations
(39), (41), and (42bhhe gain increased fro®8.0 to 38.9 to 39.57. This 4 % increasgaincan be
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attributed due to slight changes inthe instrumental parameters and differences in measuring
technique

The above comparison demtnaged \ery good agreementbetween the tipping curvend
laboratorycalibrationmeasuremest Furthermore, one also expects simi@reemenusing the
cold sky measuremenitzdicated in Table 1 on page 14.a somewhat different vairhe question
arisesas to whether it ilso possible touse thenearfield laboratory procedure tmeasurehe
emissivity of any arbitrary surface rather thanthe more traditionalfar-field measurement
approach? Unfortunately, as explained in Appendix Alghoratorymeasuementsof emissivity
are difficult toobtain accuratelyln essencethe emission froma nortunity emissivitysurface is
seendifferertly by an antenna when vieweadthe nearfield andfar-field. Stated differently, only
thehigh emissivitycalibration taget radates virtually unperturbedy antennacouplingwhen seen
in the neaffield. As such, it is necessary to know theoupling factod when determininghe
emissivity using nearfield radiometer measuremenikhis parameter iselated tothe fraction&
areaf referred tom Appendix Al17.

Radiometer Output
= - 7.01 Volts

High Emissivity
Warm Target

Figure 38 -Tipping curve measurements of the 20 GHz radiometer on July 9, 2018. The radiometer antenna
views space using a flat copper reflector. The zenith angle is varied between 0° to the largest unobstructed
slant angle of 70°. The picture shows the upward viewing scan angle of 459, corresponding to a zenith angle
of 0° and radiometer voltage of -7.01 volts.
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Figure 39 - Tipping curve measurements on July 9, 2018 for the 20 GHz radiometer using the setup shown
in Figure 38. For a consistency check, the series of eight angle measurements was repeated four times.
The plot shows the data and straight line fit between the radiometer voltage and secant of zenith angle, g.
The resulting calibration equation based on the plotted data is given by equation (32).

IN[TmM -Tb] =5.71 - 0.229 Secant

54%
53}
o
|—
£5.2
=,
[
—5.1 a
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(@) 48 60 67 70
4.9 .
1.0 1.5 2.0 2.5 3.0

Secant of Zenith Angle

Figure 40 - Tipping curve measurements in Figure 39 is used to calibrate the 20 GHz radiometer. The
resulting calibrated brightness temperature given by equation (32) is used to obtain the atmospheric opacity
by plotting In (Tm -Tb) as a function of Sec g. The straight line fit shown above is then applied to equation
(34) to obtain the opacity, which is the negative slope of 0.229.
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Figure 41 - Tipping curve absorption measurements by Dr. Robert Dicke along with his associates. Starting

on the Left is E. Beringer, R. Kyhl, A. Vane and R. Dicke. It shows Dicke holdngupafishaggy dogo
absorber in front of one of his radiometers while a chart recorder on the ground plots the measurements.

This picture is inthe book i Fi ve Years at t he RabygC.d\Newton,.ELPatersomand or vy , \Y

N. J. Perkins (Eds.) ,Tle Andover Press, Ltd., 205 pgs., 1946.

Figure 42 - Clear sky tipping curve measurements for the 20 GHz radiometer made August 26, 2018.
Unfortunately, blockage of the sky radiation at low elevation (large zenith angle) occurs by surrounding
trees, the house and privacy panel. To minimize blockage the radiometer is mounted on a tripod that is
elevated on a table. The right picture shows the view seen by the radiometer when the antenna views
at low elevation. Observations for zenith angles greater than 70° are obstructed by the trees and house.
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Figure 43 - Clear sky tipping curve measurements of the 20 GHz radiometer made August 26, 2018 using the
iimproved setup in Figure 42. The left plot shows data for all zenith angles (g = 35° to 80°in 5° steps) while the
expanded plot on the right is only for angles up to 70°. Radiometer voltage is plotted as a function of Sec q in
both plots where the measurements were repeated four times. The full range of angles in the left plot displays
a nonlinear increase in voltage for Sec g > 3 due to obscurations described in the text. The Figure also shows
a best fit quadratic equation in addition to the linear tipping curve V =-8.09 + 1.105 Sec q for Sec q< 3.
The right-most Figure only shows data for Sec q < 3 along with the linear tipping curve equation. For
comparison, it also shows the previous tipping curve equation of Figure 39 having a slope 1.26. This larger
slope of 1.26 was obtained using the setup in Figure 38 which results in measurement errors (see text).
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Figure 44 - Clear sky tipping curve measurements of the 20 GHz radiometer obtained on April 3, 2019. At this
time the trees were bare and the water vapor is less than that for the summer as exhibited in the
measurements of Figure 43. As such, compared to Figure 43, the left-most plot now displays data for zenith
angles between 35° up to 80° in 5° steps. The radiometer voltage is again plotted against Sec g where the
measurements are repeated twice. The tipping curve equation now becomes V =- 7.46 + 0.519 Sec q so that
the slope of 0.519 is much smaller than the 1.105 slope in Figure 43. Also shown on the right is a plot of the
natural logarithm in (34) plotted against Sec g. The negative slope of 0.0955 is the atmospheric opacity for
this day which is much smaller than 0.229, as displayed in Figure 43. As a result, the TPW is how only 22 mm
whereas it was 48 mm on August 26, 2018.
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324 Calibration using a variable temperature target
20.5 GHz Radiometer

= 314 G1=1000, Gd=10, G2=3.3 Top-Left: The Eccosorb target is cooled to 264 K by placing it in a
= Tint = 0.1 Seconds freezer. After more than an hour, it increases to room temperature
g 304 The target is next heated to 324 K and cools down to room
*@‘ temperature. This procedure takes over 2 hours to complete.
8 Th=299.08 + 39.57 V
IS 294 1sp=044K Bottom-Left: The temperature (top left) and radiometer voltage (top
8 ; right) is plotted against one another (Bottom-Left). The resulting
5 284 i calibration equation relating temperature to radiometer voltage is
=)
= :
~ 274 Tb=299+39.57 V.

264 . . : This equation is similar to that obtained using the tipping curve

0.9 06 03 0 03 0.6 | procedure, Tb =293+ 38.89 V.
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Figure 45 1 Calibration of the 20.5 GHz radiometer using the near-field, variable target temperature
procedure summarized in the insert. The calibration equation in the bottom left Tp = 299+39.57 V is similar
to that obtained using the tipping curve procedure, i.e., Tp = 293 +38.89V.

8.5 Water Vapor and Cloud Water Simulations

Having alibrated the radiometer using tipping curve measurements the radiometer can be used to
determine the water vapor by combinin@)2nd(37). The algorithm is obtained by considering
TPW<<W(n) = 270mmin (37) and neglecting the small cosmic radiatiomrtén (27), viz.,

T, @1- t>9) T, @ac,(n)+TPW/W(n)] T, Seq (43a)
so TPW @ W(n)a,,(n) +[wW(n)/T,] T, Coxy (43b)

whereTy is given by the calibration equatiofiy.

Substituting thea andW parameters from Tabinto (42b) with Tm* 285K,

TPW @ 3.78+0.947T, Cogj. (44)
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However, as discussed next, equatidf) Only provides accuratEPWmeasurements under clear

sky conditions. For cloudy skies, dual frequency radiometer measurements are needed to account
for cloud liquid water absption. The second radiometer frequency is generally chosen to be
greater than 22 GHz so that it is more responsive to clouds and less sensitive to water vapor than at
20.5 GHz. Fortunately, however, th#2 GHz radiometer is shown next to have sufficient
sensitivity to clouds to correct the 20 GHz measurements. As such, water vapor measurements can
be obtained for clear as well as cloudy skies by combining the 12 and 20 GHz radiometer
measurementé&n example showing actual radiometer measurements is giv&atiion8.6.

Algorithms for determinind PWandQ areobtainedusing(27) with the transmittance giveasthe
product ofthe cleartransmittanc€37) and cloud transmittance@d), i.e.,

~802(n) o TPWIW(7) o Q/Q(m)

L) =t ool ool Lg — € (495)

with the transmittance parametdisted in Table for the 12 20 and 22GHz radiometes having
centerfrequencie®f 11.7, 20.5and22.2GHz

Table 5: Atmospheric Transmittance Parameters, ao.(n), W(n) andQ(n)

Radiometer Center Oxvaen Water Vapor Cloud
Frequency Y9 P (Tco = 275K)
22 GHz m=222GHz | aoxm)=0.06 | W(rn) =154mm Q(/m) = 10.3mm
20 GHz m=205GHz | aoAm)=0.04 | W(rn) =270mm Q(mm) =11.9mm
12 GHz m=11.7 GHz | aoxrp) =0.010 | W(») = 3989 mm | Q(s»)=35.8mm

Substituting 45) into (27) and reglecting the small cosmic radiation term

TPW, Q
W(7) Q)

+ao, () =-y () (46a)

where y (n) =Cogy In[1- T,(n)/T,] . (46b)

Solving (46a) for TPWandQ using dual frequenes (n1=20.5 GHzn,=11.7 GHz)

Tew=C @)y )+ - Mage)] @)
and Q=- %[v(nl)- by (1) +(r - b) ag,n,)] (47b)
Where b — W(”Z) ’ q: Q(HZ) ’ - aOZ(nl) ] (470)

W) Qe " T a0m)
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Except for very large amounts of water vapord cloud liquid water, To(n) << Tm SO that
y(n) @ T,(n,) Coxm/T,, and y (n,) @ T,(n,) Coxy/T,,. Equations (47a) and @7b) then
becomdinearized as

h-r W(n,) Cogy
TPW @ﬁ W(nZ) aOZ(nZ) + (b _Zh) TM [ Tb(nl) ) h Tb(nZ)] (483)
b-r Q(nz) Cosq
Q@ mQ(nz) A0z(Ny) - m [ Tb(nl) -b Tb(n2)] ' (48D)

Substitutingthe transmittancg@arameterfrom Table5 into (48a, b) we obtain

TPW @759+ Cogj| 119T, (n,) - 357T, (n,)| (493)
Q @ 0.40- Cosql_0.0lOTb(nl)- 0.157Tb(n2)J . (49b)

Equations 49a, b) use weightedbrightness temperatumdifferencesto obtain TPWand Q. Note
that TPW is positively correlatedo the 20 GHzchannel n;, with the 12 GHzchannel ny,
providing cloud corrections ConverselyQ is positively correlateto 12 GHz measuremenigth
the 20 GHz measurements providismall water vapor correctiong-urthermore, by plotting
Tu(n1) againstlTy(nz) as in Figure 8 one cardeterminewhich quantity, Q or TPW has thearger
temporal variability. For example, ihé slopeis closer tob or 15.7, than water vapas more
variable Alternatively, if the slopés closer to/ or 3.0, thencloud liquid watelis more variable
The fact that the slope in Figur® & 2.0 which becomes 3.0 byncluding a glass reflectiviy
factor of 0.69 irequation(19) suggestthat clouds are the more variable parameter.

More accuratecoefficientsthanthosein equations 49a) and (49b) are obtainedusing statistical
regression analysis afimulatedbrightness temperatunmeasuremest(predictors)against the
water vapor and cloud liquid watdpredictands)in the data The simulated resuluses the
radiation transfer equation (%yith the latest atmospheric absorption mod®iscalculate the
brightness temperature apdovide the staratd error of the retrieved parameteis. part of the
calculations, thanean atmospheric temperature equation(6a) is determinedusing a global
sampleof temperaturewater vaporand cloud liquid wateprofiles. The vertical distribution of
temperatureand water vapom (6a)was obtainedisingan historicalsample ofRAOB datawith
the btal precipitable wateincreagng from 2 mm to 60 mm as thsurfacetemperature increases
from 245K to 303K.

Since cloud liquid water is not available froRAOB data, ¢ouds are artificiallyintrodued at
different heightsand thicknessnto each atmospheric profil@he liquid wateramount is varied
between0 mm to a maximum ofl. mm with the smallestiquid waterapplied toclouds having
temperatures below freem. For reference it should be noted tlztual satellite and ground
based radiometemeasurementfiave shown that liquid water greaterthan about 0.3 mm is

generallyassociated with rain cloudk fact,it has been customary to identify rain from séts|
using such a liquid water threshold.
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Upon aplying a least squares regression analysis to the simulated dategsth&ng dual
frequencyalgorithms forwater vapor and cloud liquid water are similaform to equations49a)
and(49b) butwith dightly differentcoefficientsj.e.,

TPW =1039+1.33T,(20) - 3.68T,(12 with SE=0.86mm (50a)

Q=- 0.80- 0.010T,(20)+0.159T,(12) with SE=0.07mm. (50b)

For comparison,he optimal single frequency algorithmf®r water vapor and cloud liquid water
are
TPW =-654+0.86T,(200 wih SE=449mm (51a)

Q=- 0.59+0.098T, (12) with SE=0.11mm. (51b)

The aboveequations give thdual frequency and optimal single frequeratgorithms for zenith
viewing (@ = 0% along with their standarderrors. For visualization, Figure 46 plots the
correspondingretrieved water vaporobtainedfrom the algorithrs against theactual data set
values Similarly, Figure46 shows theesultsfor cloud liquid water Each Figureplotsthe results
obtained usinglual frequency brightness temperatu(Left) as well as that obtained ussiggle
frequendes (Right). | shouldalsomention thagll of the simulations are for zero bandwidii that
theTPWerror is minimal

Comparing $la) with 650a) we see that the 12 GHz radiometeeasurementprovides cloud
corrections ofTPW, reducing the standard error (SE) fregld9 mm to 0.86 mm. These errors,
particularly for the single frequency algorithms, would be substantially less fepreoipitating
atmospheres wheR@ is less than 0.3 mm. Alsaponcomparing 51b) with (50b) we see that the
20 GHz radiometeprovides small water vapor corrections@freducing the error from D1 mm

to 0.07 mm. Although this appears to be a small improvement it is important for medbkering
small amount of liquid wir for non-precipitating clouds. However, to better measgra higher
frequency than 12 GHz is needed. For example, simuladiotasnedusing 20.5 GHz and 31 GHz
measurements result in a liquid water error o60rn compared to 0.07 mm when using 205
GHz and 12 GHz measurememdso, theTPW error was foundo be reduced from 0.86 mm to
0.61 mmwhensubstitutingthe 31 GHZor the 12 GHzmeasuremeniBesides these frequencies,
the nextsection discusses issues regardimg use of othdrequenges forTPWmeasurements

A uniquedual frequencyDicke radiometerproviding measurementt 20.6 and 31.6 GHwas
constructedn 1979 by the late Dr. David Hogld 3]. To obtain the same beamwidth at both
frequencies g antenna consist of awidebandhybrid-modecorrugated horand offset parabolic
reflector [14]. This highly reliable instrumentwas usedn an unattended continuous mode of
operationat airportsin Denver Colorado and Washington, D.€. providereal timedataof water
vapor and cloudiquid water under all weather conditiottsthe National Weather ServigdWS)
forecastoffice. As a result of its high performancamsdar dual frequency radiometewere
developed byotherorganizationdor research and operati@nuse The only notat# difference |
foundwas that instead of a 20.6 GHadiometerdiave begun using3.8 GHz to reducBFI. This
frequencywas originally allocatedby the FCCto be in aprotectedregion having no active
terrestrial sourced\Iso, for better protection thgl.6 GHz frequency was reduced slightly to 31.4
GHz.However | understandhe protectionnear 23.8 GHhas unfortunatelybeenrecentlyrelaxed
by the FCC.
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Lastly, while the coefficients iequationg49a) and (4®) aresimilar to those inequationg50a)

and (5m) these final coefficients amnsideredmore accurate since they are based on a larger
data base that is more representative. Also, the single frequency water vapor coeffickEtd} in (
arealsoconsidered more accurate than thoseqguoation(44) due to the larger more representative
data base used in their derivatibrshouldalsomention that the use of the logarithmic predictors
asin equation(46b) were alscanalyzedand found to decrease tA@W error from 0.86 mm to

0.48 mm. This redution in error is mainly due to the saturation effect seen in Figa(@op-Left)

for TPW> 50 mm when using linear predictoksowever, the error iQ was not reduced using the
logarithmic predictorsThisis due to the variations seen in the pldd toparameters such as cloud
temperature, which canot be accounted for using linear or logarithmic predictdastly, it
should be observethat the algorithms(50a) and (50b) ar@rimarily physically basedwith
minimal use of statistical correlation betwen water vapor and temperatur&lthough such
correlationis contained in the RAOB measurements and simulated brightness tempethisires
conclusionis evident bythe fact that thecoefficientsin (50a) and (50bgare similar tothose in
(49a) and (49b)More will be said about the use of statistical correlation when discussing
temperature retrievals lppendix A19.
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Figure 46 - Retrieval of TPW (Top) and Q (Bottom) are shown using simulations. The two top Figures show

the TPW results while the two bottom Figures show the Q results. Both dual frequency (Left) and single
frequency (Right) algorithms are shown in addition to their standard errors (SE).
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8.6 Water Vapor and Cloud Water Measurements

As mentioned in the previousection, $ nce t he | at e 197006msed dual
microwave radiometers have measured the atmospheric water vapor, cloud liquid ndater a
precipitation over land at various locations. Whilanyradiometers operatat about20.6 and

31.6 GHz, this section describes measurements obtained ughmgy radiometersdescribed in
Section8.2 and Chapter 2vhich operae at 22.2 and 11.7GHz, respetively. As discussed in
Chapter 5the 22 GHzradiometetis much less affected ByH than at 20.5 GHwvhile the 12 GHz
radiometemwas chosenmainly due to its low cosand available component§he radiometers are
also lightweight andsmall enough tobe mounted on tripodsAlso, instead of the 22 GHz
radiometer shown in Figure 32,smallerradiometerwith lower noise was constructeging a
higher frequency pin diode switchsawell asthe wideband Schottky diode detectdescribedn
Appendix Al4 As such this radiometer is the only ormuiilt using the commercially produced
Schottky diode detectwhown in Figure 16ather tharthe homebuilttemperature compensated
detectordescribed in AppendiX6. Also, in contrast to most othe other observations reped
here,Figure47 shows theaadiometerssiewing the sky outside myouserather than througthe
glass patio door

These outdoormeasurementwere obtained on June 15, 208#6m 12:30 to 330 PM when thin

clouss were seen moving across the skjth no precipitation. Furthermore, lie radiometer
voltages were stored omy laptop computer and converted tarightnesstemperaturge using
calibration equationsbtained from clear sky measurements corrected for water .iégare 48

shows theradiometer voltags and brightness temperatures along with the calibration equations.
Also shown isthe water vapoand cloud liquid waterderived from the brightness temperature
measuremestusing dgorithms obtainedrom simulationssimilar to thatdescribedn Section &.

For comparison the water vapor and cloud liquid water parametedetermined usinghe dual

and single frequency algorithnisdicatedin the Figure The retrievedTPWis shown to increase

from about15 mm to 25 mm between 00 and2:00 PM followed ly smaller changes. For

val i dati on, RAOBG6s from the National Weather
only made twice a daat O and 12 GMT (Greenwich Meridian Timélhe other alternative,
although lessquantitative is to use satellite frared radiometers which observe the upper
atmosphere water vapor variations under mostly clear sky conditions. This approach is adapted
here where Figure 49 shows the water vapor images using the infrared sensors aboard the
Geostationary Operational Enenmental Satellites (GOES).

The GOES images were acquired from a web site on June 15 at 12:00 PM, 1:00 PM and 2:00 PM
local time. Note that the GOES water vapor observations increase steadily near my location. This
is very similar to that shown by the sriowave measurements in Figure A&o, in contrast to the
increased water vapor, the microwave derived cloud liquid water decreases between 1:00 PM and
2:00 PM. This decrease in liquid water is supported by the GOES enhanced infrared image at 1:30
PM in Figure 50 which displays warmer temperatures or lower cloud tops west of my location.
Although | did notcaptureany additional images, this featu@s seerto continuen laterimages

as the system mosgeastward.
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Figure 47. Top pictures show the radiometers mounted on tripods viewing the sky from my patio
on June 15, 2020. The bottom-left shows the clouds seen while the bottom-right shows the setup.

Figure 48. The top shows the 22 GHz and 12 GHz radiometer measurements (Left) and brightness
temperatures (Right) on June 15 from 12:30 to 3:00 PM. The bottom shows the water vapor TPW
(Left) and cloud liquid water CLW (Right) using the indicated single and dual frequency algorithms.
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