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Abstract—An ultrawide-band radar system centered at 10 GHz
has been developed for sea-scatter research and was recently
deployed on a research pier in the North Atlantic. The radar
is based on a time-domain reflectometer module for a sampling
oscilloscope. Using transient excitation of a traveling wave-tube
amplifier, the system generates 200-ps wide pulses with a 10-GHz
center frequency and a peak power of approximately 1 KW, The
resulting range resolution is approximately 3 cm. The system was
used to investigate low-grazing angle, multipath effects in the
ocean environment using a trihedral corner reflector, mounted
45 cm above the water surface. The ultrahigh-range resolution of
the system allows spatial separation of the direct and indirect
echoes from the trihedral. In addition, a comparison of the
indirect vertically- (VV) and horizontally- (HH) polarized echoes
illustrates the effects of Brewster angle damping. The implications
of these effects for sea-clutter statistics are briefly discussed.

I. INTRODUCTION

ULTIPATH propagation has long been recognized as an

important consideration when operating radar systems
at sea. At low-grazing (high-incidence) angles, energy which
travels to or from the target via forward scatter off the sea
surface may combine coherently with energy which follows
a direct path, causing signal amplitude and phase variations.
This phenomena reduces the ability of systems to track targets
at low-grazing angles, and much research has been conducted
to mitigate its effects [1]. Recently, the role of multipath
propagation in the generation of sea clutter has also been
the subject of study. Although its role was earlier inferred by
Long [2], Lee et al. [3] have recently postulated that it may
account for the polarization-ratio anomalies they observe in
sea-scatter data collected off the coast of Scotland. Trizna [4]
recently incorporated a multipath scattering mechanism into a
clutter model and showed how it can account for the major
differences observed between the amplitude characteristics of
horizontally- (HH) and vertically- (VV) polarized backscatter.
Sletten [5], [6] has also found strong evidence of a multipath
scattering mechanism in the backscatter from breaking waves
in a laboratory wavetank.

One way to determine the role of multipath in the generation
of sea scatter is to collect ocean backscatter data with a
radar capable of resolving the direct and indirect components
of the scattered field. With a sufficiently high degree of
range resolution, the components of the multipath signal
can be observed directly. Many research groups involved
in ultrawide-band radar research have developed laboratory
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systems with subdecimeter resolution (for example, see [7]),
but field systems, particularly those deployed at sea, do
not have the range resolution necessary to resolve multipath
echoes in a two-way, monostatic configuration. In [5] and
[6], a short pulse, ultrawide-band radar was used to infer the
presence of double-bounce scatter from a breaking water wave,
but this was achieved without actually spatially resolving the
components of the backscatter.

This paper reports on an experiment in which a modified
version of the system used in [5] and [6] was used to
demonstrate the spatial resolution of multipath echoes from
a target situated close to the sea surface. The objective of the
experiment was to demonstrate the ability to resolve multipath
echoes at low-grazing angles from a scatterer situated above
the surface by a distance commensurate with typical wave
heights. In the experiment, backscatter is observed from a
trihedral corner reflector, floating approximately 45 cm above
the surface of the North Atlantic. The 3-cm range resolution
of the radar system used in the experiment allows resolution
of the multipath components, even at a grazing angle of 4°,
The experiment also demonstrats the effect of Brewster-angle
damping on the multipath echoes for VV polarization. Those
components of the VV-polarized echo which experienced
a reflection at the water surface are seen to be severely
attenuated with respect to those scattered directly.

The discussion of the experiment is divided into six sections.
Following this introduction, a simple model describing multi-
path scattering in the time domain is presented. In Section III,
the ultrawide-band radar system used to resolve the multipath
echoes is briefly described. Experimental results are presented
in Section IV, and Section V contains a brief discussion of
the relevance of these measurements to sea-scatter research. A
short summary can be found in Section VL

II. A MODEL FOR MULTIPATH IN THE TIME DOMAIN

Multipath is a well-known phenomenon which affects radar
measurements of targets situated over the earth or the ocean
surface. In the marine environment, multipath interference
occurs when the echo scattered directly from the target com-
bines coherently with echoes which arrive at and/or return
from the target via a path which involves a reflection off the
sea surface. For narrowband radar systems, this interference
results in enhancement of the backscatter if the two-way
path-length difference is approximately a multiple of the
radar wavelength, or signal fading if the path difference is
near an odd multiple of a half wavelength. These alternate
regions of constructive and destructive interference produce
lobe patterns as the target height above the surface is varied.
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Fig. 1. Schematic diagram illustrating multipath propagation. Four combi-
nations of direct and indirect paths result in three distinct path lengths for
two-way propagation; L and L’ are the differential path lengths for the indirect
and direct paths, respectively.

Calculations of these multipath interference patterns can be
found in many radar texts (for example, see [8]). As shown by
a conventional narrowband analysis, the backscattered signal
E\otq1(w) consists of three components

Etor(w) = BySgae’? " + 2E,RS ;e *I+L)
+ E,R?S;;e"k L 1

The first term represents energy which follows a direct path
to and from the target (direct-direct) and which undergoes a
monostatic reflection at the target, indicated by the scattering
coefficient S 4. The second term accounts for scattering which
experiences a single, specular reflection off the sea surface,
indicated by the reflection coefficient R, either in the incident
or return path (direct-indirect). Note that this term requires
a bistatic reflection off the target itself, indicated by the
coefficient S4;. The final term accounts for scattering which
involves a reflection off the ocean surface in both the incident
and return path (indirect-indirect), in addition to a monostatic
reflection off the target, indicated by S;;. k£ is the radar
wavenumber, and I and L' refer to the differential path lengths
for the indirect and direct paths, respectively, as indicated in
Fig. 1. From simple geometry
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where h is the height of the target above the water surface and
% is the grazing angle. Although not explicitly indicated in (1),
the frequency, polarization, and grazing-angle dependence of
the reflection and scattering coefficients is assumed.

To the extent that the measurement is linear and time
invariant, this analysis can be applied to ultrawide-band mea-
surements on a frequency-by-frequency basis. However, in
the case of extremely high range resolution measurements, a
time-domain model provides more physical insight into the
scattering process. Let the power envelope of the incident
waveform be given by A(t). Replacing the phase delays in (1)

with corresponding time delays in A(t) produces the following
expression for the backscattered echo envelope
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where c is the velocity of light. It is assumed that while the
incident signal is ultrawide-band, the scattering and reflection
coefficients do not vary significantly over the RF bandwidth
of the radar system. While this may not always be the case,
this is a good approximation for the radar system discussed in
this paper. Also, pulse distortion due to dispersion in the water
and target reflections has been neglected. This approximation
is also not generally valid, but it is acceptable under the exper-
imental conditions encountered in this paper (see Section TV).
Note that given an incident waveform with sufficient time
resolution, time separation of the three components of the
scattered field can occur. In particular, if the pulse width W
of the incident waveform is smaller than the delay between
adjacent components

L-I
¢

2h
= sin (¢) )

the three contributions to the total echo will be resolved. In
this case, interference effects will no longer occur. Rather
than observing an enhancement or reduction of the signal,
depending on the target height above the surface, the radar
will record three distinct echoes with a spacing determined by
the target height. Also, changes in the reflection or scattering
coefficients due, for example, to polarization or grazing-angle
changes, will be observed as variations in the relative strengths
of the three echoes rather than simply as changes in the overall
cross section of the target.

W <

III. SYSTEM DESCRIPTION

A block diagram of the radar system used in this investiga-
tion is shown in Fig. 2. The core of the radar is a Tektronix
7512 time-domain reflectometer (TDR) module. The system is
similar to a radar developed for laboratory sea-scatter research
[5], with the main modification being the insertion of a pulse
generator and a traveling wave tube amplifier (TWT) into
the transmit channel [9]. (This higher powered system is not
presently polarimetric, as is the laboratory system.) The fast
rise-time (15-ps) voltage step produced by the PSPL. 4015B
pulse generator excites the 6— to 18-GHz TWT producing a
microwave pulse with a 10-GHz center frequency and a 3-dB
bandwidth of approximately 4 GHz. The output pulse produced
by the TWT and its associated RF spectrum can be seen in
Fig. 3(a) and (b), respectively. The waveform consists of two
to three cycles at 10 GHz, resulting in a 3-dB pulse width of
approximately 200 ps, and a corresponding range resolution
of approximately 3 cm. The peak power level of the pulse
is approximately 1 KW, although subsequent losses in the
cabling for the antenna system reduce the radiated power by
approximately 3 dB.
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Fig. 2. Block diagram of the ultrawide-band radar used in the multipath
measurements.

Separate antennas are used for transmitting and receiving.
To reduce the system beamwidth, an 8-element array has
been developed for the receive channel. A sketch of the
receive array can be found in Fig. 4. The antenna consists
of eight Tecom 201821 horns arranged in a staggered, “quasi-
linear” configuration, with a total length of 1 m. The Tecom
antenna was chosen on the basis of its wide bandwidth (2-18
GHz), low-pulse distortion, dual polarization, and commercial
availability. The outputs of the 8 elements are routed through
delay-matched coax lines to an 8-port combiner, producing an
array with a beamwidth of less than 2° (at 10 GHz), fixed at
90° relative to the array axis. Field measurements were used
to determine the beamwidth and to verify that any sidelobe
levels were 15 dB or more down from the main beam (a
single Tecom horn has a 3-dB beamwidth of approximately
10° at 10 GHz). The antenna can be set to receive vertical
or horizontal polarization through the choice of orthogonal
feeds present on each element. A separate antenna, an z-
band standard gain horn, is used in the transmit channel.
While not designed as an ultrawide-band radiator, the short-
pulse response of the standard gain horn is acceptable for the
purposes of this research.

After reception by the antenna array, the signal is amplified
by a 6- to 12-GHz receive amplifier and then sampled by
the sample head of the TDR module. The TDR unit utilizes
equivalent time sampling to build up the RF echo produced
by the target. In this technique, samples from successive
pulses, shifted from one another in range by fractions of a
wavelength, are combined to generate a composite, “equiv-
alently time-sampled” pulse. Typically, 128 samples over a
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Fig. 3. (a) RF pulse produced by the TWT and (b) its corresponding RF
spectrum.
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Fig. 4. Diagram of the eight-element ultrawide-band receive array.

1-ns (equivalent) time period are used to construct the RF
pulse, resulting in an effective sampling rate of 128 GHz. Each
equivalently-sampled pulse is built up over 2.5 ms of actual
time, and an additional recovery interval of 1 ms results in
an effective-system pulse repetition interval of 3.5 ms. Data
acquisition and system timing are controlled by commercially
available plug-in boards in a personal computer.
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IV. TRIHEDRAL CORNER REFLECTOR MEASUREMENTS

To investigate multipath scattering effects in the ocean
environment, a simple experiment involving a floating target
was conducted. The radar system was deployed on a research
pier at the Coastal Engineering Research Center, near Duck,
NC. As sketched in Fig. 5, the target for the experiment
consisted of a cluster of triangular trihedral corner reflectors
mounted on the top of a floating, tethered staff. The trihedrals
measured 30 cm on a side, and the apexes of the trihedrals
were located approximately 45 cm above the mean water
surface. After anchoring the target in 7 m of sea water, the
backscatter from the target for both VV and HH polarizations
was measured. The target range and antenna-to-surface height
were 110 m and 7.5 m, respectively, producing a grazing angle
of 4°. Winds were calm during the measurements, although
a light swell was present which tended to gently rock and
slowly rotate the trihedral cluster. Using the model outlined
in the previous section, the echo separation between adjacent
components of the multipath signal should be approximately
0.25 ns. Available measurements and calculations of the cross
section of the trihedral at a bistatic angle of 8° indicate that
Sqi should suppress the indirect-direct (second) echo by at
least 15 dB, relative to the direct-direct and indirect-indirect
echoes [10], [11]. However, the signal-to-noise ratio for this
measurement was only approximately 15 dB (using the peak
of the first echo as a measure of the signal strength), and thus,
the indirect-direct echo should lie near or beneath the system
noise. In addition, the polarization dependence of the sea-water
reflection coefficient, a result of Brewster-angle damping of
the VV-polarized signal, should be evident as well. At 4°
grazing, |[Rg| =~ 1 and |Ry| = 0.37 [12]. Thus, the third echo
for VV polarization should be approximately 17 dB below
the first, a level which is again below the system noise. The
HH-backscattered signal should therefore appear as a pair of
echoes—the direct-direct and the indirect-indirect—separated
by 0.5 ns, while the VV signal should consist of a single
echo—the direct-direct component. Over the 8- to 12-GHz
band, the phase retardation of the water-reflection coefficient
at this grazing angle is close to 180°, and thus, the reflection
at the water surface should produce only an inversion rather
than a distortion. This inversion has little or no impact on
the power envelope displays (shown below), and thus, can
be neglected for the purposes of this paper. Pulse distortion
due to the reflection off the trihedral itself is also negligible,
as determined by many other measurements conducted in the
absence of multipath.

Fig. 6 contains a typical range-time plot of the experimental
data. The received echo envelope, encoded in a linear grey
scale, is plotted for VV and HH polarizations. The range
extent shown is 15 cm, corresponding to 1 ns of delay. The
envelopes of 400 waveforms are plotted for a total time extent
of 1.4 seconds. The difference between the echoes for the two
polarizations is striking. The HH signal consists of a pair of
echoes with a spacing of approximately 0.5 ns, as predicted
by the simple analysis outlined in the previous section. The
two HH echoes are of approximately the same strength and
both undergo some modulation in amplitude. As determined

Fig. 5. Diagram of the trihedral corner reflector cluster used as a target in
the multipath experiments.

HH

Time
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Fig. 6. Range-time plots of the VV- and HH-echo envelopes produced by
the floating trihedral target. The envelope amplitude is encoded in a linear
grey scale.

by simultaneous observation of the radar display and a video
image of the target, the meandering of the parallel bands
produced by the echo pair is mainly a result of the swell-
induced drift of the target within the range swath sampled by
the system. (The remainder of the range drift is an artifact of an
attempt to manually adjust the fine position of the range swath,
so as to keep the echo centered.) In contrast, the VV signal
consists of a single echo. As seen in the bottom segment of the
VV display, there is occasionally a weak echo which appears
approximately 0.25 ns after the main echo, but a component
with a 0.5-ns delay is not observed above the noise level of
the system.

A series of 20 consecutive 1.4-s (400-waveform) averages of
the power envelopes for VV and HH polarizations is displayed
in Fig. 7. (To reduce the effect of the buoy drift on the
averages, the leading echoes of the waveforms were aligned
prior to averaging.) In the HH data, the indirect-indirect echo
is readily observable and is often the same strength as the
direct-direct echo. Comparison of the raw data with these 1.4-
s averages shows that much of the modulation apparent in the
averaged indirect-indirect echo strength is due to occasional
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drifting of the target out of the range scanned by the radar. (An
example of this drift can be seen approximately midway up
the column of HH data in Fig. 6.) This drift is preferentially
in the down-range direction which results in a reduction in
the indirect-indirect echo strength after. the averaging process.
As shown in Fig. 7, a weak echo, located approximately 0.25
ns after the main echo, can sometimes be observed in the
VV-polarized data. While this is the expected position of the
direct-indirect echo from the trihedral, it is also the expected
location of the echo from the small plastic float (located at the
water surface, below the trihedral cluster) used for buoyancy.
Given the low bistatic cross section of the trihedral and the
low forward-scatter coefficient for VV polarization, it is most
likely that this echo is caused by the latter.

The use of a target with a bistatic cross section higher than
that for the trihedral, such as a sphere, may have allowed
observation of all three multipath echoes and of the effect of
Brewster-angle damping on each. However, the trihedral was
chosen due to its higher (monostatic) cross section.

V. RELEVANCE TO SEA-SCATTER RESEARCH

While an analysis of the role of multipath in the sea-
scatter process is presented in [4], a brief synopsis of this
model will be given here to provide a clearer motivation for
the experiment described above. This analysis hypothesizes
that for narrowband radar systems and low-grazing angles,
multipath and Brewster-angle damping are major factors in
the determination of the dynamic ranges of VV and HH sea
scatter. Fig. 8 illustrates the theory with a simple example.
Consider a scattering feature, such as a plume or bore near

1.4—s averages of the power envelopes for VV and HH polarizations. Each average is formed from approximately 400 waveforms. The

Fig. 8. Diagram illustrating the role of multipath in the generation of sea
scatter. Multipath propagation may exist for strong scatterers, such as plumes
or bores near the crests of breaking waves, via the underlying wave surface.

the crest of a breaking wave. Multipath propagation can occur
between the scatterer and the front face of the underlying long
wave. In the case of VV polarization, Brewster-angle damping
limits the contributions of indirect scatter, and as a result, the
measured backscatter does not exhibit significant enhancement
or reduction due to multipath interference. In the case of HH
polarization, however, the lack of Brewster-angle damping
of the indirect paths can result in either strong backscatter
enhancement or near-complete suppression, depending on the
particular position of the scatterer relative to the long wave.
The resulting dynamic range of the HH backscatter will
consequently be significantly greater than that for VV. In
addition, the model provides an explanation for “sea spikes,”
echoes for which the polarization ratio ouu/ovy is greater
than one [3], [13]-[15].

An ultrahigh-resolution radar system provides a means by
which the validity of this model can be tested. The observation
of characteristic “triplicate”” echoes in HH-polarized ultrawide-
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band sea scatter data and monopulse signals (or multipulse
echoes exhibiting significant damping) for VV is a necessary
requirement for the establishment of the theory. While the dis-
parity in the dynamic ranges for the two polarizations has been
observed in many narrowband radar sea-clutter measurements
[2], [3], [13]-[15], it is difficult to ascertain the true origin
of the difference from these lower resolution measurements.
Without the ability to resolve individual scatterers it is difficult
to separate multipath effects from effects due to the presence
of multiple scatterers within the resolution cell, or to rule
out other scattering mechanisms. This experiment constitutes
a first step in the verification of this theory. Given that
the distance between the trihedral target and the surface is
commensurate with wave heights frequently encountered on
the sea, this experiment demonstrates the ability to resolve
multipath components of sea-surface backscatter and verifies
the effect of Brewster-angle damping on these measurements.
Future experiments will concentrate on the collection of actual
ultrawide-band sea scatter data.

VI. SUMMARY

This paper discusses an experiment which uses an ultrawide-
band radar system to investigate multipath propagation over
the sea surface. Using the 3-cm range resolution of this z-band
system, the components of a multipath signal scattered from
a floating trihedral corner reflector were spatially resolved. In
addition, Brewster-angle effects were observed in the indirect
components of the VV-polarized backscatter in agreement with
a simple model for ultrahigh-resolution multipath scattering.
Both effects are believed to play important roles in the
generation of sea clutter, and thus, this system provides a
unique means by which the validity of sea clutter models can
be investigated.
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