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Abstract

A polarimetric radar is an instrument capable of
measuring the radar cross section (RCS), of a target
of interest, for any desired combination of transmit
and receive antenna polarizations. The polarimetric
capability can be realized by a hardware implementa-
tion, which requires relatively complicated RF cir-
cuitry, or by a polarization-synthesis software imple-
mentation, with much simpler RF requirements. The pol-
arization-synthesis technique is equally applicable to
both imaging systems, such as the synthetic aperture
radar (SAR), and to non-imaging scatterometers, used
to characterize the scattering properties of point and
distributed targets. With the recent introduction of
the Automatic Vector Network Analyzer (AVNA), making
accurate measurements of both the magnitude and phase
of the scattered signal is now possible by using the
signal-processing and  error-correction  techniques  of
the network analyzer. Because this new approach is
rapidly becoming the standard technique for measuring
the polarimetric response of point and distributed
targets, this paper’ was prepared to provide an over-
view of AVNA-based scatterometer configurations in use
today at centimeter and millimeter wavelengths.

1. Polarization Synthesis for a Point Target
1.1 Wave Polarization

hen considering problems involving scattering

from the earth’s surface, we often conveniently rep-
resent the earth’s surface by the x-y plane, and rep-
resent the polarization vector of waves incident upon
or scattered from the surface in terms of the spher-
ical angles, 8 and ¢. For a plane wave traveling in
the direction k, as shown in Figure 1, we customarily
characterize the electric

field vector, E, in terms of

a  horizontal polarization  component, Ehh, and a
vertical ~ polarization ~ component, EVQ, defined such
that the coordinate system (kv,h) coincides with
(t,8,¢) of a standard spherical coordinate system.
us,
E = (Ey + ERekT o)

'Some of the material in this paper also appeared in
the recently-published book, Radar Polarimetry  for
Geoscience Applications, edited by Ulaby and Elachi,
Artech House, 1990.
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Figure 1. Plane wave propagating in direction k, with
E-vector components Ev and Eh defined such that
hi=(kxz)/|kxz| and v=hxk

with
ﬁ=ka=-sin¢i+cos¢§' (2)
|z x k|
v = h x k = cosf cos¢x + cosd singy - sinfz,(3)
and
k = sind cosgx + sinf singy + cosfz, 4)
where k = 2n/A is the wave number. As will prove use-

ful in later sections, we shall adopt the matrix nota-

tion
EV

h
wherein the phase factor of (1) has been suppressed
for convenience.

The amplitudes E and E  are, in general, complex
quantities given by

E =ae", 6)

v v

E 0 %

h

H
Q
=
o
=

where a and a, are the magnitudes of Ev and Eh, re-
spectively, and & and J, are their phase angles. The
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polarization of the wave, which describes the shape

and locus of the tip of the E-vector (in a plane
orthogonal to the direction of propagation) as a func-
tion of time, is specified by the parameters « and J
given by the relations

ah
tan @ = a—v (8)
J = 6;. -9, ()]
In the general case, the locus of the E-vector is an
ellipse (Figure 2), and the wave is called -elliptic-
ally polarized. For certain values of « and J, the

ellipse may degenerate into a straight line (6=0) or a
circle (a=7n/4 and d=+m/2), in which case the polariza-
tion is called linear or circular, rtespectively. The
sense of rotation of the E-vector in the plane of
polarization is called the sense of polarization, or
handedness.  The sense is called  right-handed
(left-handed) if the direction of rotation (in a plane
at a fixed r) is clockwise (counterclockwise) for an
obs_;:érver looking in the direction of propagation [2,
p. 76].
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Fig..2. Polarization ellipse in the v-A plane for a wave traveling in
the 'k direction.
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) The polarization ellipse (Figure 2) is character-
ized by the rotation angle w and ellipticity angle X,
which are related to « and J by

tan 2y = (tan 2a) cos O (10)

sin 2y = (sin 2a) sin & (11)
and, conversely,

cos 2a = (cos 2x)(cos 2y) (12)

tan = sec 2x . (13)

1.2 Scattering Matrix

Consider a scattering object, located at the cen-
ter of the coordinate system shown in Figure 3, illum-
inated by a plane wave radiated by a transmitting
antenna in the direction k!, and composed of vertical
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Fig. 3. Coordinate systems and scattering geometry for the backscat-
ter alignment (BSA) convention.

and horizontal polarization components ¥ and h,

calculations usually are per-
formed using either the forward scattering alignment
(FSA) convention, for which the polarization unit
vectors of the scattered wave are defined with respect
to the direction of propagation of the scattered wave,

or according to the backscatter alignment (BSA) con-
vention shown in Figure 3, for which the polarization
unit vectors are defined with respect to the radar
antenna in accordance with the IEEE standard [2, p.
76]. Accordin% to the BSA convention, which we shall
use exclusively in this paper, the polarization state
of an antenna is defined to be the polarization of the
wave radiated by the antenna, even when it is used as
a receiving antenna.

respectively.  Scattering

In the BSA convention, the transmitted and re-

ceived fields are given by
t _ pt o2 t

E'=E v +E b (14)

E = E"l irr + E; hr, (15)
and are related to each other by [3, 4]:

eikr
E'==—58 E' (16)

where r is the distance between the scatterer and the
receiving antenna and S is the scattering matrix of
the scattering object, defined by

S, S,
S = o 17)
S [l
hv  hh
In the general bistatic case, the scattering ampli-
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tudes, Si]_, with ij = v or h, are each a function of
both the (ai’¢i) and
(05,¢S). For the monostatic radar case, wherein the
transmit and receive antennas are co-located or the

incident and scattered angles,

same antenna is used for both functions, the angles
are related by 0s = 71:—0i and ¢i = 7r+¢i, and the
transmit and receive unit vectors become coincident:

&, b, v) = (k, b, 7).

1.3 Polarization Synthesis

The function of a polarimetric scatterometer is
to measure the scattering, matrix, S, by applying equa-
tion (16). The factor e*“/r can be determined by
measuring the field backscattered from a target with a
known scattering matrix, such as a metallic sphere.
Upon transmitting a  vertically polarized  wave,

E'=EV, and recording both components of the received

wave using a dual-polarized antenna, we can determine
the scattering amplitudes § and S from

Gikr 1 Ef
Sw = . E_‘: (18)
r
oikr 1 E;
S,, = = (19)
r E

A similar procedure involving the transmission of a
horizontally polarized wave leads to the determina-
tion of S~ and S . The scattering amplitudes are

complex quantities, whlch means that the scatterometer
has to be able to measure both the magnitudes and
phases of the received-field components relative to
those of the transmitted field. In practice, however,
it is not necessary to know the magnitudes and associ-
ated phases of all four scattering amplitudes in order
to perform polarization synthesis; it is sufficient to
know the four magnitudes and the phases of any three
of the scattering amplitudes relative to the phase of
the fourth. Furthermore, for the backscattering case

(which is the only situation we are considering in
this paper), we can invoke the reciprocity relation
S, =S, (20)

to further reduce the number of quantities needed to
characterize S down to five.

With S known, the radar cross section (RCS) for

any of the principal linear polarization combinations
can be obtained from

g, = 47r|Sijlz; ij =vorh. (21)
For any other combination of transmit and receive pol-
arizations, defined by the polarization angles (l//‘x)

and (u/r,xr), the radar cross section can be computed
by applying the polarization-synthesis equation [4]

a(v x;v,x) = 4nlp’ese’|’, (22)

where p° and p' are the polarization vectors of the

i
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Fig. 4. Polarization responses of a large conducting sphere.

receive and transmit antennas,

cos a
Em m
p" = = 5| »m=rorg (23)
|E™| sina_ e m
with (am,ém) being related to w_Xx ) by (12) and

(13). Thus, knowled tge of the matrix S permits calcula-
tion of the RCS of the object for any possible combi-
nation of elliptical transmit and receive antenna pol-
arizations, including linear and circular polariza-
tions.

The polarization response provides a convenient
graphical representation of the variation of the scat-
tering cross section, g, as a function of polariza-
tion. An example is shown in Figwe 4 for a large
metal sphere. It consists of two plots displaying o as
a function of v, and X, with one of the plots repre-

senting the co-polarized response, a(u/r v, xr x‘),

and the other representing _the  cross-polarized
response, a(v/ =y, +7/2, X, —-x) For convenience, the

plots are normahzed such that the peak value is 1.0.

2. Polarization Synthesis for a Distributed Target

Unlike point surfaces and vegeta-
tion canopies are distributed ta%?ts, composed of
randomly-distributed scatterers. e backscattering
behavior of a distributed targej is characterized by
the backscattering coefficient, &, which is the en-
semble average of the radar cross section, o, per unit
area,

targets, soil

g = —0, (24)
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where A4 is the illuminated area. For
linear polarizations, the synthesis process is
straightforward: simply measure S for each of many
independent samples of the distributed target (or
pixels of resolution area A4, in the case of an imaging
radar), and then compute

the principal

v or h, (25)

N

0 4 2 ..

7y = Z?VZ stjll' o=
=1

where N is the number of independent samples measured.

For other polarization combinations of transmit and
receive  polarizations, two approaches are available,
both of which provide identical results.
2.1 Scattering Matrix Approach

The first approach is basically identical to the
synthesis technique used in conjunction with
point targets. Thus,

N
0 4n 2
o (W.x;¥.x) = ZN Z [p*Sp'| (26)

1=1

where S is the measured scattering matrix of the ith sampls

2.2 Stokes Scattering Operator Approach

Instead of synthesizing the backscagter N times
and then averaging the sum to obtain ¢, as outlined
in the proceeding approach, it is possible to use a
computationally more efficient approach, based on the

Stokes  scattering operator [1, p. 32]. To show the
procedure, we start with the modified Stokes vector
representation of a polarized wave:
1E,I° ag
2 2
F (vx) = LB =] 4
" 2Re(E E,) 2aa, cosd
2Im(E E)) 2ag sind
%(1+c052u/c052x)
= |3(1-cos2ycos2y)| I, @7
sin2ycos2y
sin2y
where I == ai + a:, and all other quantities were

defined earlier, in Section 1. Upon applying (16), it
can be shown [S5, 6] that the transmitted and scattered

modified Stokes vectors are related by the modified
Mueller Matrix Z’m,
FF=lg g (28)
m 2 m m’

-

with the elements of £ being real quantities, given
in terms of the elements of the scattering matrix S.

2 2
[S,.l [S, .1
Z = |Shv]2 IShhlz .o o
m * *
2Re(S S h‘) 2Re (SvhS hh)
* *
2Im(S S, ) 2Im(S S, ) (29)
*  * * %
Re(SvhSw) -Im(Svthv)
* _* * %
. e Re(shhshv) -Im(S,_S,.)
* * * *
Re(svvshh + Svhshv) _Im(vaShh ° SvhShV)
* * * *
Im(svvshh + SvhSh Re(vaShh - Svhshv)
For a point target, the following polarization syn-
thesis equation is applicable [4, 7]:
oy x;v,x) = 4nAn[1.MmAr:1 (30)

where A; and A; are the normalized modified Stokes

vectors for the receive and transmit antennas
(A =F /I), and M_ is known as the Stokes scattering

operator, and is related to .Q’m by
M =Q2, (31)

with Q being a diagonal transformation matrix given by

1 0 0 O
10 1 0 0
Q=10 0 120 (32)
0 0 0-1/2
In the case of a distributed target for
which N measurements of M‘n are available, the back-
scattering  coefficlent can be synthesized for any
transmit and receive antenna polarizations from
CWxWx) = 2 A<M >A' (33)
where
1 N
<M > =g lz M) (34)
=1
Because the averaging over the index [/ is performed
prior to applying the synthesis equation (33), this

approach has been found to be computationally superior
to the direct synthesis approach presented in Section
2.1 [1, p.32]. Furthermore, this approach allows the
use of a measurement process that circumvents a phase-
stability problem associated with conducting polari-
metric radar measurements under field conditions. More
details on this problem are provided in Section 6.
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3. AVNA - Based Polarimetric Scatterometers

Techniques available for measuring the polari-
metric  scattering response of targets are of three
types: (1) fully coherent; (2)  coherent-on-receive;
and (3) incoherent. The incoherent technique is the
standard approach used at optical wavelengths, because
it is difficult to directly measure the phase differ-
ence between the k- and v-polarized components of the
received signal. The technique is fairly laborious,
and requires measurement of the received intensity
with various combinations of polarizers placed in the
path of the transmitted beam, and in front of the
detector.

The fully-coherent technique is the simplest to
implement using the Automatic Vector Network Analyzer
(AVNA), but it has strict requirements on phase sta-
bility over the time period it takes to complete the
measurements of the four elements of the scattering
matrix, S. Phase stability includes phase stability of
the instrument, as well as the “phase” of the target.
In a laboratory setting, the target is stationary, but
when measuring distributed targets under natural con-
ditions, such as a vegetation canopy, wind-caused
movements of the scattering elements (leaves, etc.)
change the scattering behavior of the target, particu-
larly the phase part. The change in target phase is
related to variations in the spatial positions of the
scattering elements relative to the radar antenna.
Whereas such variations are of minor consequence at
the longer wavelengths in the microwave region, they
can cause large errors in the measurement of S at
millimeter wavelengths, particularly when the varia-
tions occur over time scales shorter than the time
available to complete an individual measurement of the
matrix, S. With a network analyzer-based scattero-
meter, the measurement time is typically 0.1-1 s.

The coherent-on-receive technique provides a
solution for the phase-stability problem, as discussed
later, in Section 6. Because it is a specialized tech-
nique, however, we will ignore it for the time being,
and we will focus our attention exclusively on the
more  generic, fully-coherent approach, both in the
remainder of this section and in the next two sec-
tions.

4. Network Analyzer Principles of Operation

In recent years, vector network analyzers have
become widely available through a number of companies
(Hewlett Packard, Wiltron, and other manufacturers),
and they have been used as the basic component for
polarimetric scatterometer systems [8-11].

In general, network analyzers measure the magni-
tude and phase characteristics of linear networks
relative to some standard or reference. This is ac-
complished by making both transmission and reflection
measurements, to obtain specific characteristics of
the network (see Figure 5). For transmission measure-
ments, the signal transmitted through the test network
is compared to the incident signal, which serves as
the reference. For reflection measurements, the signal
reflected from the input port is compared with the
incident signal. The output port, in this case, |is
usually terminated with a matched load, to remove
reflections that travel back through the network and
contribute to the reflected signal.

A basic vector network analyzer system consists
of (1) an RF source, (2) an RF-to-IF converter, (3) an
IF signal detector and analog-to-digital (A/D) con-

——  ——
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Fig. 5. Transmission and reflection measurements (after HP 8510
Network Analyzer Operating and Programming Manual, Hewlett-
Packard Company, Santa Rosa, CA, 1984).

verter, and (4) a digital microprocessor and display.
In the context of Figure S5, the RF source is used to
supply the incident signal to the test network. The
transmitted or reflected RF signal, and a sample of
the incident signal, are then mixed down to the IF
range, maintaining the magnitude and phase relation-
ships between the two signals. The IF signals are then

detected, converted to digital form, and processed to
obtain information about the test network. If a fre-
quency-swept incident signal is wused, the result is a
measurement of the frequency response of the network,
and Fourier transform techniques can be used to obtain
the time-domain response.

SYNTHESIZED
’,_—> SWEEPER W

REFERENCE

aj
b, | REFLECTED
1

SYSTEM ,L__> FREQUENCY
BUS CONVERTER b2 TRANSMITTED

a2 — UNUSED TEST
NETWORK
TEST SET IF
INTERCONNECT

NETWORK
::> ANALYZER

Fig. 6. Configuration of a network analyzer for transmission and
reflection measurements.

As an example, Figure 6 Iillustrates the basic
components of an HP 8510 vector network analyzer sys-
tem, used for making transmission-reflection measure-
ments. In general, the principles are the same for
other vector network analyzer systems. The Hewlett
Packard equipment will be stressed throughout this
paper because the authors are more familiar with its
operation. The system of Figure 6 consists of three
pieces of equipment: (1) an HP 8340A or HP 8341A syn-
thesized sweeper, which serves as the RF source; (2)
an HP 8511A frequency converter, which serves as the
RF-to-IF converter; and (3) an HP 8510A network anal-

10
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yzer and display-processor, which serves as the IF

detector, A/D converter, and digital processor.

The HP 8511A has four ports to which signals can
be applied. Of these ports, the a and a  ports are

used to input the reference signal, and the b1 and b,

ports are used to input the measurement signals. In
the basic transmission-reflection  configuration (see
Figure 6), a sample of the signal from the RF source
is applied to the a reference port, while the a, port

is unused. The transmitted and reflected signals are
then applied to the b1 and b2 measurement ports, re-

spectively. The network analyzer can now give the mag-
nitude and phase of the reflected and transmitted sig-

nals relative to that of the incident signal by
forming the ratios
b, b,
Sy and S, = 2, (35)
respectively. Other characteristics of the network, as

shown in Figure 5, can also be determined.

4.1 Network Analyzer Operation as a Scatterometer

The measurement system of Figure 6 can be recon-
figured to allow operation as a scatterometer. In the
scatterometer  configuration, the “"test network" is
simply some radar target separated from the measure-
ment system by free space. In this case, the signal
from the RF source is coupled to free space with an
antenna, and travels to the target (i.e., test net-
work) through the air medium, instead of through a
coaxial cable or waveguide. The signal reflected from

the target is then received with another antenna, and
is compared with a sample of the transmitted signal
from the RF source, as before. The system can be con-
figured as either a dual-antenna system or a single-

antenna system (using a circulator to separate the
transmitting and receiving channels) as shown in
Figure 7.
SYNTHESIZED T
’T—> SWEEPER
R
ay
REFERENCE o—<]
by R
SYSTEM FREQUENCY "1\ e ASUREMENT
BUS CONVERTER p, (a) Dual-Antenna
System
ap
T
TEST SET IF
INTERCONNECT
NETWORK R
C> ANALYZER (b) Singte Antenna
System

Fig. 7. Configuration of a network analyzer for scatterometer meas-
urements: (a) dual-polarized single-antenna system, (b) single-anten-
na system.

There is a major difference between the transmis-

sion-reflection  configuration and the scatterometer
configuration. When operating as a scatterometer,
there is a relatively long time delay between the

T

—  ——

11

returned and transmitted signals, due to propagation
to the target and back. During this delay, the refer-
ence signal has changed frequency by an amount A4f,
which corresponds to a phase error in degrees of A¢ =
3604fr, where T = 2r/c is the two-way time delay. If a
synthesized source is used, the transmitted signal can
be stepped in frequency instead of continuously swept,
to keep the reference signal at the same frequency as
the received signal. However, any phase instability in
the source can also produce a phase error. To operate
as a coherent system, this phase error must be smaller
than a few degrees over the delay time, t. The phase
stability over typical scatterometer ranges (r < 20 m,
or T =< 133 ns) for synthesized sweepers is negligible,
so the phase error can be ignored. For a scatterometer
with a continuously swept trequency, the phase error
in degrees is related to 7 and the sweep rate, fs (in

Hz s') by the relationship 4¢ = 360 f, 7%, where Af =
fsr. For the phase error to be less than one degree,
the two-way phase delay, 7, must satisfy

voo360r .

s

T =<

(36)

A typical sweep rate for the HP 8510 system is fs=20

MHz ms’, requiring t = 373 ns (or r = 56 m). This
range is at least twice as large as typical scatter-
ometer ranges, so network analyzers can usually oper-

ate effectively as scatterometers by using either syn-
thesized  (stepped)  frequency or  swept-frequency
sources.

We have so far considered only a single
polarization for transmitting and receiving;
therefore, the system in Figure 7 represents a
traditional (magnitude-only) scatterometer. It must be

modified to operate as a polarimetric scatterometer. A
polarimetric  scatterometer, using the fully coherent
approach, must be able to transmit and receive a set
of orthogonal polarizations. The v and # linear
polarizations  will be used here for illustrative
purposes. For the single-antenna system, we can add a

second polarization channel and apply it to the b2

port of the HP 8511A. For the dual-antenna system, two
options are available. An additional channel can be
utilized, similar to the single-antenna system, or
polarizers can be inserted before the antennas. These
different configurations are shown in Figure 8, where
the network analyzer is assumed to be configured the
same as in Figure 7.

There are several features available with most
network analyzers which are particularly useful in
scatterometer applications. One of these features is
the ease with which the network analyzer can be pro-
grammed and controlled by a computer over an inter?ace
bus. This feature is stressed because it reduces the
hardware design to the consideration of only RF com-
ponents, as in Figure 8. The network analyzer supplies
all the detection, processing, and data transfer
options.

One of the most useful processing options avail-
able with many network analyzers is time-domain opera-
tion. Because the returned signal is measured as a
function of frequency, real-time Fourier transform
techniques can be used to obtain the time-domain
response. In scatterometer applications, the result is
a measure of the radar return as a function of range.
In addition, all other processing operations are
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Fig. 8. Polarimetric configurations of a network- analyzer-based
scatterometer: (a) dual-polarized single-antenna system, (b) dual-
polarized-antenna system, and (c) dual-antenna system using
polarizers.

available to both the time and frequency domains. Sup-
pose a measurement of the backscattered power is
desired, as a function of depth, for a volume of scat-
terers. By using the time-domain option with time-
gating, the portion of the returned signal correspond-
Ing to a particular depth in the volume can be
selected. The position and width of the time gate
determines the range and range extent of the small
volume within the entire volume of scatterers. The
time-gated signal can then be transformed back to the
frequency domain, to obtain the frequency response of
the small volume, as modified by the medium between it

and the scatterometer. This process is illustrated in
Figure 9.
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Fig. 9. Plots illustrating the use of gating with the time-domain op-
tion to measure the frequency response as a function of depth
within a random medium: (a) frequency domain response, (b) time
domain response, (c) gated time-domain response, and (d) gated fre-
quency-domain response.
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The range-resolution capability of the
determined by the swept-frequency bandwidth, B,

ar = £
2B

system is
37N

where ¢ is the velocity of light. For the example
shown in Figure 9, B = 1.5 GHz, and the corresponding
range resolution is 10 cm. In the case of polarimetric
scatterometers used for field operation, the bandwidth
usually is selected to be on the order of 10—20% of
the center frequency in the microwave band, and on the
order of 2 GHz in the millimeter-wave band.

The network-analyzer system can also be used to
remove spurious responses in the return signal. For
example, scattering trom objects other than the target
can contribute to the noise of the measurement. Many
network analyzers have data storage and complex math
features which can remove these spurious responses.
First, the response of the test setup without the tar-
get is stored, and later subtracted from the response
when the target is present, resulting in a measurement
of the target response, alone. e leakage signals
caused by multiple reflections within the RF circui-
try, that appear at the target range, can be removed
in the same manner. An example illustrating this pro-
cedure is given in Figure 10.
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(c) Time Domain Response
of Target Alone
Fig. 10. Plots illustrating the use of complex mathematical opera-
tions with trace storage to remove leakage signals: (a) time-domain
response with target, (b) time-domain response without target, and
(c) time-domain response after subtraction of (b) from (a).

5. Polarimetric Scatterometers

5.1 Microwave Polarimetric Scatterometers

Scatterometers must be able to measure targets
with a wide range of radar cross sections. In prac-
tice, targets with large radar cross sections are easy
to measure, but there is a lower bound on the measur-
able RCS. This lower bound (minimum detectable target)

for a given scatterometer at a fixed range from the
target is limited by three major factors. The first
factor is the thermal noise level, which is the abso-



IEEE ANTENNAS AND PROPAGATION MAGAZINE, OCTOBER 1990

and is determined by
system bandwidth. The

lute minimum detectable level,
the receiver noise figure and
second limiting factor is the dynamic range of the
network analyzer’s sampler (or mixer). This problem
arises when a single antenna is used, or if there is

insufficient isolation between the transmitting and
receiving antennas. In such cases, part of the trans-
mitted signal returns to the receiver’s sampler and

sets the minimum-detectable signal level. This minimum
signal level can be determined by dividing the
returned signal level by the dynamic range of the sam-
pler. Finally, the third limiting factor is the effect
of multiple reflections that appear at the target
range. In a radar system, there usually exists an im-
pedance mismatch between different RF components, and
between the antenna and free space. A fraction of the
transmitted signal, corresponding to each mismatch
interface, returns to the receiver as noise. Multiple
reflections between the mismatch interfaces also
arrive at the receiver, but with different time delays
corresponding to the total path length. The short-
range reflections can be distinguished from the target
signal in the time domain, but multiple reflections
that appear at the target range cannot be separated
from the target signal. Therefore, targets with a sig-
nal level that is less than the level of the multiple
reflections are not detectable.

Because a network analyzer is a coherent device,
its bandwidth is very narrow, and thermal noise is
usually not a limiting factor. However, the dynamic
range and multiple reflection problems limit the per-

formance of scatterometers, but their adverse effects
can be overcome by improving the isolation between the
transmitting and receiving channels of the system.

The two basic schemes for configuring the antenna
;ystems of typical scatterometers were shown in Figure
. The single-antenna system, shown in Figure 7(a),
isolates the iransmitting and receiving channels by
using a circulator. The isolation is typically on the
order of 20 dB, and it is limited by leakage through
the circulator, and by reflection from the mismatch at
the antenna. Better Isolation is obtained by using the
dual-antenna system, shown in Figure 7(b). With this
configuration, the isolation is limited by the coup-
ling between the antennas, and it is on the order of
50 dB. Although the isolation is superior, there are
other physical limitations for the dual-antenna system
at microwave frequencies that make a single-antenna
system more practical.

To study the characteristics of distributed tar-
gets as a function of incidence angle, a scatterometer
must have a small angular resolution. This condition
is usually achieved by using a small-beamwidth
antenna. However, a decrease in beamwidth requires an
increase in the size of the antenna aperture. At
microwave frequencies, the aperture size becomes too
large for dual-antenna systems to be practical. Aside

from the obvious increase in weight, the increase in
aperture size causes parallax problems, due to the
large boresight separation between the transmitting

and receiving antennas. In this case, the radar is no
longer operating in the backscatter mode, and the
antenna boresight directions must be adjusted, depen-
ding on the target range.

As mentioned, one of the disadvantages of single-
antenna systems is the problem associated with the
dynamic range limitations of network analyzers. For
small targets, or for those that are far from the
scatterometer, we may need to add amplifiers in the
transmitting or  receiving channels. However, the
strong short-range signal returns, from the antenna
mismatch and leakage from the circulator, may saturate
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Fig. 11. Diagram of scatterometer system with switching.

the receiver. To reduce the level of these direct
returns, a pulsing technique may be used [12, 13]. In

this scheme, the receiver is switched off between
transmission and when the signal return from the
target arrives at the receiver. Because this switching

is done at a much higher rate than the bandwidth of
the receiver, the network analyzer does not sense
that the incoming signal is pulsed, and it is measured
as if it were a CW signal. The pulsing switches are
placed in the transmitting and receiving channels as
in Figure 11. The isolators and high-pass filters are
used to remove switching transients which affect the
response of the network analyzer. Note that the pul-
sing network is not interfaced with the network anal-
yzer, and the pulsing operation is independent of the

25 T T T T T T T I T

15 -

(a) WITHOUT SWITCHING
5 (b) WITH SWITCHING

RELATIVE POWER (dB)

-65
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/Wﬂn ull\id 1 m |
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Fig. 12. Time-domain response of the system in an anechoic cham-
ber: (a) without switching, (b) with switching.

network analyzer operating sequence. Figures 12 and 13
show two time- and frequency-domain responses of a
target, with and without switching. When pulsing is
applied, the short-range returns, which were dominant
without pulsing, decrease significantly, and the tar-
get return decreases only slightly, by an amount
dependent on the duty cycle. The overall signal-to-
noise improvement in this example is about 10 dB.
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Fig. 13. Corresponding frequency-domain trace: (a) without switch-
ing, (b) with switching.

Figure 14 shows a photograph of the University of
Michigan’s truck-mounted microwave polarimetric scat-
terometer. The system operates at center frequencies
of 125, 5.3, and 9.75 GHz, with each frequency chan-
nel having its own antenna and RF circuitry, but with
all three sharing the same network analyzer. A similar
system is also available for operation at millimeter
wavelengths (35, 94, 140, and 215 GHz). These systems
are used to study the scattering properties of trees,
rough surfaces, snow-covered terrain, and other types

of distributed targets.

Fig. 14. Photograph of the antenna and RF sections of
POLARSCAT, which operates at 1.25, 5.3, and 9.75 GHz.

5.2 Millimeter-Wave Polarimetric Scatterometers

The free-space loss associated with the propaga-
tion of electromagnetic waves is inversely propor-
tional to the square of the wavelength. If the wave-
length is reduced by a factor of 10 (100 GHz instead
of 10 GHz), the free-space loss increases by 20 dB.
For a millimeter-wave polarimetric scatterometer, with
the same beamwidth and performance as a microwave sys-
tem, we must either increase the transmitted power or
reduce the absolute noise level of the system. Because
higher power is more difficult to obtain at milli-
meter-wave frequencies, the most reasonable option is
to reduce the noise level. In the microwave system, a
single antenna was used because of antenna size limi-
tations, and we found that reflections from the
antenna mismatch caused significant noise problems.
These noise problems were somewhat improved by adding

T
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a pulsing network to remove the major contribution.
Much of the noise associated with the single-antenna
system can be avoided by using two antennas, which is
the wusual approach adopted with short-range milli-
meter-wave systems. Because millimeter-wave antennas
(with beamwidths comparable to those in the microwave
region) are much smaller, dual-antenna systems are not
limited by the size of the antennas.

SSB
MIXER

POLARIZER

BANDPASS MIXER
FILTER

a; b .
Fig. 15. Basic millimeter-wave polarimetric scatterometer.

The diagram in Figure 15 illustrates a basic pol-
arimetric  scatterometer design for  millimeter-wave
frequencies. To obtain a swept millimeter-wave fre-
quency for transmission, a lower IF (typically in the
1—5 GHz range) is up-converted to the desired RF
band, by using a single-sideband (SSB) up-converter,
which passes only the frequency f.. = fio * f The

down-conversion stage used on

reception passes only
the difference frequency, f_. = fo. - fio Because the

up-conversion and down-conversion stages are driven by
the same LO (local oscillator), phase coherence is
maintained. To reduce the LO power requirements, we
can use only one transmitting and one receiving chan-
nel (i.e, using only two mixers), and this can be
accomplished by using polarizers to provide the polar-
ization agility. “The two isolators located at the LO
ports of the mixers help to isolate the transmitting
and receiving channels, by rejecting any leakage com-
ponents traveling through the LO path. Isolators may
be needed throughout the system, to reduce the multi-
ple reflections discussed in Section 4

At millimeter-wave frequencies (above about 120
GHz), the available LO power becomes so low that a
single LO may not be able to drive both the up-
conversion and down-conversion mixers. However, avail-
able LO power can be increased by injection phase-
locking two separate sources. Figure 16 illustrates
one way in which this can be done. All three sources
of Figure 16 are designed to operate at the desired LO
frequency. The oscillator-circulator ~combination — acts
as an unstable amplifier, the output power of which is
approximately equal to that of the oscillator. The
result is two coherent LO outputs, each with the power
of a single oscillator.

6. Coherent-on-Receive Polarimetric Scatterometer

Consider a two-antenna system equipped with pol-
arizers which can selectively switch either antenna to
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Fig. 16. Design used to phase-lock two LO sources.

v or h polarization. To measure all four elements of
the scattering matrix, S, of a given point or distrib-
uted target, it is necessary to conduct a sequence of
four separate measurements, corresponding to the four
different combinations of transmit and receive polari-
zations. To take advantage of the range-gating capa-
bility of the network-analyzer system, it 1s necessary
to operate in a stepped-frequency mode, which involves
stepping the RF frequency in discrete increments over
the desired bandwidth. In this mode, it takes on the
order of 1 s to complete the desired sequence of meas-
urements. Measurement time can be reduced down to 1 ms
using a fast CW mode, but at the expense of range
information.

With careful design, it is possible to maintain
phase coherence in the system over the 1-s time inter-
val when operating in the stepped-frequency mode.
Under field conditions, however, slight fluctuations
of the antenna platform or random movements of vegeta-
tion elements can cause significant phase variations
at millimeter wavelengths. is problem is circum-
vented by the coherent-on-receive configuration, shown
in Figure 17, which was proposed by Walter Flood [14],
and implemented by both the University of Michigan and
The University of Massachusetts [15]. The transmit
antenna structure includes two parallel quarter-wave

polarization phase plates, each of which is indepen-
dently rotatable in its own plane. This feature allows

the generation of any alpolarization configuration of
interest, including wvertic (v), horizontal (h), 45°
linear (45), and left-hand circular (L), which are

used, as discussed below, to obtain the 16 elements of
the Mueller matrix. The receive antenna includes a 45°
polarization grid, which allows separation of the v

24 GHz
Swept Source

From HP8S10 ,—x-

D
N4

Polarization
Grid

olarization,”

v | Polarization

To Network Delay 93-95 GHz
Analyzer Line

Fig. 17. Block diagram of a coherent-on-receive scatterometer.
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and h components of the received signal. After down
converting the two receive channels to IF, the signal
in the v channel is delayed by a 20-m long delay line,
and then the two signals are combined and sent to the
network analyzer. The presence of the delay line
serves to artificially shift the range location of the
v-polarized signal (Figure 17), thereby allowing the
measurement of both polarization components of the

received  signal, E: and E;, simultaneously. This is

the reason for calling this
receive scatterometer.

technique a coherent-on-

To show how this technique can provide polarimet-
ric scattering data, let us return to (28) and rewrite
it in the following form:

F; L L,L. L. |F

F; = F; = —i L, L,L,L, F; (38)
Fi| " \LyL,L,L, |F
F, L, L,L,L, F,

where F| to F, are the four Stokes parameters of the
received Stokes vector, all
directly from the measured fields, £ and E;. The 16
elements, L11 to L“, the of the
Mueller matrix £, and F; to F, are the Stokes

of which are determined

are components

parameters of the transmitted Stokes vector.

Our objective is to measure the elements of Zm.
This can be achieved by measuring F* for each of four

different incident polarizations, namely, vertical,
horizontal, 45° linear, and left circular, whose
Stokes vectors are given by
1 0 / 1/2
t_ |0 t_|1 v _[1/2 t_|[1/2
F = 0 Io’ Fn— 0 10’ F4s_ 1 10’ FL" 0 [0' (39)
0 0 0 1

The received Stokes vectors, measured in response to
F:, and F;, lead to a determination of the elements in
the first and second columns of Qm, respectively. The

third and fourth columns can be obtained from the
received Stokes vectors corresponding to the following
two linear combinations of transmit Stokes vectors:

t t
Fa F45

1t t
- 2[Fv + Fh]

O OO

t _ ot 1fet ) _
F FL-Z[FV+F|‘]—

(40)

—_OOO

This process of measuring £

m

can be repeated for as
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many independent samples as desired. To reduce the
uncertainty, associated with signal fading variations,
such that the 90% confidence interval is about +0.6
dB, N must be on the order of 50 [16, p. 49]. With

<& > known, we can use (31) and (33) to compute ¢° for

any combination of transmit and receive antenna polar-
izations.

7. Calibration

The calibration problem can be modeled in terms
of the generalized schematic representation shown in
Figure 18, which represents the condition when the
polarization switch of the transmitting antenna is set
to transmit a vertically-polarized wave of amplitude
Eo' For an ideal, distortion-free antenna, the trans-

mitted field, E' consists of only a vertically-

polarized component, Eo’ and no horizontally-polarized

energy is emitted. In reality, however, the trans-
mitted field consists of a vertically-polarized com-
ponent, T E . and a horizontally-polarized component,

Thon‘ where Thv represents the coupling between the

v- and h-channels of the antenna. A similar situation
occurs for the receive antenna, as shown in Figure 18,
This departure from the ideal is called polarization
distortion, and is wusually characterized in terms of
distortion matrices.

CO-POLARIZED

RECEIVE
CHANNEL =r
= Ev
& D Ay
- ] £
S . e h
“a v E .7 < vh
A En =Tw B Z
ree. =

=t = R
EV = T hv EU i v

/ CROSS-POLARIZED

@ RECEIVE CHANNEL

TARGET

Fig. 18. Schematic representation of transmitting and receiving an-
tennas for v-polarized transmitting configuration. The dashed lines
represent polarization coupling. For an antenna with perfect
polarization isolation, the coupling coefficients would be zero.

For the situation shown in Figure 18, the measured
received electric field is given by

E’ . R R 1S S [IT
Er — E: = eld)iz( Rw th v vh w (41)
h r v hh| Vb Shh hv
where
1/2
21 P G GA
—————(47!) > (42)

The elements of the S matrix are the scattering param-
eters to be measured, the elements of the R matrix are
the distortion components of the receive antenna dis-

tortion matrix, P!=E;/2n0 is the transmitted power, G!
and G _ are the nominal gains of the transmit and
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receive antennas, ¢=2k0r is a phase factor which

accounts for two-way propagation between the target
and the radar, and r is the range to the target. If
the radar system uses distortion-free or approximately
distortion-free antennas, with szthz Tw: 1 and

R =R =T =0, the expression for E" simplifies to

E = %Ks
v r- w
E = 0Kg (43)
h ’_2 hv

A repeat of the process, with the transmit antenna
illuminating the target with a horizontally-polarized
wave, leads to expressions in terms of Shh and

For  polarization-synthesis  applications, it is not
necessary to know the absolute phases of the four
scattering amplitudes; we need to know the phases of
any three of them relative to the fourth. Hence, the

factor e1¢ being common to all four, need not be
determined. Finally, the constant, K, can be deter-
mined by performing a calibration measurement against
a target with known scattering matrix, such as a metal
sphere or a metal cylinder.

For the general case, where the antennas are not
close to being distortion free, the calibration pro-
blem calls for a more complicated procedure, often in-
volving measurements of more than one calibration tar-
get. The interested reader is referred to [11, 17-20].

8. Personal Concluding Remarks by F.T. Ulaby

When I designed and built my first FM scatter-
ometer in 1970, it took me three months to connect all
the equipment together, and another three months to
get the system to work properly. It was many months
later before my graduate students and I had the system
calibrated, and its performance evaluated. All opera-
tions were manually controlled from a front panel
covered with switches and knobs.

My fourth-generation scatterometer was built in
1981. It was computer-controlled, and much more com-
pact and reliable than its predecessors. However, it
took over a year to ‘"computerize" the system, which
included the construction of circuit cards to inter-
face the computer to the various subsystems, writing
the control software, and forever debugging it!

In today’s world, a student familiar with the
operation of the Automatic Vector Network Analyzer
(which our students learn to use in their microwave
laboratory courses) can put together a basic scatter-
ometer and evaluate its performance in a matter of
hours! There is still a great deal of work that needs
to be done to design and build a high-performance
scatterometer; however, the effort is spent in opti-
mizing the performance of the antenna and RF circuits,
rather than in designing and building the low-
frequency signal-processing and control circuitry.
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CORRECTION

The article, which began on page 50 of the February,
1990, issue of the Magazine, was authored by John
Cavanaugh. The Magazine apologizes for the omission of
his name from this report on the CCIR Study Group 5
final meeting.
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