ROBERT E. THURBER

ADVANCED SIGNAL PROCESSING TECHNIQUES
FOR THE DETECTION OF SURFACE TARGETS

Recent advances in the technology of signal processing components and subsystems have made
possible the implementation of complex signal processing tasks in a simple, cost-effective manner.
This has led to novel techniques for processing surveillance radar data in real time to extract weak

targets in clutter and interference environments.

INTRODUCTION

The primary functions of surveillance radars are to
recognize the presence of targets of interest and to re-
port their positions. In the simplest form, this is ac-
complished by transmitting pulsed electromagnetic
energy in a given direction and listening for an echo
that is reflected from a target. The time delay to the
received echo determines the distance to the target,
and the direction of transmission is a measurement of
its bearing. A volume of space can be surveyed by
sequentially transmitting and listening in different
directions until all possible target locations are
covered.

A common type of surveillance radar has an anten-
na that produces a pattern that is narrow in azimuth
(bearing) and continuously rotates through 360° at a
constant rate of 1 to 10 seconds. The antenna pattern
(beamwidth) in elevation determines the height of
targets that can be observed, and the listening time
between the short transmissions determines the maxi-
mum range at which targets can be observed. This
radar, referred to as a two-dimensional (2D) range
and bearing radar, is used to search for everything
from air and surface targets to weather systems from
land, sea, and airborne platforms.

One of the earliest ways to process data from 2D
radars was to convert the received energy to a voltage
that modulated the intensity of a cathode ray tube.
The distance from the center of the tube represented
the range to a target, and the bearing was determined
by the position around the tube face. The presence of
a target and its position in range and bearing were de-
termined by a person observing the display.

It is relatively easy for an operator to distinguish
between a return from an air or surface contact and
background thermal noise. This method of signal
processing works well in the absence of interfering
signals and when only a small number of true targets
are being processed. Unfortunately, this is not gener-
ally the case, and over the past 40 years much work
has been done to enhance the returns from desired
targets, automate the process of detecting and locat-
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ing targets, and reduce the probability of making
false target declarations.

This work has led to systems that perform almost
flawlessly in their roles of air defense and air traffic
control, but they are expensive to produce and main-
tain. There are, however, many types of surveillance
radar systems not related to air safety or defense that
rely solely on a display and an operator for signal
processing. They still suffer from limitations im-
posed by the environment. A very important class of
radar in this category is sea surface surveillance sys-
tems. They perform such important functions as
shipboard surface surveillance, coastal surveillance,
and ship collision avoidance.

Sea surface surveillance radars are designed to op-
erate reliably for long periods of time, but their per-
formance is limited by the environment. Signals re-
turned from the sea tend to mask signals from true
targets; an operator must distinguish between clutter
and targets, relying only on the signal’s intensity and
character as presented on the display. Because more
and more demands are being placed on sea surface
surveillance radars to perform in such vital roles as
ship collision avoidance, there is a need to improve
their target detection capability in the presence of
clutter and to automate the detection process.

APL sponsored a project to apply the latest ad-
vances in signal processing components and subsys-
tems to the problem of producing a simple, low-cost
radar signal processor that could significantly en-
hance the performance of surveillance radars. By us-
ing high-speed digital conversion and processing cir-
cuits and a large quantity of solid-state memory, sev-
eral novel techniques for processing surveillance ra-
dar data were realized. They enhanced the perfor-
mance of sea surface surveillance radars and are
proving to have wider applications in processing ra-
dar signals and other high-speed data in real time.

Our work resulted in a project for the Pacific Mis-
sile Test Center to instrument their sea surface sur-
veillance radars with signal processors and to inte-
grate the data from noncollocated radars to form a
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data base of composite surface target tracks. Two
missile and gun test firing ranges are being instru-
mented. One is located off the coast of California
north of Los Angeles, and the other is off the island
of Kauai in Hawaii. These surface surveillance radars
are a primary means of determining if the test ranges
are clear of surface craft so that ordnance firing can
take place.

SIGNAL PROCESSING

The processing of signals from surveillance radars
can take many forms, but there are only three
principal objectives. The first is to be able to distin-
guish the signal of a true target from noise, interfer-
ence, electronic transmissions, or returns from non-
targets. This objective is usually accomplished by fil-
tering the radar data with a device that is matched to
those characteristics of the desired target that differ
from the characteristics of the.competing interfer-
ence. It has the effect of enhancing the target signals
as opposed to the background interference.

The second objective deals with the process of de-
claring the presence of a target. When there are only
a few targets in a reasonably clutter-free environ-
ment, the process can be carried out by an operator
viewing a display scope; however, to obtain reliable
and repeatable detection of targets in dense or clut-
tered environments, the process must be auto-
mated.

In order to present a reliable data base to the user
of the surveillance radar data, there should be a mini-
mum of false target declarations and missed targets.
Thus, the third objective of surveillance radar signal
processing is to reduce the probability of false targets
being reported while endeavoring to maintain maxi-
mum target detectability.

TARGET SIGNAL ENHANCEMENT

The target signals at the output of a radar receiver
are optimized by matching the receiver filter charac-
teristics to the transmission waveform. For instance,
if the transmission is a continuous train of rectangu-
lar pulses of RF energy, the receiver bandpass would
be the Fourier transform of that waveform, or
(sin x)/x. This maximizes the signal versus back-
ground noise on a per transmission basis but does not
enhance the desired target signal over returns from
clutter such as the sea or weather.

To enhance the target signal further, the data can
be observed for several consecutive transmissions
and matched to a filter that looks for some true tar-
get characteristics, such as a phase change caused by
the Doppler shift of a moving target. The more so-
phisticated air surveillance radars use a system in
which the amplitude and phase of the data for every
possible target location for several radar transmis-
sions are stored and filtered to extract only those sig-
nals that exhibit a phase change representative of a
moving target. This is commonly referred to as a
moving target indicator. Implementing the system re-
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quires a very stable analog delay line filter or a high-
speed digital filter and a radar with a very stable RF
system so that the data phase change over several
transmissions can be measured very accurately (to 1°
or less).

In general, this type of system would not be cost
effective in a sea surface surveillance radar because
of the expense of building a high stability radar and
the difficulty in measuring the Doppler shift on very
slowly moving targets. However, with the advent of
high-speed large-scale digital integrated circuits and
low-cost high-speed solid-state memory, a digital
filter that operates on amplitude-only radar data is
very attractive. To exploit the possible inclusion of
these advanced circuit components, several methods
of enhancing the target signal-to-clutter ratio using
only received signal amplitude were investigated.

One way that has been considered to improve the
signal-to-clutter ratio using only radar amplitude
data relies on the moving target Doppler effect. If a
moving target is in the same location (same radar res-
olution cell) as clutter, the target voltage vectorially
adds to the clutter voltage. This causes the data from
that cell to be amplitude modulated at the Doppler
frequency of the target-minus-clutter velocity. There-
fore, the amplitude data can be filtered to enhance
targets that are moving if they are in the same loca-
tion as clutter returns.

This process is ideally suited to sea surface surveil-
lance radars because it does not require phase data,
which are generally unobtainable from these simple
radars, and because the returns from the sea almost
always guarantee the presence of clutter. In general,
however, sea surface surveillance radars are high res-
olution (they transmit a short pulse with a narrow
beamwidth) in order to reduce the area of the sea illu-
minated per pulse and hence the amplitude of the sea
clutter return. This means that the number of radar
cells of data that must be stored in a filter is large,
typically about 16,000 per transmission.

With today’s technology, a digital transversal fil-
ter that stores four transmissions of data and oper-
ates at 10 megahertz is reasonably inexpensive and
would easily handle the requirements of a high-reso-
lution surveillance radar. The configuration chosen
for the processor is shown in Fig. 1. The unit accepts
logarithmically scaled analog data from the radar
and uniformly quantizes them to form digital words
that are stored in memory for three radar transmis-
sion periods. Therefore, at any given time, there are
for every radar resolution cell four data points that
can be weighted and summed to form the filtered
output. Weighting is done by adding the logarithm of
the multiplicative constant to the quantized logarith-
mic data; the resultant is linearized before the sum-
ming operation. The selection of the weights deter-
mines the response of the filter to the target data and
the improvement in the target-to-clutter ratio. This is
discussed more fully in the next section.

This method of filtering the data does nothing to
reduce random interference signals originating from
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Figure 1 - Architecture of the digital transversal filter used
to filter radar data at a 10 megahertz rate. The filter
features logarithmic data input followed by uniform
quantization. The filter weights are programmable so that
the filter response can be matched precisely to the
environment.

other radars and from electronic transmitting equip-
ment that are constant sources of false target indica-
tions in most radar systems. In fact, signals that
occur in a given radar cell for only one transmission
interval can corrupt an otherwise valid response from
a sequence of transmissions. Because of the flexibil-
ity in selecting weights for the transversal filter, the
problem can be eliminated by detecting the inter-
ference and changing the filter weights to compen-
sate. This is discussed further in the section on Sup-
pressing Interference by Reprogramming the Moving
Target Indicator Filter.

OPTIMIZED MOVING TARGET
INDICATOR FOR THE DETECTION OF
SLOW-MOVING TARGETS

When trying to enhance the target signal by ob-
serving the phase change from transmission to trans-
mission, one can unambiguously determine a
target’s radial velocity up to the Nyquist rate by the
following relation:

2V,
Ja = 2Vely ! (1)

c
where f, is the Doppler frequency shift, f, is the
transmitted frequency, V, is the radial velocity of the
target, and c is the velocity of propagation. In the
case of slow-moving surface targets, the range of ve-
locity that is of interest is less than the maximum un-
ambiguous value. It is therefore desirable to tailor
the filter weights to maximize the response over this

range of velocity.
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As the antenna scans across a target, the target re-
turn is amplitude modulated according to the anten-
na beamshape. This, in general, reduces the effective-
ness of a moving target indicator filter; the weighting
functions are therefore selected to minimize the ef-
fect. When the response for slow targets in clutter
was maximized, it was found that the filter response
resulting from antenna modulation became predomi-
nant. It was observed experimentally that the effect
enhances the signal-to-sea-clutter ratio for slow-mov-
ing and stationary targets in sea clutter by as much as
a factor of 3. The weights tend to differentiate a
point target in distributed clutter, causing the target
to stand out.

This result was not initially expected. Further anal-
ysis of the phenomenon resulted in the determination
of weighting functions that optimized the enhance-
ment of slow-moving targets in sea clutter on the
basis of both Doppler and antenna modulation. The
optimum weights turned out to be a function of tar-
get range. Although a compromise set of weights al-
lows operation over all ranges with minimum perfor-
mance degradation, the flexibility of the transversal
filter implemented in the surface processor permits
the separate selection of weights in four different
range intervals. Nearly optimum operation is ob-
tained by this configuration.

To optimize the performance, an interference im-
provement factor (IIF) is derived for a generalized
square law detector. This improvement factor, which
can be written as a ratio of two quadratic forms, in-
corporates the effects of antenna beamshape, inter-
ference composed of clutter plus noise, and the target
Doppler frequency. It can be maximized to improve
target detectability by eigenvalue/eigenvector tech-
niques to yield the optimal weights, W,, W,, W,
W,, to be applied by the digital transversal filter.

It can be shown that the interference improvement
factor is given by

1 1
~ 2 (allz +al712) + ;anampnm COS (¢II - ¢I71 )]

207
+ ’
N N
Y X wow,da+s,% @
=1 =1
where
O = {Ro. [(n—m)T] +6,,}/(1 + R),
R = 0’/0,; = clutter-to-noise power ratio,
¢n —d)mz Wd(n_m) T:
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. : o1,
a, = signal amplitude = exp [— 2.772588 (
3dB
OT |2
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e}dB
6 = antenna rotation rate, degrees per second,
0,,; = 3-decibel one-way antenna beamwidth,
fo = time offset of center of NV pulse batch

from beam peak,
ps(1) = exp(—27io’7?),

o, = standard deviation of clutter spectrum,
in hertz,

g = interpulse period of radar,

W, = Doppler frequency in radians,

N = Number of pulses per batch,

s0*> = peak per pulse signal/interference ratio.

A Gaussian antenna beamshape and a Gaussian
shaped clutter spectrum have been assumed in the
above expressions.

The interference improvement factor can be ex-
pressed as a ratio of two quadratic forms,

WTAW

IIF = ——— >
WICW

©))

where A and C are real symmetric matrices and C is
positive definite. W is a column vector corresponding
to the weights W, . . . W, while W7 is its transpose,
a row vector. The interference improvement factor
can be maximized by solving the following eigenvec-
tor equation:

C'AW = \'W. )

A, is the maximum eigenvalue of the matrix C'A,
and W is its corresponding eigenvector. W specifies
the optimal weights; A, is also the maximum value of
the improvement factor.

Plot (a) in Fig. 2, the interference improvement
factor versus radial velocity, has been optimized for
target velocities of 0 to 10 knots at a range of 20 nau-
tical miles. The radar parameters used are for the sur-
face surveillance radars at the Point Mugu, Calif.,
Pacific Missile Test Center Range. They are S-band
radars with a 0.1 microsecond pulse width at 550
pulses per second and an azimuth beamwidth of 0.9°.
They are located 1500 feet above sea level. For com-
parison, (b) is the same plot using a binomial weight-
ing function, as is normally the case for an air sur-
veillance moving target indicator system.

SUPPRESSING INTERFERENCE
BY REPROGRAMMING THE
MOVING TARGET INDICATOR FILTER

In most environments, RF signals originating from
other equipment appear in the received data. In the
case of a radar, the interfering signals most often
come from other radars operating at or near the same
transmission frequency. This causes pulses that can
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Figure 2-Plots of the interference improvement factor
versus target radial velocity for two sets of filter weights.
Plot (a) is for a set of filter weights optimized for target
velocities of 0 to 10 knots at 20 nautical miles. Plot (b) is for
binomial weights generally used for an air surveillance
moving target indicator system.

be falsely detected as a target. However, those pulses
almost never appear at the same location (range cell)
on consecutive transmissions because they are not
synchronized to the radar .transmissions. The
occurrence of interference can be detected by
comparing the data amplitude in a given range cell
with the amplitude in the same range cell on previous
radar transmissions. In the case of the transversal
filter, there are always four consecutive transmis-
sions of data available for comparison, and, if the
two largest values in a set of four for a given cell
differ significantly, it is very likely that the largest
data point is an interference signal.

If allowed to remain in the data stream, this value
would corrupt the filter output for the four transmis-
sions where it is present in the stored data. In the
past, systems have handled the problem by censoring
the range cell at the filter output for the time the in-
terference is present in the filter or by removing the
interference from the data in the filter and
substituting a value in its place based on true data in
the vicinity of the interference. Censoring the range
cell causes loss of data and can cause loss in perfor-
mance in a heavy interference environment. Replac-
ing the interference with ‘‘reasonable’’ data requires
both calculation and insertion of the substitute data.

The design of the filter developed for the surface
radar processor permits a somewhat different ap-
proach to solving the interference problem. The filter
weights are additive constants that are selected from
a read-only memory and summed with the logarith-
mic radar data. Eight different sets of weights are
stored in memory; they can be selected on a range-
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cell-to-range-cell basis. When interference is detected
in a range cell, the weight set that eliminates the inter-
ference and produces an optimum response for the
remaining data points is selected. In this manner, all
interference is eliminated from the filtered output,
and the valid data are always filtered in an optimum
fashion.

The maximization procedure discussed in the pre-
vious section can also be applied with reduced dimen-
sion matrices if there are missing pulses in the n pulse
batch owing to interference or jamming. If the ith
pulse is determined to be an interference pulse by
comparison with the amplitudes of other pulses in the
batch, then, by striking out the ith column element of
W7, the ith row and column of matrices A and C,
and the ith row element of W, the optimization can
still be accomplished. For instance, if the three-pulse
case is reduced to a two-pulse case when the middle
pulse is from interference, then

All All A13 Wl

WTAW=(W| WiWy) | Ay Ay Ay w,| 5

becomes
A W,

(6)
A33 W3
Dimensions are similarly reduced for the quadratic
form WTCW. When Eq. 6 is used, we obtain the best
weights for the two surviving pulses. Thus, it is not
necessary to throw out the results for the whole
batch.

Figure 3 illustrates the weights and how they are
used for a normal target response and for one with
interference. As the antenna scans across a target, the
target-received amplitude is modulated, as shown in
the top left illustration. The optimal weights deter-
mined for this case using the Pacific Missile Test
Center’s surface surveillance radar parameters are
—-0.98, +1, +1, —0.98; they are shown in the mid-
dle left illustration. The result of multiplying the tar-
get response by these weights is shown in the bottom
left illustration; the filter output is the sum of the
four weighted values shown.

The illustrations on the right are for the case where
the third pulse is contaminated by interference. The

optimal weights (—0.66, +1, 0, +0.31) and the
weighted outputs are shown.

CONSTANT FALSE ALARM RATE
PROCESSING

The automation of the detection process can take
many forms, from simply setting a fixed threshold on
the input signals to determining an adaptive detection
threshold by measuring the mean and variance of

All
(W, w3)
31
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Figure 3 — An illustration of the effects of the transversal
filter weights for two cases. For the normal target
response, the antenna-modulated target is weighted by the
values shown; the weighted results are illustrated in (a). If
an interfering pulse is detected, as in (b), the weights are
changed to cancel that interfering pulse and reoptimize the
filter response.

Weighted output

signals returned from the local environment. In the
ideal automatic target detector system, a constant
false alarm rate (CFAR) is maintained, regardless of
the environment. This, in turn, establishes the signal/
background-noise ratio required for target detection
in the given environment.

The basic function of the CFAR processor is to
determine an adaptive detection threshold against
which the incoming signals are compared. To main-
tain a uniform CFAR, the processor must adapt to
the environment as a function of time and spatial dis-
tribution. The latest advances in medium- and large-
scale high-speed integrated circuits make possible a
real-time digital implementation of the required
algorithms for threshold determination.

The CFAR processor that was implemented is
shown in Fig. 4. To set a threshold against which all
incoming signals are compared in order to determine
the presence of a target, the processor samples the
local environment and attempts to determine the sta-
tistical distribution of the data. This is done in two
stages.

The first stage is referred to as a moving window
adaptive video processor. As data are obtained from
the receiver, the data around the cell that is being
processed are averaged to determine the mean value
in the immediate vicinity. The whole process moves
in time as data are received, hence the term ‘‘moving
window processor.”” The mean value is subtracted
from each cell before it is sent for further processing
to produce a data set with zero mean. If all the data

289



R. E. Thurber — Advanced Signal Processing for Detecting Surface Targets

Data from
filter
8
2 Mean
= value
Delay g data
< l Delay
l lTarget cell
Sample
cells .
‘ > Time
Mean
value
+
¥
Ly E\, »Compare}—> Target
detections
Pgg = 10-3
Compare - 10-4
Detectior;s5 )
Psy = 10-1.
fa | Threshold
Range/ Segmented
bearing— ! slow CFAR Threshold
sectors control offset

Figure 4 — The configuration of the constant false alarm
rate processing circuits. The statistical mean of the input
data is calculated and removed from the data in a moving
window fashion. A threshold is then set by closed-loop
control that is segmented to produce separate thresholds
for 4096 range/bearing sectors.

have the same statistical distribution but vary in in-
tensity, a simple threshold on this zero mean data set
would produce a uniform CFAR over the entire sur-
veillance area. This is not generally the case because
the location of the clutter data source changes within
the search area, and different types of clutter data
usually exhibit different statistical characteristics.

The second stage of the CFAR processor is de-
signed to minimize the effect of varying clutter distri-
butions. The zero mean data are thresholded where
the threshold value is determined in closed-loop
fashion to keep a CFAR of 1 false alarm in 32 oppor-
tunities. A separate threshold is calculated and up-
dated in area segments. In the processor developed
for surface surveillance radars, there is a total of
4096 segments covering the search areas, each con-
taining an independent threshold based on the
closed-loop calculation. The exact size of the seg-
ments is set to provide the best match for the spatial
distribution of the sea clutter at the radar site.

The false alarm rate produced in the closed-loop
system is set high in order to control its value
precisely. A false alarm rate of 1 in 32 is too large to
be sent for further processing, so each threshold is
multiplied by a constant and compared to the zero
mean data to produce the final detection output at a
lower false alarm rate.

RETROSPECTIVE DATA PROCESSING

Because of the statistical nature of many types of
clutter, a CFAR detection device must set a high de-
tection threshold to maintain a reasonably low false
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Figure 5—- Measured and theoretical probability distribu-
tions for an S-band radar.

alarm rate. A rate of 1in 10° to 10® opportunities is
typically required at the input to an automatic track-
ing system. By setting the threshold to obtain this
rate, detections of small- and medium-sized targets
can be missed.

Most theoretical studies of radar processors and
most radar range equation predictions are based on
Gaussian noise and clutter assumptions that are sel-
dom valid in practice. As an example, Fig. S illus-
trates measured cumulative probability distributions
of the envelope of clutter returns from an S-band
pencil-beam 3D radar in three environments (sea
clutter, land clutter, and rain clutter). Also shown is
the cumulative Rayleigh probability distribution that
would describe the clutter envelope if the clutter or
noise was in fact Gaussian. Three conclusions from
this and similar clutter studies are that

1. Clutter statistics are not Gaussian;

2. No single non-Gaussian model accurately de-
scribes the variety of possible clutter types and
situations;

3. The detection threshold required to maintain a
low CFAR (e.g., 107¢ to 10~8) can be 10 to 20
decibels above that required with Gaussian
noise (thus leading to a 10 to 20 decibel detec-
tion loss).

A retrospective processor uses all contacts from
several past radar scans, examining all possible target
trajectories formed from stored contacts for each in-
put detection. The retrospective processing architec-
ture enables the processor to sort through thousands
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of contacts efficiently, eliminating many false alarms
and retaining those contacts that describe reasonable
trajectories. This approach overcomes the problem
by allowing the contact detection process to operate
at a much higher false alarm rate (e.g., 10 ?), one at
which the detection loss for non-Gaussian clutter is
greatly reduced and the differences between clutter
types are smaller.

This process is ideally suited to sea surface surveil-
lance radars. The range resolution of these radars is
exceptionally fine, permitting the use of narrow
trajectory filters in the range dimension. A filter
width on the order of 7 knots is feasible and gives
very good performance on contact data in the sea
clutter region when operated with a false alarm rate
of 1in 1000, or about 2000+ false contacts per scan.
A detailed description of the retrospective concept as
applied to sea surface surveillance data is given in the
next section.

RETROSPECTIVE PROCESSING
CONCEPT

The major elements of the retrospective processing
concept are (a) retrospective correlation using a bear-
ing/range link structure, (b) updates of a velocity
profile mask, and (c) an output decision based on the
updates of the mask.

Linked list data structures are crucial to an effi-
cient search of large collections of data. The bearing/
range-ordered linked list structure provides automat-
ically the first dimension of a correlation process and
allows a logical ordering of processes to follow a
scanning radar. The major advantages of bearing/
range-linked correlation with multiscan data are the
removal of old data and restoration of the link. Scan-
to-scan linking is always newest to oldest, so that the
memory for the oldest scan can be reset or overwrit-
ten without disturbing the link for active scans.

To determine whether or not a target is present on
the basis of M scans of data, patterns of detection are
evaluated for their reasonableness under the assump-
tion that the data represent true target returns. A ve-
locity profile is constructed in the range-only dimen-
sion with data accumulated over bearing zones repre-
sentative of the bearing resolution of the radar. Each
profile consists of M bits, indicating whether a detec-
tion occurred in a cell corresponding to that profile
in each of the M scans preceding the contact of
interest.

The velocity profile updates produce a hit/miss
pattern for each velocity profile, resulting in a multi-
scan hit pattern rather than a simple count of detec-
tions associated with a profile. This allows a quality
to be assigned to each pattern of hits and misses that
is compared to a threshold. Only if the quality in any
profile for a given contact exceeds the threshold is
that contact output by the process.

As an example, the various steps are shown in Fig.
6 for the special case of a processor for surface target
detections with a seven-scan correlation and 10
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Figure 6 — The retrospective process: (a) a single scan of
data, (b) eight scans of data, and (c) eight scans of data
with trajectory filters applied.

7-knot velocity profiles. This filter examines every
contact and compares it with contacts from the previ-
ous seven scans if they fall within a certain range and
bearing window about the contact. The contact of in-
terest is output only if it forms a probable track with
contacts from the previous seven scans. The range
and bearing windows are set to examine all prior con-
tacts that could result from a target moving at up to
35 knots in any direction.

Figure 6a shows a window with a single scan of
data. Contact 1 is the contact to be examined, and
contact 2 is another that falls in the range/bearing
window. At the right of the range/bearing window,
all contacts that appear in the window on this scan
are plotted as a function of range.

Figure 6b is the same range/bearing window about
contact 1, showing all the contacts from the previous
seven scans. The false alarm rate used in this plot is
10~*. It is clear from this eight-scan history that con-
tact 1 forms a target track with contacts 4, 6, 10, 12,
and 14 from previous scans.

Here again, to the right of the range/bearing win-
dow, the contacts within the window on each scan are
plotted versus range. The function of the retrospec-
tive data processor is to look at the contacts from the
previous seven scans and see if they form a probable
track with the contact of interest. To do this, the
stored contacts are examined for patterns of detec-
tion data, and the reasonableness of the patterns is
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evaluated under the assumption that the data repre-
sent a true target return.

Figure 6¢ shows how the detection patterns are de-
termined. A set of velocity profiles is constructed in
the range-only dimension for contact data within the
range/bearing window. The profiles are set up in 7-
knot increments for target range rates of 0 to 35
knots inbound and outbound, making a total of 10
profiles. The detection pattern is determined for each
profile. There are 127 possible detection patterns,
each representing a certain probability that the con-
tact is real. That probability is computed assuming
Poisson clutter spatial distributions. A threshold set
on this probability determines whether a contact is to
be output.

EXPERIMENTAL RESULTS

The primary objective of the project was to dem-
onstrate the signal processing concepts of noncoher-
ent moving target indicators, constant false alarm
rate processing, and retrospective data processing us-
ing actual radar data in an operational environment.
To accomplish this, a signal processing unit was de-
signed and built that contained a high-speed video
digitizer and a digital transversal filter, as well as a
two-stage CFAR processor. The processor was inter-
faced with a digital magnetic tape system so that data
about potential targets could be recorded in the field
for offline processing.

Figure 7 shows the preprocessor and the associated
data recording equipment that were used in initial ex-
periments. The preprocessor consists of an amplitude
processor in which input video is digitized and fil-
tered, a processing section where filtered data are de-
tected with a well-regulated false alarm rate in all en-
vironments, and data formatting circuits for interfac-
ing with the digital magnetic tape system.

Digital recordings of the contacts are made and re-
turned to the laboratory for reduction. The centroids
of potential targets form the input to the retrospec-
tive processor. The initial retrospective processor was
developed in software on a general-purpose comput-
er, which permitted us to perfect algorithms without
building hardware. The first version of the retrospec-
tive algorithm was used extensively to filter data col-
lected in several sea surface surveillance environ-
ments. Once the basic technique was proven, hard-
ware and high-speed microprocessor-based software
designs to operate in real time were developed.

Figures 8 and 9 illustrate qualitatively the opera-
tion of the retrospective processor in a sea clutter en-
vironment. An AN/FPS-114 radar mounted on La-
guna Peak on the California coast was instrumented
as shown in Fig. 10. The S-band radar performs sea
surveillance for range-safety purposes. It has a high
spatial resolution antenna (0.1 microsecond pulse
width by 0.9° azimuth beamwidth) and a 4 second ro-
tation period, but no coherent Doppler processing. It
is approximately 1500 feet above sea level. Figure 8 is
a plan position indicator (PPI) display of a raw video
recording from a single scan of the radar. After on-
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Figure 7—-The signal processor and data recording

configuration used in the initial experiments on a sea
surface surveillance radar. The high-speed data filtering
and CFAR processing were part of the processor taken into
the field. Potential target detections were recorded for
retrospective processing in the laboratory.

Figure 8 — Plan position display of raw radar video from the
sea surveillance experiment. The display covers 70 nautical
miles showing the Channel Islands (l) and the coast of
California (CC). Close-in sea clutter (C) and some long-
range targets (T) are visible.

site analog-to-digital conversion, the video signals
pass through a digital-range-averaging logarithmic
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Figure 9 — The operation of the retrospective processor in
a sea-clutter environment: (a) contact data after CFAR
processing (100 scans, 2 nmi range rings, 9 nmi total range);
(b) contact data after retrospective processing (100 scans,
3 nmi range rings); (c) contact data after retrospective
processing (1000 scans, 3 nmi range rings). The long target
tracks are commercial vessels in the Santa Barbara
Channel and the close-in tracks are fishing and sport craft.
Only data in the area of interest were recorded and
presented.

CFAR device to produce the contacts shown in Fig.
9a. A high false alarm rate (approximately 1073) is
maintained in the device, resulting in approximately
2000 false alarms per scan. False alarms from sea
clutter are indistinguishable from small target returns
when viewed on a single-scan basis.
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Figure 10— Data collection and analysis system used in
signal processing experiments.
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Figure 9b illustrates two effects of passing 100
scans of radar contacts through the retrospective pro-
cessor. The false alarm rate has been reduced by at
least four orders of magnitude, and the ships and
boats in the channel are clearly visible. The large re-
duction in false alarm rate that the retrospective pro-
cessor produces is further illustrated by Fig. 9c,
which shows the effects of passing 1000 scans (about
1 hour) of radar contacts through the processor.
Only a few actual false alarms are visible. This ability
to reduce false alarm rates greatly by exploiting the
spatial and temporal correlation properties of sea
clutter allows much greater target sensitivity to be
achieved.

AUTOMATED
RANGE SURVEILLANCE SYSTEM

The successful demonstration of these signal pro-
cessing concepts using actual radar data resulted in a
project for the Pacific Missile Test Center to instru-
ment its sea surface surveillance radars with signal
processors and to integrate the data from noncollo-
cated radars to form a composite surface target track
data base. This system is known as the Automated
Range Surveillance System. The radars are located at
two missile and gun test firing ranges, one off the
coast north of Los Angeles and one off the coast of
the island of Kauai in Hawaii. Each range is instru-
mented with three noncollocated sea surface surveil-
lance radars for locating surface craft. These radar
data are used primarily to locate all surface craft in
the test area so that an evaluation of a safe ordnance
firing condition can be made.

Prior to the project for automating these radars,
all detection and entering of target tracks were per-
formed by operators viewing raw radar data on a dis-
play scope. The Automated Range Surveillance Sys-
tem 1s designed to enhance target detectability, auto-
mate the detection process, integrate the target data
from all surface surveillance radars, and form target
tracks from this composite data base. It provides reli-
able target detection in all environments and pro-
duces a data base that accurately locates the present
position of all surface targets and predicts future tar-
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get positions by means of the track data. The end re-
sult is a reliable, accurate method for ensuring the
safety of test firing operations.

The locations of the three radars used at the Cali-
fornia range are shown in Fig. 11, the optical radar
horizon being indicated for each radar. They are all
identical S-band radars (3000 megahertz transmitting
frequency) with a 0.1 microsecond transmission
pulse width at a rate of 1000 per second and an anten-
na beamwidth of 0.9°.

Figure 12 is a block diagram of the complete Auto-
mated Range Surveillance System for the Point
Mugu installation. The system consists of three iden-
tical radar signal processing units, one for each ra-
dar; data communication equipment for transmitting
target data to the range control center; and mtegra-
tion, tracking, and display equipment at the range
control center.

The radar signal processing unit accepts the raw
analog radar data and digitizes the data at a 10 mega-
hertz rate. The digitized data are filtered in two digi-
tal transversal filters operating in parallel. One filter
is programmed to provide the target enhancement
features on the basis of the amplitude-only moving
target indicator algorithms, and the second is
programmed to integrate the data to provide
maximum target detectability in a thermal-noise-
limited environment. The outputs of the filters go to
the CFAR processor to provide target detections,
which are combined at this point and sent to a
microprocessor-based digital processor for further
processing.

The detection data are provided at a high false
alarm rate to ensure good target detectability in all
environments. This is typically set at a false alarm
probability of 10 * to 10 *, giving 5000 to 10,000
false alarms every radar scan (4 seconds). After the
data are input to the microprocessor, they are cen-

Radar signal processor

N

San Nicholas

42
nautical
miles
optical
horizon
o= AN/FPS-114 radar

Figure 11-The locations of the AN/FPS-114 surface
surveillance radars at the Pacific Missile Test Center
Range, Point Mugu, Calif.

troided to yield only one data point per potential tar-
get. For the radars at Point Mugu, this reduces the
5000 to 10,000 contacts to 1000 to 2000 potential tar-
get centroids. The centroids are sent to another mi-
croprocessor that performs the retrospective data fil-
ter algorithm. The output of the retrospective data
filter comprises only those potential targets that
passed the trajectory correlation criteria. Essentially,
these are true targets, and their number ranges from
8 to 12 up to 200, depending on the radar location
and the number of pleasure craft in the area.

The data required to transfer the information
about this small number of targets can be transmitted
from a standard 9600-baud telephone transmission
system. Figure 13 is a photograph of a radar signal
processing unit for the Point Mugu system.
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Figure 12— The Automated Range Surveillance System that is being developed at APL for the Pacific Missile Test Center.
This system is an integrated automatic detection and tracking system that is based on the signal processing technique

developed for the detection of surface targets.
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Figure 13 — A radar signal processor that is attached to the
AN/FPS-114 surface surveillance radars. These units per-
form automatic target detection and report retrospective
filtered data to the tracking and display units.

The target data from all three radars are combined
in a microprocessor at the Range Operations Center
at Point Mugu Naval Air Station. The composite
data base is used to form target tracks, which are
then passed to the operations computer that is part of
the Range Operations Center. The target track data
are also used to form display data that are formatted
as a track history and interfaced with a color display
console, which is part of the Automated Range Sur-
veillance System hardware, and also with the stan-
dard Navy display consoles used in the Operations
Center.

The first phase of the project was to design and in-
stall one radar signal processing unit at a radar site,
transmit the data to the Range Operations Center,
and generate the display data for the consoles. This
task was completed during the first quarter of 1983.
Production versions of the radar signal processing
units are to be completed by early 1984, along with
the software required for integration and tracking.

The system for the test range in Hawaii is concep-
tually the same as that at Point Mugu, with minor
hardware and software changes to accommodate dif-
ferent radar types and locations. That system is also
scheduled for 1984 delivery.

FUTURE APPLICATIONS

Although the signal processing concepts described
were applied primarily to surveillance radars and, in
particular, sea surface surveillance, they have a much
broader potential application. The retrospective data
filter, for instance, can be applied to any data base
that is sampled periodically and in which the true sig-
nals obey some trajectory pattern not characteristic
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of the noise data. This has been tried on several dif-
ferent data bases from 2D and 3D air surveillance ra-
dars and infrared surveillance devices.

The concept of adapting the data filter in the pres-
ence of interfering signals can be applied to any sur-
veillance radar that uses a digital transversal filter to
enhance target signals. At present, most radars using
this type of processing throw away all the data pres-
ent in the filter when interference is detected in a
range cell. Under conditions of heavy interference,
this can cause an overall degradation in perfor-
mance.

CONCLUSIONS

Given the state of the art in signal processing to-
day, the development of a cost-effective digital signal
processing system for sea surface surveillance radars
is a reality. The ready availability of low-cost high-
speed digital circuitry, high-density solid-state mem-
ory, and microprocessors makes possible the imple-
mentation of novel techniques for target signal en-
hancement and false alarm reduction that were here-
tofore unattainable.

Several unique techniques have been perfected and
demonstrated on data from sea surface surveillance
radars. A much broader application of some of these
processing concepts is envisioned for the future.
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