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HF GROUND-WAVE BACKSCATTER FROM SURFACE TARGETS

(Phase B - San Clemente Island)
(Unclassified Title)

ABSTRACT

(SNF) Measurements of surface-vessel wakes have been
made with an experimental HF radar. The experimental pro-
gram was conducted at San Clemente Island in deep ocean
areas. The radar was provided with considerable flexibi-
lity in frequency, range and azimuth and an on-site digital
processor was used to provide near real-time spectral
analyses. Preliminary results indicate that wakes are
clearly distinguishable from the clutter produced by a
nominal sea. Examples are given. Analysis of effective
wake cross-section as a function of vessel speed and size
and as a function of sea conditions are proceeding.
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I. INTRODUCTION (U)

(5) In 1955, D. D. Crombie (1) provided an explana-
tion of the resonant Bragg scattering from the sea. The
theory of reaonant scattering has been developed by D. E.
Barrick (2) and others. This theory, which has since been
thoroughly verified by numerous experiments, invokes the
principle of constructive electromagnetic scattering from
successive sea surface waves which are coherent over a
nominal distance. More recently Crombie (3) suggested the
possibility that ship's wakes would produce an effective
Bragg backscatter which is distinguishable from the sea.
Such a possibility would be of great significance in the
detection of surface targets by HF radars and on this basis
Project NONESUCH was designed to experimentally explore the
detectability of wakes with a flexible HF system.

(SNF) The qualitative question of detectability was
established in a series of preliminary experiments con- I
ducted at the Salton Sea in early 1972 under conditions of
dead calm water (4). The equipment used at that time was
somewhat rudimentary but the results of the experiments
established unmistakably that wakes of an exceedingly small
amplitude produced an effect which was clearly discernible
to an HF radar. Furthermore, experimental results were

found to fit predicted theory in the frequency and doppler
domain. The experiments which were subsequently performed
under deep ocean conditions have been concerned with the
critical questions of radar cross-section as a function of
vessel size and velocity, and more significantly, the effect
of nominal sea in masking the wake backscatter and the
critical factor of wave saturation. The latter effect
could reasonably be expected to suppress or damp the wake
itself under sufficiently disturbed sea conditions.

(U) Preliminary results from these experiments are
discussed here, together with a description of some of the
details of the equipment and the manner in which the tests
were conducted.

(C) The experiment and the radar were designed to
provide great flexibility in the choice of significant
operating parameters and their sequencing. An on-site
general purpose computer was included and provided with
sufficient software to allow real and near real-time pro-
cessing, including fast Fourier transforms. As a conse-
quence of this system flexibility, it was possible to
expand the program of data acquisition to include measure-
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ments of sea scatter under various conditions as well as
aircraft dynamic cross-section. Both of these were done for
a wide range of radio frequencies. The results of these
experiments will be discussed in succeeding papers.

(U) In addition, measurements of surface-current velo-
cities were made in cooperation with the Scripps Institution
of Oceanography.

II. BACKGROUND (U)

(U) A Kelvin wake is a traveling disturbance on the
surface of the sea produced by a moving pressure distribu-
tion, as from a boat, on or below the surface of the water.
The phenomenon has received considerable attention over the
last century, Lord Kelvin (5) and T. H. Havelock (6) being
among the earlier contributors.

(U) The visible wake consists of a wave pattern which
appears to trail, but move along with, the boat and which
is confined to a triangular sector subtending an angle of
approximately 380 as illustrated in Figure 1. A simple
physical explanation of the wake geometry is given by
Tricker (7). Inspection of the actual wave structure in
the wake shows that it consists of two distingiishable
groups, a transverse and a cuspidal wake. (The latter is
much more obvious to the eye.) The transverse wake fills
most of the triangular wake area and has phase fronts which
are approximately normal to the boat trajectory. The cus-
pidal wake is spatially confined to the edges of the tri-
angular region and has its phase fronts aligned at an angle
of approximately 54.50 to the boat trajectory. Studies of
the Kelvin wake have Ind cated that the transverse wake
amplitude decays as (D)-t and that the cuspidal wake decays
as (D)4 where D is distance behind the boat.

'U) The disturbance created by the water displacement
due to a ship consists of a superposition of water waves of
different wavelengths traveling in different directions.
Those waves which comprise a wake are water waves whose
phase velocity anO directions of travel are such that they
are reinforced by the disturbance of the ship at all points
of its space-time trajectory. This necessarily limits a
wake to that set of water surface waves whose phase velo-
city is equal to the projection of the boat velocity along
the direction of their travel

2-I
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i.e. V - V5 con * (1)

where VO is wave phase speed
Vs is ship speed
* is the wave propagation direction relative

to ships heading.

(U) Since a wake is comprised of a special set of
water waves they necessarily obey the saue dispersion rela-
tion as ordinary waves

S4 gf (deep water case) (2)

where q is the acceleration of gravity at the Earth's sur-
face, k is water wavenumber, and W is frequency of the
water waves in rad/sec. The expression for phase velocity
resulting from this dispersion relation is

v• - -- (3)

and the group velocity can be shown to be always half theS~phase velocity.

(U) Assuming HF backscatter to result from a Bragg
mechanism, the radar frequency for resonant interaction
with the wake will be dependent upon the radar viewing
angle off the boat trajectory. Making use of the Bragg
criteria X - A/2 ,. where ), is radar wavelength and A is water
wavelength, and of equations (1) and (3) one can show that
the radar frequency for resonant interaction ires is givenby

g (4)
res 4r(VsC°S e)

where c is the velocity of light in vacuum and all other
quantities are as previously defined.

(SNF) The visibility of wake in the presence of strong
background clutter due to the ambient wind-driven sea
depends upon its highly organized structure. Within a
coherent patch of wake the backscattered electric field adds
arithmetically as opposed to a power addition that one might
expect from a random superposition of resonant wavelets.
The visibility of a wake in a realistic sea environment
clearly depends upon the relative coherence lengths of wake

3 SECRET-NOFORN
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and ambient sea and also upon the vffect of wave-wave inter-
action upon wake structure and coherence length.

(U) The location for the Project NONESUCH experiments
is the western shore of San Clemente Island, approximately
60 miles southwest of Long Beach. The off-shore waters
deepen rapidly and are fully exposed to the Pacific. Since
the NONESUCH experiment was concerned with target models,
ranges of operation were constrained generally to withitn
60 km (90 km in the case of some aircraft measurements),
and the ground-wave propagation mode was chosen, thereby
providing freedom from ionospheric spectral disturbance.
The western side of San Clemente Island slopes gently to a
flat plain of low elevation and is therefore ideal for the
deployment of antennas suited to the ground-wave mode.
Figure 2, a map of San Clemente Island shows the general
location of the radar and includes idealized antenna pat-
terns produced by both the transmitting and receiving
arrays. Figure 3 and Figure 4 illustrate the site and the
trailer vans used to house the electronic and computer
equipment, and Figure 5 shows the two-bay log-periodic
transmit antenna. Figure 6 is a view of the receiving
array. Details of these are discussed below.

III. DESCRIPTION OF THE EQUIPMENT (U)

(C) The equipment used in the experiments consists of
a high frequency ground-wave radar optimized for observing
sea scatter. The system consists of a receive array control
unit, a timing and frequency control unit, a receiver,
transmitter, and on-line computer for signal processing. A
moderately wide transmitting antenna beam provides area
coverage for a dual beam receiving array of narrower beam
width. The receiving beam centers lie on azimuths of 2400
and 270 true. They are switched alternately by a timing
logic which also triggers pre-selected radio frequencies
and selectable range gates.

(S) Figure 7 shows the radar system diagrammatically.
The timing and frequency control unit is designed for great
flexibility to accommodate a wide range of formats. The
time base can be any integral multiple of 10 microseconds
up to one second. Up to 99,999 different frequencies uan be
programmed by a pinboard arrangement for transmission in
time sequence. The control logic unit drives a frequency
synthesizer whose output frequency can be changed on a
pulse-to-pulse bas.Ls. The synthesizer frequency determines

4 SECRET-NOFORN
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the frequency of the radar pulse transmitted and also tunes
k the receiver to the backscatter from the pulse transmitted.

Since the same frequency drives both the transmitter and the
* receiver, frequency coherence is maintained to allow FFT
* processing of the individual returns from the different fre-

quencies transmitted in the 2 - 20 MHz frequency range.

(U) A general purpose computer is utilized to format
the data and perform spectral analyses in real-time. The
processor has a 32K memory, 16 bit words, a 475,000 word
disc storago, a 12 bit analog to digital converter, and a
45 ips magnetic tape unit. The unit has been programmed to
calculate as many as 100 data channels simultaneously with
the FFT. However it is limited to a maximum of approxi-
mately 600 input words per second; with 100 channels a
maximum spectral analysis bandwidth of 3 Hz is possible.
Fewer channels allow wider bandwidths. A memory oscillo-
scope is utilized to display a few selected data channel
outputs in real-time for purposes of on-line monitoring of
the experiment in progress. A Calcomp drum plotter and
data print-out provide outputs in non real-time. The cape
bility to inspect quantitative results shortly after a test
"ru&1 has greatly aided the optimization of experiments.

(U) The transmitting antenna is an array of two TCI
Model 513 vertically polarized log periodic curtains
arranged in a vee with the apex forward to achieve a beam-
width of approximately 65 degrees. This antenna is placed
over a large ground screen which stops just short of the
water's edge. The power gain of this antenna varies from
about 10-14 dB above isotropic, depending upon frequency.

(U) The receiving antenna consists of a linear broad-
side array of 13 vertical monopoles. Either 7 or 8 of these
monopoles are selected by the switching logic to form two
beams approximately 15 degrees wide separated from each
other by 30 degrees. Figure 8 shows examples of measured
patterns of the left and right receiver beams relative to
the transmitter antenna beam at 9.3 MHz. These beams are
formed by a number of fast switches and phasing lines in
the beam-forming and switching unit driven by the timing
and frequency control unit. The monopoles are 25 ft. long
and are roughly matched to the transmission lines by 600-.
to-50 ohm transformers which tend to smooth the response
with frequency over the band. Gains vary between -20 and
+5 dB. The elements are placed over a conducting ground
mat with radials extending from each antenna element into
the water.

5 SECRET-NOFORN
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(U) The receiver noise figure in 15 dB or less. The
in-band IM products are down a minimum of 60 dB from the
principle components when they are introduced at the
receiver front end at a level of -60 dBm corresponding to
the maximum output level. The out-of-band IM products were
not observable above the noise level whose peak values were
40 dB below the in-band signal, f, when it was introduced
into the receiver at -56 dBm and the signal at 2f was intro-
duced at a level of +3 dBm. With the 2f signal at -37 dBm
the product signal was below the noise level peaks, 60 dB
below the in-band signal.

(U) The signal-to-noise peaks of the transmitter pulse
itself appear to be of the order of 65 dB (72 dB to mean
noise values) when using 27 dB of processing gain with the
nominal 50 microsecond pulse length and the corresponding
receiver bandwidth of 20 kHz.

(U) The filter bandwidths of the receiver at the inter-
mediate frequencies have about a 3.5:1 ratio between the 60
to 6 dB bandwidths. There are some sidelobes in the time
domain, but they are a minimum of 25 dB down for the first
one. The receiver bandwidths are a nominal 10, 20, or 50
kHz to accommodate transmitter pulse lengths of 100, 50, or
20 microseconds respectively. A Gaussian filter is employed
in the transmitter pulse-forming circuits so the tails of
the pulses extend considerably beyond these lengths. Peak
pulse powers extend up to approximately 70-80 kw.

(U) The predicted values of beamwidth for the trans-
mitter and both receiver beams were verified. Also the
true bearings of the receive-bean maxima were established
with reference to the output of a supporting X-band tracking
radar which was used throughout the experiments to guide
and to track the target sources used (e.g. surface boats and
aircraft). Received power was calibrated by injection of a
known calibration signal into the recorded data while radar
cross-section measurements were being made. Transmitted
power was determined from the product of transmitter ortput
current, measured with calibrated ammeters, and impedance of
the transmit antenna as determined by exhaustive measure-
ments of the antenna impedance mude on site for the band of
frequencies used. Pulse duty factor was determined by inte-
gration of transmitter pulse shapes as displayed and photo-
graphed with a sampling signal on an oscilloscope.

6 ' CRET-NOFORN



SECRET-NOFORN

IV. CALIBRATI(N (U)

(U) Considerable effort was devoted to calibration of
the NONESUCH system by a variety of techniques. Extensive
antenna pattern and gain measurements were made with a
calibrated signal source which was moved in precisely
determined arcs offshore from the site at a range of two
n.mi.

(U) System sensitivity parameters were determined by
a comparison of several calibration methods. First, the
ensemble of measured system parameters, including GRGT, PR,
PT and range (as measured with the X-band radar) and losses
were inserted in the radar equation. The latter included
system cable losses, excess ground-wave loss, surface
roughness loss and, when applicable, loss due to the dynamic
response of the receiver. In situ measurements of a cali-
brated monopole, placed in the sea at a precise range and
on antenna beam center were made. This monopole, shown in
Figure 9 consists of an adjustable whip antenna mounted in
a small aluminum boat and grounded through a crystal-
controlled switch. The cross-section of this system was
measured earlier against the carefully calibrated NRL MADRE
radar and found to produce a measured cross-section which
matched the theoretically predicted value (at approximately
10 MHz) to within about one dB. At San Clemente Island the
monopole cross-section was measured at six sample frequen-
cies across the system band. (At 3.25 MHz a different,
structured mast was used with a somewhat larger vessel.)
The results of these measurements were used as a second,
independent measurement of antenna gain product.

(U) A third input to the sensitivity calibration was
provided by J. H. Headrick of NRL, who used the beckscatter
from a fully developed Sea as a reference cross-section (8).

(U) Figure 10 plots the system sensitivity in terms
of antenna gain product. All uncertainties in the various
measurements are incorporated in the data points shown,
these include interpretation of the antenna pattern mea-
surements, uncertainties in PT and some indeterminacy in a
knowledge of the propagation losses. On the basis of con-
sidered judgment, it is felt that the accuracy of the
smoothed curve is within *2 dB. The shape of the gain pro-
duct curve is a function of (a) the mismatch loss of the
receive antennas, (b) an anomaly in the gain of the transmit
antenna at 12.1 MHz (indicated by the dip at that frequency)

7 SECRET-NOFORN
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and (c) a change of gain at the frequencies where the
switching logic inserts or removes a receive antenna element
(indicated by the discontinuities in the curve).

V. SUPPORTING INSTRUMENTATION AND SURFACE CRAFT (U)

(U) The San Clemente Island test facility is operated
by the Naval Undersea Center (NUC). As part of this sup-
port an M-33 X-band tracking radar, converted for instru-
mentation provided precise positioning for all material
targets (boats, ships and aircraft) and post-tes. records
of their positions as a function of time. This radar
source provided accurate metric data for both target tra-
jectories and for the antenna pattern measuremei~ts. The
primary work craft used for wake generation and for towing
the NONESUCH Monopole was a torpedo recovery boat (TRB) of
50 tons displacement and 15 knots maximum speed.

(SNF) A prime objective of the NONESUCH experiment is
the evaluation of wake detectability in the presence of
various sea states. To provide a quantitative and contem-
porary measure of this quantity, an instrumented wave buoy
was moored in the test area at an offshore range of approxi-
mately 15 miles. This buoy transmits a telemetered signal
to shore instrumentation which in turn produces a precise
analog representation of the ocean wave displacement for
frequencies between 0.03 and 0.6 Hz. The output from this
system was recorded in three ways. The instrument produces
a continuous calibrated analog chart. NRL provided in
addition, a digital recorder and A/D converter to allow
later spectral analyses. Finally, a Ubiquitous wave
analyser and averager was used to produce energy density
spectra in near real-time.

(SNF) The radar measurement experiments examined wakes
produced by the TRB mentioned above, a DD (destroyer and a
DE (destroyer escort). Various velocities were used. To
ahte most of the data has been taken for radial courses.

VI. EXPERIMENTAL RESULTS (U)

(SNF) At the time of this reporting, preliminary
results show positive evidence of clearly detectable wakes
produced by even relatively small surface crafts. The wake

8 SECRET-NOFORN
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cross-sections to be shown are all the result of measure-
ments of the normal view of the transverse Kelvin wake.
Variation of cross-section or signal-to-clutter for cross-
ing courses is yet to be examined. The relation of wake
cross-section to the physical characteristics of the wake
is under investigation. Furthermore, the effect on wake
cross-section of clutter masking and wake suppression by
disturbed sea conditions is under analysis and will be
reported at a future date.

(SNF) The experimental procedure for producing these
measurements was as follows. A wake-generating vessel
(typically a TRB), a velocity and a course would be speci-
fied prior to a run. The boat would be vectored to a
starting point by the X-band radar with steering headings
given by voice radio to the helmsman. The starting point
would gcnerally be selected so as to produce a wake of
finite but nominal length (with reference to the radar
raage gate). The run would be initiated by radio command
from the NONESUCH control site fc.- purposes of time coordi-
nation. Following this the tracking radar would provide
guidance and position reports by voice radio.

(SNF) Using a relatively high radar frequency (e.g.
9 MHz), initial measurements of boat speed would be made
at NONESUCH and corrections made to the boat speed via
recommended changes of engine speed. Typically, 40 radar
frequencies, spaced at 50 KHz intervals would be trans- I
mitted but because of the sensitive relationship of reso-
nant wake doppler frequency on boat steed, some care was I
required to adjust it into band.

(SNF) Continued monitoring of the "velocimeter" (high

frequency doppler channel) was done to assure that the boat
speed, hence wake pattern, was as constant as possible.
(It was observed that the TRB's could hold surprisingly
constant speed while heading into the prevailing on-shore
seas; when running with the sea, however, a surf-board
effect produced significant variation of the speed.)

(S) The data are presented generally in two forms.
In the first of these, an isogrammetric presentation plots
successive doppler spectra with time proceeding "back" into
the plot. The data have been normalized against the radar's
calibrated sensitivity so that the vertical ordinate is pro-
portional to dB above one square meter (dBsm) of effective

i 9 SECRET-NOFORN
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radar cross-section. The baseline of the spectrograms is
set to exactly one square meter, i.e., 0 dBsm.

(U) The width of the spectral data is shown as minus
(left) to plus 0.5 Hertz (i.e., with zero doppler off-set
at the center). In the third dimension, since the time
interval (time to average the desired number of samples)
was constant, time can be interpreted as distance.

(SNF) Each of the isograms shows both the retreating
sea return and the superimposed wake return when present
on the left, and the advancing sea return on the right.
The nature of the prevailing sea west of San Clemente
Island is such that the advancing sea resonant line is
generally the larger.

(SNF) The second form of presentation is a plot of
peak wake cross-section (in the range gate) as a function
of time. The measured cross-section is shown for several
adjacent (50 KHz spacing) frequencies. The samples have
been selected to illustrate the wake resonant frequency
and the spectra from two or three adjacent frequencies.
These plots provide a qualitative demonstration of the
sharpness of the effect. They also establish the fact
that the cross-section of the boat itself is small com-
pared to that of the wake.

(SNF) The experimental format on the night of 7
December 1972 involved the use of a U. S. Navy destroyer
(DD) which executed a radial course at a speed of 13.5 knots
on a bearing of 2400 between ranges of 4,000 and 30,000
yards. For that speed, the resonant radar frequency was
calculated to be approximately 5 MHz. A twenty frequency
format was chosen for the system with twelve frequencies
grouped between 4.5 and 6 MHz. Additional frequencies were
located elsewhere in the 2 - 20 MHz band to look for second-
order and non-linear effects. One or two high frequencies,
for which no resonance was anticipated, were used for the
measurement of boat doppler. Range gates having a width of
7.5 km (to the 3 dB points) and centered on 15 and 22.5 km
were used.

(S) Figure 11 is an isometric plot of the ship doppler
spectra made for a radar frequency of 9.933 MHz. The shape
of the range-dependent return typifies the cos 2 shape of the

10 SECRET-NOFORN
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transmitter pulse. The X-axis represents doppler frequency
and the oblique axis is a time axis with appropriate anno-
tations. The vertical axis represents cross-section in
dBsm for a target located at the center of the range gate.
The floor of the plot represents a target cross-section of
1 m2 (0 dBsm) and the vertical axis of the original plot
was adjusted to be 10 dBsm per large division. The effec-
tive cross-section of the ship at this frequency was judged
to be 34 dBsm.

(SNF) Figure 12 is an isograr at a radar frequency of
4.543 MHz and covering the same time period. In this
figure the feature at -0.22 Hz represents the recede reso-
nant line. The threshold for plotting is a cross-section
of 1 m2 as in the preceding figure. A large division of
the vertical scale represents 10 dB. In this figure it is
notable that a large enhancement occurs during the time of
the boat transit through the range gate but disappears when
the boat leaves the gate. It is also worth noting that
during this experiment the sea approach resonant line is
of the order of 15 dB greater than the recede line. During
the course of this experiment, wave heights of the order
of 3 to 4 feet with occasional 5 foot swells were measured
with the wave buoy.

(SNF) Figures 13, 14 and 15 are isograms of the same
event at frequencies of 4.933 MHz, 5.033 MHz and 5.113 MHz
showing a sustained enhancement after the boat's disap-
pearance from the range gate. The resonant effect appears
to maximize at a frequency of 5 MHz which is precisely the
frequency at which the resonance was anticipated. In these
and all subsequent isograms the floor of the plot and the
vertical scale will be the same as defined for the pre-
ceding isograms.

(SNF) Figure 16 is a time profile of backscatter
cross-section for the event described in the preceding
figures. The frequency of 9.933 MHz is included to define
the limits of the range gate. It is clear from this plot
that a distinct enhancement of the recede clutter line is
produced by the presence of wake in the range gate. The
magnitude of the enhancement is between 15 and 20 dB on
frequencies of 4.933 and 5.033 MHz.

11 SECRET-NOFORN
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(SNF) Figures 17 through 26 show similar enhancements
on different days using the much smaller TRB operating at
app: 3ximately the same boat speed. Sea conditions were
ab',.At the same for all three events but this result must be
confirmed by a more exhaustive perusal of the surface height
measurements made by the Waverider buoy. Judging from the
amplitude of the ambient sea clutter it appears that the
roughest seas were encountered on the night of 7 December
1972 and that the mildest sea conditions were encountered on
the day of 16 January 1973. It also appears that the largest
wake cross-section was encountered on the 16 January event.

VII. CONCLUSION (U)

(SNF) Evidence of the detectability of surface wakes
by a coherent HF radar for some sea conditions has been pre-
sented. Further analysis and more experimentation will be
required to establish the limits of this detectability for
crossing courses of increasing aspect and for limiting con-
ditions of sea state. It is expected that experimental
evidence on hand from the NONESUCH tests performed to date
will permit an evaluation of effective cross-section 9s a
function of hull displacement and ship velocity. Questions
of cross-section coefficient as a function of wake amplitude
and effective wake area will also be explored.

(SNF) With regard to wake cross-Eection coefficient,
particularly by reference to generally accepted values of
sea cross-section coefficient, a note of caution is in order.
The wake cross-section (in dBsm) depends upon the area of the
sea which was within the spatial resolution cell of the radar.
For the data presented here, it is possible that the effec-
tive wake area was significantly smaller than this resolution
cell. Examination of further data will be required to
resolve this point. Of equal importance is the quantitative
question of the possible augmentation of an otherwise
"saturated" sea by a wake of long coherence length. (As a
matter of tactical significance, of course, the synoptic pro-
bability of a saturated sea diminishes for low radio fre-
quencies, i.e., high velocity vessels.)

12 SECRET-NOFORN
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