
IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 33, NO. 3, MAY 1995 627 

Application of Plane Waves for 
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Abstract-We utilized the concept of a compact antenna range 
to obtain plane-wave illumination to accurately measure scatter- 
ing properties of simulated sea ice. We also made simultaneous 
measurements using conventional antennas. 

Measured scattering coefficients obtained with the plane-wave 
system at 10 GHz decreased by about 35 dB when the incidence 
angle increased from 0" to 10". Scattering coefficients derived 
from data collected with the radar system at 13.5 GHz using 
conventional far-field antennas decreased by about 20 dB over 
the same angular region. This demonstrates that the far-field 
properties of a widebeam antenna are inadequate for measuring 
the angular scattering response of smooth surfaces. 

We believe that application of the compact antenna range 
concept for scattering measurements has a wide range of appli- 
cations and is the solution to the long-standing problem of how to 
directly measure scattering consisting of coherent and incoherent 
components. 

I. INTRODUCTION 

PPLICATION of microwave sensors to remote sens- A ing of sea ice is well documented [1]-[7]. Active and 
passive microwave sensors have been and are being used 
for operational and scientific monitoring of sea ice [8], [9]. 
However most of the current data inversion algorithms are 
qualitative and empirical. To make these algorithms more 
robust and quantitative, the Office of Naval Research (ONR) 
initiated a multidisciplinary research program. The goals of 
this program are to understand better the physics of scattering 
and emission from various types of sea ice; to develop forward 
scattering and emissivity models; and to develop inverse 
scattering models to extract sea ice geophysical parameters 
from electromagnetic signatures. As a part of this research 
program, we developed a laboratory technique for accurately 
measuring the scattering properties of saline ice using plane 
waves. 

Calibrated radar systems, referred to as scatterometers, are 
used for scattering measurements over distributed targets. 
These systems generally utilize far-field properties of an an- 
tenna. Because scattering from smooth surfaces decays rapidly 
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with incidence angle, either a very narrow antenna beam or 
some algebraic manipulation is required to extract the true 
scattering response. But traditional technical solutions require 
use of a very large aperture antenna, which is impractical in the 
laboratory environment. Algebraic solutions require a priori 
knowledge of the scattering response. These problems can be 
solved by the application of the compact antenna range concept 
to determine directly the scattering response [ 101. 

A compact range uses a large reflector antenna to transform 
spherical wavefronts from the feed antenna into planar wave- 
fronts. We used an offset reflector antenna to provide plane- 
wave illumination. With this antenna we collected backscatter 
data over simulated sea ice at the Cold Regions Research 
and Engineering Laboratory (CRREL). The ice was grown 
in an outdoor pit with dimensions of 18 by 8 m. We made 
these measurements over incidence angles from 0" to 35" 
with VV polarization at 10 GHz. For comparison, we also 
made backscatter measurements using a 13.5-GHz system 
with diagonal horn antennas operated in the far-field. These 
measurements were also made with VV polarization. 

This paper briefly reviews the technique for generating plane 
waves using offset parabolas. It also describes the experiment 
and systems used for data collection. The paper presents results 
from the experiments. 

11. GENERATION OF PLANE WAVE ILLUMINATION 

The compact range concept is based on the well-known fact 
that rays emanating from a spherical source at the focal point 
of a parabolic reflector are reflected in the form of parallel rays. 
Any surface normal to this set of parallel rays is an equiphase 
surface. Thus we can illuminate a surface with a wave having 
a constant incidence angle, a, as shown in'Fig. l(a). 

Because the parabolic reflector is finite, a set of diffracted 
rays is also generated as shown in Fig. l(a). Far from the 
antenna, these diffracted rays are spherical and their amplitude 
decays as 1/r. In the immediate vicinity of the reflection 
boundary (RB), diffracted waves are planar, and they do not 
decay as a function of range. Fortunately, these rays near the 
RB propagate at very nearly the same angle as the plane- 
wave bundle reflected by the parabolic surface. This can be 
explained by the Uniform Theory of Diffraction (UTD) [ 121. 
In simpler terms it is necessitated by the fact that fields 
must be continuous across the reflection boundary (Fig. 1); 
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Fig. 2. Physical layout of the plane-wave antenna mount. Support structure 
for the feed is designed such that the phase center of the feed can he located 
at the focal point by moving either of the two supports. 

(h) 

Fig. 1 .  
reflector. 

(a) Offset reflector geometry and (b) physical dimensions of the 

Le., R+ + D+ = D- where R+ and D+ represent the 
reflected and diffracted fields on the illumination side and 
D- represents fields in the shadowed region of the reflection 
boundary. Since R is a plane wave, both D+ and D- must 
also be plane waves near the reflection boundary. A transition 
function is used to transform the plane-wave fields to the 
appropriate range-dependent fields. But it is known that the 
diffracted fields must exhibit range-dependent decay in the 
region beyond the reflection boundary. The remainder of the 
diffracted rays represent a source of error. The effect of these 
can be minimized by edge treatment such as shaping of the 
edge and/or the use of resistive cards. 

The diffracted rays, removed from RB, decay as a function 
of range, diffraction angle and edge illumination or aperture 
taper. The use of aperture taper results in a nonuniform 
plane wave. Unlike a compact range, where it is desirable 
to generate a uniform plane wave, a nonuniform plane wave 
is acceptable and even desirable for backscatter measurements 
over distributed targets. The effect of nonuniformity can be 
removed during calibration. This can done by measuring the 
return from the calibration target at several positions within 
the illuminated spot. ’ 

The theory and implementation of the compact antenna 
range is well documented [lo]-[ 121. Uniform theory of diffrac- 
tion and physical optics methods can be used to analyze the 
problems discussed above. We used mainly an experimental 
approach for developing the antenna to generate plane waves. 
We constructed the support structure for the reflector and the 
feed such that the feed location can be adjusted to place 
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Fig. 3. Experimental set-up for measurement of .the plane antenna’s 
near-field patterns. This is achieved by probing the field in two dimensions 
using a small horn antenna. 

the phase center of the feed at the reflector focal point as 
shown in Fig. 2. Using a vector network analyzer, we probed 
the fields from the reflector at the desired distance in two 
dimensions. We optimized the feed position to obtain plane- 
wave characteristics at a distance of about 2 meters and at 
a maximum frequency of operation of 14 GHz. We also 
measured the field pattern in 2-GHz steps over the entire 
operating frequency range from 4 to 14 GHz. Fig. 3 shows 
the experimental set-up used for probing the fields. 

Figs. 4 and 5 show measured field patterns at 10 and 12 
GHz, respectively. The phase of the field across the illuminated 
spot of 12 in is constant to within 20’ indicating that we indeed 
simulated a nonuniform plane wave. 

111. SYSTEM DESCRIPTION 

To evaluate the utility of the plane-wave antenna for geo- 
physical studies we performed radar measurements with a 
IO-GHz system. We also made measurements using a 13.5- 
GHz spherical-wave system to compare its performance with 
the plane-wave system. Both systems are operated in the step- 
frequency mode in which the transmitter signal is stepped 
in frequency over the desired bandwidth, and the amplitude 
and phase of the received signal are measured at each fre- 
quency. We stepped the frequency at 2.5-MHz intervals over 
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Fig. 4. Near-field horizontal scan for vertical polarization at 2 m from the 
reflector at 10 GHz. The top figure shows phase as a function of displacement 
and the bottom figure shows the magnitude of the field. The center of the 
reflector is located at 13.5 in on these figures. 
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Fig. 5. Near-field horizontal scan for vertical polarization at 2 m from the 
reflector at 12 GHz. The top figure shows phase as a function of displacement 
and the bottom figure shows the magnitude of the field. The center of the 
reflector is located at 13.5 in on these figures. 

a 1000-MHz bandwidth. Measured data at all frequencies are 
concatenated and Fourier-transformed to generate the signal 
as a function of range or time. This signal is range gated 
to isolate ice surface retum from clutter and is processed to 
obtain scattering coefficients. 

Fig. 6 shows the block diagram of the 10-GHz system. 
We used a Vector Network Analyzer (VNA) to generate the 

TABLE I 
Ku-BAND STEP-FREQUENCY RADAR SPECEXATIONS 

baseband transmit signal and to measure the amplitude and 
phase of the received signal. The output from the VNA is 
upconverted to the desired center frequency using a single 
sideband upconverter. The amplifier is used to boost the 
output from the upconverter. The amplifier output is coupled 
to the antenna through two switches (Switch 1 and Switch 
3) and a directional coupler. The directional coupler acts as 
a duplexer to isolate the receiver from the transmitter. The 
antenna collects the backscattered signal. This signal passes 
through the coupled port (4) of the directional coupler and 
through the switches (Switch 2 and Switch 4) to the mixer. 
Switch 1 and Switch 2 are used to inject the transmit signal 
into the receiver for intemal calibration. When the system is 
operated with two dual-polarized antennas, Switch 3 is used 
to select the desired transmit polarization and Switch 4 is used 
to select the receive polarization. 

The 13.5-GHz system is very similar except for the use of 
two dual-polarized diagonal homs, one for transmission and 
the other for reception, and the IF frequency. The use of two 
antennas eliminates the directional coupler. Table I provides 
important system parameters including antenna beamwidths 
for the 13.5-GHz radar. 

We calibrated the system by measuring the signal backscat- 
tered by a metal sphere of known radar cross section. We 
estimate absolute calibration uncertainty to be about f 1.5 dB. 

IV. EXPERIMENT DESCRIFTION 

We performed the radar measurements over simulated sea 
ice during Apr. 1993. The ice was grown in an outdoor pond of 
18 m by 8 m. The pond was equipped with a gantry positioned 
on rails to facilitate transverse movement to obtain spatially 
independent samples. We mounted the plane-wave antenna on 
the gantry such that antenna height above the ice surface was 
about 2 m. Because of the mounting constraints, the maximum 
incidence angle for the plane-wave system was restricted to 
about 35'. We mounted the 13.5-GHz system on the gantry at 
a height of about 3 m. Incidence angles extended from 0' to 
55' for this system. The network analyzer and data acquisition 
system were housed in a tent adjacent to pond. We used a 
50-foot-long RF cable to send VNA output at frequencies 
between 1 and 3 to the RF section for upconversion. The RF 
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Fig. 6. 
adjacent to the pond. Two RF cables of about .%foot length are used to connect RF and IF sections. 

Block diagram of the X-band radar system. RF section was mounted behind the antenna. IF and data acquisition sections were housed in a tent 

I IF SECTION 

section was located behind the antenna. We utilized another 
50-foot-long RF cable to send the down-converted signal to the 
network analyzer for processing. We used systems operating 
at slightly different frequencies to make nearly simultaneous 
measurements because we did not have conventional antennas 
for operation at 10 GHz during this experiment. 

We positioned the gantry at the desired location and col- 
lected data at O", 4", lo", 15", 25", and 35" using the 
plane-wave system. We also acquired data over incidence 
angles from 0" to 55" at 5" intervals with the spherical-wave 
system. Before starting and after completing measurements 
at each location, we calibrated both systems intemally. We 
performed similar measurements at three other locations to 
obtain spatially independent samples. 

After completing data collection over the ice we calibrated 
both radar systems using standard targets of known radar cross 
section. We used a metal sphere for calibrating the 10-GHz 
system and a diplane and the metal sphere for calibrating the 
13.5-GHz system. In addition to radar measurements, we made 
measurements of ice surface roughness using a comb gauge. 
The ice surface was relatively smooth with typical surface 
roughness of about 2 mm. 

V. RESULTS 

Because data using the plane-wave antenna were collected 
in the single antenna mode, these data needed special pro- 

cessing to extract ice retums from feedthrough signals. These 
feedthrough signals are in general much stronger than tar- 
get retums. Normally, two approaches are used to reduce 
these feedthrough signals. First, returns from the background 
without the target are recorded, and this background retum 
is coherently subtracted from the signal consisting of the 
background plus target returns. We could not use this approach 
because we could not point the antenna at the sky because of 
the maximum incidence angle restriction. Second, some sort 
of hardware range gate is used to isolate target retums from 
feedthrough signals. We could not implement this because we 
did not have access to the very fast switches (switching speed 
of less than 10 ns) needed. Instead, we used the following 
method to minimize feedthrough signals. 

We assumed that the phase of the return from a distributed 
target varies randomly from one sample to another whereas 
the feedthrough signals remain coherent from one sample to 
another. We coherently averaged four independent samples at 
each angle. Coherent averaging enhances feedthrough signals, 
reduces distributed target retum substantially and provides an 
estimate of coherent system noise. We coherently subtracted 
this average from each sample and Fourier-transformed the 
subtracted data to determine power received as a function of 
range. Fig. 7 shows the results at normal incidence before and 
after coherent subtraction. The scheme we used eliminated 
the feedthrough signals without significantly affecting the 
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Fig 7 Radar retum as a function of range before and after coherent 
processing at 0' incidence. Antenna is located approximately 2 m above 
the ice surface The first two peaks in the raw data are internal feedthrough 
signals in the RF section of the radar. The third peak is from the reflection at 
the antenna feed. Actual range to the ice surface is the difference in distance 
between antenna feed reflection and ice surface retum mnus  the distance from 
the feed to reflector surface (S46 cm). 

Return at 15' incidence 
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Range from the network analyzer (meters) 
Fig. 8. 
processing at 15' incidence. Range scale is same as that for Fig. 7. 

Radar retum as a function of range before and after coherent 

ice return. This verifies our assumption about coherency of 
feedthrough signals and random variation of the phase of 
ice returns from one sample to another. Fig. 8 shows results 
of measurements at incidence angle of 15" before and after 
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Fig. 9. 
and spherical-wave antennas. 

Comparison of scattering coefficients determined using plane-wave 

coefficients determined with plane waves decayed by about 35 
dB when the incidence angle was increased from 0" to 10". In 
contrast, scattering coefficients decreased by only about 20 dB 
over the same angular region when measured with spherical 
waves. These results confirm that we can obtain a better 
estimate of the scattering response near vertical incidence 
using plane waves generated with offset reflectors operated 
in the near zone. 

VI. DISCUSSION 

Near vertical incidence, scattering from a relatively smooth 
surface consists of two components: 1) a coherent component 
caused by specular reflection at the dielectric interface; and 2 )  
an incoherent component caused by the rough surface. When 
the surface is relatively smooth, the coherent component gener- 
ally dominates the return near vertical. Reference [ 141 reported 
a first-order solution to determine the coherent contribution 
when using finite-beamwidth antennas as 

where p is the polarization, 6 is the incidence angle, rp is the 
power reflection coefficient for polarization p (either H or V), 
and B is given by 

coherent subtraction. 
We range-gated the data processed with the procedure 

described above and computed scattering coefficients using 
internal and external calibration data. 

Fig. 9 compares scattering coefficients determined with 
plane-wave and spherical-wave systems. These data are the 

The one-sided, 3-dB beamwidth of the antennas is p and 
the range to the scatterer is Ro' 

Using the above equations, the ratio of the coherent com- 
ponent from 10 GHz to 13.5 GHz at normal incidence using 
antennas with equal beamwidth can be expressed as 

( 2 )  
~ ~ p c ( 1 0  GHz) B&., exp(-4hooi) 

0&,(13.5 GHz) B;o exp(-4k13,~?)  

where B and IC are computed for 10 GHz and 13.5 GHz as 
indicated by the subscripts. 

result of averaging four spatial samples. Each spatial sample 
consists of approximately two independent samples obtained 
using excess bandwidth [13]. Therefore a minimum of eight 
independent samples were used in computing the average. 
This results in an uncertainty of about *1.6 dB. Scattering 
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For an rms surface height of 2 mm this ratio is less than 2 
dB at normal incidence. 

Reference [ 151 reported the frequency response of scattering 
from first-year ice at 40” incidence. These data show that 
the scattering coefficient increased by about 2 dB from 10 
GHz to 13.5 GHz. The theoretical results demonstrate that the 
scattering characteristics over the angular range between 0” 
and 40” are nearly similar at 10 and 13.5 GHz. Consequently 
the difference in scattering response presented in the Results 
Section (see Fig. 9) can be attributed to the antenna properties. 

VII. CONCLUSION 

We used the compact antenna range concept to gener- 
ate plane waves for measuring the scattering response of 
distributed targets. To compare the performance of plane- 
wave and spherical-wave systems in determining the angular 
response of distributed targets, we performed simultaneous 
measurements on a relatively smooth saline ice surface. The 
results show that the plane-wave system provides a better 
estimate of the near vertical scattering response of distributed 
targets. 

As an extension of this work, we recently developed a 36- 
inch plane-wave antenna using either a TEM horn antenna 
operating from 2 to 17 GHz [16] or a bowtie feed horn 
operating over the frequency range from 500 MHz to 17 GHz 
[ 171. We combined this antenna with a vector network analyzer 
to develop an ultra wideband radar with a free space range 
resolution of about 1 cm and angular resolution of about 1”. 
With this system we have achieved unprecedented control of 
determining the location and source of scattered energy from 
a complex material (sea ice). Spatial resolution is achieved by 
the use of plane wave illumination. Essentially, all portions of 
a normally incident planar wavefront illuminate the surface 
simultaneously. This is a major advantage over traditional 
spherical-wave illumination where targets distributed at dif- 
ferent depths but located at identical ranges all appear at 
the same time. We obtained fine range resolution by the use 
of wide bandwidth. In addition to the use of the system to 
identify sources of scattering from various geophysical media, 
we can also obtain broad spectral electromagnetic signatures 
of targets. 

So far, this approach has been used to study the mi- 
crowave properties of sea ice. Many other applications can 
be envisioned. For example, the technique would improve 
electromagnetic signature data from vegetation by precisely 
separating signals from leaves, stems and soil. We can also 
envision applying the technique to forest canopy studies, Ocean 
wave studies, and glacier ice studies. 
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