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Abstract-A hardware and software technique for rota-
tion of the polarization basis of a dual orthogonal-linearly
polarized radiometer is discussed. The technique requires

precise measurement of the two orthogonal-mode antenna
temperatures along with cross-correlation of the two mode

amplitudes (the first three St ekes parameters). An innova-

tive polarized blackbody load was developed for accurate cal-
i brat ion oft he cross-correlating channel, Using 90-G Hz near-
Brewster angle observations of a polarizing water surface, ro-
tation of the antenna’s polarization basis by a matrix trans-
formation was performed. The experimental results demon-
strate the viability of Electronic Polarization Basis Rota-

tion (EPBR) and suggest practical calibration schemes for

full-polarization radiometers. Applications of EBPR include
mechanically-scanned polarization-sensitive imaging radiome-
ters.

1. Introduction

In passive microwave remote sensing, it is often desir-
able to construct precision radiometers with dual ort hogon al-
linear polarization sensitivity. For example, in Earth remote
sensing, the additional information obtained by observing
both vertically and horizontally polarized brightness temper-
atures can be used to improve estimates of rainfall, water va-
por, and ocean surface winds and to enhance the detectabil-
ity of sea ice. Orthogonal-polarized information can also be
used to enhance passive microwave imagery for surveillance

or tracking purposes.

Perhaps the simplest desi n for a dual-polarization imag-
iing radiometer consists of a ual orthogonal-linearly polar-

ized feedhorn and a mechanically-scanned reflector. The
reflector can either be a flat mirror or a shaped antenna.
Two commonly used designs are the conical-scanner and
cross-track scanner, as found on many spaceborne passive
microwave meteorological sensors (e.g., SMMR Scanning

Multichannel Microwave Radiometer, AMSU: Advanced Mi-

crowave Sounding Unit and SSM/1: Special Sensor Microwave/

Imager), It is desirable from a mechanical standpoint to
rigidly fix the radiometer and feedhorn to the host craft and

to scan only the reflector. Unfortunately, if the feedhorn
remains stationary, the polarization basis of the instrument
will rot ate throughout the scan. This produces an unde-

sirable skew of the instrument’s polarization basis with re-
spect to the scene’s polarization basis. The resulting ‘(polar-
ization mixing” caused significant difficulty in interpreting
dual-polarization imagery from the SMMR instrument. To
circumvent the problem, tbe conically-scanned SSM/I im-

ager was built with the feedhorn and associated receiver elec-
tronics as part of an assembly that rotated in synchronism
with the scanning mirror. However, this is both cumbersome

and expensive as it requires space-qualified bearings and slip
rings and increased rotational inertia.

We discuss here a practical technique to provide polar-
ization basis coincidence using a rigidly-fixed polarization-
correlating radiometer with a dual-polarization feedhorn. The
technique, called Electronic Polarization Basis Rotation
(EPBR) [I], consists of measuring the first three feedhorn
Stokes parameters (Z’f~, TfB, and Tju), then subsequently

rotating the polarization basis to a desired basis by a matrix
transformation.

As an example, consider passive Earth remote sensing
from space. Here, the desired polarization basis is the nat-

ural basis (v, h) deilned by the lalcal vertical and horizontal

directions. The linear transformation of brightness temper-

atures ~ defined in this basis to the feedhorn temperatures

~f defined in the instrument’s pcJarization basis is:

(H
TjA COS2#J sinz ~ ?jsin2~
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TfB = sinz ~ COS2~ –~ sin 24 Th

Tju
— sin 2+ sin 24 Cos 24 Tu

= t7(fjJ).T (1)

where Tf u = Re (EJ,E&) is the cross-correlation between the

two orthogonal linearly polarized feedhorn modes (A and B),

The angle @ is the basis rotation angle, and is a function of
the scan mirror angle. Using EPBR, the brightness tem-
peratures in the natural basis are found from the brightness
temperatures in the feedhorn basis by inversion of Eq. 1:

m

T = 77(+) .Tf (2)

A practical implementation of EBPR was proposed by

Gasiewski [2], whose scheme included a polarizationcorrelat-

ing radiometer and polarized blackbody load. In this paper,
we discuss the operation and calibration of the radiome-

ter, focussing on the following issues: (1) hardware imple-

mentations of the Tfu-channel exhibiting acceptably small

crosstalk and instrument noise, (2) calibration of radiomet-
ric channels, particularly Tfu, (3) laboratory demonstrate ion

of EPBR using Eq. 2, and (4) potentially useful applications

of the third and fourth Stokes parameters (Tu and Tv) in

Earth remote sensing.
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2. Hardware

The radiometer (Fig. 1) is a 91 .65-GHz dual orthogonal-

linearly polarized unit with three outputs: one for each of

the two orthogonal feedhorn polarizations (VA and ‘vB) and

a third cross-correlation channel (vu). The vu channel is

implemented using an adding correlator and a post-detection
summing circuit. The summing circuit removes the relatively

large signals caused by the squaring of the IF voltages in each
of the channels A and B. Dicke-switching is used to reduce
the effects of receiver gain and offset fluctuations. The phase
difference of the LO signal at each mixer was nulled using an
adjustable phase shifter, represented by Ay. In addition the
path length of the two IF signals was equalized to within one

correlation length lC = vP/ W N 5 cm, where VP N 108 m/see

is the IF transmission line phase velocity, and W = 2 GHz is

the IF bandwidth. The feedhorn cross polarization rejection
was approximately 15 dB. The noise temperatures TsYs of
the two receivers were estimated to be approximately 1200
and 3600 K, respectively.

The three signals are linearly related to the first three
feedhorn Stokes’ ~arameters: “

[
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where T = I VB ] is thevid eo output voltage vector, ~ and

\v”)

6 are the radiometer gain and offset parameters, and Ev is
the instrument noise referred to the video outputs.

Interchannel crosstalk, manifested by small but nonzero

diagonal elements in ~ is practically unavoidable. In above

radiometer, this was attributed t’o: (1) unavoidable mis-

alignment of the summing circuit, and (2) relatively weak

polarization isolation in the feedhorn. The first of these

primarily causes the off-diagonal elements guh and guB to
be nonzero, while the second causes ghh and gBB to be
nonzero. Although the magnitudes of the off-diagonal terms
are hardware-specific, they are expected to be si nificant in

inearly all hardware implementations. Provided t at the to-
tal IF and video gains associated with the power splitters,
square-law detectors, and integrators are matched to within
* 0.5 dB, the gain parameters guA and guB are small com-
pared to guu and iZV is uncorrelated among channels. Balanc-

ing was accomplished by video and, IF component mat thing,
gain adjustment, and thermal stablhzatlon.

Upon calibration, the feedhorn brightness temperature

measurements (denoted by ~) are subsequently computed

from C

~f = ~-l(v_5)

= Tf+nT (4)

where iiT = ij-l ii.. Since ~ is nearly diagonal, ET has nearly

diagonal covariance:

7?ET ET = (E&) %

[“! i’ i] ‘5)

where (. )t is the transpose operator. The noise standard

deviations are:

2 TSYS,A
uTA = ~

(6)

where 7 is the effective integration time and the factor of two
results from Dicke switching. For the above system the inte-
gration time was chosen so that a~ <0.1 K for all channels.

3. Calibration

The elements of ~ and 6 are required to convert the out-

put voltages into feedhorn brightnesses. However, both ~
and D remain stable only over a time scale of minutes and
thus need to be periodically calibrated. This was accom-

plished using a polarized calibration load (Fig. 2) consisting

of two highly-absorbing microwave blackbody absorbers and
a polarization-splitting wire grid. One load is cooled to a
low kinetic temperature TCOLD and the other heated to a

high temperature THOT where THOT – TCOLDx 80 K. The
wire grid combines the two load brightness temperatures into
two orthogonal- linear polarizations. The resulting principal
brightnesses T1 and T2 are precisely calculable from measure-
ments of THOT and TCOLD, along with a-priori knowledge of

the wire grid transmission and reflection coefficients {3], the

load emission and bistatic scattering properties, and the load

background brightness temperatures. (For ideal loads and an

ideal wire grid T1 = TCOLD and T2 = THOT. )

By rotating the load around the feedhorn axis, the ra-
diometer feedhorn is illuminated by a variety of precisely

known Stokes vectors. The resulting voltages are related to
the load temperatures by:

()vA(~)

VB (~) = %+

w(~)

9AA (TI Cosz CI + T2 sin2 a) + gAB(Tl sin2 a + T2 COS2a) +

gAu(Tz – Tl) sin 2a

9R4(T1 cos2 ~ + TZ Sinz a) + 9BB(T1 sin2 a + Tz COS2a) +

gBu(Tz – Tl) sin’ikx

9uA(Tl COS2ff + T2 sin2 CY) + guB(Tl sin2 a + Tz COS2a) +

guu(T2 – T1) sin 2a

where a is the load orientation angle. The effective integra-
tion time for calibration was increased so that the instrument
noise was ne.diqible. To cahbrate. voltage measurements
were made at- s&eral values of a, resultin~ in a gain/offset-- ,
observation matrix ~ for each channel. For example, for the

U-channel:

(7)[?,)=?”.(g)
However, unambiguous inversion of Eq. 7 required that ~u
be full row rank. This was insured for all channels by three
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measurements at angles a = O, 45 and 90° and an additional
measurement of an unpolarized calibration load with bright-
ness Tup. Thus:

[?!2?)‘ [N!wl”[!ii]
[1

f?UA

= Fu . ‘UB
9UU

Ou

(8)

The inverse ??~l exists provided that Tz # T1. The A and B
channels are similarly calibrated.

In practice, several simple variations on the above scheme

can provide full row-rank gain/offset observations matrices

for all three channels. For example, the unpolarized load
measurement can be accomplished by either removing the
wire grid or directing the feed toward another load via a
splash plate. On a satellite, cold space can be viewed. Al-
ternately, a design consisting of a semi-cylindrical cold load,

rotating wire grid, and cold space can yield an invertable ma-

trix ~. This design requires only a single low-mass moving
element.

4. Laboratory Demonstration

Near Brewster-angle observations of a fresh water sur-

face made using the polarization correlating radiometer and
a conically-scanned mirror were performe cfto demonstrate

the EPBR technique and radiometer calibration scheme. The

experiment (Fig. 3) consisted of a conical scan of a calm wa-

ter surface at close-range and an incident angle of 65° with
respect to vertical. The measurements were made outdoors
in clear-air, thus the background brightness was relatively
cold and unpolarized.

Calculations using a planar-stratified radiative transfer

model [4] were performed to determine the predicted up-
welling brightness temperatures. The water reflectivity was
computed using the Fresnel relations and the Debye model

for the dielectric constant [5] along with the measured water

temperature. Under these conditions, ~ was computed to be

(258.5,132.5,0) K. The corresponding degree of polarization

of the upwelling radiation field is 0.32, indicating moderate
polarization.

Upon determination of ~ and D by inversion of Eq. 8
brightness temperatures in the feedhorn and natural bases
were found by:

where @ is the basis rotation angle. As illustrated in Fig. 4,

TJ varies significantly througout the scan due to polariza-

tion mixing. However, the measured values of Tu and Tk

track the predicted values (solid straight lines) well. A rel-

atively small systematic discrepancy of less than w 7 K is
attributed to mechanical misalignment of the scan mmror
with jhe feedhorn axis and bias i,n the radiative transfer cal-
culation caused by uncertainties m the assumed atmospheric
state. Note that the measured value of Tu is essentially zero

in the natural basis, as expected.

5. Discuss~

The E,PBR demonstration illustrates the capability to
unambiguously recc,ver vertical and horizontal brightnesses
with a mechanically-scanned imager and fixed-feed polariza-
tion-correlating radiometer. Applications of EPBR include
polarized radiometric imaging systems, particularly cross-
track and conjcal scanners for SP21CC!- or airborne passive mi-
crowave nnagmg.

It is noted that calibration of a polarization-correlating
radiometer requires a sightly more sophisticated scheme than

the familiar two-bliiclibody (hot and cold load) technique.
The familiar technique is applicable for calibration of single-

and dual-polarization radiometers where only two parame-

ters per channel (a gain and offset) need to be determined.

However, determining the three gain parameters (including

crosstalk) and one offset parameter of the U—channel on

a polarization-correlating radiometer requires a set of feed.
horn Stokes vectors that will allc,w these four parameters to
unambiguously meiisured. The polarized blackbody load is
a simple passive structure for this purpose. Moreover, the

broadband nature of the components (wire grid and black-

body absorbers) makes the polarized load well-suited for cal-
i brat ion of wideban d multichannel radiometers.

While the usefullness of vertically and horizontally po-
larized brightness information in passive Earth remote sens-

ing is well known (e.g., [6]), comparatively few studies of
the potential uses of the third and fourth Stokes parameters
have been made. H[owever, there is growing interest in pas-
sive microwave remote sensing of terrestrial surface parame-

ters using full polarization mess urements [7]. For example,

recent simulations suggest values of Tu as high as 50 K for

certain periodic surfaces [8]. Using a calibrated polarization

radiometer, measured values of ‘Tu in the natural basis are
readily obtained as a by-product of EBPR.

Although astronomical radio sources are often circu-

larly polarized, measurements of the fourth Stokes param-

eter TV = Im(Ev L’;) are not generally t bought to be use-

ful for remote sensing of the terrestrial troposphere or lower
stratosphere. However, upper stratospheric and mesospheric
Zeeman splitting b:y the Earth’s lmagnetic field causes signif-
icant differences between left- and right circularly polarized

microwave brightness temperatures [9]. Consequently, Tv is
of great interest in temperature sounding at altitudes from

40 to 75 km. Since TV is invariant under basis rotation (i.e.,

Tf v = Tv), it is unaffected by mechanical scanning mirrors,

and thus does not benefit from EPBR. However, by simply
adding +90° to the LO phase shift ~ of a calibrated polar-
ization correlation radiometer TY can be measured with t!e
same accuracy as Tu. Here, the Jpv measurement accuracy 1s
facilitated by prior calibration of the T’f u-channel using the
polarized blackbod;y load. Thus, the capability to accurately
measure both Tu and TV along with Tu and Tk is an indirect
but potentially useful capability of EBPR hardware.
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Figure 1: Block diagram of the 3-channel (T~, Tu and T~)

polarization correlation radiometer.
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Figure 2: Polarized blackbody calibration load.
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Figure 3: Experiment for demonstrating EPBR: (1) polar-

ized blackbody load, (2) unpolarized load, (3) scanning mir-

ror, (4) polarization correlating radiometer, (5) A/D con-

vert ers, (6) computer, and (7) water surface.

-150 I I
-1oo -80 -60 -40 -20 0 20 40 60 80 IIXI

Basis Rotation Angle ~ (degrees)

Figure 4: Results from a conical scan of a fresh ~ater surface.

The measured feedhorn brightnesses are ~fA, Tfu andA ?’jE;

measured bright nesses in the Eart h’s v – h basis are T., Th
and ~u. The solid heavy lines are predicted values of To and Th.
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