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Abstract—This paper describes the Helsinki University of One of the most promising applications of polarimetric mi-
Technology's Fully Polarimetric Calibration Standard (FPCS). crowave remote sensing is to retrieve both speed and direc-
The developed standard generates a complete Stokes referencqion components of maritime surface winds (e.g., see [2]-[5])
vector and it is applied for the end-to-end absolute calibration ' :
of a fully polarimetric microwave radiometer at 36.5 GHz. The Cc_)mpared to the fourth Stokes parameter, so far the'use of the
FPCS is based on the function principle of a Gasiewski—Kunkee third Stokes parameter has been studied more extensively. How-
linearly polarized (tripolarimetric) standard, with an additional ~ ever, some radiometer measurements of the fourth Stokes pa-
phase retardation plate to generate the fourth Stokes parameter. rameter have been carried out [3], [5]. The measurement of the
Design considerations and operational aspects of the standard are fourth Stokes parameter is potentially beneficial for various re-
discussed in this paper. An advanced calibration procedure, which . - - . . .
takes advantage of both the tripolarimetric and fully polarimetric mote sensing applications, mclgdmg the ve.r.tlcal spundlng of
calibration scenes to suppress calibration uncertainties, is intro- the mesosphere [6] and the retrieval of maritime wind vectors
duced. The feasibility of the standard has been verified and the [3], [5]. Polarimetric wind vector measurements from satellite
generated brightness temperatures in a sample calibration are would also benefit from the immunity of the fourth Stokes pa-
presented. An extensive set of tests has been performed to evaluaterameter to Faraday rotation.

the characteristics and performance of the calibration standard. - . .
Furthermore, the use of the advanced calibration procedure to Helsinki University of Technology (HUT), Laboratory of

measure the characteristics of the phase retardation plate has been Space Technology has developed a multichannel airborne
successfully demonstrated. The achievable calibration accuracy is radiometer system HUTRAD [7], which includes a direct
analyzed and discussed relative to requirements for maritime wind correlating Fully Polarimetric Radiometer at 36.5 GHz [8].
vector measurements; the results indicate that the pixel-to-pixel apa109 correlators are applied to directly correlate the orthog-
retrieval of the wind speed is possible with high accuracy and the . . .
retrieval of the wind direction with at least moderate accuracy. In onally polarlzed. field components in-phase and quadraturg 10
addition to calibration of a fully polarimetric radiometer, other ~ Measure the third and fourth Stokes parameters, respectively
potential applications, e.g., linearity measurements, are discussed.[9]. Compared to a nonpolarimetric radiometer, an accurate
Index Terms—Calibration, dielectric devices, microwave @absolute calibration of such a polarimetric radiometer requires
radiometry, polarimetry, remote sensing, wind. some additional hardware beyond the conventional two-point
blackbody calibration targets [10].
This paper presents the HUT Fully Polarimetric Calibration
Standard (FPCS), which was developed to provide an external
URING THE LAST decade there has been an increasirgd-to-end absolute calibration for the Fully Polarimetric Ra-
interest in passive polarimetric microwave remotdiometer. Comprehensive tests are also included to accurately
sensing. The polarimetric technique is based upon the detectifgsiine the parameters of the device. We note that a similar fully
of additional Stokes parameters beyond conventional vertigallarimetric calibration standard was also developed at the U.S.
and horizontal polarizations. Using modified Stokes paramiational Oceanic and Atmospheric Administration’s Environ-
ters [1], which are commonly used to characterize radiatignental Technology Laboratory (NOAA/ETL) [10]. However,
components in remote sensing applications, the (if5) and different requirements set for the FPCS and the partly experi-
second(1},) parameter describe, respectively, the verticallnental nature of the NOAA standard led to substantial differ-
and horizontally polarized brightness temperatures, whereagces between these two standards, both in design and charac-
the third (73) and fourth (7,) Stokes parameters describeteristics. The differences in the design requirements included,
respectively, linearly and circularly polarized components. e.g., frequency, aperture size, the pointing angle of the antenna,
the minimum number of operating personnel, and calibration
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Fig. 2. FPCS. (A) Pedestal, (B) cold target subsystem, (C) hot target

Fig. 1. Schematic diagram of the FPCS. The microwave window and U-rafidbsystem, (D) temperature sensor connection to the data system of the
for the attachment of the retardation plate are indicated using light gray; tH&/TRAD, and (E) retardation plate.
blackbody targets are indicated using dark gray.

1) generated temperature difference is lafge 200 K),
which reduces error in extrapolating the calibration curve;

2) produced orthogonal and polarimetric brightness temper-
atures encompass the full range of expected earth scene
temperatures;

Il. EQUIPMENT 3) calibration system is independent of auxiliary electrical

The HUT Fully Polarimetric Radiometer [8] was developed power.
primarily for airborne measurements but can also be used fd@wever, the use of liquid nitrogen leads to water condensation
ground-based and laboratory measurements. To calibrate thdnirmechanical structures of the standard. Therefore, only corro-
strument, the FPCS is applied prior to and after a measuremgion-free materials were used.
(flight). The radiometer applies Dicke switching and long-term The varied use of the Fully Polarimetric Radiometer for air-
gain variations could therefore lead to significant measuremdi@irne, ground-based (e.g., rooftop), and laboratory measure-
errors during a typical calibration interval of two to three hourgnents sets requirements for the versatility of the calibration
As a result of efficient temperature stabilization and the carefstandard. On the other hand, the number of calibration personnel
design of the receiver, however, the radiometer has been shaseften limited in measurement campaigns and the personnel
to have excellent stability over comparable time scales [8]; moay be changed. As a consequence, in addition to calibration
calibration during a measurement (flight) is thus necessary. accuracy and cost, ergonomics was an important consideration
A schematic diagram of the FPCS is illustrated in Fig. 1. Twih the design of the FPCS; ease of transport, ease of mobiliza-
blackbody targets at different physical temperatures and a fréign, and operation by a minimum number of personnel were
standing wire-grid polarizer form a linearly polarized standarget as design goals. The FPCS is designed to be modular, which
similar to [12]. By rotating the linearly polarized standard ovegnables the subsystems to be transported and carried individu-
angled about the antenna polarization basis, a variety of orthogly. If necessary, a single person can move, prepare, and operate
onally and linearly polarized reference brightness temperatutbg standard; the total weight of the FPCS is 28 kg, with the
are generated. Itis defined that whes: 0° the wire orientation heaviest subsystem weighing 15 kg. A photograph of the FPCS
of the grid is parallel with the vertical axis of the antenna. An ads presented in Fig. 2. The calibration standard comprises four
ditional retardation plate transforms a part of the linearly polagubsystems: hot target subsystem, cold target subsystem, phase
ized reference signal (third Stokes parameter) into a circulargtardation plate, and pedestal. Details of each of the subsystems
polarized signal (fourth Stokes parameter) when positionedare presented below.
the RF path between the linearly polarized standard and the ra-
diometer antenna. A thorough analysis of the function principfé HOt Target Subsystem
of fully polarimetric calibration standards has been presented inThe hot target subsystem includes a blackbody target and
[10]. a freestanding, polarization-splitting metal wire grid; both are
The FPCS applies blackbody targets at ambient and nitrogesused in an aluminum cylinder 265 mm in diameter (Fig. 1).
boiling temperatures, which has the following advantages: The grid is fabricated from 10pm molybdenum wire, and it

wind vector radiometry are also studied. Conclusions are pre-
sented in Section V.
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has a bandwidth far beyond that of the radiometer [13]. TH& Retardation Plate
grid is estimated to be an almost ideal polarizer up to 100 GHz

o "The retardation plate of the FPCS is a dielectric slab with
at 37.5 GHz, the transmittivity was measured to be over 99%

. o X i . ) ’“parallel grooves machined on one face. The group velocities of
with the electric field being perpendlpular tothe wire onentgtlo ansmitted electromagnetic waves parallel and perpendicular to
[13]. To reduce temperature fluctuations, the aluminum cyImdﬁ{e grooves are different, which generates a phase shift between

is shroude_d in a jacket made of extruded polyethyle_zne. A Mfe two polarizations [16]. The grooves of our plate were dimen-
crowave window is attached on the bottom of the cylinder. ;o using (1)—(3), based on [17]

The hot blackbody target is a sheet of 10-mm-thick mi-
crowave absorber attached to the inner surface of the aluminum

cylinder. A relatively thin flat absorber was selected due to its d= Co ¢ 1)

more suitable mechanical and thermal characteristics compared 360 - f - (na —ny)

to thicker convoluted absorbers, which are often preferred as _ [tier +tae2

microwave blackbody targets. L VA, 2)
For practical reasons the temperature of the hot target is un-

controlled during calibration; closeness to the cold target leads ny = M (3)

to thermal gradients across the target and to temporal variations itz +e2ty

in the physical temperature. Therefore, the temperature of th . » .
hot target is continuously monitored using three precision p|é,(¥-ﬁered is the depth of the grooveg,is applied frequency

inum resistive temperature detectors embedded in the absorﬁe?hes'r?g rr: h?sﬁ Sh.'(;&b IS éhe speedhof light in frei Spa.(.ﬁ]
Connected to the temperature measurement system of the'$dne width o t € g gez etweeﬂt € glroons:sfthe WII t.
diometer [8], the measured physical temperatures are recor&éahe_ grooves, and, ande; are t € rea part_s of the re ative
and applied in postprocessing. Different weighting coefficienRErmittivities of bulk dielectric material and air, respectively.

are assigned to individual temperature detectors to calculate % he f?et;/elopment of tlhfe FPCS retardanr?n _plalte v(\j/asl a
representative physical temperature of the hot target. trade-oll between several Tactors, e.g., mechanical and elec-

trical properties in selecting the material, and generated
B. Cold Target Subsystem reflection coefficients and phase shift in selecting the groove

.dimensions. Cross-linked polystyrene (generally known by

The cold target subsystem consists of an aluminum conta|ri}%r market name Rexolite) was selected as the material due

300 mm in diameter and a highly absorbing, convoluted Mo its superior machinability, low loss, and relatively high

crowave absorber (Fig. 1). The container is shrouded inan ex- . . . . -4 .
truded polyethylene jacket, which provides thermal isolatio )ég]r)mttlwty (tané = 1.0- 107" ande, = 2.547 at 36.5 GHz

The absorber is cooled uniformly by embedding it in liquid ni* The theoretical power reflection of the plate is on the order

trogen prior to calibration; the boiling temperature of nitrogen o : . :
(77.4 K) gives an accurate estimate of the brightness temp of 0.4%, both in parallel with and perpendicular to the grooves.

ture of the target [14]. After the temperature has been stabiliz% o‘r? E:SO{S ticgg.zrla%eozhglts)lsagg g.hggs'th_e éh(;a?(’) r(;a;ciil ;)l;sr(_ar-
the surplus nitrogen is removed, and the hot target subsystggneI with (L”j and pe;pendicular tQ'LL) the girooves respec-

is mounted inside the cold target subsystem; when combm%\/ely_ The calibration errors due to phase shift variations over

th(_ersheetv(\:/gns dueb:gastti(ce)?so;or;rgigtlt:?:aarlr? dpgzr:‘f)??n;%nnd?)rfdi'ce IIrr‘Ie radiometer bandwidth, discussed in [10], were calculated to
the blackbody/air interface are a potential error source Whganmain negligible in this phase shift region.
Y P In order to facilitate the use of the retardation plate, it is

nitrogen-cooled blackbody targets are applied. The Condenﬁ]adunted in a plastic frame, which can be attached in front of

tion can be prevented by keeping the blackbody target Cofe antenna with a high degree of precision. Two different align-

Ef@izelﬁgirigﬂgg rlg;JeI gtig:f:;ogsg tgui:l]ngegglrzggagglb:gfments can be selected: firstly, with the plate grooves in parallel
' P G secondly, with them perpendicular to the vertical polariza-

f”‘t the qr/mtrogen mtc'erfac.e [1.5]' Furthermore, I our case, ttlgn of the antenna, with the corresponding rotation angle values
immersing during calibration is not possible for practical reas

sons: The target is in BGangles during calibration, as is iIIus-0 b= 0 and<p_: 90%, respecuvely. A more compr.ehenswe
- : . ) technical analysis of the fabricated retardation plate is presented
trated in Fig. 1. Therefore, the FPCS is equipped with a mi [19]
crowave window, which prevents the formation of ice onto the '
cold blackbody target. The window was cut from a sheet of
low-loss extruded polyethylene and attached to the bottom i
the aluminum cylinder of the hot target subsystem. The window The pedestal of the FPCS is a modified heavy-duty photo-
is dimensioned to have the cold target tightly enclosed duriggaphic tripod. During calibration the combination of hot and
calibration; the boil-off pressure of nitrogen gas keeps the etnld target subsystems, which equals the linearly polarized stan-
closed space air-free, thus preventing the condensation of wadkard, is mounted on the pedestal using a three-arm clamping
Another important function of the window is to reduce heat leakechanism. An integrated pan-head enables a stepless rotation
via convection and infrared radiation. The brightness tempeia-the linearly polarized standard about the antenna polarization
ture contribution of the microwave window was measured to tbasis oved; the rotation angle is indicated precisely with a laser

negligible at 36.5 GHz, far less than 0.1 K. pointer.

Pedestal
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[Il. CALIBRATION RF path. These additional scenes can be used to determine the
. calibration parameters of the third Stokes parameter (except the
A. Theoretical Background cross-talk with the fourth Stokes parameter) with enhanced ac-

The external calibration methods of microwave radiometegsiracy. Furthermore, comparing the tripolarimetric and fully po-
rely on the observations of precisely known brightness tempétrimetric brightness temperature scenes allows the determina-
ature scenes. Solving the relationship between the antenna téifi2 of the characteristics of the retardation plate. After the gen-
perature and the response of a (linear) radiometer enables thé€fation of the tripolarimetric calibration schemegat~ 0°
trieval of the brightness temperature of any measured targetapdf =~ 90°, the antenna is illuminated with valueséthat
comprehensive analysis of the calibration of fully polarimetrigeviate= +2° and+4° from the original ones; these measure-
radiometers is presented in [10]; a short overview of the theolents are applied in postprocessing to calibfatéth respect
is given in the following. to antenna polarization basis. To control the possible brightness

The relation between the antenna temperature of a fully p@mperature increase of the cold target, the first calibration con-
larimetric radiometer and its output response vector is mafiguration is repeated at the end.
fested by a four-element offset vectoaind a 4x 4-elementgain ~ Conventional two-point calibrations are performed prior to
matrixg. The off-diagonal elements gfrepresent interchanneland after the use of the FPCS with blackbody targets at am-
crosstalk. Estimates of the unknown gain and offset elemehignt (hot target) and boiling nitrogen (cold target) tempera-
can be determined via fully polarimetric calibration, which retures. As the cold calibration is especially sensitive to flaws,
quires the generation of at least five linearly independent brigtiie two-point calibration is repeated six times to improve reli-
ness temperature vectors. Redundant scenes can be appliébidy: three times prior to and three times after the use of the
suppress random calibration uncertainties; in this case, the l@CS. Note that the calibration parameters of the vertical and
ments of the unknown gain-offset estimate matrix can be fouh@rizontal channels of the Fully Polarimetric Radiometer can be
using pseudoinversion, provided that the uncertainties in detégfined by the conventional calibration using éheriori knowl-
mining the brightness temperatur@riori are small enough, edge of the low polarization cross-talk of the orthogonal chan-

ie., nels [8].
The remaining unknown elements of the gain-offset matrix
- .7 —r— \ '=1_ are determined using fully polarimetric calibration, which re-
[!? 5] = (Oo CO) CoTe (4) quires the generation of five linearly independent brightness

temperature scenes [10]. We use, however, six fully polarimetric

where7c is an M x 4-size radiometer signal output matrixand two unpolarized scenes; the observation matgxn (4)
in calibration, and\/ is the number of the applied brightnesds overdetermined, and the random calibration uncertainties are

temperature scenes in calibration. Stokes vector matgxs Suppressed.
a M x 5-size matrix containing the values of the generated
brightness temperatures determirmegkriori, augmented with a C. Accuracy

unity column vector. In determining the brightness temperatures . .. . . . .
Y 9 9 b Calibration errors are of fundamental importance in consid-

a priori, the following parameters are accounted for: the bright- . . )
ness temperatures of the o) and cold(Teorp) targets, ering the absolute accuracy of a radiometer. Provided that the

L S ; : cialibration is performed carefully and no flaws exist, the calibra-
the characteristics of the polarizing grid, the rotation angle flon errors are mostly generated by inaccuracies in determinin
the linearly polarized targé?¥), and the phase shift), phys- Y9 y 9

ical temperaturdTy), rotation angle(y), and losses(; and the brlght_ness temperatures of cgllbratlon st_andz_imﬂsson. _
X Assuming that the receiver noise uncertainty is made negli-
L, ) of the retardation plate.

gible by sufficiently long integration times, the uncertainties in

o the scene Stokes vectors as a result of calibration uncertainties
B. Calibration Procedure are [10]

The human factor is often nonnegligible with manually op-
erated calibration systems. As the use of a fully polarimetric

calibration standard is somewhat more cumbersome than that —_T — — _p/=T\"!
of conventional blackbody targets, care must be taken. To avoid ATp=-Cgyp [59 50] <9 )
flaws, minimize susceptibility to operating personnel, and re- _1
S . Lo —= —T— —T =T
QUce temporal varlqtlons, a standardized calibration procedure ~—Cpyo (Co 00> Cy AT, (5)
is followed when using the FPCS.

The antenna of the radiometer is illuminated using three dis-  _
tinct rotation angles of the linearly polarized target=~ 0°, WhereCp o in a fully polarimetric case is a/ x 5-size scene
9 =~ 45°, andf =~ 90°. Mounting the retardation plate in brightness matrix acquired during operation augmented with
front of the antenna, the plate grooves in parallel with and pe¥-unity column vector. The uncertainties of the gain estimate
pendicular to the vertical polarization of the antenna at eachmftrix and offset estimate vector are denotedspyand éo,
the three values df, six fully polarimetric calibration scenes arerespectively. MatrixAT - contains the Stokes vector uncertain-
obtained. Three additional (tri-) polarimetric calibration scené®s in calibration, and the elements are functions of uncertain-
are generated when the retardation plate is removed from thes associated with individual calibration standard parameters.
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Fig. 3. Calibration demonstration. Tri- and fully polarimetric brightness temperature scenes are generated as a function of time. The dapdigzbints ap
postprocessing are indicated using dark vertical bars. The following target parameters were uéed: 85)2°, o = 0.7°; (B) 8 = 87.2, ¢ = 90.7; (C)
# = 87.2, no retardation plate; (0§ = 45.6°, » = 0.7°; (E) ¢ = 45.6°, ¢ = 90.7; (F) 6 = 45.6°, no retardation plate; (&) = 1.1°, » = 0.7°; (H)

6 = 1.1°,¢ = 90.7; and ()¢ = 1.1°, no retardation plate. The scenes without the retardation plate are optional for a fully polarimetric calibration, but do
improve the calibration accuracy.

IV. CHARACTERISTICS OF THESTANDARD TABLE |
CHARACTERISTICS OF THEFPCS.2 WITH THE ROTATION ANGLE OF THE
A. Measurements LINEARLY POLARIZED TARGET () 0° AND 90°, RESPECTIVELY.

b

. . . . AT 36.5-GHz &ENTER FREQUENCY OVER A 430-MHz BanD.
To verify the viability of the FPCS, several experiments were €N 10, 15, 20AN§25 min, RESPECTIVELY
conducted to calibrate the Fully Polarimetric Radiometer. Fig. 3

illustrates the calibrated brightness temperature scenes thatv Parameter Value
generated by the FPCS during a sample calibration. To imprcPower transmission of the polarai%)ing grid, electric field 97.0,95.7
. ) o . dicular to the grid wires *® (%

the clarity of the figure, the calibration of the rotation angle PerPendicular to the grid wires *~ (%) o

; . . - Power transmission of the polarizing grid, electric field in 20,33
and the conventional calibrations are not presented. Considelaallel with the grid wires *° (%)
that the calibration of requires~2 min in a nominal case, it Ohmic losses of the polarizing gn'dbh (%) 1.0
can be concluded that the generation of the required fully pPhase shift of the retardation plate ” (deg) 35.3

larimetric brightness temperature scenes can be accomplis?}::’;??;i:fﬁ loss of the retardation plate in parallel with | 1.0096 (0.04 dB)

within 10 min. Transmission loss of the retardation plate perpendicular | 1.0073 (0.03 dB)
Several tests were carried out to define the characteristicsto the grooves ®

the FPCS:; the results are summarized in Table I. In the teDrift ol‘the brightness temperature of the cold target ¢ (K)[0.1, 0.35, 0.75, 1.3

it was noticed that the lowest brightness temperatures geraeaweight (ke) 28

ated by the FPCS (vertical brightness temperatuik at 90°

and horizontal a# = 0°) have a warm bias compared to thexplanation for the sacking of the wires is the deterioration of

brightness temperature of a conventional cold blackbody targie wire bonding.

After various tests [19], it was concluded that the biases are mosThe weights assigned to the temperature sensors were es-

probably generated by the nonidealities of the polarizing gritimated comparing the evolution of the radiometric responses

Modeling the grid characteristics using the warm bias, howeverith the data from the temperature sensors embedded into the

gives somewhat deteriorated values compared to the nearly ideat load of the FPCS. The rotation andglavas held constant

values presented in [13]. A possible explanation is the relativedyiring each measurement. An estimate for the ohmic losses of

low physical temperature of the grid during calibration, whicthe grid was obtained comparing the measured brightness tem-

could lead to sacking of the wires; the frame of the grid is magieratures of the hot and cold targets with the physical tempera-

of stainless steel, which has a considerably higher temperattures determined priori.

coefficient than the molybdenum wires. This would also explain Using the radiometer as a reference instrument, the com-

the different results at = 0° andd = 90°. Another potential parison of the tripolarimetric and fully polarimetric brightness
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TABLE I
UNCERTAINTIES ASSOCIATEDWITH THE PARAMETERS OF THEFPCS
Tyor' Teow' 0 L 4 ¢ l1| L, T,
Random uncertainty 0.15K 0.15K 0.1° - 0.2° - - 3K

Systematic uncertainty 02K 0.5K 0.1° 0.003 0.2° 0.2° 910  8-107* SK

79 3

78.5

Ty (K)

78

77.5

Time (min)

Fig. 4. Difference between (top) the measured and estimated brightness temperatures of the hot blackbody target and (bottom) the evaluagbme$she br
temperature of the cold blackbody target of the FPCS as a function of time. The solid line in the top indicates an offset of 0.4 K, while the solid ingomth
indicates a third-order polynomial regression curve.

temperature scenes enabled the definition of the characterisfiosstudy the calibration errors when calibrating the Fully Po-
of the phase retardation plate. The insertion loss of the plak&imetric Radiometer with the FPCS, the uncertainties of the
parallel and perpendicular to the grooves, was measurediridividual calibration standard parameters were studied. The in-
be 1.0096(=0.04 dB and 1.0073=0.03 dB), respectively, dividual uncertainties are summarized in Table Il. Random and
which are very close to the theoretical values presented spstematic uncertainty parameters are listed separately as the in-
Section 1I-C. The high repeatability of the results—the standafidence of the systematic uncertainties could be redaceos-
deviations are 0.0009 and 0.0008 for the parallel and perpesriori, as discussed in [10].
dicular case, respectively—indicates that the retardation plate isThe brightness temperature of the cold target of the FPCS
well matched at the applied frequency band. The phase shifti©fdefined to be constara priori; a drift is thus a potential
the plate was measured to be 35.@hich deviates somewhat (random) error source if not compensated for in postprocessing.
from the theoretical value of 37.0Possible explanations areAs presented in Fig. 4, the stability of the cold target was studied
machining tolerances and the uncertainties in estimating th¢ measuring the evolution of the radiometric response as a
dielectric constant of Rexolite. A small misalignment of 0.7function of time. The rotation anglé was set to © to mini-
between the coordinate axes of the retardation plate and fge the mixing of brightness temperatures. Note that the influ-
antenna polarization basis was also identified in these measigce of the polarizing grid has been removed. To reduce the in-
ments; this misalignment is accounted for in calculaéimgiori  fluence of the radiometer noise, the behavior is modeled using
brightness temperature of the fourth Stokes parameter, whighhird-order polynomial fit. Numerical estimates for the drift
significantly improves the calibration accuracy. Note also thate given in Table I. It can be concluded that the drift is small
active methods, as described, for example, in [17], could beq.1 K) over time periods required for a fully polarimetric cal-
applied to determine the characteristics of the retardation plgfgation~10 min. Note that this measurement gives a somewhat
conservative estimate for the stability; it has been observed that
the rotation of the cold target subsystem during a calibration
The uncertainties associated with the fully polarimetric caleffectively reduces the temperature increase. Thus, the temper-
bration generate errors in the retrieved brightness temperatateire increase can be neglected for time scal&d min.

B. Error Analysis
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The random error in determining the brightness temperatureSystematic uncertainty in determining the physical tempera-
of the hot load was studied in the same measurement describeé of the conventional hot blackbody target is largely defined
above. During the measurement the physical temperature of Byethe accuracy of the thermometer. To determine the tempera-
hot target changed 18 K; Fig. 4 presents the difference beture in each of the six hot—cold calibrations, a hand-held elec-
tween the measured brightness temperature and the brightiemsic thermometer is applied; the electronic thermometer is in
temperature determineal priori using the temperature sensoturn calibrated using a mercury thermometer as a reference stan-
data and the predetermined sensor weights. The results irdhird. Taking into account the unknown temperature distribution
cate that using the temperature sensors the determination ofdghéhe hot target, the uncertainty is predicted to be 0.2 K. The
brightness temperature is feasible and fairly accurate; omittipgysical temperature of the cold target is obtaiaguiori from
an 0.4-K offset, the standard deviation of the difference is onllie boiling temperature of nitrogen in the given atmospheric
0.06 K, which is not significantly higher than the radiometripressure. The estimation of the systematic uncertainty is non-
sensitivity of the data, 0.04 K. Increasing the number of tempdrivial, though; we predict that a cold calibration—if done care-
ature detectors and/or determining more accurately the weightby—can provide the brightness temperature with a systematic
of the temperature sensors would probably suppress the offsgicertainty of 0.5 K.

Note, however, that the isolation of the orthogonal channels ofThe losses and the phase shift of the retardation plate were de-
the Fully Polarimetric Radiometer has been found te-88 dB  termined by comparing the results obtained by tripolarimetric
at minimum [8], which can be used beneficially to improve calnd fully polarimetric calibration scenes. The uncertainties of
ibration accuracy; the calibration coefficients of the orthogon#ie obtained values, which represent systematic errors for fully
channels can now be retrieved using just the unpolarized cadolarimetric calibrations, were defined as standard deviations of
bration scenes. Furthermore, using conventional hot—cold caisults from several measurements. The systematic uncertain-
bration as a reference, tragriori knowledge of the radiometer ties in determining the rotation angleand¢ are predicted to
characteristics (and the fact that the sum of orthogonal briglee equal to random uncertainties (0dnd 0.2, respectively),
ness temperatures is for all valuesfofery close to the sum of and the uncertainty in determining the ohmic losses of the po-
the brightness temperatures of the hot and cold targets) makearizing grid (L) was set to 0.003.

possible to estimat&};, andT{ . p (which include the influ-

ence of the polarizing grid; see [10]) during tripolarimetric calc. Uncertainties in Wind Vector Measurements

ibration configurations. The calibration coefficients of the third - promising application of the polarimetric microwave ra-
Stokes parameter, except the cross-talk between the two A%

larimetric channel n therefore be determined without In|ometers is the determination of maritime wind vectors (e.g.,
arimetric channets, can theretore be dete € out usigge [2]-[5]). The applicability of our system for wind vector

the temperature sensor data and the reflection and transmis§ Meval was also studied as described in [10]; calibration un-
characteristics of the grid. Applying the temperature sensor data '

to compensate the temperature excursiondof... between ° rtainties were studied for a simulated oceanic brightness tem-
P P b Eerature scene assuming & 5B8cidence angle, a sea surface

the tripolarimetric and fully polarimetric calibration scenes, th emperature of 4.6C, and wind speed of 5 ms. It is further

calibration coefficients of the fourth Stokes parameter (and t Ssumed that both tripolarimetric and fully polarimetric calibra-

remaining coefficient of the third parameter) can also be caf}— S . . .
. 4 o ion scenes are applied in calibration andahgiori knowledge
ibrated with enhanced accuracy. The uncertainty in compe bp g

sating the temperature excursions s set conserva dFthe radiometer characteristics, discussed earlier, is used. Both
tivell gto 02K perature excursionsiffor W V& random and systematic uncertainties of the FPCS, presented in

y e o ) _ Table I, were considered, as well as the uncertainties of the ra-
To estimate the random uncertainties associated with §@meter parameters that were estimaietiori (—30 dB [8]).

conventional calibrations, a series of 18 separate hot—coldrpe estimated total errors in the sample wind vector measure-
calibrations were conducted. It was noticed that, comparedunt are 0.4 and 0.6 K f&, andT}, respectively, and 0.4 and
a single two-point calibration, the use of multiple calibrationg g K for 7y andTy, respectively. These estimates are also in line
suppressed the uncertainties significantly; 0.1-K random uncgjitn experimental results presented in [8]. Note, however, that
tainty seems to be achievable in laboratory conditions for boffe calibration errors caused by systematic uncertainties can be
hot and cold calibrations if the calibration is repeated six time@ompensated fom posterioriat least in part [10]. Considering
In field conditions, however, the influence of wind, the surypy the random parameter uncertainties of the FPCS, the esti-
and other factors may increase the calibration uncertaintigsated generated measurement error is 0.1 K for orthogonal po-
anc_i a random uncertainty of 0.15 K is probably a more realisiig i ations and 0.3 and 0.5 K fa@t andTy, respectively. In both
estimate. cases, the most significant error sources are the inaccuracies in
The method used to determine the applied rotation afigleletermining the brightness temperatures of the unpolarized tar-
in the vicinity of ® and 90 was described in Section 11I-B; angets and in determining the rotation anglemdy of the FPCS.
accurate value df in the vicinity of 45 can be found by com- For systematic uncertainties, the inaccuracies in determining the
paring the observed orthogonal brightness temperatures. Duniadiometer characteristiespriori are also significant.
the processing of calibration data, the overdetermination of theAccording to [20], the sensitivity of the vertical brightness
Cy-matrix in (4) makes it possible to enhance the accuracy taemperature to wind speed 4s1.6 Km~!s or higher. The es-
predicted value of 0’1 The random uncertainty of the rotationtimated random and systematic uncertainties of the FPCS pa-
anglep was measured to be 0.2 rameters thus suggest a wind speed measurement inaccuracy of
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0.25 ms'. Compensating for the systematic uncertainties @wer, tripolarimetric radiometers (that measure only three Stokes
usingin situ reference data can potentially improve the accyarameter) would also benefit from the determination of the
racy further. phase balance between orthogonal channels, which cannot be
As is discussed in [10], the high accuracy in pixel-to-pixgderformed using a tripolarimetric calibration standard; the im-
wind direction retrieval requires an extremely high absolute calerfect phase balance leads to mixing of the third and fourth
ibration accuracy of3: for a wind speed of 10 m3s, for ex- Stokes parameters if it is not compensated for in software. A
ample, an inaccuracy of 2@vould require an absolute calibra-potential application of the FPCS is also the determination of
tion accuracy of 0.24 K at 37 GHz. This threshold, howevethe channel cross-talk of conventional radiometers, which can
can be relaxed using the whole Stokes vector for determinilegd to measurement error on targets with distinct brightness
the wind direction. Furthermore, additional methods can be dgmperatures at vertical and horizontal polarizations, such as
plied to improve the wind direction retrieval, e.g., circle flightsvater. Furthermore, the developed standard generates adjustable
[3]: the averaged value @f; andZ over all relative wind direc- brightness temperatures and can be applied to measure the non-
tions should be zero, and the residual bias terms can be remoVigarity of a receiver by generating multiple reference bright-

Another option is cross-calibration with other instruments. ness temperatures and using them as calibration points. The
measurement of this nonlinearity is an indirect but potentially

useful application of the developed standard; the receiver non-
linearity can be up to some Kelvin [21] but is frequently over-
This paper describes the Helsinki University of Techooked as an error source in a conventional two-blackbody cali-
nology’s Fully Polarimetric Calibration Standard, which is &ration scheme. As the FPCS applies integrated blackbody tar-
passive structure that provides a set of precisely known fulets at ambient and boiling nitrogen temperatures, the generated
polarimetric brightness temperature scenes for the end-to-&vt@kes vectors allow the measurement of the receiver linearity
calibration of the HUT Fully Polarimetric Radiometer [8]. ThePractically over the whole range of terrestrial brightness tem-
radiometer operates at 36.5 GHz, and it is designed primarfigratures.
for airborne earth remote sensing. However, laboratory and
ground-based measurements are also foreseen; the FPCS was
thus designed for versatile operation in the laboratory, airport,

and other field conditions (e.g., on rooftops). The functional The authors wish to thank the following individuals for
and ergonomic requirements were met using a modulileir help in the design and fabrication of the calibration
structure, which allowed the combination of high calibratiogtandard: P. Rummukainen, M. Kemppinen, S. Ruokolainen,
accuracy with easy transport, mobilization, and operation;agad H. Ayhynmaki. Further, the valuable contribution of
single operator can take care of the whole calibration procegs, Roschier in the design of the pedestal is gratefully acknowl-

if necessary. The developed calibration standard is based ogdged, as are the valuable suggestions made by J. Pulliainen.
tripolarimetric standard, the function principle of which was
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