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MULTI-FREQUENCY MEASUREMENT OF RADAR SEA
CLUTTER AT LOW GRAZING ANGLES

by

H.C. Chan

ABSTRACT

Sea-clutter has been and continues to be a major
source of performance limitations for maritime surveillance
radar systems. An understanding of the detailed sea-clutter
behaviour is important in devising signal processing algo-
rithms aimed at optimizing radar detection performance under
sea—clutter environments.

A sea—-clutter measurement experiment was conducted in
July 1982 at North Truro (near Cape Cod), Massachusetts.
The radar equipment employed was a multi-frequency, mobile
coherent radar operated by Lincoln Laboratory of the
Massachusetts Institute of Technology(MIT). Sea-clutter data
were collected at X, S, L, UHF and VHF bands.

Because of interferences in the UHF and VHUHF bands,
only X-, S5- and L-band data are analyzed. Analyses have
been carried out examining the sea-clutter coefficient as a
function of frequency, polarization and waveform resolu-
tion. Spectral characteristics of sea-clutter in up-wind,
cross-wind and down-wind conditions are compared.

1. INTRODUCTION

Sea-clutter has been and continues to be a major source of perform-
ance limitations for maritime surveillance radars. In an effort to gain
some first-hand experience in the characterization of sea-clutter pro-
cesses, the Department of National Defence(DND) cooperated with the MIT
Lincoln Laboratory in a program designed to collect and analyze radar—
clutter data, This program comprises two phases. Phase '0', which began
in 1979, employed a noncoherent X-band radar. Preliminary data were
collected from various Canadian sites. Data from Phase 'O' were analyzed,
and the results were used in the selection of sites to be visited in Phase
L L Phase 'l' employs a 5-band coherent radar for the collection of

detailed clutter information.

Canadian participation in Phase '0' had been limited. However, DND
intends to play a more active role in Phase l. In a memorandum of under-
standing between DND and Limcoln Laboratory, an agreement was reached so
that clutter data collected by Lincoln Laboratory at all Canadian and



U.S. sites will be made available to Canada. On behalf of DND, the Radar
Research Laboratory(RRL) of the Communications Research Centre(CRC) will
analyze selected aspects of the radar—-clutter data.

A sea-clutter data-collection experiment was conducted during the
three week period from July 2, 1982 to July 22, 1982, at North Truro, near
Cape Cod, Massachusetts. As a result, approximately 100 high density
(6250 bpi) computer tapes containing calibrated sea-clutter data of vari-
ous radar operating modes were obtained.

The objective of this sea-clutter data-collection experiment is
three fold. First, it is to gain some experience in the collection of
radar sea-clutter data. Second, it is to study sea-clutter behaviours in
the shallow grazing angle regions (between 0.5 and 3 degrees). This in-
formation is useful in assessing the signal processing performance of cer-
tain airborne radar imaging algorithms. Third, it is to acquire a better
understanding of radar sea-clutter so as to develop optimal signal proces-
sing techniques to combat it.

In this report, the processing and analysis of the sea—clutter data
are described. Section 2 describes the radar facility and radar site con-
ditions during the data collection period. In section 3, the North Truro
sea-clutter data base and data quality are assessed. Their limitations
are discussed, and signal processing techniques used to circumvent these
limitations are detailed. Section 4 presents the analysis results. Sec-
tion 5 presents observations of sea-clutter behaviours based on this
particular experiment. Recommendations of improvement 1in experimental
procedures are also discussed. =

2 THE RADAR FACILITY AND SITE CONDITIONS
2.1 The Radar Facility
(a) Radar Transmitter and Receiver

The radar facility used in this sea-clutter experiment is a mobile
multi-frequency coherent radar owned and operated by MIT Lincoln Labora-
torye Table I briefly summarizes the operational characteristics of this
. radar. The Lincoln Laboratory mobile radar facility, which includes the
antenna tower assembly, the radar transmitter and receiver, the data col-
lection and control systems and power generators are housed in three trac-
tor trailers. The antenna tower can be extended in sections from fifty to
one hundred feet above ground level. Television cameras are mounted on
top of the tower to provide a visual record of the radar site. The anten-
na system is mechanically driven to provide a full 360 degrees coverage,
There are two modes of operation of the antenna, (a) a scan mode and (b) a
step mode. In the scan mode, the antenna is rotated at a maximum constant
speed of 3 degrees/sec. In the step mode, the antenna is driven to a pre-

determined azimuth and stopped. Data in that particular direction are
then taken.



Table I: Lincoln Laboratory Radar Operational Characteristics

VHF UHF L S X
Nominal Frequencies(MHz) 165 430 1250 3400 9100
Azimuth Beamwidth(degrees) 13 5 3 1 1
Range resolution(metres) 15, 36 and 150
Polarization Vertical/Vertical

Horizontal/Horizontal

Sensitivity S/N = 12 dB (Single pulse)
o, = -60 dB

Range = 10 km

The radar can operate either in a vertical-transmit/ vertical-
receive mode or a horizontal-transmit/horizontal-receive mode. Polariza-
tion selection 1is via computer control of a remote servo—mechanism which
controls the orientation of the antenna feed-horns. Signal of three pulse
widths, 100 nsec, 240 nsec and 1 usec, corresponding to range resolutions
of 15m, 36m and 150m, respectively, are available for transmission. On
receive matched filters can be selected for each of the three waveform

resolutions.

Pulse trains can be transmitted using a maximum pulse repetition
frequency(PRK¥) of 4000 Hz. Two versions of sensitivity time control(STC)
are available, namely, (a) r~ law(clutter return assumed to be proportion-
al to the cubic power of range) and (b) r law. Owing to the relatively
low magnitude of sea-clutter returns, STC was not employed in most North
Truro experiments.,

(b) Data Acquisition System.

The data collection system comprises a PDP-11/34 minicomputer, two
fixed disks with 5 mega-byte capacity each, two floppy disk drives, two
high density magnetic tape drives and a high-speed, solid-state random-
access-memory(RAM)., The amount of clutter data which can be collected in
an experiment is limited by the size of the RAM and the data transfer rate
of the tape drive. With particular combinations of PRF, range extent and
waveform resolution, various modes of clutter data for different time

durations can be obtained.

The data collection process is highly automated. The input para-
meters for each experiment are pre-programmed in the form of a fixed-
format disk file. The computer operator simply specifies the appropriate
input-parameter file, and the data-collection program module will be



executed until all the desired data have been collected. At the begin-—
ning of each experiment, the computer executes a sequence of radar system
performance checks which include transmit power level, noise figure esti-—
mate, A/D converter bias readings, etc. Once the RAM is full, the data
are transferred to a magnetic tape via the high density tape drive. Dis-
play equipment 1is available to provide on-line monitoring of system
operations, Two CONRAC raster-scan monitors provide synthesized PPL and

B-scope displays. An A-scope display provides the monitoring of the
instantaneous signal condition.

2.2 Radar Site Conditions

During the sea-clutter experiment, the radar facility was located
on a high ground within the confines of the North Truro Air Force Station
near Cape Cod, Massachusetts. The location of this station is shown in
Figure l. Figure 2 shows the typical setup of this experimental radar.
The antenna tower was fully extended to give an effective radar height of
254 feet above mean sea level. There are three antenna systems mounted on
top of the tower. X-band has its own feed and reflector. S-band and L-

band share a common reflector. Similarly UHF and VHF bands share a larger
reflector.

An ENDECO 949 wave buoy was leased and anchored about 4 km off-
shore, at about 74 degrees east of north. This wave buoy is equipped with
an FM communication transcelver which transmits the wave data back to the
receiving equipment at the radar site for twenty minutes each hour. The

wave data recorded during the three week period are summarized in ten par-
ameters. They are:

- number of waves

- maximum period

- mean period

~ mean height

= maximum height

- period of maximum height
- significant period

~ slgnificant height

- height variance

-~ re.m.s. height

These data are summarized in Appendix A and are used for correlating the
analysis results with the sea conditions. In addition, measuring equip-
ment was 1nstalled near the radar site in order to monitor and record the
wind direction and velocity.

The sea state estimated from the wave-buoy data was between sea
states | and 2. Wind velocity varied between 1 mph and a maximum of 17
mph, Wind direction measured near the radar was mainly from the south-
west (220 degrees to 270 degrees measured clockwise from north). It

should be emphasized that the wind velocity and direction measurements
were taken at the radar and not at the area illuminated by the radar.
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3. DATA QUALITY AND SIGNAL PROCESSING

3.1 Sea-Clutter Data Base

A total of 443 experiments were performed. These experiments in-
cluded a set of the so—called site assessment experiments which were per-
formed at the beginning of the visit for each frequency band, polarization
and waveform resolution. This set of data provides a good idea of what
the site enviromnment was like. The site assessment data mode employs non-
coherent integration of radar returns to obtain an estimate of the clutter
level of all range cells in a 360 degree scan. The usual number of pulses
integrated is 128, Also included is a set of propagation experiments
which probe the multipath behaviour of the radar returns near the radar
site. These experiments are used to calibrate the system by measuring the
radar cross section(RCS) of a corner reflector of known RCS mounted on a

remote tower.

Excluding the site assessment experiments and the multi-path cali-
bration experiments, the number of experiments suitable for analysis is
approximately 350. The data may be divided into two categories, namely,
(a) the long-dwell mode and (b) the short-dwell mode . The short dwell
mode employs a moderate PRF, typically 4000 Hz. Data record length for
this mode is typically 1024 contiguous pulses. The 1long dwell mode
employs a lower PRF, typically 500 Hz. This mode has long data records,
between 5120 and 10000 contiguous pulses. Because of interferences
present in the VHF and UHF data, the analyses are confined to the upper
three bands. Table II shows the breakdown of X-, S- and L-band experi-
ments performed in terms of frequency band, polarization, waveform reso-

lution and length of dwell.
Table IL: X-, S—- and L-Band Experiment Breakdown
Band H-Polarization V-Polarization

Waveform
Resolution 15m 150m 15m 150m

PRF 4000 500 4000 500 4000 500 4000 500

X 7 6 9 6 10 6 12 33

S 10 4 14 9 14 8 15 32

L 6 3 11 3 9 3 12 21
3.2 Assessment of Data Quality

There are three main ‘sources of interference in the sea-clutter
data, namely, ground clutter received from the antenna sidelobes, receiver



noise and interference from local communications channels. Published data
in the 1literature[l]-[7] indicate that the radar cross section coeffi-
cients(o,) of sea clutter, defined as the effective radar cross sec—
tion(o) per unit area, at microwave frequencies are below -30 dB at almost
all sea states for shallow grazing angles (0 to 10 degrees). Ground clut-
ter, on the other hand, has an extremely wide dynamic range, which spans
several decades of dBs. The sidelobe levels of the radar antenna are not
exceptionally low. Consequently, it is possible that the ground returns
from the antenna sidelobes may actually have a significantly higher magni-
tude than the sea-clutter component received from the antenna mainlobe.

Radar receiver noise is also a source of interference which could
produce erroneous sea-clutter measurements if left untreated. The raw
sea-clutter data are calibrated in Lincoln Laboratory. Calibration refers
to the process of translating the digitized coherent sea-clutter samples
taken from each range cell into an instantaneous value of equivalent radar
cross section. Since the calibration of radar clutter is based on the
radar equation, it assumes an inverse fourth power dependence of clutter
power with range. The receiver noise, on the other hand, is independent
of range. Consequently, after calibration, the noise component is effect-

ively multiplied by a constant proportional to the fourth power of the
range,

Interference from local communications channels 1is another source
of error in the sea-clutter data analysis. This kind of interference
occurred mainly at IL-band, UHF and VHF frequencies. There is an L-band
radar located at the North Truro Air Force Station, which is not far from
the Lincoln Laboratory facility. This radar was continuously in operation
during most of the experimental period. The interference at L-band did
not present too much of a problem in the analysis because it can be read-
ily identified. Interference at UHF and VHF bands proved to be the most
serious. This interference, which behaved much 1like jamming signals,
might have come from local television channels. Figure 3 shows a PPI dis-
play derived from data of a VHF experiment. High returns from random
directions are evident. Interference at UHF was observed to be most seri-
ous, as a result, UHF data collection was discontinued after initial
assessment of the data.

Occasionally, there was interference from moving objects such as
aircraft, boats, birds and automobiles. However, this occurred in iso-
lated range cells and can be readily identified. Rain clutter was also
present in some experiments.

3.3 Signal Processing

Since the sea-clutter data may contain ground clutter, receiver
noise and interference components, it is essential that they be removed or
at least suppressed so as not to obscure the result of the analyses. In
this section, some of the signal processing techniques used in the identi-
fication and suppression of unwanted signal components are described.
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The first step in the analysis of sea—clutter data is the determin-
ation of the existence of sea-clutter components in the recorded data.
The next step is to remove oOr suppress unwanted signal components. Final-
ly, analyses are performed on the resulting data which should contain

mainly of sea-—clutter components.

3.3.1 .Determination of the existence of sea-clutter components

In order to determine whether sufficient amount of sea-clutter com-
ponents are present in the recorded data, both time-domain and frequency-
domain analyses are employed. For each experiment, the data are scanned
by a computer program which produces two sets of results. The first is a
plot of the effective ¢ vs range for the sea-clutter data. The radar cross
section, 0, of the sea-clutter at each range cell is computed as the mean
squared value of the data samples. In subsequent discussions, the term "o
vs. range profile" will be used to refer to the result of the above com—
putation. The © vs. range profile for each experiment was computed and
stored as disk files. They can be accessed by special display software in
order to determine visually the presence of sea clutter components in a
particular experiment. A typical g ygrange plot is shown in Figure 4,
Trace A is derived from a data set containing a strong sea-clutter com-
ponent. The presence of sea-clutter component is clearly visible from
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2 km out to about 7 km. Trace B is derived from a data set which contains
almost no sea-clutter component. The dependence of the magnitudes of these
data, composed mainly of receiver noise component, on the fourth power of
range is evident. This r dependence is introduced by the calibration
process. The o0 vs range plot is useful in identifying the usable range
of sea-clutter data. For example, for the experiment corresponding to
Trace A of Figure 4, the analysis would be restricted to data correspond-
ing to ranges less than 6 Km. Trace B of Figure 4 represents the noise
floor for experiments having identical parameters such as frequency,
polarization and waveform resolution. We shall counsider data within a
certain range interval as usable sea-clutter data if the majority of the
range cells within that interval have a 0 value at least a number of dB
(typically 5 dB) higher than the noise floor. Data which do not meet the
above criterion will not be analyzed.
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Figure 4 - Typical o vs Range Plot of Sea Clutter

The second set of results produced by the data scanning computer
program 1is the typical sea-clutter spectra of the data. In order to
identify the presence of ground clutter and other interferences, spectral
analysis is performed wusing the method of averaged periodograms(8].
Several range cells in each dwell of an experiment are selected for spec-
tral analysis. These range cells are typically at close ranges (R < 5 km
from the radar), at which sea-clutter components are expected to be
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present. The radar returns for these range cells are collected into
separate data records. The entire data record is segmented into a number
of equal-length sub-sequences, typically 1024 complex samples. Each sub-
sequence is multiplied by a Hamming[9] data window and then fast Fourier
transformed(FFT). The FFTs of all the sub—sequences are averaged. The
squared magnitude of the averaged FFTs is called the periodogram which
represents the power spectrum of the sea-clutter for that particular
range. Figure 5 shows the power spectrum of the data for an X-band exper-
iment. This result shows a well-defined sea-clutter spectral compoanent.
The large spectral line at zero Doppler frequency is the ground-clutter
component receéived from the antenna sidelobes. It can be seen that the
ground-clutter actually has more power than the sea-clutter component.

The use of spectral analysis and the o vs. range profile plot to
identify wvarious signal components in the data works very well.
Occasionally, there are other anomalies in the data. They can usually be
resolved by examining the coherent clutter samples themselves, For
low-frequency bands (L-band or lower), the Doppler shift of the
sea-clutter component 1is relatively small for typical water wave
movements, Consequently, the sea-clutter spectrum cannot easily be

separated from ground clutter.

-20
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Figure 5 - Typical Power Spectrum of X-band Sea Clutter
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Figure 6a shows the o vs range plot of an L-band, horizontal polar-
ization experiment. The return from the range cell corresponding to a
range of 1.3 km has a significantly higher magnitude than those of the
other range cells. The I-channel waveform of the data from this range
cell is shown in Figure 6b for a duration of 2560 samples. The PRF was
4000 Hz, It resembles a saturated sinusoidal wave with a period of
approximately 0.5 second. This corresponds to a Doppler shift of 2 Hz
which, at L-band, translates to a radial velocity of about .5 mph. In
contrast, the I-channel waveform of the data from a range cell corres-
ponding to 1.0 km is shown in Figure 6c. This waveform is composed mostly
of low—-frequency random noise components and is most 1likely a result of
sea-clutter. The waveform for the range cell at 1.0 km is typical of most
range cells in the same direction. Consequently, it can be assumed that
something besides sea-clutter is responsible for the peculiar waveform
observed in the range cell at 1.3 km, One can only speculate what the
cause of this saturated sinusoidal behaviour from radar returns might be.
One plausible scenario is that the data in Figure 6b are actually returns
from a fairly large boat travelling in a direction almost perpendicular to
the radar 1look direction. The saturation is probably caused by the
omission of an attenuator in the receiver chain, in anticipation of the
low magnitude of sea echoes. In any case, the existence of sea—-clutter
components in the data can be determined quite accurately by using one or
more of the above methods.

3.3.2 Suppression of Interference Components

Since ground clutter is mostly the result of radar returns from
stationary objects, there will -be very 1little Doppler shift in ‘ground-
clutter spectral components. However, for very strong ground clutter, the
leakage[8] caused by the FFT may spill over to neighbouring Doppler bins.
This effect is suppressed to some extent by employing the Hamming window.
In order to obtain a reasonably accurate estimate of the o, of the sea-
clutter and to perform statistical analysis, data containing mainly of
sea-clutter components must be obtained. This requires not only the re-
moval of the ground-clutter components, but also the suppression of re-
ceiver noise components. Most of the ground-clutter and receiver noise
components may be removed from the data either in time domain or in fre-
quency domain.

(a) Frequency-Domain Interference Suppression.

For the purpose of determining the o, of sea-clutter, the fre-
quency domain approach is employed. To suppress the ground clutter com-
ponent, the values of the three Doppler-bins of a sea-clutter spectrum
centred about zero Doppler frequency are replaced by the averaged values
of their immediate neighbouring Doppler-bins.

In most cases, ground clutter is comprised of a relatively large
component at zero Doppler and a weaker component with some degree of spec-
tral spread. The large zero—Doppler component is a result of returns from
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stationary objects such as the ground, buildings and tree-trunks, etc.
The weaker component is a result of returns from movable objects such as
leaves and vegetations. It is the large zero-Doppler component which
could contribute significant ground-clutter energy from the antenna side-
lobes. Let the spectral component of the averaged periodogram computed
from the data be {F;, Fy, ..., Fy}. The three Doppler bins in which
most ground clutter components might be found are Fy, F, and Fy, repre-
senting Doppler frequencies fd=0, fd=PRF/N and fd=_PRF/N respective-
ly, where N is the size of the FFT. The ground-clutter component is sup-
pressed by performing the operations defined below:

}3"1 _ Fo + Fyg
2
2 2

F' = Fy—o + FN-3
N 2

This procedure is valid if either or both of the following conditions are
satisfied:

i) The sea—-clutter spectrum has a reasonably broad Doppler
spectral width, and the spectral rolloff of the sea clutter is
relatively gradual around zero Doppler.

Or,

ii) The sea-clutter spectrum is completely shifted away from zero
Doppler. In this case, the spectral component around zero would
comprise only ground clutter and receiver noise components. Since
receiver noise has a flat spectrum, it is expected that the spec-
tral value of the receiver noise at zero Doppler would be very
close to that of its neighbouring Doppler bins.

Figure 7 shows the resulting spectrum after the operation defined
in Eqn(l) has been carried out on data whose spectrum is shown in Figure
5. It can be seen that the ground clutter spectral line at zero Doppler
frequency has been effectively removed and the sea-clutter spectrum re-
mains almost unchanged.

The effective radar cross section of sea—clutter may be obtained by
integrating the sea-clutter power spectrum (power spectral density). Re-
ceiver noise component suppression is accomplished by restricting the
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integration limits of the sea-clutter spectrum to values which encompass
the bulk of the visible clutter spectrum. The averaged periodogram- for
each range cell 1is computed from the sea-clutter samples, and an estimate
of the proper integration limits is obtained by a visual inspection of a
representative sea-clutter spectra for the particular experiment. The ac-
curacy, of this estimate depends on the sea-clutter spectrum rolloff. If
the sea-clutter spectrum has a long spectral tail, then there 1s a trade-
off between cutting off some of the sea-clutter power and including some
receiver noise power in the estimate. It is of interest to obtain some
idea of the magnitude of the error in the estimate of 0, introduced by

the receiver noise component.

Consider a Gaussian shaped sea-clutter spectrum centred at zero-
Doppler frequency:

P(f) = expi-

where
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of = 0.5 x (3dB spectral width)
k = l.44 so that when f = og, P(f) = 0.5 2)
- ¥ <f< W (W = Doppler bandwidth)

2= 2

It is assumed that the Doppler bandwidth W is at least several
times greater than 0g, so that sea-clutter energy at the edges of the
Doppler band is negligible. Since we are dealing with sampled data, a
discrete version of Eqn(2) will be considered. Except for a proportional
constant depending on the sampling rate of the spectrum, the descrete
spectrum will have a similar shape as that described by Eqn(2):

2
P(nbf) = expi- B2 (3)
kofz
N N N
n=—'—5—, ~E+l, "2, “].,0,1,2, -.o,-z

where

Af is the resolution of the discrete Gaussian spectrum.
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Figure 8 ~ Sea-clutter Power Estimation by Integration of
Power Spectral Density
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In the absence of receiver noise, the total clutter power can be
estimated by integrating the Gaussian function over the Doppler band-
width. Figure 8 shows the Gaussian—-shape spectra for several values of
clutter—-to-noise ratio. For example, in Trace A, the summation under the
Gaussian curve over the Doppler bandwidth is 10 dB greater than the sum-
mation of the noise density(0O dB line). We shall denote the sea-clutter

power by C:

N-1
C = ) P(nbf) (4)
n=0

where N is the number of spectral samples
representing the sea-clutter spectrum over
the Doppler bandwidth

Let N, be the discrete power density of the recelver noise, so that the
noise power within the Doppler band 1is NgN. An estimate of the sea-
clutter power may be obtained by integrating the estimated sea-clutter
spectrum over a limit less than or equal to the Doppler bandwidth. This
estimate is given in Eqn(5):

L2
C' = ) P(nbdf) + N (Lp-L}) (5)
n=L)

The clutter-to-noise ratio can be defined as:

CNR = < (6)
NN

o

For a given value of CNR, the sea-clutter power estimated from the

mean-squared value of the sea-clutter samples will contain a certain

amount of error due to the noise component. Let us define a parameter §
to represent the percentage error of the sea-clutter power estimate as:

8§ = (C' - C)/C x 100% (7)

This error will be a function of the integration limits. Referring to
Figure 8, the lower and upper integration limits are designated as Lj;=-L
and Ljy=L, respectively. Figure 9 shows the estimation-error of
sea~clutter power, in terms of percentage of the actual value, as a

function of integration 1limit(L), for several values of CNR, The
integration limits are expressed in terms of units of of, the standard
deviation of the Gaussian spectrum. it can be seen that, for high

CNR(above 5 dB), the selection of the integration 1limit is not very
critical. For low CNR values, however, significant error will result if
the integration limits are not selected properly. Consequently, data with
very weak sea-clutter componerits will not be analyzed.
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Figure 10 compares the sea-clutter power estimate of a data set
between two cases: (a) sea-clutter power estimate with interference sup-
pression and (b) sea-clutter power estimate without interference suppres-
sion. This result 1is obtained from an S-band, horizontal polarization
experiment. The waveform used was 15 m. Trace A of Figure 10 represents
the sea-clutter power estimate computed from the mean-squared values of
the data from each range cell. This result includes both ground-clutter
component as well as receiver noise. From the typical spectrum of this
data set, the sea-clutter spectrum is found to concentrate within the fre-
quency limits of -5 Hz and 75 Hz. After the ground-clutter component is
removed, the periodogram is then summed over the limits from -10 Hz to 80
Hz. The resulting sea-clutter power as a function of range samples is
shown in Trace B. It can be seen that significant amount of error in the

0 estimate is reduced. The value of o, 1is obtained by dividing o with

the patch area corresponding to that range.
(b) Time-Domain Interference Suppression.
For the purpose of performing statistical analyses, time domain

samples of sea-clutter with interference components are required. This is
accomplished by employing digital filters. Either recursive or non-—
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Figure 10 - Comparison of Sea-Clutter Power Estimate Between Cases
with and without Interference Suppression

recursive filters may be used. Filtering may be performed either in time
domain or in frequency domain. In our analysis, the time domain approach
was employed. Prior to performing statistical analysis, the ground clut-
ter component is removed from the data, and the resulting samples are
filtered by an appropriate non-recursive digital filter having a passband

which matches that of the sea-clutter spectrum.

In Figure lla the periodogram of a data set obtained from an S-
band, horizontal polarization experiment at a range of 4000 m. was
shown. Ground clutter pick-up from antenna sidelobes can be identified as
the spectral line at zero—Doppler. Superimposed on the figure is the fre-
quency response of a 64-—-stage Butterworth FIR filter with a centre fre-
quency of 35 Hz and *7.5 Hz passband. This filter was used to extract the
sea-clutter component. Figure 1lb shows the resulting sea-clutter spec-—
trum after ground clutter removal and filtering. The estimated values of
o before and after interference suppression are -28 dB and -35 dB respect-

ive 1y.
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be ANALYSIS RESULTS

Most of the experiments were designed to examine the sea-clutter
characteristics in different azimuths(look directions) within a short time
span, so that sea conditions would be virtually identical. These look
directions are arbitrarily separated by an angular distance of 45
degrees. Assuming that the wind direction and velocity do not change
during the period . of data collection, conditions approximating to the up-
wind and down-wind conditions can be obtained. Because of the location of
the radar, it was not always possible to collect sea-clutter data from the
exact up-wind and down-wind conditions. Furthermore, it was found from
the analyses of the data that the wind direction measured at the radar
site did not always coincide with the water-wave direction. Water waves
travelling towards the shore at a certain direction would be reflected
toward a different direction. Consequently, 1in subsequent discussions,
the terms up-wind and down-wind will be used to describe the cases, where
the sea-clutter data exhibit positive and negative Doppler shifts in their
spectra, respectively. '

4e1 Estimation of Sea-Clutter Radar Cross Section Coefficients

The most widely used parameter in the study of radar-clutter pro-
cesses 1is the clutter coefficient dag. The clutter coefficient is
defined as the effective radar cross section per unit area:

0, = O/A (8)
effective radar cross section of
) the sea-clutter from a range cell.
and A = patch area of the range cell
= RO (cT/2) secd
range
speed of light
pulse length
3 dB azimuthal antenna beamwidth
= grazing angle.

[}

where o

where

R
c
T
6
¢

The magnitude of 0, is a function of many physical parameters
such as wind speed, wind direction, wave height, wave period, sea state,
etc. Unfortunately, these parameters are not independent of one another,
and attempts to treat O, as a simplistic function of a single parameter

such as sea state may produce misleading results.

4.1.1 Antenna Gain Pattern Compensation

The wavefront of a transmitted radar pulse strikes the sea surface
in each range cell at varying grazing angles. At long ranges, the grazing
angle approaches zero and begins to increase with decreasing range. Con-
sequently, the returns from all the range cells in a fixed look direction
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may be used to compute 0, as a function of grazing angle. This may be
regarded as taking a single snap-shot of the o, of the sea-clutter at
the time of a particular experiment. Figures 12 and 13 show the elevation
pattern of the S—band and X-band antennas, respectively, measured at a
typical frequency within the respective radar band. It can be seen that
the gain drops off quite rapidly as the angle increases beyond 4 degrees.
Figure 14 plots the grazing angle as a function of range for a radar
height of 254 feet assuming a flat—earth. The values of the grazing angle
ranges from close to 0 at large ranges to 4.4 degrees at a minimum range
of 1 kme For S— and X-band, which have relatively narrow elevation beam-
widths, the sea—clutter return decreases rapidly at close ranges because
of the roll-off of the elevation antenna gain. During data calibration,
the gain of the antenna was used. This gain, however, refers to the value
at zero degree elevation. In calclulating o, of the sea—-clutter for X-
and S-bands, the antenna elevation pattern is used to compensate for this
loss of signal.

4,1,2 Dependence of o
Wave Periods

o On Wave Direction, Polarization and

In this section, the dependence of 0, of sea—clutter on polariza-
tion, wave direction and wave period will be highlighted. The radar cross
section coefficients of the sea clutter data are calculated for each range
cell in a region which has been determined to contain sea-clutter compon-
ents. The effective radar cross section area of the clutter at each range
cell is computed via frequency domain integration of the sea-clutter power
spectrum over the limits which the observable sea-clutter spectrum spans.
The o, values are then obtailned by dividing the result by the corres-
ponding patch area and applying elevation gain compensation.

In Figure 15, plots are given of values of o, vs grazing angle
for typical X-band experiments. In this experiment, data were taken in
three look directions. This plot compares the value of o, for X-band
data as a function of grazing angle in different look directions. The
averaged Doppler shifts of the data taken for a vertical polarization ex-
periment at azimuths 120°, 75° and 30° are +60 Hz, +30 Hz and =30 Hz
respectively. For the sake of clarity, only the results corresponding to
120° and 30° azimuths are shown. The data recorded in these two azimuthal
directions correspond, approximately, to the up-wind and down-wind
conditions, respectively. The estimated value of o, 1is substantially
higher in the 120° azimuth than those in the 30° azimuth. Although these
look directions might not have represented the exact up-wind and down-wind
directions, the ratio of the o0, values measured in these two direction
should give a first order estimate of the upwind-to-downwind ratio of
0, As much as 10 dB difference was observed.

Superimposed on the figure are the results for a horizontal polari-
zation experiment performed within five minutes of that of the vertical
polarization experiment. Thus, the sea surface conditions were very sim-
ilar for the two cases. There is little difference in the magnitude of
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the returns from the same direction between the cases of vertical polari-
zation and horizontal polarization for X-band transmissions. This means
that the vertical-to-horizontal polarization ratio of Oo, expressed in dB,
is relatively small for X-band sea-clutter.

In Figure 16, plots of o, vs grazing angle for typical S-band
experiments are given. As in the X-band results, the up-wind to down-wind
ratio of o, is fairly high. In this particular case, this ratio 1is
about 7 dB. The vertical-to-horizontal ratio of oy for S-band data is
higher than that for X-band data, in the order of 10 dB.
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Figure 16 - Typical o, vs Grazing Angle Plot for S-Band Data

In Figure 17, plots are given of 0y vs grazing angle for L-band
experiments. The upwind-to-downwind ratio of Opls small for L-band,
vertically polarized data. This observation is based on the relatively
consistent sea-clutter magnitude for L-band data with both positive and
negative Doppler shifts. Figure 18 shows the ovs range plot for two
L-band, vertical polarization experiments. Trace A is derived from data
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at a look direction of 30 degrees. The typical Doppler shift in this
experiment is about +6 Hz. Trace B of Figure 18 represents o as a
function of range for a similar experiment performed a few days later. The
weather conditions around the radar site were similar for both
experiments. The averaged Doppler shift for this experiment is -7,32 Hz.
If we consider the data with positive and negative Doppler shifts
represent approximately data for up-wind and down-wind conditions, the
ratio between the estimated 0, values in these two cases would give an
approximate up-wind to down-wind ratio of ;. There does not seem to be
a significant difference in clutter magnitudes between the two cases. This
is observed in most L-band, vertical polarization experiments,
Consequently, the observed upwind-to-downwind ration of oy for L-band

sea-clutter is relatively small.

Figure 19 superimposes the 0 vs range results of five different
look directions for an L-band vertical polarization experiment. The
averaged Doppler shifts for the data in Figure 19 are indicated for each
curve. At 0° azimuth, the Doppler shift is about =-7.32 Hz. This
translates into a radial wave velocity of 2 mph. At 90° azimuth, the
Doppler shift is -1.46 Hz, corresponding to a velocity of 0.39 mph. This
implies that, at this azimuth, the look direction is approaching the
cross-wind direction. The magnitude of the sea—-clutter return in this
direction is seen to reduce substantially as the look direction approaches
the cross-wind direction. Compared to those of the X-, and S-bands, the
upwind-to-crosswind ratio of 0, for L-band is higher.
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Figure 19 - L-band 0 vs. Range Profile for Five Look Directions
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Comparison among L-band vertical and horizontal data indicates that
the vertical-to-horizontal polarization ratio of o5 is quite high for L-
band sea-clutter. An average value of 35 dB was observed over experiments
performed within a very short time span of one another, as can be seen
trom Figure 17.

The sea—-clutter radar cross section coefficient analysis results
are correlated with the wave buoy data. Most of the wave parameters, how-
ever, do not show a significant degree of correlation to the results, ex-
cept (a) the number of waves and (b) the wave period. The number of waves
is approximately inversely proportional to the parameters related to the
wave period. In most experiments, when the wave period of the water wave
decreases, the measured 0, value of the data tends to increase.

4.1.3 Comparison of Sea-Clutter o, with Published Data

The wave buoy data recorded during the experimental period indi-
cated that the prevailing sea state was between 1 and 2. It is of inter-
est to find how the measured ¢, values compare with previously published
data. It is always difficult to compare two sets of data without knowing
the precise conditions under which the data were obtained. Nevertheless,
such comparisons serve to bring out any unusual characteristics in the
present set of data which may require more detailed investigation.

In Figure 20, the o, values of X-band sea-clutter computed from
the North Truro data are compared to data in Nathanson [5] as well as
those derived from the Georgia Institute of Technology(GIT) sea-clutter
model [7]. The calculation used in the GIT model employed identical radar
parameters as those of the Lincoln Laboratory radar. The mean wave height
used is 0.33m which is approximately equal to the averaged value provided
by the wave buoy data. It can be seen that, for X-band, the data agreed
with the published data reasonably well. There are not sufficient data to
show an averaged curve for each set of experimental conditions. The
shaded area represents the range of o, values observed over all the
experiments which had detectable sea-clutter components(above noise
level).

Tn Figure 21, similar comparisons are shown for S-band data. In
this case, however, the vertical—-to—horizontal polarization ratio of
O, is greater for the North Truro data than that of the published data.

In Figure 22, similar comparisons are shown for L-band data. In
this case, the vertical-to—horizontal polarization ratio of O, is sig-
nificantly higher than in the S-band and X-band cases. Because of the
limited data base, it is not possible to verify these observations at
higher sea-states. It is possible that propagation conditions such as
mnultipath could be the cause.

4,2 Spectral and Temporal Correlation Analyses

Spectral analysis of sea-~clutter processes is useful in measuring
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their decorrelation time and in the evaluation of certain signal proces-
sing performance such as moving target indicator(MTI) filters. The decor-
relation time of sea-clutter processes is important in assessing the per-
formance of certain coherent radar image processing algorithms in sea-
clutter background. The relationship between the sea-clutter spectra and
many meteorological parameters such as wind direction, wind speed and sea
state are still not well established. Consequently, any additional obser-
vations will add new insight to radar sea—clutter behaviours.
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4.2.1 Doppler Shift and Spectral Width of Sea-Clutter

Two spectral parameters are of particular interest, namely, the
Doppler frequency shift and the spectral width of the sea-clutter spec-
trum. There are no precise definitions for these two parameters since the
sea-clutter spectrum is not a well defined mathematical function. Gener-
ally, one can determine the Doppler shift of the sea-clutter spectrum by
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measuring the distance between the spectral peak from zero Doppler fre-
quency. The spectral width of the sea-clutter spectrum is wusually
measured in terms of the distance between half power(3 dB) points on the
spectrum. However, these quantities may be difficult to measure when the
sea-clutter spectrum is noisy, which would be the case when only relative-
ly short data records are available for spectral calculation. For this
reason, two parameters are defined which can be estimated from the com-—
puted power spectrum of the sea-clutter data.

The first parameter is the mean Doppler frequency defined as:

/7 _EP(£)dE
= (9)

D" p(e)ds
where P(f) is the power spectral density of the sea clutter, and f is the
Doppler frequency.
The other parameter is the standard deviation of the Doppler frequency

=f°°

2 '-=(£-Tp)%p(erde | (10)
D[ p(e)at

These two parameters, by themselves and without precise description
of the sea-clutter spectrum, have no particular meaning. However, in most
cases, they provide a fairly good estimate of the Doppler shift and the
spectral width of the observed sea-clutter. In particular, if the
sea-clutter spectrum can be approximated by a Gaussian-shaped function:

2
(ndf) ", (11)
kOg¢

P(nAf) = expl-

where Af = sampling interval and k is an arbitrary constant
then Ty and oy can provide a good estimate of the Doppler shift and the
spectral width respectively,

In the analysis, the sea-clutter power spectra are represented by
periodograms. Consequently, the integrals in Eqn(9) and (10) are replaced
by summations over the Doppler frequency band. These summations are given
in Eqn(12) and Eqn(l3), respectively.
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) (nAf)P(nAdf)
=0

N-1

o
It

(12)

P(nAf)
n=0

b (nbf-Fp) *P(nof)
op? = (13)

) P(nAf)

In order that the bias introduced by the receiver noise component to the
estimates be minimized, the summation limits are restricted to the upper
and lower limits of the Doppler frequency cells which contain the visible
sea—-clutter spectrum, (i.e., the frequency region in which the sea-
clutter power is above mean receiver noise level). These 1limits are
determined at the data scanning stage.

Figure 23a and 23b show the estimated mean Doppler shift and the
standard deviation of the sea-clutter data, respectively, for an X-band,
vertical polarization experiment. The waveform is 150 m, and the look
direction 1is 120 degrees. Data within the range interval from 1l km to 4.6
km were selected for analysis because the data in this range interval have
higher clutter-to-noise ratio than those at longer range. The average
(over all range cells) Doppler shift for the sea-clutter in this experi-
ment 1s approximately -22 Hz, and the standard deviation is approximately
20 Hz. A typical spectrum is shown in Figure 24, for an arbitrarily
chosen range cell at R=2050m. The Doppler shift for data at this range is
-16 Hz, and the standard deviation 1is 20 Hz(determined by Eqn(l2) and
(13)). By visual inspection of Figure 24, the Doppler shift and the 3 dB
spectral width are approximately determined to be -16 Hz and 43 Hz(about
twice the standard deviation), respectively. This relationship have been
observed fairly consistently over most data from the North Truro
experiment. Thus the mean and standard deviation of the sea-clutter

periodogram give a fairly good estimate of the mean Doppler shift and 3dB
spectral width of the sea-clutter.
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4,2.2 Sea-Clutter Spectra Observed at Different Look Directions

In Figure 25, sea-clutter spectra are shown for an X-band experi-
ment. Trace A and B show the sea~clutter spectra corresponding to up-wind
conditions, and trace C corresponds to a down-wind condition. These spec-
tra show that when the sea-clutter has a positive Doppler shift (up-wind
condition), or a negative Doppler shift (down-wind condition), the spec-
trum becomes asymmetrical and has a longer tail in the direction of the

Doppler shift. In the cross-wind direction, the sea-clutter spectra tend
to be more symmetrical.

In Figure 26, the sea-clutter spectra are shown for an S-band
experiment. Similar spectral behaviours were observed as in the X-band
experiments. These observations are quite consistent for S-—band data with
at least a moderate amount of sea-~clutter components.

In Figure 27, the sea-clutter spectrum is shown for an L-band
experiment. The double peak in the spectrum was observed frequently.
These two peaks have opposite Doppler shifts. This may be explained by
the wave facet theory. The ensemble of wave facets may have a mean group
velocity, however, individual wave facets are often observed to be moving
forward and receding alternately. Doppler peaks are observed less often
in X-band and S-band data. This could be a result of the returns from
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the finer structure of the waves, such as water droplets, which fill out
the spectrum between two peaks., For L-band data, the sea-clutter spectra
have a smaller Doppler shift and a narrower Doppler spread. The lowest
PRF which can be employed by the Lincoln Laboratory radar is 500 Hz. Sub-
sequent modification to the data acquisition system has enabled the
recording of data with a lower effective PRF(by skipping samples). How-
ever, this was not available at the North Truro site. As a result, the
frequency resolution of the L-band sea-clutter spectra is not as good as
that of the S-band and X-band. Consequently, it is not as easy to deter-
mine the sea-clutter spectral width as in the cases of X-band and S-band.
The autocovariance analysis of the sea-clutter samples can be used to pro-
vide the equivalent information.
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Figure 27 - Typical L-band Sea-Clutter Spectrum

The results of sea-clutter data analysis are correlated with the
wind direction and velocity measurement data. Unfortunately, the wind
direction and velocity measurements were only set up at the radar site.
Consequently, the measured wind data bore 1little relationship with the
actual wind direction and velocities several kilometers offshore. This
discrepancy was borne out by the data recorded during a rain storm.
Figure 28 shows the o0 vs range plot for an X-band experiment performed
while a rain storm was several kilometers off shore. Normally the clutter
component in the data would drop off with increasing range. However, in
this case the magnitude of the samples increases beyond 5 km. This was, of
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course, the result of the returns from the rain cloud. Figure 29 shows
the spectrum of the data for a particular range cell collected in this
experiment. It shows a spectral component centered at about =450 Hz
Doppler frequency. This would translate into a velocity 16.4 mph away
from the radar. The spike at zero Doppler frequency is the ground return
picked up from the antenna sidelobes. A smaller spectral component is
also present around zero Doppler. This is the sea—-clutter component. The
wind velocity recorded at the radar site during this experiment was 1 mph
at 250 degrees azimuth. In order for the rain cloud to attain a velocity
of 16.4 mph, it must have been driven by a wind velocity much higher than
the recorded 1 mph value. The only logical conclusion is that the wind
velocity and direction in the vicinity of the rain storm were not the same
as those recorded at the radar site. Similar behaviour was observed for
vertical polarization experiments.

An interesting feature was noted in some X-band, horizontal polari-
zation spectra. 1In Figure 29, in addition to the Doppler shift centred at
-450 Hz, there is also a component which centred at about +450 Hz. This
component seems to drop off with increasing range and was only observed in
high resolution, horizontal polarization experiments. Because of the lack
of ground-truth, it is not possible to relate this phenomenon to any phys-
ical properties of the area being observed by the radar.

4.2.3 Sea-clutter Decorrelation Time

Temporal correlation analysis using the autocovariance function of
the clutter samples provides essentially equivalent information to that
obtained by spectral analysis. Depending on the objective sought, one
method may be preferred over the other.

Let Sn:{so,sl,....,sN_l} be a complex sequence representing
the sea-clutter samples from a certain range cell. The autocorrelation
function of S, is defined as:

N-1
nEO n n+k
Ay = 14
k=S (14)
Y s*s
=0 nn

where * denotes the complex conjugate

The sea-clutter decorrelation time 1is defined as the time for the
envelope of the autocovariance function to drop to l/e of its peak value,
where e is the natural base of logarithm.
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It is well known ([8] that the autocorrelation function and the
power spectrum of a signal form a Fourier Transform pair. Consequently,
the auto-correlation function can also be obtained by taking the inverse
Fourier transform of the sea—clutter power spectrum. For a zero mean ran-
dom process, the autocorrelation and the autocovariance functions are
identical. After the ground-clutter components are removed from the data,
the resulting sea-clutter samples constitute a zero—mean random process.
For a symmetrical spectrum centred about the zero Doppler frequency, the
auto—-covariance function is a real and even function. An asymmetrical
sea—-clutter spectrum results in a complex autocovariance function. If the
spectrum is translated in frequency, the resulting auto- covariance func-
tion is simply the product of this real function with a complex sinusoid,
exp{*jw,T), where w, is the angular frequency shift, and t is the time
lag. The sign in the complex sinusoid is associated with the direction of
the frequency shift. For a frequency shift in the positive Doppler direc-
tion, the exponential is exp{—jwor}. For a frequency shift in the nega-
tive Doppler direction, the exponential is EXP{+jon}-

From the sea-clutter data, it is observed that the 3 dB spectral
width of the sea-clutter is approximately equal to the inverse of twice
the decorrelation time. The Doppler shift of the sea-clutter spectrum may
be determined approximately by the inverse of the period of the modulating
Figure 30 shows the autocovariance function of a data
The corresponding spectrum of this data
The decorrelation time is

complex sinusoid.
set from an S-band experiment.

set is shown in trace A of Figure 26.
approximately 29 msec, which gives an estimated 3 dB spectral width of

about 17 Hz, The period of the modulating sinusoid is approximately 49
msec. This gives an estimated Doppler shift of 20.4 Hz. These figures
agree very well with the result of spectral analysis shown in Figure 26.

Table III summarizes the spectral parameters and the temporal
decorrlation characteristics of the North Truro sea-clutter data for X-,

S- and L-bands.

TABLE III: Spectral and Decorrelation Characteristics of Cape Cod
Sea—-Clutter Data.

BAND RANGE OF 3 dB SPECTRAL DECORRELATION
DOPPLER SHIFT WIDTH TIME
X 0 - 100 Hz 10 - 65 Hz 10 msec
40 Hz typical
S 0 - 25 Hz 5 - 20 Hz 50 msec

10 Hz typical

L 0 - 10-Hz 5 Hz typical 150 msec
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Data Experiment

4,3 Statistical Analysis

The statistical properties of sea—clutter processes are of interest
to radar designers for the prediction of detection and false—alarm rate
performances of radars. Much work has been done and reported in the
literature{l10]-[15]. However, results vary and appear to be dependent on
radar system parameters. In this work, the analysis is focused on finding
a suitable mathematical model that will give data statistically similar to
the observed clutter data. Three models are considered, namely, the
Rayleigh, Weibull and log-normal models. The mathematical descriptions of
these models are given as follows:

2
2x X
— exp(—)
o ¢

1]

Rayleigh: p(x)

Weibull :  p(x) = n(X%Y) exp(-xD) (15)
o o
1 (R.nx—m)2
Log-Normal : p(x) = ——— EXP[‘————T?——J
xo(2m) 2 20

0 {x(K~
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where ¢, n, 0 and m are model parameters to be estimated from the clutter
data.

4.3.1 Estimation of Clutter Model Parameters

The first and second moments of the sea-clutter data are computed
from the sample mean and sample variance[l6] of the sea-clutter data. They
are used to estimate the parameters for the statistical models in Eqn(l15).

The first and second moments of a random process are defined in
Eqn(l6) and Eqn(17), respectively.

0

x> = [ xp(x)dx 4 (16)
(o]

x?> = f:xzp(X)dx (17)

For a Rayleigh process, only the first moment 1s required to
estimate the parameter. Substituting the Rayleigh probability density
into Eqn(16) and integrating by parts ylelds:

o 2x2 2 3
<xOp = f Ef— exp(ﬁi—)dx = l(TTOI) (18)
R o a 2

a

from which the parameter a is given as:

o =.ﬁ <x>§ =-£ (sample mean)2 (19)
m m

For a Weibull process, both the first and second moments are
required to evaluate parameters a and n. The first and second moments of
Weibull process are given by Eqn(20) and Eqn(21) respectively.

P n
<oy = [ 5= xx1 exp(- X yax (20)
W o o
-Q
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1
T (L
o (n+1)

<X2>w

[®n x0t exp (-X2)dx (21)
° o o

= o F(£+1)
n
where T'(*) is the Gamma function

The parameters o and n are obtained by solving Eqn(20) and Eqn(2l)
simultaneously. Squaring both sides of Eqn(20) and dividing by Eqn(21)
yields:

<x>w2 [F(éﬁl)]z (sample mean)2
= o~ (22)
2 2
&Ky F(; + 1) (sample 2nd moment)

The solution to this transcendental equation yields the parameter
n, and o is found by substituting n into either Eqn(20) or Eqn(21). The
solution to Eqn(22) is obtained numerically using Newton's method[17].

The first and second moments of a log-normal process are given by
Eqn(23) and Eqn(24), respectively.

2
o L -
GO, = [ “XZ“‘) Jax (23)
% xo(2m) 2 20
2
_ exp(2m+c )
2
o u2 N2
<x2>L = X exp[—(g'nx 2) Jax (24)
° xo(2m) % 20

exp[2(m+02)]
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Parameters ¢ and m are obtained from the following set of equations:

o? l.ln[<x2>L] - m =-£ tn(sampled 2nd moment) - m
2 2
2 2

2n[<x>L] -2 = (sample mean) - z (25)
2 2

8
]

The detailed derivation of the model parameters for the Rayleigh, Weibull
and log~normal processes is given in APPENDIX B.

4.,3.2 Chi-Square Goodness of Fit of Clutter Models

The sea~clutter data are subjected to statistical tests based on
the above three models. The emphasis is not on requiring the data to pass
the statistical tests, but rather, on the relative goodness of fit of the
sea-clutter datg to the assumed models. The criterion for comparison is
the parameter y“ of the Chi-square goodness of fit test[18].

The sea-clutter samples are used to form an amplitude histogram.
The amplitude histogram is divided into K regions of equal probability,
1/K, based on the assumed model. The parameter x~ is computed as:

N, 2
K (f; - E)
= | —— (26)
i=1 )
K
where f; = observed frequency of occurrence in the ith region, and
N = total number of amplitude samples forming the histogram.

In the usual Chi-square goodness of fit test, the value X2 is
computed and compared to a threshold value based on the so-called level of
significance. In our work, we use X~ as a measuring index to determine
the relative goodness of fit of the sea~clutter data to the statistical
models. A value of K = 120 was used for all tests.

The result of the Chi-square goodness of fit test for the
sea-clutter data of an X-band, vertical polarization experiment is shown
in Figure 31, The waveform resolution is 150m. The abscissa represents
the range cell number starting at 1 km as cell No. 1. Each range cell
represents a 150m increment. The solid curve represents the. X~ values
computed for the data from each range cell for the Rayleigh model. The
dotted curve represents that of the log-normal model. It can be seen that

this data set has a much better fit to the Rayleigh model than to the
The same set of data were also subject to the Weibull

log=normal model.
the result is very close to that of the Rayleigh

model test, however,
mode 1.
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Figure 31 - Chi-Square Goodness of Fit for Vertically Polarized,
Low-Resolution, X-Band Sea-Clutter Data

In Figure 32, results are given of the Chi-square goodness of fit
test for an X-band, horizontal polarization experiment. All the para-—-
meters except for the polarization are the same as those in Figure 3l. It
can be seen that data from a large number of range cells have a better fit
to the log-normal model than to a Rayleigh model. Similar results were
observed for S-band data, as shown in Figures 33 and 34 respectively. It
is difficult to verify these observations for the L-band, horizontal
polarization data because of the extremely low level of returns. Conse-
quently, most of the L-band, horizontal polarization data are receiver
noise dominant and presents a good fit to the Rayleigh model.

In Figure 35, results of the Chi-square goodness of fit test are
shown for an X-band, horizontal polarization experiment. The waveform
resolution is 15m. It shows a much better fit of.the data to the log-
normal model than to the Rayleigh model. It appears that, for low sea
states(between sea states 1 and 2), the statistical properties of sea-

clutter are affected by two parameters, namely, the polarization and the
waveform resolution.

Figure 36 and Figure 37 illustrate how well the statistical models
fit the data when the Chi-square goodness of fit test indicates a rela-
tively good fit. Figure 36 shows the probability of false alarm, as a
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function of threshold setting, for a dat3 set corresponding to a range
cell whose data yield a relatively small x° value for the Rayleigh model.
The theoretical Rayleigh false alarm curve with the model parameter esti-
mated from the data is superimposed. It can be seen that the fit is quite
good. Figure 37 shows the probability of false alarm as a function of
threshold setting, for a data set corresponding to a range cell whose data
yield a relatively small x° value in the test for log-normal model. The
theoretical log-normal false alarm curves 1is superimposed on the figure.
It indicates a very good fit to the log-normal model. The threshold set-

ting is normalized to the Rayleigh parameter o.

5. SUMMARY OF RESULTS AND RECOMMENDATIONS

5.1 Summary of Results

Even though the data base of the North Truro experiment is rela-
tively limited, some interesting results were observed. These results
will be summarized in this section. It should be emphasized that these
results pertain to sea-clutter data obtained for grazing angles below 4
degrees under sea states 1l and 2, and they should not be extrapolated to
higher sea states without verification with actual data,

(a) Sea-Clutter Radar Cross Section Coefficients

i) Generally o, of sea-clutter increases with increasing radar
frequency.

ii) Vertical-to-horizontal polarization ratio of 0, under calm sea
conditions increases with decreasing radar frequency band. At X-
band, the vertical-to-horizontalpolarization ratio of Oys €xpres-—
sed in dB, is small. This ratio Increases substantially at S-band,
and it increases even further at L-band.

ii1i) For X- and S-bands, the upwind-to-downwind ratio of o, is quite
high. However, the upwind-to-crosswind ratio is only marginally
higher than the upwind-to-downwind ratio of Oge At L~-band, the
upwind-to—-downwind ratio of o0,, expressed in dB, is quite low
(about a couple of dBs), but the upwind-to-crosswind ratio is quite

high,

iv)  Under calm sea conditions, o, seems to vary inversely with the
wave period of the water wave,

(b) Sea-clutter Spectra and Decorrelation Time

1) For X- and S-band data, sea-clutter spectra appear asymmetrical
when the spectrum has a significant Doppler shift. The spectral
tail is longer in the direction of the Doppler shift. For L-band
data, this effect is less apparent.
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ii) For L-band data at close range, sea-clutter spectra often exhibit
double spectral peaks. Double spectral peaks are observed less fre-
quently in S-band and X-band data.

iii) No strong correlation was observed between the Doppler
shift and spectral spread of sea—clutter data and the wind speed
and direction recorded at the time of the experiment near the radar
site. A possible explanation is that the data recorded correspond
to regions very close to shore, and the water wave motion is more
strongly influenced by the direction of ocean current than by local
wind velocity. It could also be that the wind direction and speed
offshore were different from those at the radar site.

(c) Sea-clutter Statistics

i) For low resolution waveforms(150 m), sea-clutter amplitude statis-
tics may be closely modelled by Rayleigh distribution. If Weibull
model is used, the parameters estimated from the first two moments
of the sea-clutter samples are very close to that of the Rayleigh
model.

ii) Deviation from the Rayleigh model occurs when high resolution wave-
form(15 m) or horizontal polarization is employed. However, the
polarization dependence of sea-clutter statistics needs to be
tested with data for higher sea states.

This set of experiments permits the comparison of sea-clutter char-
acteristics under virtually identical conditions for different polariza-
tions and look directions. Consequently, it provides additional insights
into the behaviour of sea-clutter. The differences in the observed
upwind-to-downwind ratio, the upwind-to-crosswind ratio, and the vertical-
to-horizontal polarization ratio of o, for various frequency bands pro-
vide some clues for the identification of the underlying mechanisms of
sea-clutter,

The generally observed higher values of o, in upwind direction
tend to support the theory that wave facets play a prominent role in sea-
clutter. In the up-wind direction the forward wall of sea waves makes a
larger angle with the horizontal plane than that of the backward wall.
Consequently, it presents a larger effective angle of incidence to the
radar, thus producing a stronger return. Also when the significant period
of the water wave is small, for the same wave height, the slope which the
wave surface makes with the horizontal plane will increase. This again
presents to the radar a larger angle of incidence. Analyses of S-band and
X-band data support the theory that, at higher frequencies, the finer
structure of the water wave, such as water droplets, contributes signifi-
cantly to the magnitude of the sea-clutter. The relatively small differ-
ence between the upwind-to-downwind and the upwind-to—crosswind ratios of
0, at S-band and X-band may imply that water droplets play a prominent
role in sea-clutter behaviour at higher frequencies. Water droplets re-
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flect vertically and horizontally polarized signals of compatible wave-
lengths equally well. This is «consistent with the observed small

vertical-to-horizontal polarization ratio of o, for X-band data.

At L~band the sea-clutter seems less sensitive to the fine struc-
ture of the water wave and more sensitive to the specular reflection of
the signal from the gross wave surfaces. This hypothesis may be used to
explain the relatively low upwind-to-downwind ratio of o, at L-band.

One notable result of the analysis of the North Truro sea-clutter
data is the increasing vertical-to-horizontal ratio of o, for decreasing
frequency. One possible explanation could be the multipath effect. For
horizontal polarization, the reflection coefficient for sea water is very
close to -1 for a wide range of grazing angles. At lower frequencies and
low sea states, the sea surface will behave more like a smooth surface
than at higher frequency, thereby creating a more favorable condition for
specular reflection, Under the proper conditions, cancellation of the
direct and indirect returns could result, thereby producing a much weaker
horizontal polarization sea-clutter return. However the limited amount of
data available does not permit a more in~depth investigation of possible

mul ti-path effects.

This analysis is also useful in developing signal processing tech-~
niques for improving radar performance. The difference in the sea-clutter
returns at S- and L-bands, for vertical and horizontal polarizations, may
provide a means for improving target detection in sea-clutter, by employ-
ing radars with polarization diversity. Generally, for horizontal polari-
zation, the sea-clutter returns are lower in magnitude but are more
spiky. Figure 38 compares the I-channel samples of an X-band experiment
for vertical and horizontal polarization cases, respectively. The wave-
form for the horizontal polarization experiment has relatively low ampli-
tude with occasional large spikes. These spikes are what contribute to
the log-normal-like behaviour of horizontal polarization sea-clutter.
There 1is a certain periodicity associated with the appearance of the sea
spikes. If it is possible to reliably predict the occurrence of these sea
spikes, then it might prove to be useful in improving the detection per-—

formance of the radar.

For high resolution waveform transmissions, sea-clutter returns
exhibit large fluctuation in magnitude among neighbouring range cells.
This may present problems when range averaging CFAR's are employed.

Although the relationship between the sea~clutter spectral charac-
teristics and wind velocity could not be observed in these experiments,
there are some patterns which can be observed. Generally the sea-clutter
spectrum will exhibit a longer tail on the positive Doppler frequency
region if it has a positive Doppler shift. This corresponds to the con-
dition where the water wave is travelling towards the radar. In this sit-
uation, the front of the wave will experience breaking in its crest, which
comprises a large number of water droplets. These water droplets will have
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a much higher rate of motion than the group velocity of the water wave.
Consequently, the observed spectral tail would be longer.

5.2 Recommendations

Some interesting results have been observed by analyzing the North
Truro sea-clutter data. However, much work remains to be done before a
clear understanding of sea-clutter behaviours can be obtained. Neverthe-
less, these data point out some of the areas in which improvement can be
made if future sea-clutter collection experiments are planned. A list of
recommendations which may help to improve data quality in future experi-

ments is given below:

(a) In future sea-clutter data collection experiments, in order that
sea-clutter data of higher sea states can be obtained, a longer
experimental period would be desirable. Careful study of the
weather pattern of the radar site is also essential.

(b) Because of the relatively small values of the sea-clutter radar
cross section coefficient, long dwell data mode is desirable in
order to extract sea—clutter components in the presence of receiver
noise and ground clutter interferences from antenna sidelobes.

(e) More sophisticated wave measurement equipment should be deployed
to provide wave direction as well as more accurate ground truth
information.

(d) Wind measuring equipment should be deployed strategically in area

Of radar illumination to provide more accurate wind direction and
speed information.

(e) For lower radar frequencies such as VHF, UHF and L-band, the PRF
should be lowered to provide higher resolution in the sea-clutter

Doppler spectra.

(£) Range extent in which sea-clutter data are collected should be
made a function of the magnitude of the sea echo, so as mot to col-
lect a large amount of receiver noise samples.

(g) For shipborne radar applications, sea-clutter should be collected
with shipborne radars so as to account for the interaction of
ocean waves with the radar platform.

(h) A phased array antenna system would be useful for the collection
of sea-clutter data for spatial correlation studies.

In conclusion, althougﬁ the data obtained in this particular set of
sea-clutter experiments pertain to conditions between sea states l and 2,
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they provide additional evidences of some of the underlying mechanisms of
sea—-clutter processes. With more data from future sea-clutter measure-
ments, a more comprehensive picture of the sea-clutter behaviour will
eventually emerge.
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6. APPENDICES
A SUMMARY OF SEA BUOY DATA

The sea-wave data collected using the ENECOD 949 wave buoy during
the North Truro experiment are summarized in Figures A.l through A,10

B COMPUTATION OF SEA CLUTTER MODEL PARAMETERS

B.1 Rayleigh Processes

The probability density function for a Rayleigh random process is
defined as:

, 2
p(x) = 2X exp(-X) 0<x<® (B1.1)
o a

where
o is the parameter to be estimated from the

sampled data of this process

The mean or the first moment is defined as:

x2

[- -] o 2
<xXOR = fo xp(x)dx = fo %E— exp(ﬁa—)dx (Bl.2)

From the table of definite integrals[l19], we have:

135 ...(2n-1) P )1/2 (Bl1.3)

2n+lgn a

f: xznexp(—axz)dx =

Letting a -1 and n = 1 yields:
o

<x>R = j: 2ax’ exp(-ax ?)dx = %(wa)% (Bl.4)
n-1

a=_
[0 3

It a sufficiently large number. of samples is taken from a random process,
then an unbiased estimate of the first moment can be obtained by computing
the sample mean. Hence the Rayleigh parameter a can be approximated by:
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a =4 (sample mean)2 (B1.5)
m

B.2 Weibull Processes

AThe probability density function for a Weibull random process 1is
defined as:

p(x) = ‘%T (x)"~Llexp(- _ﬁi) 0<x<® (82.1)

where parameters n and o are to be estimated from sampled data of this
process.

The first moment is given by:

<oy = | nxlexp(-X%)dx (B2.2)
o « a
-1
Letting y = x50 that dy = X" 4x and x = (ozy)l/n (B2.3)
a a

Substituting Eqn(B2.3) into Eqn(B2,2) yields:

= [° o exp(-y)
o

,<X>w dy

nxn~l
(B2.4)

1 1

/, a" y" exp(-y)dy

From table of definite integrals, we have:

I(n+l) (B2.5)

00
]y exp(-ay)dy =
o an+l

where I'(n) is the Gamma function.
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Consequently,

1 1 1
oy = ab [ y0 exp(-y)dy = onl(d+1) (82.6)

Since there are two unknown variables, & and n, another equation is needed
for their solution. This equation can be obtained by considering the

second moment. The second moment of a Weibull random process is defined
as:

<oy = 7 LI L (B2.7)
a a

Using Eqn(B2.3), we have:

- 2
[ y® exp(-y)dy = d"r(Z+1) (B2.8)
(o]

n

fal o
STEN

<x2>w =

The first and second moments can be approximated from the sample mean and
the sample variance, respectively. Squaring both sides of Eqn(B2.6) and
taking the ratio between the result and Eqn(B2.8), we have:

<x>w2 [r(%*l)]2 _ (sample mean) 2

(B2.9)

<x2>w F(2$1) (sample 2nd moment)
n

Eqn(B2.9) is a transcendental equation and can most easily be solved
numerically. Using Newton's method, the location of the roots to the
following equation will yield the value of n.

y = <of 1) - <x2>w[r(%+1)]2 =0 (B2.10)

The parameter & can then be found by substituting n into either Eqn(B2.6)
or Eqn(B2.8).

B.3 Log—-normal random processes

The probability density function for a log—-normal random process is
defined as:
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2
P(x) = —  expl- LB (B3.1)
xo(2m)2 20

0<x<™

where parameters m and O are to be estimated from
sampled data of this process.

The first moment of a log-normal process is defined as:

12
wyp = 7 exp [~L20xm) oy (B3.2)
o(2m)E 202

Using the transformation:

y = &n x x = exp(y)
‘ B3.
dy = dx dx = exp(y)dy (B3.3)
X
we have:
1 o (y--m)2
x>, = — fo exp[—h————a-]exp(y)dy
a(2m) 20
2 2 2 (B3.4)
1 L =2(m+o“)y+m
= —— [, exp[- 2 ¢ L2 lay
o(2m) 20
Let z = (m+02), and z% = m2+2mo2 + o“,
It follows that m2 = z?-2mo?-o*
o —z)2 2
x>, = ! f_w exp{HSZJi%-} exp{mtg;}dy (B3.5)
c(21r)£5 20 2
2
= exp{mtg.}
2
The second moment of a log-normal random process 1s defined as:
o g ) 2
xy = 7 X exp[- Sf_“i_‘;l)_]dx (B3.6)
° o(2m) 20
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Again using the transformation of Eqn(B3.3), we have:

2
2 had 1 ' -m
XDy, = f_w - exp[—ﬁz——%—]dy
o(2m) % 20
) ) ) (B3.7)
1 © =2(m+207)y+
=L [T exp{ L Am z)y ~Jdy
o(2m) 2 20
L = 2 2 _ 2 2,, .2
etting z=m+20", it follows that z° = m“+4mc"+40". Consequently,
© _.\2
<x2>L = ——l——T iw exp[Z(m+02)] exp[—iz—fl—]dy (B3.8)
o(2m) % 202
_ 2
= exp[2(mto”)]

The model parameters m and o for a log-normal process are
determined by first estimating the first and second moments from the
sample mean and sample variance and then solving the following set of
simultaneous equations:

o2 =1 ln[<x2>L]—m

2

2 (B3.9)

m = Lnl<oop]- %‘
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