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Abstract. Measurement of the third and fourth Stokes parameters of microwave thermal
emission can be degraded by nonideal radiometer characteristics. Of particular importance
is the level of polarization purity and the knowledge of polarization impurity on the part
of the instrument. An explicit relationship is developed between the true Stokes
parameters and the measurements, as functions of nonideal polarization characteristics. In
principle, knowledge of the characteristics allows the degradation to be removed by a
postprocessing calibration procedure. However, errors in the knowledge are possible,
resulting from inexact initial testing and/or subsequent drifting of the instrument. The
effects of these errors on overall calibration are considered. It is found that there is
considerably greater tolerance to the errors when incoherent detection is used
(differencing 6458 linear and left- or right-hand circular polarizations), as opposed to
coherent detection (direct cross correlation of vertical and horizontal linear polarizations).
This is particularly true when cross-polar leakage is imbalanced. The level of nominal
polarization purity that is required is also more relaxed in the incoherent case. On the
other hand, coherent detection has the capability for superior performance with regard to
precision.

1. Introduction
Estimation of ocean surface wind speed by micro-

wave radiometers using linearly polarized brightness
temperatures is a well-established technique [e.g.,
Wilheit and Chang, 1980; Goodberlet et al., 1989].
Early investigations into the anisotropy of microwave
emission by the ocean surface identified wind direc-
tion as the cause [Bespalova et al., 1982; Etkin et al.,
1991; Wentz, 1992]. The results suggest that a properly
calibrated spaceborne microwave radiometer should
be sensitive to both wind speed and direction. Subse-
quently, numerous investigations have considered the
additional information about wind direction con-
tained in the third and fourth Stokes parameters of
the emission (defined below) [e.g., Yueh et al., 1995;
Gasiewski and Piepmeier, 1996; Skou and Laursen,
1996]. Each of these studies involved the fabrication
of a polarimetric radiometer capable of measuring
additional Stokes parameters beyond the conven-
tional vertical and horizontal linear polarizations (V-
and H-pol). In this paper we consider some con-
straints on the design and calibration of such a
radiometer imposed by absolute accuracy and preci-

sion requirements. Of particular interest are the
levels of polarization purity and knowledge of polar-
ization impurity on the part of the antenna subsystem
that are needed to adequately estimate wind
direction.

There are two popular approaches to the design of
a polarimetric radiometer, using either coherent or
incoherent detection, and they are both considered
here. The two approaches are defined in section 2.
Section 2 also briefly addresses the relationship be-
tween wind direction and brightness temperature, but
only in detail sufficient to provide a general guideline
for the accuracy and precision requirements of the
measurements. Section 3 identifies the effects that
nonideal antenna polarization characteristics have on
measurement of the Stokes parameters. A relation-
ship between the true Stokes parameters and the
actual measurements is developed, which must be
inverted as part of a complete calibration algorithm.
Section 4 examines the calibration inaccuracies that
result when the inversion is performed with inexact
knowledge of the polarization characteristics. Section
5 addresses the propagation of noise through the
inversion procedure and the relationship between
measurement noise, DT, and the precision of wind
direction estimates. Section 6 concludes with a dis-
cussion of the implications that these results have on
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the design and testing of a polarimetric radiometer
antenna subsystem.

2. Stokes Parameters and Ocean Wind
Direction

A polarimetric microwave radiometer measures V-
and H-pol brightness temperatures in the conven-
tional manner. If E 5 EVV̂ 1 EHĤ is the electric
field incident on the radiometer’s antenna, then TV
and TH are given by

TV 5 c^uEV u 2& (1)

TH 5 c^uEH u 2& (2)

where V̂ and Ĥ are vertical and horizontal unit
vectors, and c 5 l 2 /khB, where l is the RF center
frequency, k is the Boltzmann constant, h is the
intrinsic impedance of free space, and B is the RF
bandwidth. Measurement of the third and fourth
Stokes parameters can be carried out by either coher-
ent or incoherent means [e.g., Ishimaru, 1991]. Co-
herent detection implies that a direct cross correla-
tion is performed of the vertical and horizontal
components of the incident electric field, as described
by

T3 1 jT4 5 2c^uEVE*H u& (3)

Here the third and fourth Stokes parameters are
designated T3 and T4 , rather than the conventional U
and V, to avoid confusion with the vertical coordinate
V. The asterisk denotes the complex conjugate. The
coherent approach has been used in several polari-
metric radiometer designs [Gasiewski and Piepmeier,
1996; Skou and Laursen, 1996]. Coherent detection
has several attractive features. If the complex corre-
lation is performed digitally, then that portion of the
instrument will have linearity, gain, and amplitude
and phase imbalances which are highly repeatable
over time. Also, only one complex-correlation chan-
nel is required, as opposed to the four-channel system
required in the incoherent case.

Incoherent detection relies on the following rela-
tionships between the Stokes parameters and other,
readily measured, brightness temperatures:

TP 5 ~TV 1 TH !/ 2 1 c Re $^uEVE*H u&% (4)

TM 5 ~TV 1 TH !/ 2 2 c Re $^uEVE*H u&% (5)

TL 5 ~TV 1 TH !/ 2 1 c Im $^uEVE*H u&% (6)

TR 5 ~TV 1 TH !/ 2 2 c Im $^uEVE*H u&% (7)

where TP (TM) is 1458 (2458) linear polarization
and TL (TR) is left-hand (right-hand) circular polar-
ization (LHCP and RHCP). These additional polar-
ization channels can be formed from the standard V-
and H-pol outputs of an antenna using 08 and 1808
hybrids for TP and TM and 6908 quadrature hybrids
for TL and TR [Yueh et al., 1995]. The incoherent
estimates of T3 and T4 follow as

T3inc
5 TP 2 TM (8)

T4inc
5 TL 2 TR (9)

The incoherent approach has also been used by
several polarimetric radiometers [Yueh et al., 1995;
Sollner and Suss, 1996]. Its principle advantage is the
use of existing, well-understood incoherent detection
circuitry following the polarization forming hybrids.
We show below that there may also be significant
advantages to the incoherent approach with regard to
the stability of its absolute calibration.

Numerous investigations have considered the rela-
tionship between the Stokes parameters and micro-
wave emission from the wind-roughened ocean, with
particular emphasis on the relative azimuth directions
of the wind and the radiometer look angle [e.g.,
Wentz, 1992; Yueh et al., 1994a, b]. For the sensitivity
analyses presented here, we consider a typical instru-
ment configuration consisting of a polarimetric radi-
ometer operating at 19.35 GHz with a 508 incidence
angle. We employ model functions that relate the
Stokes parameters to the wind speed and direction
that are extracted from empirical data presented in
the literature from aircraft overflights of buoys. A
nominal 12 m/s wind speed is assumed in determining
TV, TH, and T3 . A 10 m/s wind speed is assumed for
T4 . The slight discrepancy in wind speed results from
extracting model functions for TV, TH, and T3 from
Yueh et al. [1995] and for T4 from Wilson and Yueh
[1996]. The resulting model functions for the bright-
ness temperatures are

TV 5 172 1 1.5 cos u 1 0.95 cos 2u (10a)

TH 5 113 1 0.5 cos u 2 1.0 cos 2u (10b)

T3 5 21.25 sin u 2 1.7 sin 2u (10c)

T4 5 0.5 sin 2u (10d)
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where u is the wind direction relative to the azimuth
look angle of the radiometer. This model results from
direct curve fits of aircraft brightness temperatures to
surface buoy data and so also includes second-order
atmospheric effects. However, for purposes of our
analysis the relations in (10) need not be exact. The
approximate magnitudes of the Stokes parameters,
and their relative sensitivities to wind direction, are of
primary interest here.

Equations (10) can be used to establish a sensitivity
relationship between small errors in the measure-
ments and in the inferred wind direction. For small
errors the change in u corresponding to a change in
TV is given by

duuTV
5 dTSdTV

du
D 21

(11)

where dT is the change in TV and where the deriva-
tive follows from (10a). Similar expressions result for
small changes in each of the measurements. Assume
that an inversion algorithm exists that estimates wind
direction from the measurements. We are interested
here in the incremental effects on that algorithm of
small errors in the measurements, such as might be
caused by uncorrected instrument drifts and additive
noise. If the drifts and/or noise are uncorrelated, their

net effect on the estimate of wind direction will be
reduced by averaging. The total incremental change
in u follows as

du 5 @~duuTV
! 22 1~duuTH

! 22 1~duuT3
! 22 1~duuT4

! 22# 21/ 2

(12)

where we have assumed Gaussian statistics and
summed the inverse variances of each contribution.
Assuming that the incremental change dT in each
measurement is similar, it can be factored out of the
summation in (12) and used to normalize du. The
result is a sensitivity scale factor du/dT, which trans-
lates errors in brightness temperature to errors in the
estimation of wind direction. A plot of this scale
factor versus wind direction is shown in Figure 1.
Note that maximum sensitivity to measurement error
occurs near downwind (u ' 1578 and 2038) and
minimum sensitivity occurs upwind (u 5 08). Mea-
surement errors in the 0.3- to 0.5-K range correspond
to errors in wind direction in the range 48–128,
depending on wind direction. This level of error is
roughly consistent with the retrieval accuracy of one
polarimetric radiometer wind direction algorithm
[Gaiser et al., 1996]. On the basis of these results we
will use as a general guideline the requirement that

Figure 1. Sensitivity of estimated wind direction to errors in the four Stokes parameters, as a function
of the relative angle between the wind direction and the azimuth angle of the radiometer observation
(assuming 19.35-GHz observations at a 508 angle of incidence with 10–12 m/s winds). Upwind (08)
observations are most tolerant of measurement errors, while 1578 and 2038 observations are most
sensitive. A measurement error of 0.4 K corresponds to an error in wind direction of 58–108.
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each of the four Stokes parameters be corrected for
polarization impurity with 0.4-K accuracy. It should
be noted that numerous other sources of error in the
retrieval of wind direction, for example, from receiver
gain imbalances and nonlinearities, will add to the
58–108 error. If these other sources become suffi-
ciently large, then the 0.4-K requirement on polariza-
tion accuracy would need to be tightened accordingly.

3. Model for Nonideal Antenna
Measurement of Stokes Parameters

In practice, there are a number of unavoidable,
nonideal characteristics of the antenna subsystem
that result in contaminated measurements of the true
Stokes parameters. For example, (1) typical offset
reflector antenna designs can introduce significant
cross polarization; (2) the orthomode transducer of-
ten used on antenna feed horns to separate orthogo-
nal linearly polarized components of the incident field
has leakage signals from the unwanted polarization;
and (3) the hybrids used to form 6458 linear polar-
ization and LHCP/RHCP will have small-amplitude
imbalances and phase deviations from ideal 08, 1808,
and 6908. All of these characteristics can be modeled
by incorporating the nonideal hardware behavior into
the relationship between the incident electric field
and the radiometer’s detected output. This relation-
ship is developed in detail in the appendix. The
results are summarized here. Denote nonideal mea-
sured values for the Stokes parameters by T9V, T9H,
T93 , and T94 , and denote true values for the parame-
ters by TV, TH, T3 , and T4 . They are related by

T9V 5 @TV 1 iVTH 1 ÎiV~T3 cos fV 1 T4 sin fV!#/~1 1 iV!

(13)

T9H 5 @TH 1 iHTV 1 ÎiH~T3 cos fH 2 T4 sin fH!#/~1 1 iH!

(14)

T93coh
5 $T3 @1 1 ÎiV iH cos (fV 2 fH !#

1 T4 ÎiV iH sin (fV 2 fH) 1 2TV ÎiH cos fH

1 2TH ÎiV cos fV}/Î~1 1 iV !~1 1 iH ! (15)

T94coh
5 $T4 @1 2 ÎiV iH cos (fV 2 fH !#

1 T3 ÎiV iH sin (fV 2 fH) 2 2TV ÎiH sin fH

1 2TH ÎiV sin fV}/Î~1 1 iV !~1 1 iH ! (16)

T93inc
5 T3 @~1 2 iP !/~1 1 iP ! 1 ~1 2 iM !/~1 1 iM !#/ 2

2 T4 @ÎiP sin fP/~1 1 iP ! 1 ÎiM sin fM/~1 1 iM !#

1 TV @~1 1 2ÎiP cos fP 1 iP !/~1 1 iP !

2 ~1 1 2ÎiM cos fM 1 iM !/~1 1 iM !#/ 2

1 TH @~1 2 2ÎiP cos fP 1 iP !/~1 1 iP !

2 ~1 2 2ÎiM cos fM 1 iM !/~1 1 iM !#/ 2 (17)

T94inc
5 T4S ÎeL cos fL

1 1 eL
1

ÎeR cos fR

1 1 eR
D

1 T3S ÎeL sin fL

1 1 eL
1

ÎeR sin fR

1 1 eR
D

1 TVS 1

1 1 eL
2

1

1 1 eR
D 1 THS eL

1 1 eL
2

eR

1 1 eR
D (18)

where (1) iV (iH) is the isolation at the vertical
(horizontal) port from leakage of the horizontal
(vertical) signal; (2) fV (fH) is the phase of the
horizontal (vertical) signal with respect to the vertical
(horizontal) signal leaving the vertical (horizontal)
port; (3) iP (iM) is the isolation at the 1458 (2458)
port from leakage of the 2458 (1458) signal; (4) fP
(fM) is the phase of the 2458 (1458) signal with
respect to the 1458 (2458) signal leaving the 1458
(2458) port; (5) eL (eR) is the eccentricity of the
LHCP (RHCP) channel, defined as the ratio of
sensitivity to horizontal versus vertical polarized sig-
nals; and (5) fL (fR) is the phase deviation from
2908 (1908) of the quadrature hybrid. Under ideal
conditions we have iV 5 iH 5 iP 5 iM 5 0, eL 5
eR 5 1, and fL 5 fR 5 08, which gives T9x 5 Tx for
x 5 V, H, 3, and 4 (for both coherent and incoherent
detection).

As an example, cross-polar leakage can result from
rotation of the local orientation of the polarization
axes (at the antenna) with respect to the Earth
reference frame. If an antenna is rotated by an angle
u about an axis parallel to its main-beam boresight,
then the local V, H, P, and M orientations will be
rotated by the same amount. Using (13)–(18), this
corresponds to isolation levels of iV 5 iH 5 iP 5
iM 5 (sin u/cos u)2, relative phases in the leakage of
ufV 2 fH u 5 ufP 2 fM u 5 1808, and an eccentricity
of eL 5 eR 5 1. For example, rotation by 18
corresponds to an isolation of 0.0003 (35 dB). Equiv-
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alently, knowledge of the antenna orientation with 18
of accuracy corresponds to possible errors in knowl-
edge of the isolation of 235 dB. (Here and in the
following analysis we use positive decibel values to
denote the level of isolation and negative values for
the error in knowledge of the isolation.)

Examples of the error introduced by (15) and (17)
into the measurement of T3 are shown in Figure 2. In

the coherent case, the error, T93coh
–T3 , is shown in

Figure 2a versus the level of isolation between the
vertical and horizontal ports and for various differ-
ences in phase, fV–fH, between the leakage. Even at
the very high isolation level of 40 dB, T93 is still in
error by 2–6 K, depending on fV–fH. This level of
error is comparable to the value of T3 itself and must
be corrected to adequately calibrate the radiometer.

Figure 2. Contamination of the true third Stokes parameter T3 by polarization impurities in the
antenna subsystem. In the (a) coherent case, T3 has been altered by several kelvins even with extremely
high quality isolation between the vertical and horizontal polarization (V- and H-pol) channels (;40
dB). In the (b) incoherent case, moderate levels of isolation between the P- and M-pol channels (;20
dB) result in very little contamination, provided the leakage is in phase with the primary signal. In all
cases, fV 5 fP 5 08.
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With incoherent detection, the error, T93inc
–T3 , shown

in Figure 2b is generally at a much lower level.
Reasons for this are discussed at length in the next
section. Note that the error also depends strongly on
the phase difference, fP 2 fM, between the leakage.

Equations (13)–(18) describe a linear transforma-
tion from the desired Stokes parameters to the actual
measurements. Define the mappings Rcoh and Rinc
according to (13)–(18), so that

T9coh 5 RcohT (19)

T9inc 5 R incT (20)

where T 5 (TV, TH, T3 , T4), T* 5 (T9V, T9H, T93 ,
T94), TVcoh

5 TVinc
, and THcoh

5 THinc
. In the next two

sections, we consider the behavior of the inverse of
(19) and (20) with respect to measurement accuracy
and precision.

4. Accuracy of Stokes Measurements
The mappings (19)–(20) can be inverted exactly,

provided there is no error in knowledge of the various
isolation and eccentricity magnitudes and phases in-
cluded in (13)–(18). In practice, however, the ele-
ments of Rcoh and Rinc are subject to two sources of
error. First, there are limitations to the accuracy with
which the elements can be measured and/or modeled.
In addition, the levels of isolation and the phases of
the leakage may drift in between calibration tests.
The sensitivity to these errors is assessed by comput-
ing the corrupted measurements, T9coh and T9inc, using
nominal values for Rcoh and Rinc and then inverting
them using slightly different values to retrieve Tcoh
and Tinc. Discrepancies in the resulting Stokes param-
eters represent errors in the calibration. Details of
this simulation follow.

Errors in knowledge of the hardware specifications
are modeled by zero mean normally distributed ran-
dom variables. The error analysis is performed as
follows: Nominal values are assumed for the Stokes
parameters over open ocean at 10–12 m/s wind speed,
as described in the previous section, and at a relative
azimuth angle of 458. Values for each of the hardware
specifications are also assumed. The hardware values
are varied as part of a parametric analysis. Measure-
ments of T9coh and T9inc are then computed using
(19)–(20). The effects of error in knowledge of the
hardware specifications are determined by a numeri-
cal simulation. Several thousand realizations of the
inversion of (19)–(20) are generated, in which, prior

to matrix inversion, elements of R are randomly
perturbed by adding Gaussian “noise” to each of the
hardware specifications. The noise represents errors
in knowledge, and the standard deviations of the
Gaussian perturbations are also varied as part of the
parametric analysis. Finally, for each realization the
estimated values of the Stokes parameters (after
inversion) are recorded, and their standard deviations
are computed. We note here that the mean value of
the realizations was also computed, and no significant
bias was noted, relative to the true Stokes parameters,
for any of the parametric variables. A numerical
simulation approach was used because the forward
mapping R and especially the inverse mapping R21

are nonlinear in the various hardware specifications,
which makes an analytical solution less tractable.

4.1. Coherent Detection of T3 and T4

Parametric analysis of the coherent method of
detection involves variations in the isolation between
V- and H-pol channels, the phase of the leakage
signals in each channel, and the standard deviations
of each of these four values (representing the error in
knowledge of the value). We consider first the effects
on T3 calibration of errors in knowledge of the level
of isolation. In Figure 3a the level of isolation be-
tween channels is varied from 10 to 50 dB. Knowledge
of the level of isolation is assumed to be accurate to
either 240 or 250 dB (for example, isolation of 30 dB
with 240-dB knowledge implies that the leakage is 30
dB below the primary signal and that its level is
known to one part in ten). Three cases of relative
phase between the leakage signals are also consid-
ered. (We note here that for a given relative phase,
the absolute phase of the leakage had no significant
effect on the behavior of the error. Results are shown
only for relative phases of 08, 458, and 908. The
behavior at 1808 was similar to that at 08, that at 1358,
2258, and 3158 was similar to 458, and that at 2708 was
similar to 908.) Figure 3a shows the rms error in T3 ,
sT3

that results from attempting to correct for the
polarization impurity with inaccurate knowledge of
the level of leakage. In Figure 3a, sT3

is lowest when
the relative knowledge of the level of leakage is best.
This occurs when either the leakage is large or the
absolute knowledge is small. Note that when the level
of isolation becomes comparable to the knowledge,
the behavior of sT3

tends to level out. This can be
explained by noting, for example, that if the isolation
is known to 240 dB, then it makes little difference
whether the isolation itself is 40 or 50 dB. Finally,
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note that sT3
also depends in a consistent manner on

the relative phase of the leakage.
The effects on T3 calibration of errors in knowl-

edge of the phase of the leakage are considered next.
In Figure 3b the phase is assumed known to within
658 rms. The level of leakage is assumed known
exactly. The rms error in T3 is seen to drop mono-

tonically with increasing isolation. This is in marked
contrast to the behavior described in Figure 3a, in
which the error increases with increasing isolation. In
practice, both the level and relative phase of the
leakage can never be known exactly. The rms errors in
T3 due to the two causes must, then, be combined (in
a root sum squared sense if the two errors are

Figure 3. Error in coherent T3 after instrument corrections are made for the polarization impurity,
assuming (a) 240 or 250 dB rms error in knowledge of the isolation between V- and H-pol channels
and perfect knowledge of the phase difference between the leakage and the primary signals, and (b) 58
rms error in the relative phase and perfect knowledge of the isolation. Effects of the error in knowledge
of the leakage become worse as the isolation improves, until the isolation is comparable to the error
itself. The effects of the phase error have an opposite dependence on isolation.
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uncorrelated). The resulting behavior of sT3
will

feature a minimum at some level of leakage where the
two competing sources of error are balanced. Note
that because of the dependence of sT3

on the relative
phase of the leakage, the location of the minimum
will necessarily depend on that phase.

We now consider variations in the level of the
isolation, assuming that the errors in knowledge are

240 or 250 dB for the level and 58 for the phase. The
resulting standard deviations, sT3

and sT4
, of the

estimates of the Stokes parameters are shown in
Figure 4. Consider first the behavior of sT3

shown in
Figure 4a. It is very sensitive to the relative phase of
the V- and H-pol leakage. At the higher levels of
leakage (iV, iH , 30 dB), inphase leakage results in
significantly better calibration accuracy. At the very

Figure 4. Error in coherent (a) third T3 and (b) fourth T4 Stokes parameters after instrument
corrections are made, assuming 240 or 250 dB rms error in knowledge of the isolation between V- and
H-pol channels and a 58 rms error in knowledge of the phase difference between the leakage and the
primary signals. Three nominal phase difference are considered, and the nominal isolation level is
varied. Inphase leakage permits T3 to be much more tolerant of higher levels of leakage.
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high levels of leakage (iV, iH , 20 dB), there is little
difference whether errors in knowledge of the leakage
are 240 or 250 dB. As the leakage is reduced,
however, the 250-dB knowledge becomes clearly
superior. At very high isolation (above approximately
40 dB), sT3

generally becomes insensitive to the level
of isolation. This suggests that the calibration error is
being dominated by errors in knowledge. This is
corroborated by the fact that the 250-dB errors in
knowledge have superior calibration there. Finally,
note that for inphase leakage the minimum calibra-
tion error occurs at a level of isolation roughly 20 dB
below the error in knowledge. This general charac-
teristic was pointed out by an anonymous reviewer of
this paper.

Comparing sT4
with sT3

, one sees there is a
marked difference in their behavior with respect to
the phase of the leakage. Whereas T3 is better
calibrated provided the leakage is inphase (at the
higher levels of leakage), inphase leakage results in
the worst calibration of T4 . Calibration of both T3
and T4 with 0.4-K accuracy could be problematic,
unless errors in knowledge are kept quite low.

We next consider variations of the error in knowl-
edge of the isolation. This might correspond in a
spaceborne instrument, for example, to constraints on
the allowable drift in isolation over the lifetime of the
mission or to constraints on the required accuracy of
prelaunch determination of the isolation. For this
simulation the level of isolation is fixed at 30 dB, and
error in knowledge of the V- and H-pol leakage phase
is fixed at 58. The results are shown in Figure 5. In the
case of T3 , calibration accuracy of #0.4 K requires
knowledge at or better than 242 dB with inphase
leakage. With other phase differences, even greater
knowledge is needed. For T4 we have already seen
from Figure 3 that isolation better than 39 dB is
necessary to achieve 0.4-K accuracy. This is corrobo-
rated by the results in Figure 5b.

Variations in the error in knowledge of the phase
of the leakage signals are considered next. This error
might correspond to the allowable drift in or the
measurement accuracy of the phase of the leakage.
The isolation level is fixed at 30 dB, and error in
knowledge of that level is set at 240 dB. The results
are shown in Figure 6. In all cases, sT3

and sT4
rise

with increasing error. The rate of increase varies
significantly with the relative phase of the leakage in
the case of T3 and varies less so for T4 . For T3 the
240-dB error in knowledge of the isolation level
dominates the calibration accuracy when the leakage

is inphase between channels, preventing it from ever
reaching 0.4 K. For a relative phase of 908 the
isolation error is less dominant, and a phase accuracy
of 18 (which is quite high) manages to bring sT3

down
to 0.4 K. On the other hand, 0.4-K degradation in the
accuracy of T4 occurs with phase errors near 28 at a
relative phase of 08.

4.2. Incoherent Detection of T3

Because the incoherent detections of T3 and T4
are performed by different hardware components,
they will be considered separately. Calibration inac-
curacies in T3 are caused by the leakage characteris-
tics of the 6458 channels. In a manner similar to
Figure 3 we first consider the individual effects on T3
calibration of errors in knowledge, while varying the
level of the isolation between P- and M-pol channels
along with the relative phase of the leakage. Errors in
knowledge of the level of the leakage are fixed at 240
or 250 dB, and errors in knowledge of the phase are
fixed at 58, for both channels. The results are shown in
Figure 7. The general shape of sT3

is similar in
Figures 3a and 7a, except that in Figure 7a the
dependence of sT3

on the phase of the leakage is not
significant. Figures 3b and 7b are also very similar in
shape. Note, however, that in both cases the level of the
error is significantly lower using incoherent detection.

The superior robustness to errors in knowledge of
the hardware characteristics on the part of T3inc

relative to T3coh
shows up in this and in subsequent

parametric studies presented below. It is largely the
result of an important difference between the coher-
ent mapping given by (15) and the incoherent rela-
tionship given by (17). In the coherent case the
dependence of T93 on TV and TH is through scale
factors

2 cos fH ÎiH/@~1 1 iV !~1 1 iH !#

2 cos fV ÎiV/@~1 1 iV !~1 1 iH !#,

respectively. Increases in either iV or iH will result in
higher leakage of TV or TH into T93 . The magnitudes
of TV and TH greatly exceed those of either T3 or T4 ,
and so errors in the correction for this leakage will
tend to dominate the inversion of (19). In the inco-
herent case, on the other hand, the TV and TH scale
factors consist of differences between similar func-
tions of the P- and M-pol isolation. Therefore mutual
increases in iP and iM will tend to cancel one another
out. This fortuitous cancelation effect is a result of the
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differencing scheme used in incoherent detection.
Even for the case of unequal isolation (iP Þ iM),
there is still significant partial cancelation. As an
example, the incoherent detection error, T93inc

–T3 , is
shown in Figure 8 for varying degrees of unequal
isolation. T93inc

–T3 is small when the P- and M-pol
channels are balanced, which suggests that the neces-
sary corrections to T93 will be less susceptible to error.
(The exact values of iP and iM at which T93inc

–T3 is

zero are close to, but not exactly, iP 5 iM because of
the small contributions to T93inc

from other terms in
(17).) Even when the channels are significantly imbal-
anced, however, the detection error is still well below
the coherent case shown in Figure 2a. For example,
iP 5 20 dB together with iM 5 30 dB gives T93inc

–T3 5
25 K. In contrast, iV 5 iH 5 20 dB gives T93coh

–T3 5
60 K, and iV 5 iH 5 30 dB gives T93coh

–T3 5 15 K.
The contamination of T93 is generally much larger in

Figure 5. Error in coherent (a) T3 and (b) T4 , assuming 30-dB isolation between V- and H-pol
channels and 58 rms error in knowledge of the leakage phase. Three nominal phase difference are
considered, and the error in knowledge of the isolation is varied. Inphase leakage benefits T4 . However,
T3 accuracy of 0.4 K will require isolation knowledge of 242 dB.
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the coherent case and so is more prone to errors in
the calibration process.

Figure 9 considers errors in knowledge of both the
isolation and the relative phase of the leakage, as
functions of the level of isolation (Figure 9a), the
error in knowledge of the isolation (Figure 9b), and
the error in knowledge of the phase (Figure 9c). In
Figure 9a the dependence of sT3

on isolation level,
knowledge, and phase has the same general shape as
in the coherent case (see Figure 4a). However, the

magnitude of the calibration error is significantly
lower in the incoherent case. For example, isolation
of ;23 dB or better is sufficient to ensure calibration
errors of #0.4 K at any relative phase or level of
knowledge. In the coherent case, only certain combi-
nations of isolation and phase difference perform as
well.

Calibration inaccuracies in T3 due to errors in
knowledge of the level and phase of the leakage
between P- and M-pol channels are shown in Figures

Figure 6. Error in coherent (a) T3 and (b) T4 , assuming 30-dB isolation between V- and H-pol
channels and 240-dB rms error in knowledge of the isolation. Three nominal phase difference are
considered, and the error in knowledge of the leakage phase is varied.
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9b and 9c. In both cases the isolation is fixed at 30 dB.
Figure 9b varies the error in knowledge of the isola-
tion, with the phase error fixed at 58. It should be
compared with Figure 5a for the equivalent coherent
parametric study. The incoherent approach is again
more tolerant of errors. For example, assuming in-
phase leakage, the level of accuracy achieved in the

coherent case with an error of 242 dB (sT3
5 0.4 K)

is possible in the incoherent case with an error of 236
dB. In other words, the hardware can drift out of
calibration 4 times as far in the incoherent case
without significantly degrading the retrieval of wind
direction. Figure 9c varies the error in knowledge of
the phase of the leakage signal, with the error in

Figure 7. Error in incoherent T3 after instrument corrections are made for the polarization impurity,
assuming (a) 240 or 250 dB rms error in knowledge of the isolation between 6458 polarization (P- and
M-pol) channels and perfect knowledge of the phase difference between the leakage and the primary
signals, and (b) 58 rms error in the relative phase and perfect knowledge of the isolation. Effects of the
error in knowledge of the leakage become worse as the isolation improves, until the isolation is
comparable to the error itself. The effects of the phase error have an opposite dependence on isolation.
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knowledge of the isolation fixed at 240 dB. The
comparable coherent case in shown in Figure 6a. The
coherent calibration accuracy cannot achieve a sT3

#
0.4 K level for any level of phase error, except at a
relative phase of 908. In the incoherent case, sT3

#
0.4 K is achieved with all relative phases if the phase
error is #128. If the leakage is inphase, then the
allowable error in phase knowledge can be relaxed to
#278. Overall, it should be emphasized that cases in
which the P- and M-pol leakage are inphase are
generally less susceptible to calibration inaccuracies.
The exception to this is Figure 9b, in which there is a
small increase in sT3

due to errors in knowledge of
the level of isolation for inphase leakage.

4.3. Incoherent Detection of T4
Incoherent detection of T4 is derived from TL and

TR according to (9). Our simulations have found it to
be particularly insensitive to the level and phase of
eccentricity in the L- and R-pol channels. For exam-
ple, parametric studies which independently varied
the levels of eccentricity, eL and eR, while fixing fL 5
fR 5 08 and fixing the error in knowledge of the
eccentricity at 240 dB and in knowledge of the phase
at 58, found no significant effect on sT4

. Similarly,
independent variations of fL and fR over 6208 (with

eL 5 eR 5 1 and the same errors in knowledge)
found little effect on sT4

. In other words, the exact
circularity of the L- and R-pol channels is much less
important than how well its eccentricity is known.
Parametric variations in the errors in knowledge
corroborate this. The sensitivity of calibration accu-
racy to errors in knowledge of eL and eR (fixing fL 5
fR 5 08 and error in knowledge of the phase at 58) is
shown in Figure 10a. Note that sT4

is essentially the
same for all eL and eR between 0.9 and 1.1, as noted
above. Knowledge of the eccentricity to better than
217 dB provides sT4

# 0.4 K. Below 225 dB, sT4

does not decrease significantly with improved knowl-
edge of the eccentricity. This indicates that sT4

is
dominated by the 58 phase error. Figure 10b shows
the calibration sensitivity to errors in knowledge of
fL and fR, fixing eL 5 eR 5 1.0, fL 5 fR 5 08, and
errors in knowledge of eL and eR at 240 dB. From
the figure, sT4

equals 0.4 K for a phase uncertainty of
approximately 138 and continues to drop as phase
uncertainty is reduced, indicating that errors in phase
dominate sT4

.
The relative sensitivities to calibration errors in

coherent and incoherent detection of T4 can be seen
by comparing Figure 10 with Figures 5b and 6b. In the

Figure 8. Contamination of the true third Stokes parameter T3 by polarization impurities in the
antenna subsystem, assuming incoherent detection with a variable imbalance between the P- and M-pol
levels of isolation. When the isolation is nearly balanced, most of the effects of polarization impurity are
canceled out by the differencing operation, TP–TM, used to derive T3 . Thus the calibration error
resulting from inexact correction for the contamination is smaller near the balanced state. The small
residual contamination present when the isolation is balanced results from other terms present in
equation (17).
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coherent case, V- and H-pol isolation plays a role
similar to eL and eR in the incoherent case. From
Figure 5b, errors significantly larger than 0.4 K are
present at all levels of error in knowledge of iV and
iH. This is in contrast to the incoherent case, in which

a 217-dB requirement on knowledge of eL and eR is
sufficient to provide a calibration error of 0.4 K. From
Figure 6b we see that phase uncertainties of as little
as 18 in the coherent detection of T4 are still insuffi-
ciently accurate to provide a calibration error of #0.4

Figure 9. Error in incoherent T3 due to inexact hardware corrections (a) assuming 240 or 250 dB
rms error in knowledge of the isolation between P- and M-pol channels and a 58 rms error in knowledge
of the phase difference between the leakage and the primary signals (P- and M-pol isolation is varied);
(b) assuming 30-dB isolation between P- and M-pol channels and 58 rms error in knowledge of the
leakage phase (knowledge of the isolation is varied); and (c) assuming 30-dB isolation between P- and
M-pol channels and 240-dB rms error in knowledge of the isolation (knowledge of the leakage phase
is varied). With inphase leakage, T3 accuracy of 0.4 K requires 10-dB isolation, 36-dB isolation
knowledge, or 278 phase knowledge. The more tolerant incoherent requirements result from fortuitous
cancelation of the calibration errors in the TP–TM differencing operation.
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K. In the incoherent case, on the other hand, a phase
uncertainty of 138 is sufficient. The fact that incoher-
ent estimation of T4 using (9) is more forgiving of
hardware uncertainties results from the differencing
scheme, TL–TR. Just as in the case of T3inc

described
above, there is significant cancelation of the nonideal
hardware characteristics inherent in the relationship,
equation (18), between T94inc

and TV and TH.

5. Precision of Stokes Measurements
The four element vector measurements, T9coh and

T9inc, will be corrupted by zero mean additive Gauss-
ian noise. In the coherent case we assume that each of
the four measurements has uncorrelated noise with
the same standard deviation, DT. This neglects pos-
sible degradation in the signal-to-noise ratio from the
cross correlator, for example, due to quantization
and/or undersampling [Hagen and Farley, 1973], by
assuming that a sufficient number of bits and clock
speed are used. The coherent measurement covari-
ance is then given by

G9coh 5 DT 2I (21)

where I is the identity matrix. Inversion of (19), to
estimate T3 and T4 , will result in a modified covari-
ance, Gcoh, for the estimated third and fourth Stokes
parameters given by

Gcoh 5 Rcoh
21 G9coh(Rcoh

21 ) † (22)

where the dagger denotes the matrix transpose. The
square roots of the third and fourth main diagonal
elements of Gcoh give the resulting precision of the
estimates of T3 and T4 . The ratios =Gcoh(3, 3)/DT
and =Gcoh(4, 4)/DT give the noise multiplication
factors (NMFs) of the measurement DT due to the
inversion. These ratios are plotted in Figure 11 as
functions of the V- and H-channel isolation and the
relative phase of the leakage signals. The NMF is at
or near unity for isolation levels of ;20 dB or better
at all relative phases of the leakage and for both T3
and T4 . In a properly designed radiometer, in which
the accuracy considerations described above are ad-
equately addressed, this level of isolation would likely
be present anyway.

For the incoherent case, T93 and T94 will have twice
the variance of the coherent measurements, or of T9V
and T9H, because of (8) and (9). For this reason, the
measurement covariance will be diagonal, with main
diagonal elements given by

G9inc ~i, i! 5 H DT 2 i 5 1, 2
2DT 2 i 5 3, 4 (23)

Inversion of (20) gives the incoherent covariance,
Gcoh, for the estimated Stokes parameters as

G inc 5 R inc
21G9inc (R inc

21) † (24)

The NMFs, =Ginc(3, 3)/DT and =Ginc(4, 4)/DT, for
T3 and T4 are shown in Figure 12 as functions of

Figure 9. (continued)
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appropriate hardware parameters. For T3 the NMF
increases as the P- and M-channel isolation drops, in
a manner similar to the coherent case. The higher
(2DT 2) initial variance for T93 results in a lowest
achievable NMF of =2. This level is reached for
isolation values at or above ;20 dB, similar to the
coherent case.

The dependence of the T4inc
NMF on eccentricity is

shown in Figure 12b. The lowest achievable NMF (of
=2) occurs for the ideal case eL 5 eR 5 1. At other
levels of eccentricity, including cases with significant
imbalance between the L- and R-pol channels, the
increase in NMF is extremely gradual and would not
be considered significant in most applications.

Figure 10. Error in incoherent T4 due to inexact hardware corrections (a) assuming a nominal 908
phase difference between V- and H-pol components of the LHCP and RHCP channels and assuming
58 rms error in knowledge of the true phase difference (knowledge of the LHCP and RHCP eccentricity
is varied), and (b) assuming nominal eccentricity of 1.0 and 240-dB error in knowledge of the
eccentricity (knowledge of the nominal 908 phase difference between V- and H-pol components is
varied).
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6. Implications on Instrument Design
and Testing

The results presented here suggest several guide-
lines concerning performance requirements of the
antenna subsystem in a polarimetric radiometer. The
antenna subsystem is taken here to include all passive
components, such as a main reflector, feed horn,
orthomode transducer, and 61808 and 6908 hybrids,
that can influence the level of cross talk between the
true Stokes parameters and the actual measurements.

These guidelines fall into the two general categories
of nominal hardware specifications and knowledge of
exact hardware performance. The first category
would influence the initial part and subsystem speci-
fications for the antenna, for example, the isolation or
eccentricity must be at or better than a certain level,
or the phase difference between the primary and
orthogonal leakage signals must be within so many
degrees of a certain value. The second category
influences a number of design and calibration issues.

Figure 11. Multiplicative effect on DT noise of hardware corrections to coherent (a) T3 and (b) T4
measurements. Minimal noise amplification results, provided the V- and H-pol isolation is $20 dB.
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Initially, a “knowledge” requirement defines how well
a certain specification must be measured. Later, it
defines how much that specification can be allowed to
drift. Thus the knowledge requirement might also
influence initial part selection since, for example, an
antenna with slightly poorer cross-polarization isola-
tion may be inherently much more stable.

For radiometers using coherent detection, there

are two competing components of calibration error
that affect the required isolation. Errors due to
inexact knowledge of the level of leakage tend to
increase as isolation improves. Errors due to knowl-
edge of the phase of the leakage will decrease with
improving isolation. The optimum level of isolation,
at which the calibration error is a minimum, will vary
according to the nominal phase of the leakage and

Figure 12. Multiplicative effect on DT noise of hardware corrections to incoherent measurements. (a)
For T3 , very high isolation guarantees a “best possible” noise level of =2DT, due to the differencing
operations needed. Isolation above 20 dB would, in most cases, be sufficient. (b) For T4 , balanced unity
eccentricity for the LHCP and RHCP channels results in a =2DT noise level. However, imbalanced
eccentricities suffer a negligible increase in noise.
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according to the errors in knowledge. For example, if
the nominal isolation between the V- and H-pol
channels is relatively poor (in the vicinity of 20 dB)
but is known to 240 dB (i.e., is known to one part in
a hundred), then the error in calibration of T3 is
considerably aided if the relative phase of the leakage
is 08. This assumes that the relative phase is known to
58. If, on the other hand, the nominal isolation is quite
high (in the vicinity of 40 dB), then a 908 phase
difference will provide better calibration. In all cases,
lower errors in knowledge of either the phase or level
of the leakage will result in improved calibration.
However, the degree to which the lower errors help
will depend on the nominal isolation. This relation-
ship may provide a meaningful cost/benefit trade-off
in terms of the possible diminishing returns of very
high levels of knowledge. It should also be noted that,
in general, the optimum level of isolation and relative
phase of the leakage for T4 calibration is not consis-
tent with that for T3 . In many of the parametric cases
considered, a significant compromise must be made in
the calibration accuracy of one in order to optimize
the calibration of the other.

For incoherent detection of T3 the same competing
components of error exist as in the coherent case. The
result is an optimum level of isolation between the P-
and M-pol channels, which varies with the relative
phase of the leakage and with the errors in knowledge
of both the leakage phase and level. In the incoherent
case, however, the magnitude of the resulting calibra-
tion error can be much lower. For example, P- and
M-pol isolation of 20 dB with 240-dB knowledge and
inphase leakage with 58 knowledge results in a cali-
bration error of 0.06 K. The error in coherent detec-
tion of T3 under comparable conditions is 0.3 K.

One special case of cross-polarization leakage de-
serves particular attention. As mentioned above, a
physical rotation of the antenna about its main-beam
axis will result in balanced isolation levels (iV 5 iH 5
iP 5 iM 5 (sin u/cos u)2, where u is the rotation
angle). If the calibration mapping R21 knows a priori
that the leakage is balanced, then while there may be
errors in knowledge of the level of isolation, there will
be no error in knowledge of the difference between
iV and iH in the coherent case or between iP and iM
in the incoherent case. In this case, the calibration
accuracy of the coherent and incoherent approaches
is identical. In the more general case, when the
possibility of imbalances in the polarization leakage
exists and thus there is an error associated with

knowledge of the imbalance, the incoherent approach
is significantly less sensitive to those errors.

Incoherent detection of T4 is relatively insensitive
to the level of eccentricity in the RHCP and LHCP
channels. Thus an “optimal” level of eccentricity
would generally not be an important antenna design
constraint. Errors in knowledge of the eccentricity
and the phase of the leakage are more important.
Reduced errors will result in improved calibration,
just as in the other cases considered above.

The final choice between coherent and incoherent
approaches to the radiometer design must trade off
their respective pros and cons. Most notably, coher-
ent detection requires a single complex correlation
channel, and it has the capability for superior perfor-
mance with respect to precision, provided the corre-
lation is implemented without adding noise. This is
principally the result of the differencing operation
needed to derive T3 and T4 using incoherent detec-
tion, which is avoided in the coherent case. Incoher-
ent detection, on the other hand, requires four con-
ventional radiometer channels, but it has the
capability for superior performance with respect to
absolute accuracy. The effects of small drifts or errors
in knowledge of the polarization purity of the data
are, to first order, canceled out by the same differ-
encing operation that degraded its precision. Incoher-
ent detection also permits the use of components and
subsystems which have less severe performance re-
quirements with regard to isolation and phase bal-
ance.

Appendix: Development of Instrument
Measurement Model

The relationship between a partially polarized elec-
tric field incident on a microwave radiometer’s an-
tenna and the detected output measured by the
radiometer can be readily explained using the concept
of a vector complex effective antenna height, â [Ishi-
maru, 1991]. Let the incident electric field be given by

E 5 EV V̂ 1 EHĤ (A1)

where V̂ and Ĥ are unit vectors in the vertical and
horizontal directions, respectively. Ideal antenna
heights for antenna polarizations of interest in pola-
rimetric radiometry are

Vertical polarization â ideal
V 5 V̂ (A2)
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Horizontal polarization â ideal
H 5 Ĥ (A3)

1458 linear polarization âideal
P 5 ~V̂ 1 Ĥ!/Î2 (A4)

2458 linear polarization âideal
M 5 ~V̂ 2 Ĥ!/Î2 (A5)

Left-hand circular polarization

â ideal
L 5 ~Ĥ 2 jV̂!/Î2 (A6)

Right-hand circular polarization

â ideal
R 5 ~Ĥ 1 jV̂!/Î2 (A7)

The ideal detected measurements by the radiometer
are

TV 5 c^uâ ideal
V zEu 2& 5 c^uEV u 2& (A8)

TH 5 c^uâ ideal
H zEu 2& 5 c^uEH u 2& (A9)

TP 5 c^uâ ideal
P zEu 2&

5 cF ^uEV u 2& 1 ^uEH u 2&

2
1 Re $^uEVE*H u&%G (A10)

TM 5 c^uâ ideal
M zEu 2&

5 cF ^uEV u 2& 1 ^uEH u 2&

2
2 Re $^uEVE*H u&%G (A11)

TL 5 c^uâ ideal
L zEu 2&

5 cF ^uEV u 2& 1 ^uEH u 2&

2
1 Im $^uEVE*H u&%G (A12)

TR 5 c^uâ ideal
R zEu 2&

5 cF ^uEV u 2& 1 ^uEH u 2&

2
2 Im $^uEVE*H u&%G (A13)

where c 5 l 2 /khB, where l is the RF center
frequency, k is the Boltzmann constant, h is the
intrinsic impedance of free space, and B is the RF
bandwidth. Combining (A10)–(A13), incoherent
measurement of the third and fourth Stokes param-
eters follows as

T3inc
; TP 2 TM 5 2c Re $^uEVE*H u&% (A14)

T4inc
; TL 2 TR 5 2c Im $^uEVE*H u&% (A15)

where we have adopted the notation T3 and T4 ,
rather than the conventional U and V, to avoid
confusion with the vertical coordinate designation, V.

Alternatively, coherent measurement of T3 and T4
is accomplished by a direct correlation of EV with
EH. Since the dot product of â V (â H) with E
represents the component of the incident field leaving
the vertical (horizontal) antenna port, this correlation
is given by

T3coh
; 2c Re $^~â ideal

V ? E!~â ideal
H ? E!*&% (A16)

T4coh
; 2c Im $^~â ideal

V ? E!~â ideal
H ? E!*&% (A17)

Note that (A16) and (A17) reduce to the right-hand
sides of (A14) and (A15), respectively, given ideal
antenna characteristics.

In practice, numerous nonideal hardware charac-
teristics contribute to deviations of the true antenna
heights from those given by (A2)–(A7). For example,
the orthomode transducer typically used on antenna
feed horns to separate orthogonal linearly polarized
components of the incident field has leakage signals
from the unwanted polarization. This can be modeled
by a modification to (A2) and (A3) as

â V 5 ~V̂ 1 ÎiVĤe jfV !/Î1 1 iV (A18)

â H 5 ~Ĥ 1 ÎiH V̂e jfH !/Î1 1 iH (A19)

where iV (iH) is the isolation at the vertical (horizon-
tal) port from leakage of the horizontal (vertical)
signal and fV (fH) is the phase of the horizontal
(vertical) signal with respect to the vertical (horizon-
tal) signal leaving the vertical (horizontal) port. Using
(A18) in place of (A2) in the relation (A8) for TV
gives

T9V 5 @TV 1 iVTH 1 ÎiV~T3 cos fV 1 T4 sin fV!#/~1 1 iV!

(A20)

where T9V is the actual brightness temperature that
would be detected leaving the vertical antenna port,
and TV, TH, T3 , and T4 are the ideal brightness
temperatures given by (A8), (A9), (A14), and (A15).
Similarly for TH, using (A19) in place of (A3) in (A9)
gives

T9H 5 @TH 1 iHTV 1 ÎiH~T3 cos fH 2 T4 sin fH!#/~1 1 iH!

(A21)
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Note in both (A20) and (A21) that knowledge of the
magnitude of the isolation, iV or iH, together with
measurements of T9V and T9H alone, is insufficient
information from which to solve for TV and TH. This
problem was recognized by Njoku et al. [1980] while
developing the antenna pattern correction algorithm
for the Seasat scanning multichannel microwave ra-
diometer.

Coherent measurements of T3 and T4 by a non-
ideal antenna are determined by using (A18) and
(A19) in place of (A2) and (A3) in (A16) and (A17),
giving

~T93 1 jT94 !coh 5 2c$^~â V ? E!~â H ? E!*&%

52c$^EVE*H&1^EHE*V&ÎiV iHe j~fV 2fH !1^uEV u 2&ÎiHe2jfH

1 ^uEH u 2&ÎiVe jfV %/Î~1 1 iV !~1 1 iH !

5 $T3 1 jT4 1 ~T3 2 jT4 !ÎiV iHe j~fV 2fH !

1 2TV ÎiHe 2jfH 1 2TH ÎiVe jfV %/Î~1 1 iV !~1 1 iH !

(A22)

Separating (A22) into real and imaginary parts gives

T93coh
5 $T3 @1 1 ÎiV iH cos (fV 2 fH !#

1 T4 ÎiV iH sin (fV 2 fH) 1 2TV ÎiH cos fH

1 2TH ÎiV cos fV}/Î~1 1 iV !~1 1 iH ! (A23)

T94coh
5 $T4 @1 2 ÎiV iH cos (fV 2 fH !#

1 T3 ÎiV iH sin (fV 2 fH) 2 2TV ÎiH sin fH

1 2TH ÎiV sin fV}/Î~1 1 iV !~1 1 iH ! (A24)

Note in (A23) and (A24) that nonideal measure-
ments, T93 and T94 , are corrupted by a fraction of TV
and TH. TV and TH are often several orders of
magnitude greater than either T3 or T4 [Wilson and
Yueh, 1996], so this leakage can have a serious
negative impact on calibration accuracy if it is cor-
rected improperly.

The 6458 linear polarization channels will also
suffer nonideal leakage between orthogonal compo-
nents. One convenient way to form the slant linear
polarizations is by combining the V and H outputs
using 08 and 1808 hybrids [Yueh et al., 1995]. Assuming
ideal phase and amplitude balancing of these hybrids,
but nonideal V and H characteristics of the antenna

itself, the resulting effective antenna heights would be
â P/M 5 (â V 6 â H)/=2. In practice, however, it may
be no more accurate to assume ideal hybrids than
ideal antenna isolation. For this reason, we adopt a
more general expression for the effective height that
is composed of a desired colinear component and an
orthogonal leakage term given by

â P 5 ~â ideal
P 1 ÎiP â ideal

M e jfP !/Î1 1 iP (A25)

â M 5 ~â ideal
M 1 ÎiM â ideal

P e jfM !/Î1 1 iM (A26)

where iP(iM) is the isolation at the 1458 (2458) port
from leakage of the 2458 (1458) signal and fP (fM)
is the phase of the 2458 (1458) signal with respect to
the 1458 (2458) signal leaving the 1458 (2458) port.
Using (A25) in place of (A4) in the relation (A10) for
TP gives

T9P 5 @TV ~1 1 2ÎiP cos fP 1 iP !

1 TH ~1 2 2ÎiP cos fP 1 iP !

1 T3 ~1 2 iP ! 2 2T4 ÎiP sin fP #/@2~1 1 iP !# (A27)

and similarly replacing (A5) by (A26) in (A11) for TM
gives

T9M 5 @TV ~1 1 2ÎiM cos fM 1 iM !

1 TH ~1 2 2ÎiM cos fM 1 iM ! 2 T3 ~1 2 iM !

1 2T4 ÎiM sin fM #/@2~1 1 iM !# (A28)

where T9P/M are the actual brightness temperatures
that would be detected leaving the 6458 hybrid ports.
Note that iP 5 iM 5 0 gives T9P/M 5 (TV 1 TH 6
T3)/ 2.

Incoherent measurement of T3 by a nonideal an-
tenna and hybrid is determined by using (A27) and
(A28) in place of (A10) and (A11) in (A14), giving

T93inc
; T9P 2 T9M 5 TV @~1 1 2ÎiP cos fP 1 iP !/~1 1 iP !

2 ~1 1 2ÎiM cos fM 1 iM !/~1 1 iM !#/ 2

1 TH @~1 2 2ÎiP cos fP 1 iP !/~1 1 iP !

2 ~1 2 2ÎiM cos fM 1 iM !/~1 1 iM !#/ 2

1 T3 @~1 2 iP !/~1 1 iP ! 1 ~1 2 iM !/~1 1 iM !#/ 2

2 T4 @ÎiP sin fP/~1 1 iP ! 1 ÎiM sin fM/~1 1 iM !#

(A29)
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Note that as in (A23), T93inc
is also corrupted by a

fraction of TV and TH.
The left- and right-hand circular polarization

(LHCP and RHCP) channels will, in general, also be
nonideal. TL and TR can be formed by combining the
V and H outputs using a 6908 quadrature [Yueh et al.,
1995]. If the quadrature hybrid is ideal, the resulting
effective antenna heights are â R/L 5 (â H 6
jâ V)/=2. Because of nonideal behavior by the hybrid,
we adopt a more general elliptically polarized expres-
sion given by

â L 5 ~ÎeLĤ 2 jV̂e jfL !/Î1 1 eL (A30)

â R 5 ~ÎeRĤ 1 jV̂e jfR !/Î1 1 eR (A31)

where eL (eR) is the eccentricity of the LHCP
(RHCP) channel, defined as the ratio of sensitivity to
horizontal versus vertical polarized signals and where
fL (fR) is the phase deviation from 2908 (1908) of
the actual hybrid. Replacing â ideal

L by (A30) in (A12)
for TL gives

T9L 5 @TV 1 eLTH 1 ÎeL~T3 sin fL 1 T4 cos fL!#/~1 1 eL!

(A32)

and similarly replacing â ideal
R by (A31) in (A13) for TR

gives

T9R 5 @TV 1 eRTH 2 ÎeR~T3 sin fR 1 T4 cos fR!#/~1 1 eR!

(A33)

where T9L/R are the actual brightness temperatures
which would be detected leaving the quadrature
hybrid ports. Note that eL 5 eR 5 1 and fL 5 fR 5
0 gives T9L/R 5 (TV 1 TH 6 T4)/ 2.

Incoherent measurement of T4 by a nonideal an-
tenna and hybrid is determined by using (A32) and
(A33) in place of (A12) and (A13) in (A15), giving

T94inc
; T9L 2 T9R 5 TVS 1

1 1 eL
2

1

1 1 eR
D

1 THS eL

1 1 eL
2

eR

1 1 eR
D

1 T3S ÎeL sin fL

1 1 eL
1

ÎeR sin fR

1 1 eR
D

1 T4S ÎeL cos fL

1 1 eL
1

ÎeR cos fR

1 1 eR
D (A34)

Note that as in (A24), T94inc
is also corrupted by a

fraction of TV and TH. Note also that the imbalance
between LHCP and RHCP eccentricities, and not the
level of the eccentricity itself, determines the magni-
tude of this corruption.
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