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Calibration of Polarimetric Radar Systems With Good
Polarization Isolation

KAMAL SARABANDI, FAWWAZ T. ULABY, FELLOW, IEEE, AND
M. ALI TASSOUDIJI, STUDENT MEMBER, IEEE

Abstract—A practical technique is proposed for calibrating single-
antenna polarimetric radar systems using a metal sphere plus any sec-
ond target with a strong cross-polarized radar cross section. This tech-
nique assumes perfect isolation between antenna ports. It is shown that
all magnitudes and phases (relative to one of the like-polarized linear
polarization configurations) of the radar transfer function can be cal-
ibrated without knowledge of the scattering matrix of the second tar-
get. Comparison of the values measured (using this calibration tech-
nique) for a tilted cylinder at X-band with theoretical values shows
agreement within +0.3 dB in magnitude and +5° in phase. The radar
overall cross-polarization isolation was 25 dB. The technique is partic-
ularly useful for calibrating a radar under field conditions, because it
does not require the careful alignment of calibration targets.

I. INTRODUCTION

Q POLARIMETRIC radar is a phase-coherent instru-

ent used to measure the polarization scattering ma-
trix S of point or distributed targets. The matrix S relates
the field E* scattered by the target to the field E' of a plane
wave incident upon the target [1, p. 1087]:

—ikr

e

E = SE' (1)

-
where r is the distance from the center of the target to the
point of observation, and k is the wave number. ForA a
plane-wave incident upon the particle in the direction k;,
its electric field vector may be written in terms of vertical
and horizontal polarization components E', and E}, using
the coordinate system (#d;, k;, k;) shown in Fig. 1:

E' = (EL#, + Ejh)e ™ (2)
where
D; = cos 0; cos ¢;£ + cos 6, sin ¢;§ — sin 6,7 (3)
h; = —sin ¢,# + cos ¢,§ (4)
k; = sin 6, cos ¢, % + sin 6, sin ¢;9 + sin 6,2, (5)
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Fig. 1. Geometry of the scattering of a plane wave from a particle.

In (2), a time dependence of the form e*™' is assumed
and suppressed.

The far-field wave scattered in the direction k, is a
spherical wave given by

E' = E5 o, + Esh, (6)

where (#;, h,, k,) are defined by the same expressions
given in (3) to (5) except for replacing the subscript i with
the subscript s. For the backscattering case, 8, + 6, = T,
QS,— + ¢5 =, l}s = _’},’, ﬁs = ﬁ,‘, and ils = _ﬁi'

In matrix form, (1) may be rewritten as

[Ets):l e_”" |:Svu Svhj||:Ell):|
E; o Sho SwJLE,

S = [va Svhj|

Sho Sk
is defined in terms of the scattering amplitudes S,,,, with
m and n denoting the polarization (v or &) of the scattered
and incident fields, respectively. The scattering amplitude

S, 18, in general, a complex quantity comprised of a
magnitude s, = |S,,,| and a phase angle y,,,,

(7)
where

(8)

9)
and it is related to the radar cross section (RCS) of the
target o,,, by

S = Sm€¥™, m,nm=vorh
mn mn

O = 47r|S,,,,,|2

(10)

Interest in measuring S stems from the fact that if the
elements of S are known, we can compute the RCS of the

= 4xs2,, m,n = vorh.
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target which would be observed by a radar with any spec-
ified combination of transmit and receive antenna config-
uration, including elliptical and circular polarizations [2].
In fact, we do not need to know all four magnitudes and
four phases of S in order to synthesize the desired RCS;
it is sufficient to know the four magnitudes and any three
of the phase angles, measured with respect to the fourth
as reference. Thus, if we choose ,, as reference, we can
write (8) in the form:

iV,

S Wor [ Sov Syn€
=¢e o o
Shpe™n spem

(11)

o ei‘l’lm S ’
where

‘Lrlrm = ¢mn - ‘l/vm (12)

For backscattering, the reciprocity theorem mandates that
Sye = S, Which further reduces the number of unknown
quantities from 7 to 5.

The formulation given above is equally applicable to a
distributed target. If the effective area illuminated by the
radar antenna is A, the polarimetric scattering behavior of
the distributed target is characterized by the differential
scattering matrix S° = S/VA.

In principle, S,, and S, can be determined by measur-
ing E; and Ej, with the target illuminated by a pure verti-
cally polarized wave E' = E.#;, and, similarly, S, and
Su» can be determined by measuring the same quantities
when the target is illuminated by E' = Eih;. Such a pro-
cedure requires that: 1) the transmit and receive antennas
of the measurement system each have excellent isolation
between its - and h-ports, and 2) the receive-transmit
transfer functions of the measurement system be known
for all four polarization combinations (vv, vh, hv, and
hh). Design techniques are currently available to achieve
antenna polarization isolation on the order of 30 dB. For
a radar scatterometer system intended to measure the dif-
ferential scattering matrices of distributed targets such as
ground surfaces and vegetation canopies, such a level of
isolation is sufficient to insure good measurement accu-
racy of the magnitudes and phases of all four scattering
amplitudes. The error associated with measuring the like-
polarized components S, and S, is negligibly small, and
for §,, (and S,;,) the error also is less than 0.85 dB if
| Spo|/1Sew| = 0.31, which corresponds to oy,/0,, =
0.1 (or —10 dB). For natural targets, the like- and cross-
polarized components S, and §,,, for example, are un-
correlated, and for ¢y,/0,, = 0.01 the associated error
would be less than 0.4 dB.

If the radar antennas do not individually have good po-
larization isolation between their - and h-ports, it is nec-
essary to characterize each antenna by a polarization dis-
tortion matrix that accounts for the coupling between the
two ports, and to use at least two, and preferably three,
targets of known scattering matrices in order to calibrate
the radar completely [3]. This case is outside the scope of
this paper and will be the subject of future papers. In-

m,n = v orh.
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Fig. 2. Simplified block diagram of a dual-polarized radar system.

stead, we will now focus our attention on the problems
associated with measuring the receiver-transmitter trans-
fer function for a radar with reasonably good overall cross-
polarization isolation using suitable external calibration
targets.

II. SYSTEM TRANSFER FUNCTION

Although a radar may use a single antenna to provide
both transmit and receive functions and may also use a
polarization switching network capable of exciting either
v- or h-polarized waves in the antenna, we shall use the
block diagram shown in Fig. 2 to represent the general
case of a two-pole transmitter and a two-pole receiver.
Assuming perfect isolation between antenna ports, the
voltage received by the v-polarized receive antenna due
to illumination of a target at range r by a v-polarized wave
is given by

1/2

P,G,G,\? .

E, = | =22 | ¢ R,T,4xS,,
(4m)’r*

K —i2kr
?e”&n% (13)

where

,1/2
:[Rqax} (14)

(47)°

and S,, is the scattering amplitude of the target, P, is the
transmitted power, and G, and G, are the nominal gains
of the transmit and receive antennas. The quantities R,
and T, are the field transfer function for the receive and
transmit antennas, respectively, which account for the de-
viation in both amplitude and phase from the nominal
condition described by G, G,. Similarly, for any receive—
transmit polarization configuration, we have

Ep = 5 ™R T,S, mon=uvorh (15)
r
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III. CALIBRATION

The standard calibration approach involves the use of
one reference target of known scattering matrix. Upon
measuring E,, with §,,, known, the quantity (KR, 7,) can
be determined in amplitude and phase, with the latter
being relative to some reference distance time delay.

In principle, the procedure is simple and straightfor-
ward. The problem arises when we need to select a ref-
erence target of known scattering matrix. The metal sphere
is the easiest target to align, and its scattering matrix can
be computed exactly [4, p. 297]. Unfortunately, it can
only be used to calibrate the vv- and hh-channels because
its S} = S}% = 0. Targets that exhibit significant cross-
polarized scattering include the dihedral corner reflector,
tilted cylinders, and others, but scattering from such tar-
gets is inherently sensitive to the orientation of the target
relative to the (@, iti, I},-) coordinate system. This, and
other factors such as edge scattering, may lead to signif-
icant errors between the calculated values of the scattering
amplitudes and their actual values. The orientation prob-
lem may be reduced down to an acceptable level when
operating in an anechoic chamber under controlled labo-
ratory conditions, but it poses a difficult problem when it
is necessary to calibrate a truck-mounted scatterometer,
for example, under field conditions.

To solve this problem, we propose to use two reference
targets; namely, a sphere and any target with a strong
cross-polarized RCS. As will be shown below, it is not
necessary to know the RCS of the second reference target
in order to calibrate the radar system.

First, let us use a metal sphere of known size and place
it at a distance rp from the radar. The scattering ampli-
tudes of a metal sphere are Sy, = S, = Sy, and Sy, = S,
= 0. The received fields for vv and hh polarizations are

K _.
ElOJU =3 e_IZkronTvSO
%

(16)

K .
) e—'kaRk Th SO
o

Ep, (17)
where the subscript and superscript ‘‘0’’ denote quantities
associated with the metal sphere. For a test target with the
unknown scattering matrix S*, placed at a distance r, from
the radar, the received field is

K .
Ej, = 5 e "R, T,S;, (18)
ru
Ei, = = "R, T, S, (19)
rll
u K —i2kry u
Ewy = 7 € Ry Ty, Spn (20)
K —i2kr, U
== € R, T,Sm. (21)

u

From (16) and (18), and similarly from (17) and (20), we
obtain the following expressions for the unknown like-

polarized scattering amplitudes:

2
E; T, ;
ng — Bv Tu e—sz(ro—ru)SO
Evu ro
" 2
Sk = B \ (1 e kor) g
hh 0 .
Epp, To

All the quantities on the right-hand side of the above two
expressions can be measured directly except for S,, which
can be precisely computed by using the standard Mie
expressions. Small errors in the measurements of the
ranges r, and ry will have a minor effect on the magnitude
of S, but may cause a large error in the measurement of
the phase angle of Sy, if the error A(ry — r,) is compa-
rable to \. However, the phase y;,, of Sj), relative to that
of S, is independent of (ry, — r,).

Next, let us use any point target that exhibits strong
cross-polarized scattering, and let us measure the received
field for hv and vh polarizations,

K

(22)

(23)

E}fv = 7 e_iZkr[Rh Tvsltz‘v (24)
K _.
% == e R, T,S5, (25)

c

[XPRE]

where the subscript and superscript ‘‘c’’ refers to the
cross-polarization calibration target. The reciprocity
theorem states that in the backscattering direction, the
cross-polarized scattering amplitudes are always equal.
Hence,

Sho = Son (26)
and consequently
E, R,T,
Ky = =t (27)
vh Rv Th
If we define the additional quantity K, as
K, = Ep,Epy
2
= K—4 e ™R T R,T,S? (28)

Iy

and use it in combination with (19), (21), and (27), we
can obtain the following expressions for the cross-polar-
ized scattering amplitudes of the test target:

2
EIL:U Ty —i2k(ro—ry)

Tu g i2k(ro—r SO
VK K, <r0>

2
’Kl Ty —i2k(ro— ra)
u - 1 U _u 0 u S . 30
vh K, vh <r0> e 0 (30)

Equations (22), (23), (29), and (30) provide expressions
for the four scattering amplitudes in terms of: 1) The like-
polarized received voltages for the metal spheres E% and
EY,, 2) the ratio of the cross-polarized received voltages
for the second calibration target K, = Ef, /ES,, 3) the like-

(29)

-
Shu_
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polarized scattering amplitude of the sphere S, and 4) the
ranges to the sphere and the test target ry and r,. Note that
knowledge of the scattering amplitude of the second cal-
ibration target is not required.

IV. CoMpPARISON WITH MEASURED DATA

To verify the validity of the proposed calibration tech-
nique summarized by (22), (23), (29), and (30), we mea-
sured the scattering matrix of a tilted cylinder with an X-
band radar. The radar is an HP 8753-based dual-polarized
scatterometer operating in continuous chirped mode (9-
10 GHz). The antenna of the scatterometer is a square
horn with an orthogonal mode transducer (OMT). The
overall cross-polarization isolation of the system is better
than 25 dB. The scattering measurements were performed
in a 13-m-long anechoic chamber using the setup dia-
grammed in Fig. 3. A similar system with an operating
frequency of 35 GHz is described in [5].

Although an exact theoretical solution for a finite-length
conducting cylinder does not exist, the solution based on
the assumption that the current along the axis of the cyl-
inder is constant provides accurate results in the specular
direction, if the length of the cylinder (L) is much larger
than the wavelength [6]. In order to minimize the edge
effects caused by scattering by the ends of the cylinder,
the diameter of the cylinder (D) must also be chosen to
be much smaller than the wavelength. Hence, we selected
a cylinder with L = 30.48 cm and D = 1.625 mm.

Correct positioning of the test target with respect to the
antenna coordinates is very important. First, the target
must be placed at the center of the antenna beam in order
to avoid phase variations of the incident field along the
axis of the target. This was accomplished using a pair of
two laser beams. Another alignment parameter that has to
be carefully controlled is the angle ¢ between the inci-
dence direction (k;) and the projection of the cylinder axis
onto the horizontal plane (Fig. 4). The elements of the
scattering matrix are very sensitive to variations in the
azimuth angle, and the rate of change is proportional to
the length of the cylinder. This angle was set to 90° with
a fine-control stepper motor (steps of a fraction of a tenth
of a degree) by maximizing the received power. The third
alignment parameter is the tilt angle 6, which is the angle
between the axis of the cylinder and the vertical direction
(D;). Accurate setting of this angle is very difficult. The
sensitivity due to misalignment in 6 is shown in Fig. 5 for
amplitude and in Fig. 6 for the relative phase (to vv) of
the elements of the scattering matrix using theoretical
expressions [6]. This angle was set to 50° by using an
inclinometer.

Under the mentioned conditions, a signal-to-noise ratio
of 25 dB was achieved for the test cylinder, and after
background subtraction the signal-to-noise ratio was im-
proved to 40 dB. To eliminate short-range reflections from
the antenna circulators, the returned signal was time-
gated, as a result of which the frequency response around
the beginning and end of the frequency band was distorted
and discarded.
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Fig. 3. Automatic radar cross-section measurement setup.
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Fig. 5. Theoretical values for the radar cross section versus the tilt angle

of a cylinder, with L = 30.48 cm and D = 1.625 mm: ( ) hh,
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Fig. 6. Theoretical values for relative phase (to vv) of the elements of the
scattering matrix versus the tilt angle of a cylinder, with L = 30.48 cm
and D = 1.625 mm: ( ) hh, and (---) ho.
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Fig. 8. Radar cross section (#h) versus the frequency of a cylinder, with
L =3048cmand D = 1.625 mm: ( ) measured, and (---) theory.
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Fig. 9. Radar cross section (vv) versus the frequency of a cylinder, with
L = 3048 cmand D = 1.625 mm: ( ) measured, and (---) theory.

A 15-cm sphere was used for sphere calibration and a
45° wire-mesh (Fig. 7) was employed as the cross-polar-
ization target. The distances of all the targets from the
scatterometer, which were accurately measured using the
time-domain feature of the HP 8753 Vector Network
Analyzer, were arranged such that ry = r. = r,. The mea-
sured amplitudes of the scattering matrix elements of the
cylinder are compared with theoretical values in Figs. 8-
10. The measured values are within +0.3 dB of the the-
oretical results. For the relative phase, the measured val-
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Fig. 10. Radar cross section (hv) versus the frequency of a cylinder, with
L =30.48 cm and D = 1.625 mm: ( ) measured, and (---) theory.
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Fig. 11. Relative phase S, (to S,,) versus the frequency of a cylinder,

with L = 30.48 cm and D = 1.625 mm: ( ) measured, and (---)
theory.
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Fig. 12. Relative phase S, (to S,,) versus the frequency of a cylinder,
with L = 30.48 cm and D = 1.625 mm: ( ) measured, and (---)
theory.

ues (Figs. 11 and 12) are within +5° of the theoretical
predictions. These deviations are attributed to alignment
errors and the imperfect polarization isolation of the an-
tenna.
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V. CONCLUSIONS

The excellent agreement between measurements and
theory demonstrates that the calibration technique pro-
posed in this paper is an effective approach for calibrating
single-antenna polarimetric radar systems. The technique
is particularly useful for field operations because it does
not require accurate alignment of calibration targets or
knowledge of the radar cross section of the depolarization
target.
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