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Radiometricand SpectralPerformancend
Calibrationof the GHz Bandsof EOSMLS

RobertF. Jarnot,VincentS. Perunand Michael J. Schwartz

Abstract— This paper describesradiometric performance and
pre-launch radiometric and spectral calibrations of the GHz
component of the Micr owave Limb Sounder (MLS) experiment
on NASA's Aura spacecraft. Estimated systematic scaling un-
certainties (3 ) on limb radiancesare 0.5% from radiometric
calibration, with an additional 0.55% (118GHz bands)to 0.8%
(640GHz bands) equivalent scaling error from spectral calibra-
tion uncertainty. Operational noise performance is consistent
with pre-launch expectations,and in-orbit measuementsto date
indicate no changesin instrument noise performance, and no
obsewable calibration drifts. Spectral baseline has remained
stable to 20mK since launch. Re nements to calibrations based
on in-ight data are discussed.Level 1 radiometric calibration
algorithms are also described.

Index Terms— Calibration, limb sounding, microwave, submil-
limeter wave, GHz.

|. INTRODUCTION

OS MLS on Aura is a follow-on to the successfuMLS

instrumenton the Upper AtmosphereResearctBatellite
(UARS) [1]. It measureghermal emissionfrom Earth's at-
mophericlimb to infer vertical pro les of minor constituents
of interestto improving understandingattmosphericchemistry
and dynamicsin regions spanningthe upper troposphereo
mesospheredA moredetaileddescriptionof the instrumentits
operationmissionandmeasurementss givenin acompanion
articlein this journal[2]. In this paperwe describen-orbit ra-
diometricperformancetheradiometricandspectrakalibration
of the GHz portion of Aura MLS, andthe algorithmsusedto
corvert raw datainto calibratedradiancesCompanionpapers
in this journal describethe eld-of-view (FOV) calibrationsof
the GHz radiometer$3], andthe THz portionof MLS together
with all aspectof its calibration[4].

Comparedto its predecessorthe currentinstrumentim-
plementstwice as mary radiometersgachwith substantially
greatermeasuremenbandwidthand spanninga considerably
larger overall frequeng range.The numberof measurement
channelsa usefulindicatorof the magnitudeof the calibration
effort, is increasedby an order of magnitude,andthe instru-
ment datarate by two ordersof magnitude.The calibration
techniquesdescribedbelon evolved from thoseemployed on
UARS MLS [5], but with signi cant enhancementén data
guality, andmeasuremergf ciency to supportthe greaterthan
an order of magnitudeincreasein the quantity of calibration
datacollected.
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Fig. 1. This gure indicatesthe linear relationship betweenmeasured
radianceP and channeloutput C. S and T indicate views to cold space
andan ambientcalibrationtamget, and L indicatesa view to Earths limb via

the main antenna.

A. MeasuementSequencand RadianceCalibration Process

Aura MLS radianceobenations consistof a continuous,
regular sequencef dataintegrations,eachof 161ms nominal
duration, with 5ms deadtime betweenthem. Each 166ms
integration/deadiime period is referredto as a minor frame
(MIF). MIFs are groupedinto major frames (MAF), each
of which contains148 MIFs (24.7s), the rst 120 of which
are usedto view the atmospheridimb. The remainingMIFs
are usedfor viewing cold space(12 MIFs) and one of two
radiometriccalibrationtargets (6 MIFs). A switching mirror
commonto all GHz radiometerss usedto directthe recever
FOVs to one of 4 ports (limb, space,ambient or cooled
calibration target). 10 MIFs of eachMAF are usedto step
and settle the switching mirror, and measurementare made
in a total-pover (non-chopped)mode. The ambienttarget is
nearroomtemperatureandthe othertargetis cooledpassiely
by 40 C. Only one target is viewed routinely as part of
the radiometric calibration process,but both targets were
viewed by special switching sequencesmplementedduring
the instrumentactivation period in order to verify linearity.
Details of atmosphericscanningare providedin [2].

The Aura MLS radiancecalibrationprocessandalgorithms
are very similar to the UARS MLS implementation.Since
all GHz radiometerssharea common switching mirror, all
channelareradiometricallycalibratedsimultaneouslyWe can
representhe outputof a single measurementhannelby the
linear transferfunction shovn in Figure 1.
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Il. RADIOMETRIC CALIBRATION ALGORITHMS

The software which corvertsraw datainto calibratedradi-
ancesis called Level 1 dataprocessingRadiometriccalibra-
tion algorithmsare describedin detail in [6]. The switching
mirror FOV's to the spacetargetandlimb portsare partially
restrictedby the aperturesof the correspondingports of the
cavity in which it is located.Representinghe transmission
throughport X by MX | the outputof a Iter channel,C*,
is given by:

Ct = g MPPe@ MUPPL wcCP
Cl = g MTRI+@ MTIPET 4 cP;
CE = g MRS MOPES 4cPi ()

whereCX arethe outputsof channeli for the threeswitching
mirror positionsX , andg; is the radiometricgain of channel
i (expressedn countsper Kelvin of signal brightness).C°
representshe offset countsfrom the digitizer of channeli, set
by a combinationof the electronicsoffsetsin the measurement
system,and the noise contribution of the recever electronics
(systemtemperature). M * is determinedor eachradiometer
aspartof the FOV calibrationactivity, andPB T is determined
from engineeringelemetry Subscriptr indicatesthe radiome-
ter dependencef calibrationparameter@ndradiances.

The rst step in the radiance calibration processis to
estimateradiometricgain, @, at thetime of eachlimb-viewing
MIF:

(&7
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)
wheresubscripts andr ontheright handsideof the equation
have beendroppedfor clarity. PBT and PBS are radiation
offsets from the bafes obscuringthe edgesof the FOVs
from the switching mirror to the target and spaceviews.
is the emissvity of the calibrationtarget T, discussedater.
Radiometriccalibrationsare performedon MAF-sized chunks
of limb data.The estimatef targetandspaceview signalsat
the time of eachlimb view in the MAF being calibrated,®7
and®S, are obtainedby quadraticinterpolationof the space
andtargetview datafrom 6 groupsof calibrationviews, 3 on
either side of the group of limb being processedNote that
the differencebetweeninterpolatedtarget and spacecountsis
usedin this expression,remaving the needto estimateCP
in Equationl, but requiring that any drifts in this offset be
well t by the quadraticinterpolatorsover timescalesof 3
minutes. Adequatestability is obtainedthrough appropriate
choiceof electroniccomponentscareful designof electronic
subsystemsand good thermalstability. Prior experiencewith
UARS MLS led us to designfor temperaturestability better
than0.01K per100sin thesignalprocessinglectronicsThis
performancas achiezedin orbit, anddrift characteristichave
beenacceptablysmall in both magnitudeand derivative.

Onceradiometricgainhasbeendeterminedthe atmospheric
radianceenteringthe limb port from the external telescope,

PL, is determinedrom

L_ 1 ct &
Pr= c 5o
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where @iS(L) is the interpolatedvalue of the spacecounts
at the time of the limb view!. In additionto the atmospheric
radiancethereare signi cant additionalradiancecomponents
reachingthe switchingmirror limb port, in particularemission
from the antennasurfaces,and scattered/difacted radiation

from thespacecrafandEarth.Thesecomponentsirecorrected
in the limb port radiancesestimatedby the Level 1 software,

anddiscussedurtherin [3].

1) AntennaBaselineCorrection: Views to spacevia the
spaceand limb ports (with the antennaviewing well above
the Earth's limb) differ by up to 10K in offset, and

0.5K spectralstructure.The large spectrally- at component
arises from thermal emission, scatteringand diffraction at
antennae ectors. The smallerspectrally-aryingcomponents
are a natural consequenceof the diffraction-limited optics
andfrequeny dependencef the illumination and diffraction
sidelobesLevel 1 softwaremakesa rst ordercorrectionfor
theseradiancedifferencegseeaccompawing FOV paper) but
signi cant residualerrorsremain. Two approacheareusedin
Level 1 to addresgheseremainingresiduals:

1) Spectrally-geraged(DC) offsets are determined
on a MAF-by-MAF basis independentlyfor each
band by averagingall limb obsenations abore a
tangent height of 85km in channelswhich have
negligible predictedatmospheriaadiances.

2) Spectrally-arying (AC) offsets are periodically
measuredy viewing Earth's limb at tangentpoints
well above thoseat which atmosphericsignalsare
present.

A DC offset estimateis provided in the Level 1 radiance
les for each measuremenband, and for each of the 12
individual 500MHz wide Iter channelsin the 118 and
240GHz radiometersTo accomodatelrifts, the reportedvalue
for eachMAF is the meanof themeasureaffsetin thecurrent
and both adjacentMAFs.

Specialmeasuremengequencesun during instrumentacti-
vation con rmed the stability andlack of scandependencef
the AC baselinedown to the few mK level. The AC baseline
is reportedin the Level 1 radiancele asa static quantityfor
all Iter channelshasedon the datafrom theseextendedhigh
tangentpoint scans.

2) Calibration Targets: The emissvities of the calibration
targetswere measuregrior to launchusinga setof sweptRF
sourcesand broadbandrecevers. The return signal from the
targetswascomparedo thatfrom areferencee ector overthe
full rangeof anglesandorientationsseenby the radiometers.
This provided veri cation that no harmful diffractive effects
werecreatedy thegroovedsurfacestructureof the microwave

1By convention, radiancesare computedn units of temperatureso that the
measurecorvergesto the absolutetemperaturen the long wave (Rayleigh-
Jeans)imit.
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absorbersReturn loss was better than 30dB over the full
frequeng rangespannedy the GHz recevers.During routine
operationonly one of the two GHz calibrationtargetsis used
as a radiometricreferenceevery MAF, and we currently use
the one attachedto the radiative cooler This is becauseof a
pre-launctpredictionthatthe surfaceof the othertargetwould
see a brief indirect re ection of sunlight from the antenna
structureasthe instrumentcameinto solarillumination. Data
from aninstrumentactivation testduring which the switching
mirror staredat eachtargetfor just over 2 orbits indicatethat
ary impact of this illumination transienton target radiance
is too small to be obsened. Use of the cooled tarmget gives
rise to a small difference betweenthe temperatureof the
target reportedin engineeringtelemetry and the surface of
the tamet (which “sees' an ervironment 40K warmer).
Testsrun during instrumentactivation in which the switching
mirror dwelled at the cold spaceand both target reference
ports indicated that the radiative temperatureof the cooled
target was between0.5 and 0.6K higher than that reported
in telemetry The rangearisesfrom the varying skin depthof
the target surface absorbingmaterial, the largestdiscrepang
arisingin the highestfrequeng radiometer This temperature
“error' is correctedin the Level 1 processingalgorithms.

The nite re ection from the surface of the calibration
targetsgive rise to small standingwaves, of ordera few %'s
of aKelvin in eachband.We have no way of measuringhese
separatelffor eachtargetin ight, leadingto anuncorrectable
radiometricgain error componenof upto  0.2%.

3) Precision: The noiseon a time seriesof datafrom an

individual channel, T, is commonlyrepresentedby:
s
1 G *

T = Trota B + G

(4)

WhereTia IS the combinationof recever systemtempera-
ture and sceneradiance B is the channelpre-detectiomoise
bandwidth,and is the post-detectiorntegrationtime of each
measuremeniThe Bi componenis commonlyreferredto as
radiometernoise [7], and is uncorrelatedbetweenchannels.
The gain variation term indicatedby ?G hasbeenmeasured
to be essentially100% correlatedbetweenall channelsof a
givenradiometelin Aura MLS. A requiremenbn the Level 1
dataprocessingoftwareis thatin additionto determiningcal-
ibratedradianceat the limb port, estimatef both spectrally-
averagedand spectrally-arying noise of calibratedradiances
shall be provided. The spectrally-arying noise componenf
uncalibrateddatais provided by routinely determiningT sys,
andapplyingtheradiometerequation([Equationd with thegain
variation componentomitted). T sys is a stablequantity with
orbital variation of < 1%, andis readily estimatedn Level 1
processingrom the expression:

s z
Tye= & €9

P(2:7) (5)

whereCS andC? arespaceand zero' counts,andP (2:7) is
theradianceof cold spaceC*S is measured 2 timesper MAF,

and C?, the spectrometeputputwith no RF signal input, is
known from pre-launctcalibrationsUARS MLS experiences

thatC? remainedstableevenafter severalyearsof continuous
on-orbit operation.We have veri ed typical drifts in C# in
EOS MLS Iter channelsof 10 countsfrom pre-launch
valuesaftermorethan8 monthsin orbit, which is negligible in
comparisorto the typical operatinglevelsof 30,000counts.
The quadraticinterpolatorusedin Level 1 processingis
implementedso that it providesan estimateof the spectrally-
varying uncertaintywith eachinterpolate.The uncertainties
on interpolatedspaceand target views are usedto determine
the additional precision errors introducedin the calibration
process.The Level 1 estimateof spectrally-arying noiseon

eachmeasurement,P", is determinedrom the equation:
S

Pt =

(Tsys+ Timb)? 2

B

+( R)Z2+ Timp
(6)

R and g arethe noiseon theinterpolatedspacereferences
and channelgains respectiely. g is determinedfrom the
precisionsof the interpolatedspaceand target signalsat the
time of eachlimb measurement.

For signalscloseto balance(i.e., sceneradiancescloseto
those of cold space)the total-paver radiometric calibration
processncreaseghe noiseon an individual measuremeny

4% from the radiometerequationnoise.For out-of-balance
signalsthereis anadditionalcomponenbf uncertaintyarising
from the nite precisionof the gain estimate .

4) Spectally-averaged noise: The spectrally-aeraged
componenbf noisein Equation4 canbe readily determined
for eachmeasurememthannelf T andTio areknown. As
a routine performancediagnosticfrom Level 1, the obsened
ratio of ( T)? to that predictedby the radiometerequationis
computedor all spaceview sequenceslhis diagnosticcalled
spaceview 2, provedvaluableon UARS MLS whereits time
dependencenabledus to rapidly diagnosea periodic noise
problemarising from worn bearingsin the switching mirror
whenspacecrafbatteryvoltagewasnearits orbital minimum.
We were able to implement changesto switching mirror
operationwhich cicumventedthis problem. For EOS MLS
we report 2 in theradiancele, allowing Level 2 (retrieval)
software to trivially determinethe spectrally-aeragednoise
componentbn eachcalibratedradiance.In-orbit 2 and Teys
dataare presentedater in this paper

2 has a typical value close to unity for signals whose
noise contritution is predominantly spectrally-arying, the
casefor the narrover (< 24MHz) channelsat the center of
each spectrometerFor the outermost(96MHz bandwidth)
channelsattheedgesf each25-channellterbank 2 increase
to 1.2, and as high as 2 in the 500MHz Wide Filter
channelsThe obsered 2 in R4 (640GHz) rangebetween
2.5and5 in the 96MHz lter channels,indicating a much
higher than expected level of spectally-aeragednoise in
this radiometer An unusualcharacteristicof the spectrally-
averagednoise in R4 is that its magnitudedeceaseswith
increasingsceneradiance,contrary to expectations,and to
the behaior of all otherradiometersn this instrument.The
nature of the pre-launch characterizationervironment was
such that sensitvity was measuredwhen viewing ambient
temperaturescenesunderwhich conditionthe obsened noise
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TABLE |
IN-ORBIT SPECTRALLY-VARYING NOISE IN EOSMLS GHzZ BANDS FOR
% SINTEGRATION TIME. Imin DATA ARE FROM LONG (MULTI-ORBIT)
CHARACTERIZATION TESTS.

Band Tsys l6 MHz l96 MHz Imin
R1A 1200K 2K 0.35K 0.02K
R1B 1400K 1.3K 0.40K 0.02K
R1BWF 1200K Ispo = 0.23K 0.02K
R2 1000K 3.2K 0.9K 0.02K
R3 1400K 4K 1K 0.02K
R3WF 1400K Ispo = 0.4K 0.02K
R4 4200K 10K 3K 0.1K

in R4 metexpectationsThis led to the situationthatthe excess
spectrally-aeragednoise was not recognizedbefore launch.
We do not yet know its source.

A. RadiometricPerformanceand Accuracy

Table | indicatesthe measuredn-orbit spectrally-arying
noisefor all GHz bandsexpressedas Tsys (double sideband
exceptfor the R1 radiometersiand | (time-seriesnoise)in
6, 96 and 500MHz (WF) Iter channelsfor single MIFs of
data. Imin is the level down to which signalsare required
to integrate, and it was determinedthat this was met by
differencingsetsof spectrameasuredvhenviewing spacevia
the main antennafor an extendedperiod. We expectthe long
dataintegrationssuch as are requiredfor measuringBrO to
indicate better I, performancethan indicated here. All
spectrally-arying noiserequirementsre met.

Spectrally-geragednoise requirementson individual data
integrations are that it shall be less than 4 10 * Tsys
in all GHz channels.For R1 through R3 (118 to 240GHz
radiometers)the measuredspectrally-a&eragednoise is ap-
proximately2 10 # Ty, meetingrequirementsEvenwith
the anomalousspectrally-&eragednoise behaior in R4, the
obsened noisecontritutionis 35 10 4 Tsys, Meeting
requirements.

Requirement®n radiometriccalibrationaccurag are:

(1) The systematicuncertainty (i.e., not including
the estimatedcontributions of randomnoise)in the
absolutevalue of the atmospheric/Earthradiances
measuredhrougheachspectralchannekhallbeless
than3K (at the 90% con dencelevel).

(2) The systematic uncertainty (i.e., not includ-
ing the estimatedcontritutions of random noise)
in the spectally-varying componentof the atmo-
spheric/Earthradiancesmeasuredrom onechannel
or lter to anotherthroughouta given radiometer
shall be lessthan1% or Iyin =3 where |y, for
eachspectralregion is givenin Table IV of [2].

Imin requirementgor the GHz bandsrangebetween0.02K
and 0.1K, and the measuredoerformanceshovn in Table |
indicatesthat requirementsare met. The primary sourcesof
systematiaadianceerrorsare summarizedn Tablell. These
have beenexpressedsa percentag®f the limb port radiance
reported by Level 1 software. Errors for signals close to

TABLE I
SYSTEMATIC ERROR BUDGET FOR LIMB PORT RADIANCES, EXPRESSED AS
A PERCENTAGE OF REPORTED LIMB RADIANCE.

CalibrationTamget temperaturaincertainty | 0.1%
StandingWaves 0.1%
Switching Mirror Bafe uncertainty 0.15%
End-to-endinearity 0.1%

Total | 0.45%

radiometrichalancéhave negligible standingwave errorcontri-

bution becaus®f the baselinecorrectionsat Level 1. Linearity

errorsarea maximumfor signalsmid-way betweenrcold space
and calibrationtarget in radiance,and negligible for signals
closeto eitherreferenceThe estimatesn Tablell shouldbe

consideredworst-casé,andit is clearthat requirementsare
met.

B. Level 1 Daily File Sizes

Level 1 softwareprocessesatain daily (GMT) increments.
Theinputdataconsistof 240individual les of spacecrafand
raw instrumentdatatotaling 1.2GB. Daily outputdata les
are listed in Table lll. The radiance les include spectrally-
varying and spectrally-geragednoise estimatedor eachcal-
ibrated radiance,as well as AC and DC baselineestimates.
Radiancalataare agged as bad' whenthecold spaceor limb
views are contaminateddy the moonin their FOV, or when
instrumentcon guration is changingin a way that precludes
calibrationof the limb data(e.g.,whengain levels are being
tuned). The contentsof the engineeringand diagnosticsles
are plotted and inspecteddaily to monitor instrumenthealth
andsafety andalsotrendedor determinatiorof any long-term
drifts in instrumentcharacteristics.

I1l. RADIOMETRIC CALIBRATION

Pre-launchradiometric calibrations consistedof the de-
termination of calibration target emissvities and switching
mirror bafe transmissionsand veri cation of linearity and
noiseperformanceCalibrationtargetmeasurementsave been
discussedn Sectionll, andswitchingmirror bafe properties
in [3]. Figure2 illustratesthe setupusedto verify linearity of
the GHz radiometers.Focussingmirrors M1 and M2 direct
the view from the GHz radiometerspaceport to external

TABLE Il
LEVEL 1 DAILY OUTPUT FILE SIZES. EXCEPT WHERE NOTED, FILES ARE
HDF5 FORMATTED.

GHz lter channelradiances | 1.4GB
GHz autocorrelatoradiances| 1.8GB
THz radiances 434MB
Orbit/Attitude data 292MB
GHz diagnostics 20MB
THz diagnostics 1MB
Engineeringdata(binary) 95MB
Log les (text) 11.5MB
Metadata(text, 4 les) 35kB
Daily Total 4GB
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Fig. 2.  This schematicillustratesthe con guration to verify end-to-end
linearity of MLS signal chains.

switching Mirror S which in turn directsthe recever FOVs

towards either a liquid nitrogen (LN,) cooled or a heated
calibrationtarget. The GHz moduleswitchingmirror addition-
ally providesa view to eitherof the calibrationtargetsin the
radiometerassemblyThe externalheatedtarget canbe varied
in temperaturdoetweenambientand 100 C, andits controller
provides good stability. This target is a spare UARS MLS

calibrationload very similar to the internal Aura MLS ones
mountedin an insulatedenclosure with strip heaterson the
aluminumbackingplatesof the absorbingsurfaces,and PRTs

to bothcontrolandmonitortargettemperatureThe LN ; target
consistedf a circular panelof standardnicrowave absorbing
material at the bottom of a stainlesssteel dewar. Standing
waves in the views to the external targets were typically of

ordera few 75's of a Kelvin.

Figure 3 is a picture of the linearity measuremensetup.
The instrumentGHz moduleis mountedwith the spaceport
pointing down. Focussingmirror M1 is mountedbelow the
spaceport, anddirectstherecever FOVs towardsM2. External
switchingmirror S is shavn directingthe FOV into the LN
dewar. The UARS heatedtarget aperture A, is clearly visible
to the left of mirror S. The additionalelementdabeledin the
gure are part of the high-resolutionspectral sweepsetup.
Linearity measurementgonsistedof the 3-point observing
sequencambient/heated/LNtargets.This sequencevassyn-
chronizedto the instrumentMAF, with the GHz switching
mirror providing the view to the internal ambienttarget, and
the external one providing the views to the heatedand LN
targets. By synchronizingthe measuremensequencas this
way it was possibleto use standardLevel 1 software to
procesghe heatedargetviews into calibratedradiancesuysing
the ambienttarget view as the primary reference,and the
LN, view as the radiometric gain reference.This type of
e xibility wasdesignedinto the Level 1 processingsoftware
from the outset,andallowed early testingof the softwarewith
instrumentdata. In addition, this method of processingthe
dataautomaticallytakes care of instrumentalgain and offset
drifts. An example of the raw datafrom 1 MAF during a

M1

LN,

Fig. 3. Radiometriclinearity andhigh resolutionspectralsweepcalibration
setup.Seetext for additionaldetails.

linearity testrun is shavn in Figure4. The threeviews to the
different radiancetargets are clearly visible. Figure 5 showvs
the samedatafor entiretest,andthe effectsof gain andoffset
drifts areclearlyvisible. This measurementycle wasrepeated
with the heatedarget elevatedin temperaturén 15 C steps,
with 45 minutesof stabledatataken at eachtemperature
plateau.The samedataareshovn in Figure 6 after processing
to Level 1, clearlyillustrating the effective drift compensation
of this software.

1) Integral and Differential Linearity: Figure 7 shows
the individual channellinearity data for R1A (the primary
118GHz radiometer)In the upperpanelthe Level 1 radiance
at eachtarget plateauis shovn. The lower panel shavs the
samedata, but with the meanradiance(weightedby channel
bandwidth)subtractedStandingwavesareclearlyvisible, and
presentat similar levelsin the datafrom mostbands.Of most
importanceis the difference betweenthe plots at different
scengemperaturessincethis a directindicationof differential
linearity, or channel-to-channebreakup for out-of-balance

Band 1, Channel 1

Band 2, Channel 1
2.10-1
2.00-10{

1.90-16-

Counts
Counts

1.80-16F

L L 1.70-1 L L
0 50 100 150 0 50 100 150
MIF MIF

Band 7, Channel 1 Band 14, Channel 1

1.64-1

1.62-1 o

1.60-16-

Counts
Counts

1.58-10-

. . 1.56-10) . .
0 50 100 150 0 50 100 150
MIF MIF

Fig. 4. Raw datafor 1 MAF taken during a linearity measuremertest. The
four panelsare datafrom individual 96MHz lIter channelsin eachof the
GHz radiometers.
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Fig. 5. Data as Figure 4 for an entire linearity measurementun. The

blue/black/reddataarefor the LN2/ambient/heatethrget views respectiely,
eachplotted point beinga MAF-average Note the cyclic drifts in thesedata.

scenesThebaselinecorrectionat Level 1 effectively removes
the effect of standingwaves for measurementaearbalance.
With UARS MLS we have measureatleanH, O, spectrawith

channel-to-channalifferencesof 0.001K, a factor10° below

Tsys, asshavn on Figure 12 of [9]. Standingwavessimilar in

magnitudeto thosein the lower panelof Figure7 exist in the
space-taget differencesfor EOS MLS, and are not corrected
in the current software, leading to the 0.1% standingwave

systematicerror contrikution in Tablell.

Figure 8 plots the band-aeragedradiancefor R1A versus
scenetemperatureDeparturedrom a linear transferfunction
indicate imperfectintegral linearity. All GHz bandsindicate
similar performanceo that shavn in the gure.

We place an upper limit of 0.1% on linearity error in

Linearity Test, R1A:118.B1F:PT.S0.FB25-1
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Fig. 7. Hot Tamget Radiancesfor all 25 channelsof Band 1 (118GHz
radiometer)for 6 different taget temperaturesThe lower panel shavs the
datafrom the upperpanelwith the weightedmeanradiancesubtractedrom
eachmeasuremengroup.

linearity measurementso cover approximately%rd of full

this instrumentbasedupon pre-launchiinearity measurements dynamicrangeof atmosphericscenetemperaturesSincethe

discussedbore, andfrom in- ight dataobtainedfrom special
switching sequencessiewing both GHz calibration targets.
The in- ight measurementsxtend the dynamicrangeof the

Hot Target Radiance for Band 1, Channel 1 Hot Target Radiance for Band 2, Channel 1
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Fig. 6. The dataof Figure 5 processedyy Level 1 software into heated
tamget radiancesis shavn here. Note the removal of all instrumentaldrift-
relatedartifacts.

linearity measurementgncompasghe portion of the signal
chain operatingrange that can be expectedto be the least

Linearity Test, R1A:118.B1F:PT.S0.FB25-1
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Fig. 8. Integral linearity plot for R1A. The offset betweenscene(tamget)
temperatureand Level 1 radianceis a consequencef the expressionof
radiancein units of Planck temperaturenot a performanceproblem with
the instrument.
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linear, we arecon dent in extrapolatingthesedatato encom-
pasghefull working dynamicrange.This outstandindinearity
performancevasobtainedby runningall RF ampli ers atleast
12dB below their 1dB compressiorpoints,and operatingall

Iterbank detectordiodeswith input power levels of -29dBm
or less. The ability to integrate signalsdown to levels well

belov the intrinsic resolution of the raw telemetry data is

obtainedby appropriatedesignof post-detectodigitizers.For

both UARS and EOS MLS the digitizers areimplementedas
voltage-to-frequeng corverters(VFC) operatingover a small
portion of their dynamicrange.

A. Additional RadiometricPerformanceTests

In addition to the linearity measurementliscussedabove,
several otherimportanttestswererun to investigateradiomet-
ric performanceln orderto verify theability to integratedown
datafrom scenesout of balancewith the primary reference
we took an extended(12 hour) datasetwith the GHz module
switchingbetweerimb andspaceports,andwith the FOVs of
both limb andspaceportsdirectedby planemirrorsinto LN,
loadslike the one shawvn in Figure 3. This testwas run when
the GHz radiometemodulewas not integratedwith the main

200 0 200 400
Channel or Relative Frequency

600 600 -400

200 0 200 400 600
Channel or Relative Frequency

Differencesbetweenlimb and spaceport views to similar LN 2-cooledtargetsfor the GHz 25-channellterbanks. This datais usedto verify the
ability of MLS to integrate out-of-balancesignalswith the requiredprecision

antennaln additionto the limb and spaceport views, a short
view to the internal GHz ambienttargetwasperformedduring
eachMAF. This allowed the datato be processedy Level 1
software, using the target view asthe primary referencethe
LN, view via the spaceport as the gain reference,and the
limb port view as the calibratedscene.The key information
from this testis the limb-spaceport difference,shovn plotted
in Figure 9 for all GHz FB25 channelsOf mostsigni cance
arethe peak-to-pealspectraldifferencesnotedat the top left
of each panel, which are at levels indicating that the |

requirementn sensitvity are met with adequatamagin.

An end-to-endest(the "Blue Sky' test)wasrunin whichthe
instrumentwaslocatedat the air lock to theassemblhybuilding,
orientedin sucha mannetthattwo large planealuminumfaced
panelscould be usedto directthe FOVs of both antennaand
spaceport nearzenith(Figure 10). The signallevelsat thetwo
portswerebalancedy adjustingthe anglesof thelower panel,
and multi-hour data setstaken while switching betweenthe
two internal calibrationtargetsand the spaceandlimb ports.
For this testoneof theinternaltargetswasheatedby 25 C)
usingits built-in heaterelementsandthe internaltargetviews
enabledLevel 1 software to continuouslydeterminechannel
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Limb View
Reflector
Primary
Secondary
Space View
Reflector
Space Port Reflector
Fig. 10. ’Blue Sky' measuremergetup.Seetext for details.

gain.

The exceptionallylow atmospheridiumidity broughtabout
by SantaAna conditionsat thetime of this testresultedn high
tropospheridransmissiorat the lower measuremenfrequen-
cies,andatmospherispectracanbe be clearly seenin several
of thesebands.Anotherfeatureof thesedatais the signi cant
offsetsin the mid-bandsectionsof the R4 25-channellter -
banks. Given the low thermal contrastbetweenthe internal
targetsand the atmosphericviews, suchan offset should not
exist. This wastraceddown to inadequatevoltage regulation
in the spectrometemodule,anda x wasimplementedprior
to instrumentdelivery. The relatively large standingwaves
visiblein mary of the spectrablotsareattributableto standing
waves in the internal target views similar to thoseshowvn in
Figure 7. The small temperaturedifferencebetweenthe two
targetsin conjunctionwith the radiometriccalibrationprocess
at Level 1 leadsto theseenhancedtandingwaves, a situation
that does not arise in orbit. Data sets were recordedwith
the antennascanactuatorat its nominaland extremesettings.
Thesedatawere usedto verify the absencef ary signi cant
scandependencén the limb port signals.

IV. SPECTRAL CALIBRATION — HIGH RESOLUTION

Detailsof measurementhannelwidths andplacementsare
givenin [2]. All GHz measuremerthannelsveresweptusing
synthesizedundamentalsourcescoupledinto the spaceport
of the GHz radiometemodule.Eachchannelwas sweptwith
approximately100 frequenciesuniformly spreadacrosseach
nominal Iter passbandwith the sweepsextendingtwo lIter
widths beyond the nominal outer channel lterbank band-
passego captureary extraneousesponsesWide Iters were
sweptover a rangecovering threetimestheir nominal width.
All lter channelsveresweptin bothsidebandgexceptfor the
single-sideband 18GHz recevers),andwith all combinations
of switch network settings.The measuremengetupis shavn
in Figure 3. The GHz module (M) spaceport is directed
vertically down towards focusing mirror M1, seenedgeon
in the gure. Mirror M2 directsthe instrumentFOV towards
switchingmirror S which is showvn pointing towardsthe LN ,-
cooledtargetin dewar LN2. During active sweepsS directs

theinstrument~OV throughthe smallholevisiblein absorbing
bafe B, throughlensL, and nally ontothesmallhornvisible
at the left handend of fundamentakourceF. A schematioof
the sweepsetupis shavn in Figure 12.

A. Alignment

Optimal data quality requires precise alignment of the
instrumentFOV throughthe calibrationpathfor all calibration
con gurations and setups.Focusingmirrors M1 and M2 are
positionedcorrectlywith respecto the GHz moduleby means
of meteringrodsandtooling balls locatedon the peripheryof
the mirrors andthe GHz modulespaceport. Four tooling balls
are clearly visible on M2. All external mirrors are oversized
relatve to the beamsto ensurethat the signals are fully
captured.The next stepin the alignmentprocessconsisted
of positioning and orienting switching mirror S so that the
beamfrom M2 illumatedS centrally andalsopassedhrough
the centerof the small aperturevisible in absorbingbafe B.

A mirror/LN, target combinationsimilar to the one shavn
in Figure 3 was locatedin the place of the RF sourceF,
and a custom-luilt low noise power detector/ampli er used
to monitor the total IF power from a bandin the radiometer
to be swept. The power meter had sufcient S/N to allow
the recever FOV to be tracedwith a hand-heldabsorbing
iris similar to the onein Figure 3, startingat S. This mirror
assemblycould be easilytranslatecandrotated,thenclamped
in placeoncetherecever FOV struckthe mirror centrally and
the re ected beamwas directedthroughthe small aperturein
B. The remainderof the alignmentprocesswas similar, the
entirealignmentprocesgakingonly 10 minutesto complete
after somepractice.

The absorbingbafe B senes two purposes:it absorbs
spillover from the sourceF throughfocusinglens L illumi-
nating the apertureon the bafe; alsoby replacingthe bafe
with one having an aperturesize smallerthan the beam,the
sourcepower could easily be attenuatedvhen necessaryA
small selectionof absorberawith differentaperturesizeswas
kept on handto facilitate rapid settingof signallevels.

GHz Ambient Target
NAAAAAAAAAN

GHz Module

: GHz switching Mirror

Space
Port

R

Switching Mirror with
stepper motor, encoder

Controller 1 Controller 2

Isolated Instrument Sync and

RS485 Data Bus from Instrument TCPIP connections to GSE

Fig. 12. Schematicof high resolutionfront-endsweepsetup.
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Fig. 11. Limb andspace(green)port datafrom the Blue Sky testprocessedo shav sky radiancesneasuredhroughthe both ports. The blue line indicates

the differencebetweenLimb and Spaceport radiances.

As shown in Figure 3, the signal sourceF is wrappedin
copperfoil to preventleakagefrom therelatively strongsignal
sourcedirectly into the closely-situatedGHz spaceport. A
simple way of verifying that all unwanted paths from the
sourceto the recever had been dealt with was to center
the sourcein a Iter channeland look for ary changesin
obsened signal level as a hand-heldpiece of absorberwas
moved aroundthe measuremensetup.For repeatablaesults
it was essentiato remove all unwantedsignal pathsbetween
sourceand spaceport.

When calibrationmeasurementsere undervay, additional
absorbing panels were placed betweenB and the instru-
ment spaceport to eliminate potential problemsarising from
diffraction/re ection of the sourcesignal from both bafe B
and lens L. Additional large panelswere placedaroundthe
entirecalibrationsetupto preventary interactionsrom people
moving aroundthe instrumentWith theseprecautionsn place
we obsered no interferenceor interactionsof arny kind from
concurrentactiities taking placearoundthe instrument.

B. Signal Souce

A family of signal sourcesF, were usedto spanthe 114
to 662GHz range covered by the GHz recevers. A single

sourcecoveredall of the bandsin a given recever, and all
sourceswere fed by a programmablesynthesizeroperating
in the 13.5 — 17.1GHz range. The sourcesmultiplied the
synthesizeroutput frequeny by factorsof 8, 12, 18 or 42
dependingupon the band/sidebandeing swept. The small
fractional bandwidthof eachchannelensuredthat the power
from the sourceremainedconstantover the channelwidth.
Minor problems were encounteredsweepinga handful of
channelsvhenunwantedharmonicgrom the multiplier passed
throughthe channelresponsén the oppositesidebando the
onebeingtamgetted. Therewerealsosomeinstancesvherethe
mode of an unusedharmonicin the sourcejumped,causing
a small changein RF power. Both of theseconditionswere
readily identi able in the data,and x eswere built into the
analysissoftwareto correctthesepotentialerror sourceq10].

C. Standingwaves

With the 118GHz radiometersit was obsered that the
relatively large iris aperturein B neededfor thesesweeps,
combined with the precise optical alignment betweentest
equipmentand recevers, creatednoticeablestandingwaves.
These were readily obsened by performing a sweepof a
96MHz channeltwice, with the sourcemoved by ; between
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sweeps.Ilt becamestandardpractice to check for standing
waves,andperforma pair of ; separatedweepsor aficted
bands.The analysis software then combinedthese data so
as to remove the effects of the standingwaves. To make
precisionmovementsf the sourceeasyandrepeatableit was
mountedon a micrometerdriventranslationstage.The source
was mountedon a rotation stagelocatedon the micrometer
controlledtranslationstageso that polarizationof sourceand
recever could be lined up with ease.

D. Measuementsequencend timing

To maximize measuremengfciency the operationof the
internal and external switching mirrors, and of the synthe-
sizer/sweeperwere precisely synchronized As with the ra-
diometric calibration measurementsghe measurementycle
was similar in timing to the standardn-orbit operatingmode,
allowing the useof Level 1 processingo remove the effects
of gainandoffsetdrifts. The rst 20s of eachMAF wasused
to stepthe external sourcethrough 20 frequenciesand the
remainingd.7swasusedfor areferencaneasuremernh which
thesourcewasmovedout of band,andaview to anLN target
to provide a periodic gain reference.The sourcewas moved
to an out-of-bandfrequeng ratherthanthe synthesizeoutput
beingturnedoff in orderto avoid ary potentialadversethermal
effects as the multiplier ampli er chain settledbetweenlow
and high signal states.As an aid to the operators.the start
of the sweepwas signalledby a MAF in which the source
frequeny was moved betweenthe centerof the rst channel
being swept and the out-of-bandfrequeng in a regular and
easily recognizeablgoattern.The codein the microcontroller
operatingthe synthesizehad sweeptablesfor all GHz bands
andwide Iter channelsn both sidebandsand automatically
generatedthe start-up sequencewvhen a sweepwas begun.
With this highly automatedsystemin placewe were able to
sweepa 25-channellterbank (2,900discretefrequencies)n
justunderl hour, andperform8 completeandveri ed sweeps
in a standardwvorking day.

E. Results

Figure 13 shaws the results of an upper sidebandsweep
of Band 7 of R3, covering a frequeng rangeof 242.7to
244.4GHz. The plot was madewith the “quick look' tools
usedto verify data quality in near real time. Figures 14
and 15 shawv the detailedresponsesf the lowestand highest
frequeny FB25 channelsn the GHz module.The legendscf
andwidth arethemeasuredenterfrequeng (in nal IF space)
and 3dB width of the channel.The numbersin parentheses
arethe nominalvaluesof theseparameters.

V. SPECTRAL CALIBRATION — LOW RESOLUTION

In a double-sidebananeasuremensystemlike EOS MLS
it is necessaryto determinethe relative responseof each
channelin the two sidebandsWe measuredelative sideband
responseby observingthe difference bbetweenambientand
LN, loadsviewed througha scanningrabry-Perointerferom-
eter A schematicof this setupis shavn in Figure 16, anda

Band 7, Bank 7, Fundamental Sweep
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Fig. 13. Front-endsweepof the upper sidebandof Band 7. The x-axis
is the spectrometeinput frequeng. All channelshave beenindependently
normalizedto unity peakresponse.

photographn Figure17. The sidebandsweepsetupusestwo

externalswitchingmirrors. The rst mirror (SW1) directsthe

recever FOVs to eitheran LN, load or the Fabry-Perot.The

secondnirror (SW2) directsthe FOV throughthe Fabry-Perot
to either ambientor LN, loads. The internal GHz switching
mirror directsthe FOVs to eitheran internal ambientload or

the external calibrationsetup.

A family of calculatedFabry-Perottransmissioncurvesis
shawvn in Figure 18 for the 240GHz radiometer The widths
of the transmissiorordersare seento be considerablywider
than the individual bandsbeing characterizedThe ordersof
the Fabry-Perotare seento be well separatedn all bandsin
this example.The sameis true for the sweepsf the 640GHz
bands,which were performedwith ner Fabry-Perotgrids.
Sweepswith both grid setswere performedover large enough
rangesof grid separationghat the sidebandresponse®f all
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Fig. 14. Theend-to-endrequeng responsesf the rst 4 channelof Band1
of R1. The responsesre plottedon a linear scalein blue, logarithmicallyin
green.
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in blue, logarithmicallyin green.

bandswere well resohed over several Fabry-Perotorders.In
this gure the brightnessemperaturetlifferenceof the views
to theambientandLN loadshasbeenplotted,assumingunity
peaktransmission.

A. Alignment

The alignment processfor the Fabry-Perotsweepsystem
wasthe sameasthat describedor the high resolutionsweeps.
Thegridswereremovedfrom the Fabry-Perotandtherecever
beamstraced along their optical path using a small iris in
a hand-heldpiece of absorberAt the end of the alignment,
the beamswerere ecting off the centersof eachmirror, and
passedcentrally through the Fabry-Perotgrid holders.Once
this stagehad beenreachedthe grids were placedinto their
holderson the translationstage,and aligned by maximizing
transmission(i.e., minimizing channelcountswhen viewing
the LN, loadthroughthe Fabry-Perot)y iterative adjustments

GHz Ambient Target
NMAAAAAAAAAN

GHz Module

: GHz switching Mirror

Space
Port

I

N

LN, dewar and target LN, dewar and target

Switching Mirror with
stepper motor, encoder
and driver

Switching Mirror with
stepper motor, encoder

and dier/

Scanning Fabry-Perot with drivericontroller
sw2

o
.

ﬁcuntmller 1

Isolated Instrument Sync and L
RS485 Data Bus from Instrument

Ambient Target

Controller 2

TCPIP connections to GSE

Fig. 16. Schematiof the Fabry-Perosweepsystemusedto measureelatve
sidebandresponsen the GHz radiometers.
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GHz module

Cooling duct
Space Port

Fabry-Perot

SW2 SW1

M1 M2

Ambient Tgt

Fig. 17. Photograplof the Fabry-Perotsweepsystemdepictedin Figure 16.

to grid spacingand angle. A complete alignment of this
measuremengetuptook about20 minutes.

For thesemeasurementso attemptwas madeto orientthe
Fabry-Perotslightly off axis, a common practiceto reduce
or eliminatestandingwavesin the cavity formedby the front
grid andtherecever. Insteadwe choseto allow the presencef
thesesmall (but not insigni cant) standingwaves. Sincethese
artifactswere presentwhenviewing boththeambientandLLN,
loadsthroughthe Fabry-Perottheir effect was eliminatedin
the differenceof thesetwo measurementghe quantity used
in the dataanalyses.

B. Measuementsequencend timing

As with the high-resolutionsweeps,the measuremense-
guenceclosely matchedthe in-ight one to allow use of
Level 1 softwareto remove the effectsof gainandoffsetdrifts,
andto corvert the measuredsignalsinto radiancesThe rst
20s of eachMAF is spentviewing throughthe Fabry-Perot

Approximate Fabry_Perot {Nmbient) difference signals
e I e e e e B B S

Grid spacings:
4.21 mm
4.295 mm

10— 4s5mm

100—

Radiance difference / K

B8 B7

§
WAVAWAY

235 240
Frequency / GHz

Fig. 18. Computedradiancesignatureggeneratecy the Fabry-Perotwhen
sweepingthe 240GHz radiometerbands.The dashedine shawvs the spectral
shift correspondingo a 0.01mm increasein grid spacingfrom the initial

spacing.Bandpositionsin both sidebandsare indicatedfor reference.
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Level 1 Sideband Sweep Data for Band 2, Channel 1
T L T T L T T L T T T U T

with the separatiorof the grids steppedevery 5s. For the R4 15
sidebandsweepsthe switching sequencevas kept the same, i )
but the grid spacingwasincreasedvery 10sto compensatéor
the poorersignal-to-noisén this radiometerHalf of the time
at eachgrid separationwas spentviewing the LN, load, the
otherhalf viewing the ambientload via SW2. The remaining
4.7s of eachMAF was usedfor viewing the external LN
via SW1 andthe internal GHz ambientload via the internal
switching mirror. Raw datafrom 1 MAF for Channell of
Band 2 is plottedin Figure 19. Clearly visible in thesedata
are the alternatingviews throughthe Fabry-Perotto the LN
and ambienttargetsvia SW2. The increasingtransmissiorof - .

the Fabry-Perotis a resultof the 10 m stepsin grid spacing T T e e e e 1000

Difference Radiance / K
T
L

50

betweenmeasurements he views to the LN, load via SW1 Fabry-Perot relative spacing, 0.01 mm per step
andto the internal GHz ambientload can be seenat the end _LevellSideband Sweep Data for Band 9, Channel 1

20
of the MAF. The grid spacingfor thesemeasurementsvas

90 lines perinch (Ipi), and by steppingthe grid spacingfrom

3.74t0 9.93mm is was possibleto measurehe sideband 15
responseall bandsin R2 and R3 from a single data set.
Figure 20 shows the sweepdatafor channell of bands2 and
9, the lowestandhighestfrequeng doublesidebandchannels
sweptwith the 90 Ipi grids.

For sweepingR4, the 90 Ipi grids were exchangedfor
200 Ipi ones,the Fabry-Perotstepsize was reducedto 5 m, 50
andthe scanrangewasfrom 3to 8mm. Figure21 shows
the datafor channell of bands10 and 14, the lowest and - .

o]

10

S

Difference Radiance / K

highestfrequeny channelssweptwith the 200 Ipi grids. The o . . N
dataplottedin Figures20 and 21 arethe outputfrom Level 1 ° 200 Fabry-Perot relatve spacing. 0.01 mim per step. 1000
expressedsthe radiancedifferencebetweenthe ambientand

LN views throughthe Fabry-Perot. Fig. 20. Level 1 radiancesrom channell of band2 (upper)and band 9

(lower) as the Fabry-Perotgrid spacingsteppedfrom 3.74to  9.93mm.
Thesedatawere taken concurrently

C. Data Analysis

The rst stepin the analysisof Fabry-Perotsweepdata
wasthe conversionfrom raw countsinto calibratedradiances where:
using Level 1 software. We evaluatethe transmission, , of

the Fabry-Perotusing the simple expression: s = grid spacing,mm
= signalfrequeng, GHz
(S; 1r) = 1+4 sin?(s 4:19169 110 7 =2) r=(1 r)2 (7) r = gnd re eCtiVity, and

4:19169 10 2 =4 =cin appropriateunits.

Fabry-Perot Sweep Data, Band 2, Channel 1
T T T T T T : T T

- r 1 The estimateddouble-sidebandiifferenceradiancemeasured
oi RN ER— ER—— w00 the target channel T, is thengiven by:
17516 —
F. 1 T=220 (Ri (s sr)+ Ry (s+ s uiry) P)=2(8)
1-70'10::%%# S _— . 4 where:
L Rt i
r ! ] 220 = the approximatetemperaturalifferencebetween
Lo ] the 2 external tamgets, Kelvin,
L ] x = the lower (x = |) and upper(x = u) sideband
Leoad - frequenciesGHz
o ] S = the grid spacing,mm
. N S = a correctionappliedto the uppersidebandgrid
r ] spacingto allow for the changein phaseof grid
ot | | . ] re ections as a function of signalfrequengy, mm
T 50 S 100 150 R = sidebandresponsdlower sideband)
Ry = sidebandrespons€uppersideband)
Fig. 19. Relatie sidebandsweepraw datafor a single MAF. Thesedataare P = a Planckcorrection— seetext below, and

for Channell of Band 2. r, ry = lower and uppersidebandgrid re ectivities.
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Level 1 Sideband Sweep Data for Band 10, Channel 1
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Level 1 Sideband Sweep Data for Band 14, Channel 1
. ; ; ' , , . ! . ; . .

o
=
o

00

12

10

S

80

60

40

Difference Radiance / K

L]

20,

-20 . . . . | . . . . |
500 1000
Fabry-Perot relative spacing, 0.002 mm per step

o
i
13
o
S

Fig. 21. Level 1 radiancedrom channell of band10 (upper)andband14
(lower) asthe Fabry-Perotgrid spacingsteppedrom 3 to 8mm. These
dataweretaken concurrently The “gaps'in the dataindicatewherethe Fabry-
Perotspacingwasincreasednanuallyto allow all channelsn R4 to be swept
with well-resohed sidebandsn a reasonabléime.

In Equation8 above we assumethat the ambientand LN ;-

cooled tamgets obsened through the Fabry-Ferot are stable
andat temperaturesf 300K and80K for the durationof the

measurementgsedin the dataanalysis We useapproximately
60 measurementgFabry-Perotspacings)in each t, taking

approximatelyl2 minutesof data(aboutdoublethis time for

R4),sufciently shorttimescalego maintainadequatestability

in the climate-controlledervironment in which thesetests
were performed.The factor 220 in the equationis just the

temperaturedifferencebetweenthe ambientand LN, loads
seenthroughthe Fabry-PerotThis is clearlyanapproximation
that does not model the actual temperatureof the tamgets
exactly. Both sidebandresponseswill be in error by the

same(small) multiplicative factor due to departuref scene
temperaturedrom those assumedabove, and this error is

eliminatedwhen the responsesn eachsidebandare divided

(to obtainthe relative sidebandresponseof eachchannel).

Although this approachtakes care of the minor issue of
not knowing the precise target temperaturesjt does not
accountfor the differencein Planckfunction betweenthe two
sidebandsThis is accomplishedby meansof parametelP in

Equation8, where:
~ B(1;300) B( ;80

andB( ;T) is the Planckfunction at frequeny andtem-
peratureT . This correctionis extremely closeto unity in all
bands,and could have beenignoredwith no signi cant loss
in accurag.

The parameter s in Equation 8 allows for the change
in phaseof the grid re ections betweenlower and upper
sidebandsbut does not accountfor the actual phaseshift
in the lower sideband.This is accountedfor by tting both
parameterss and s during sidebandretrievals, the actual
valuesof the phaseshifts beingunimportantto the endresult.

The goal of the sidebandetrieval is to determinethe values
of s, s, w, ry, ry andR which provide the bestmatch (in
theleast-squaresensepetweermmeasuremen@sndmodel. We
choseto perform the sidebandretrievals on a band by band
basis(25 channel lterbank), andto allow R, andR, to vary
smoothly acrosseachsideband,expressedas separatecubic
polynomialsfor eachsideband:

R(f)=a+8 f+q (10)

with acorresponding@quatiorfor theuppersidebandesponse.
Parameterf is the nominal channelcenterfrequeng at the
input to eachspectrometer

The nal measuremennodelthushad12 parameterso be
retrieved:

f2+d f3

S initial grid spacing,mm
s uppersidebandphasecorrection,mm
r,  lower sidebandgrid re ectivity
ru  uppersidebandgrid re ectivity
al  constantcoefcient,
B linearcoefcient,
d  quadraticcoefcient, and
d  cubiccoefcient of lower sidebandpolynomial
constantcoefcient,
B linear coefcient,
¢' quadraticcoefcient, and
;' cubic coefcient of uppersidebandpolynomial

Only the initial grid spacing of the measurementet, s,
needsto be retrieved, since all other grid spacingsof the
measuremenset are accuratelyknown by addingthe appro-
priategrid relative movementto this initial spacing.Note also
that the phasedifferencebetweenlower and upper sideband
grid re ections is modelledas a small virtual grid separation
offset, s, in the uppersideband.This was purely for coding
corvenience,and is mathematicallyequivalentto modelling
the phaseshift differenceasan angle.

The retrieval methodwas to perform a corventionalleast
squarest of the measurement$o the model, allowing a
sufcient numberof iterationsfor adequateorvergence Typ-
ical retrievals took about5 iterationsand completedin a few
secondon a desktopPC. Partial derivativeswere determined
from small perturbationf the model on eachiteration. The
measuredand tted datafor band8 for a single Fabry-Perot
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Fig. 22. Fabry-Rerot datafor Band8 (black crossespndtheoreticalpredictionfor the grid spacingschosenfor the t. Vertical rangefor eachpanelis -20K
to 100K, andchannelorderis 1 to 25, left to right, top to bottom. The blue crossesare the residualto the t (differencebetweenmeasurementand model)

multiplied by a factorof 10.

order are showvn in Figure 22. The dashedhorizontalgreen de ned by the front-endrecever, we choseto performaglobal
line indicatesthe radiancecutoff belov which dataare not t to all of the FB25sidebandiatain a givenradiometerThis
includedin the t. Thebluecrosseatthebottomof eachpanel de nes sidebandresponseasa function of IF frequeng, and

arethe measurementesiduals(differencebetweenmodeland
measurementhagni ed by afactorof 10. The cutoff radiance

was selectedon a bandby bandbasisto avoid systematicsn 1. —eE
theresidualswhich appearedn the datawhenthe Fabry-Perot [ L. i
transmissiorwasnearits mimimum. Theretrieveddatafor the =+~ * = © * 7 FTTIT ]
samebandareplottedin Figure23. Theuppersetof crossess - ]
theretrievedrelative sidebandesponsdupper/laver) for each 5 [ i
channel.The lower setsof crossesare the individual upper £ °9- N
and lower sidebandresponsesvhich do not addup to unity § | g
becausef the nite throughputof the Fabry-Perot. :fo_sl i
The analysissoftware was capableof tting up to four or- 3 i i
derssimultaneouslylimited only by available memoryonthe £ N N
analysiscomputer No signi cant differenceswere obtained S s (o o S S S
when tting to oneor multiple orders. i i
The sidebandmeasurementfor all double-sidebandsHz ~ “7 uertover reisve sceband response 7
bandsare plotted in Figure 24. Fits to individual 25-channel s reseen=e chsquared=sossrer ]
lterbank bands (FB25) are indicated by the black curve 00— b e

segments,wherechannelpositionsare indicatedby the small
plus signs. The small red and blue plus signsare the results
from performingrelative sidebandetrievals on the datafrom

FB25 Channel Frequency / MHz

1600

Fig. 23. Resultsof analysisof datain Figure 22 plotted by channel.The
lower and upperrelative sidebandresponsesre shavn as sidebandractions

individual channels,shavn for information. Since there is  (blue and greencrosses)and the ratio of the responsen eachsidebandis
overlap in several bands,and relative sidebandresponseis indicatedby the black crossequpper/laver sidebandresponse).
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Relatve sidebandresponseor all doublesidebandchannelsof the GHz radiometersThe large plus signsin the centerpanelare sidebanddata

for the wide Iter channelsn R3. The large green,red andblue plus signsin the other panelsare the sidebandresponse# the mid-band Iterbanks (bands

27 to 31). Black line segmentsare resultsof sidebandretrievals on individual b

ands,and the greenseggmentsare a global t to thesedatafor all bandsin a

given radiometer Individual small red and blue plus signsare from sidebandretrievals performedon individual channels.

the resultsof these ts are shawvn by the greenlines, which
are the datausedby the forward model[11] in the Level 2
software[12]. Thelargegreenredandblueplussignsindicate
the inferred sidebandresponsesn the 11-channel lterbank
bands(FB11), andthe large plus signsin the centerpanelare
sidebandresponsegor the wide lter channelsin R3, which
wereretrieved on a channel-by-channddasis.

D. R4 SidebandResponse

After delivery of the MLS instrumentfor integration on
the Aura spacecraftthe whisker-contactedtripler in the 1st
LO sourcefor R4 was replacedby a more robust planar
technologyone. The R4 recever front-endwas removed and
returnedto JPL for this rework. One consequencef this
changeto the recever was a small changein LO drive level
andmatching,resultingin a small changein relative sideband
responseThe sidebandesponsef therecever wasmeasured
with asimpli ed Fabry-Perosetup beforeandafterthetripler
changeoutWithout IF and Iterbank subsystemst was only
possibleto measuresidebandresponseat 3 IF frequencies,
correspondingo the approximatecentersof the 3 groupsof
channelsin the lower panel of Figure 24. The effect of the
tripler changoutwas a decreasdn the R4 relative sideband
responseshown in Figure24 by  4%.

VI. MASTER OSCILLATOR

All critical frequenciessourcesin the MLS instrumentare
referencedto a 5MHz Master Oscillator (MO). Trend data
taken over a 480 day interval prior to instrumentlaunchis
shawvn in Figure 25 for both the primary and backupunits.
The requirementis for drift of no morethan 1 partin 7
10 @ of the starting frequeng at the end of the mission (6
yearsafter launch). Extrapolationof thesedataindicate that
requirementsre met. In-orbit spectraobsened by the digital
autocorrelator{DACS) provide a very sensitve measureof
rst LO placementsn R1 and R3, and provide a valuable
indicator that no unexpecteddrift hastaken placein the MO
during the rst 6 monthsof in-orbit operation.

VII. SPECTRAL CALIBRATION ACCURACY

Requirement®n spectralcalibrationaccurag aresimilar to
thosefor radiometriccalibrations andmay be summarizeds:
the systematicerror contribution in calibratedradiancesshall
be no more than 1% of the calibratedsceneradiance.This
allocationis separatelyappliedto high-resolutionandrelative
sidebanddata.

For the high resolution sweep data the most sensitve
parametelis channelposition, and sinceall downcorversions
arelockedto the ultra-stableMO, we anticipateno frequeny
drifts in the signalchainsthat precedethe spectrometersThe
DACS processtheir input signalsdigitally, and are similarly



MO frequency / Hz (deviation from 5,000,000)
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immuneto drifts. Theonly likely potentialsourceof signi cant
channel drift arisesin the LC lters usedto de ne the
bandpassesf the lter spectrometersThe inductorsin these
Iters arehand-wound,andannealedwice during lter tuning.
The spectrometeraereextensively temperatureycledbefore
instrumentdelivery, and no evidence of channeldrift was
detectedThe on-boardsynthesizerwhich usesthe MO asits
referencecan determine Iter characteristicén ight should
the needarise.Level 2 residualsto dategive no indication of
drift in the placemenbf ary channel.

The end-to-endsweepsof channelposition/shapeavere of
very high precisionas evidencedby the sampledatashavn
in Figures14 and 15, making shapeerrors also a nggligible
sourceof error. The remainingpotentialerror sourcein these
measurement@risesfrom “out of band'responsewhich could
be at a low level comparedo the peakresponsef ary chan-
nel, but could also spana much larger frequeng rangethan
thenominal Iter width. All Iterbanks weresweptover a fre-
gueny rangewider thanthe nominal spectrometepassbands
by twice the width of the broadestlter in the spectrometer
and the data carefully examinedfor spuriousresponsesNo
suchresponsesvereobsened, but to be conserative we have
chosento allow the errorbudgetfor lter channelpositionand
shapeto be 0.3% of the measuredadiance.

The error introduced by uncertaintyin relative sideband
responsas dif cult to estimate For the 118GHz radiometers
their single sidebandresponsewas adequatelyveri ed by
front-end sweepsin the image sidebandusing a fundametal
source,and by examination of the Fabry-Perotsweepdata
usedto determineband?2 to band9 (i.e., R2 andR3) sideband
responseqthe R1 radiometerswere active during sideband
sweeps).For relative sidebandresponseslose to unity, the
casefor all of the GHz double-sidebandILS radiometersan
fractional error of  translatesinto a correspondingadiance
error of 5 in eachsideband.

For R2 the largestdeviations betweenthe individual band
andIF-wide t dataare 0.02in relative sidebandresponse,

MO Frequency trend data
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correspondingo 1% error in single sidebandradiance.For
R3 the errorsare approximatelyhalf aslarge, andfor R4 half
aslarge again,indicating peakrelative sidebanduncertainties
of 0.01and 0.005, correspondingto radiometric errors
of 0.5% and 0.25% in theseradiometers.The presenceof
unidenti ed systematicsn thesemeasurementsay resultin
these uncertainty estimatesbeing somevhat optimistic, but
even so it is reasonabldo assumethat the combinationof
errorsin high-resolutionandrelative sidebandcalibrationdata
comfortablymeetthe intent of the requirements.

We expect signi cant feedbackfrom Level 2 datain the
future in regardto relative sidebandresponseand suchinfor-
mationwill be documentedn [10].

A. The CommonCalibration Setup

An importantfactorin the ef ciency of all of theinstrument
calibrationsand characterizationgliscussedso far was the
useof a commonsetupwhich allowed simultaneoussetupof
GHz radiometric,spectraland FOV calibrations.For most of
the pre-launchcalibrationsthe GHz radiometermodule was
positionedwith the spaceport viewing downwards, and the
antennasystemviewing the FOV calibration setupwith the
long axis of the GHz primaryre ector horizontal.Radiometric
and spectralcalibration setupswere located below the GHz
radiometermodule,coupledto the spaceport via a pair of fo-
cusingmirrors.Radiometricandspectrakalibrationequipment
could be placedand alignedin the working areabelon the
radiometermodule,and ary of the calibrationsetupschosen
by appropriatepositioning of the switching mirrors, a task
consistingof just issuing commandsto the instrumentand
calibration controllers. This e xibility allowed spectraland
radiometriccalibrationsto be performedduring the day, and
thelongerFOV measurement® be performedat night (when
measurementonditionswere best),with recon gurationtak-
ing just minutes.

Anotherkey contributorto the high ef ciency of radiometric
and spectral calibrationswas the use of controllers which
“snooped'the internal instrumentdata and timing busesvia
optically isolated interfaces. This allowed the operation of
externalcalibrationequipmento be preciselysynchronizedo
the % s instrumentmeasuremenframes.Quick-look software
allowed nearinstantaneougeedbackon dataquality, andwas
alsoof greathelpduringalignmentof calibrationsetupso the
instrumentFOV from the GHz modulespaceport.

A useful bene t of the highly-efcient calibration setups
wasthatthe reducedmeasuremernimes (comparedo UARS
MLS) resultedin improved thermal stability of the signal
chains.This was a very useful bene t given the total-powver
(unchopped)mplementatiorof the MLS instrumentsin addi-
tion, by makingall calibrationsequencesmimic the timing of
theinstrumentin its nominaloperatiormode,Level 1 software
could be usedto corvert the datainto calibration radiances,
taking full advantageof the gainandoffsetdrift compensation
in the Level 1 algorithms.

VIII. IN-ORBIT PERFORMANCE

In-orbit performanceof the GHz radiometersis basically
the sameas seenduring groundtesting,but with improved fl
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Fig. 26. Plotsof Tsys for all GHz 25-channebandsactive during nominal operation.The noise performanceshovn herehasbeenstablefor the duration

of the missionto date.

characteristicddue to the more benign thermal environment
and lack of corvection-inducedartifacts. Channel noise is
characterizedy Tsys and 2, shawn in Figures26 and 27 for
the GHz FB25 bands.TheseFiguresare samplestaken from
the daily diagnosticplots usedto monitor instrumenthealth
and safety and are representatie of intrument performance
from the beginning of the mission.

IX.

The most signi cant in-orbit calibrations are re nement
of pointing knowledge through moon scans,and updatesto
antennascatteringemissionandohmiclossparametersThese
changesvereexpectedbasedn prior UARS MLS experience,
and are describedn [3].

An importantin-orbit calibration has beenthe implemen-
tation of static and dynamic baselinecorrectionsin Level 1
software. Theseupdateswere anticipatedfrom UARS MLS
experienceandLevel 1 softwarewasdesignedo accomodate
the expected changesafter launch. Static baselineis the
spectraldifferencebetweerthe signalsreceved whenviewing
spaceby the GHz switching mirror spaceport and main
antenna.This baseline signature was measuredwith long
dataintegrationsduring the instrumentactivation phase,and
againapproximately8 monthslater, to determineits stability.

IN-ORBIT CALIBRATION

These measurementindicate typical baselinesignaturesof
a few %'s of a K peak-to-peakn most bands,with long-
term stability of 0.02K (limited by the duration of the
calibrationdatasets)in all bands.For R4 we seeno spectral
baselinesignaturedown to the20mK level, possiblydueto the
more highly apodizedillumination of the main opticsfor this
radiometerWe planon verifying the stability of thisimportant
dataperiodically

Dynamic baselinerefers to the offset in mean radiance
betweenthe spaceandlimb port views to space.This compo-
nentof the baselinesignaturds radiometerdependent;anging
from 3.5K in R2 to 8K in R3 and R4, with orbital
variations of just over 1K in the bandswith the greatest
offsets. This offset is measuredon a MAF-by-MAF basis
in Level 1 processingusing radiancesrom limb views with
tangentheightsgreaterthan85km for channelsvith negligible
atmosphericcontribution. Both static and dynamicbaselines,
togetherwith precisionestimatesare reportedin the Level 1
radiance les for the GHz data. Sincethe THz systemuses
the samescanningmirror to view both limb andreferencesit
hasno correspondingaselinesignatures.

A small change made to radiometric calibrations since
launch has beenthe determinationof the thermal gradients
in the passvely-cooledGHz target discusseckarlier and the
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Fig. 27. Plotsof 2 for all GHz 25-channebandsactive during nominal operation.The noise performanceshavn herehasbeenstablefor the durationof

the missionto date.

correspondinghangedo Level 1.

Possiblefuture in-orbit calibrationsinclude the useof satu-
ratedatmosphericadiancego validate/re nerelative sideband
ratio knowledge,andalsoto developmethodsor reducingthe
smallimpactsof standingwavesin the views to the calibration
loads.

A. R3 SpurCompensation

An unexpectedbehaior obsenedin ight wasthe presence
of varying spursin the R3 rst LO, which manifestedasclear
artifactsin the DACS dataradianceresiduals.The presencef
thesespurswasknown beforelaunch,but they were expected
to be stable.Thesespursare offset 714kHz from the LO
fundamentalfrequeng. There is a second, much smaller
pair of spursat 1;428kHz. During the rst six monthsof
MLS operationthe fraction of LO power in the spurshas
rangedfrom less than 15% to more than 36%, with large
changesassociatedvith relatively small changesn operating
conditionsthat effect the temperatureof RF components.

As aresult,Level 1 softwarehasbeenmodi ed to estimate
the magnitudeof spurs,andthe spectraare correctedfor their
effects.Estimatesaremadeseparatelyor B24 andB25 (DACS
bands24 and 25) to simplify handlingof missingdata,even
though the underlying sourceis the R3 LO in both cases.
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The spur amplitudesare retrieved from daily-mean, high-
altitude (tangentpoint above 78km) spectrafrom B24 and
B25, which containmultiple imagesof the Dopplerbroadened
235-GHz O3 line and 230-GHz CO line, respectiely. Since
theseDopplerbroadenedmissionlines are not saturatedthe
obsenedradiancediave a DopplershapeThehigh-altitudeOs
line is modeledas a Doppler shapecenteredat B24 channel
47.384with  of 1.67 channels.The high-altitude CO line
is similarly modeledas being centeredon channel50.44 of
B25 with  of 2.2 channels.The DACS channelspacingis
97.66kHz. A linear leastsquarest of the meanspectrum
with the modeledfundamentaimageandtwo pairsof images
aswell asa constanthaselineoffsetis performed.All spectra
are divided by the DCT of the retrieved LO shapein the
Fourier domainto effectively decowolve the LO shapefrom
the spectra.

We must accountfor the effect of this decowolution on
the channelprecisionsRecever noise(which dominatesmea-
surementoise)is uncorrelatecdbetweenchannelsin the raw
measurementshut becomescorrelatedwhen the LO shape
is decowolved from the spectra.The noisein an individual
channelincreases,although a properly-constructedaverage
over the band, using the full noise covariancematrix, beats
down to the samenoiselevel in both cases.

MLS level 2 retrieval algorithmsdo not currently account
for off-diagonal noise covariance matrix elements,and the
only meansof accountingfor the effects of correlatednoise
is to report the in ated diagonal elements.If we consider
decowolution to be multiplication by W in the time domain,
wherethe elementsof W are the inversesof the elementsof
the DCT of the LO shape thenthe diagonalelementsof the
noise covariancematrix arein ated by the rms of W. Using
estimatedprecisionsin ated by this factor Level 2 will have
a correctvaluefor the noiseon anindividual channelbut will
overestimatehe noiseon the averageof a block of channels.
This effect is small, with noise underestimatedy a factor
of 2 on ablock of data4s in duration.A similar situation
existsfor the Iter channelssincelevel 1 doesnot reportthe
temporalnoise correlationsthat are introducedby the use of
interpolatedspaceandtarget references.

Corvolution in Level 2 of the forward modelwith the LO
shape ratherthan decowolution of the LO shapein Level 1,
permits Level 2 to work in a spacewith a nearly-diagonal
noisecovariancematrix. This approachs usedfor constant. O
widths and spursof otherradiometersAt the time of writing
such cornvolution has not beenimplementedin the Level 2
forward model, but it is intendedto be implementedfor later
versionsof the algorithms.

X. CONCLUSION

This paperhasdescribedhe radiometricperformanceand
radiometricand spectralcalibrationsof the GHz component
of Aura MLS. All performanceand calibrationrequirements
have beenmet, and,aswith its UARS predecessomwe expect
instrument calibration to be maintained,and possibly even
enhancedduring the durationof the mission.
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X1. GLOSSARY

I noiseon a calibratedmeasurement
calibrationtarget emissvity
X transmissiorthroughswitching mirror port X in

-

bandr

dataintegrationtime
B noisebandwith
CX  raw data’counts'in channeli for view to sceneX
CP raw datacountsfor channeli with no signalat the

spectrometemput
DACS128 channeldigital autocorrelatospectrometer
FB11 11 channel Iterbank spectrometer
FB25 25 channel Iterbank spectrometer

o] radiometricgain (Counts/K)of channeli
GB gigabyte

GHz gigahertz,10° Hz

kB  kilobyte

Level 1: the software that corvertsraw instrumentdata
into calibratedform

Level 2: the software that transformsLevel 1 outputinto
retrieved atmophericquantities/pro les

MAF Major Frame,nominally 148 MIFs, comprisinga
completelimb scan/calibratiorcycle

MB  megabyte

MIF  Minor Frame,nominally % s, during which
sciencedataare integrated

PX  radiancein channeli from port X

Tsys SystemTemperaturethe noiseof the measurement

systemin temperatureunits
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