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(57) L imvention est un processeur adaptatif (50) qu
utilise les signaux de sortie successits d un filtre adapte
ordinaire (58) pour amehiorer le rapport signal sur bruit
pour les bruits autres que le bruit blanc. Le processeur
adaptatif de I'invention minimise le signal de sortie
d’une cellule de mesure de distance et de vitesse donnee
sous la contrainte que les réponses aux signaux ayant des
deécalages de distance et de vitesse donn€s, par rapport au
centre de la cellule aient chacune des valeurs donnces.
Des poids (64), qu1 peuvent €tre appliques aux signaux
de sortie de mesure de distance et de vitesse au voisinage
de la cellule pour minimiser les signaux de sortie de cette
dernicre compte tenu des contraintes, sont deérives. Ces
poids dependent de [I'¢valuation de la matrice
d’intercovariance (60) des signaux de sortie des cellules
a pondéerer. Les parametres de contrainte sont specifi€s
par I'mtermeédiaire de la fonction d’ambiguite de la
forme d’onde transmise. Des matrices de covariance
produites synthetiquement (607) ou des combinaisons de
matrices mesurces et de matrices synthetiques peuvent
¢galement €tre utiliseées pour produire les modifications
a apporter aux reéponses de mesure de distance et de
vitesse.

l*l Industrie Canada  Industry Canada

(57) An adaptive processor (50) which uses the
successive range and Doppler outputs of a conventional
matched-filter (58) to improve the signal-to-noise ratio
for non white noise/clutter. The adaptive processor
minimizes the output for a given range and Doppler cell
with the constraint that the response to signals returning
with specified range and Doppler offsets, with respect to
the center of the range-Doppler cell, each have specified
values. Weights are derived (64) which can be applied to
range-Doppler outputs in the neighborhood of the range-
Doppler cell to minimize 1ts output subject to the
constraints. The weights depend on an estimate of the
cross-covariance matrix (60) of the various outputs of the
range-Doppler cells that are to be weighted. The
constraint parameters are specified i terms of the
ambiguity function of the transmitted waveform.
Synthetically generated covariance matrices (60°) or
combinations of measured and synthetic matrices can
also be used to produce desired modifications to the
resulting range-Doppler response of the adapted process.
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ADAPTIVE FILTERING OF MATCHED-FILTER DATA

ABSTRACT OF THE DISCLOSURE

An adaptive processor (50) which uses the successive
range and Doppler outputs of a conventicnal matched-filter
(58) to 1mprove the signal-to-noise ratio for non white
noise/clutter. The adaptive processor minimizes the output
for a given range and Doppler cell with the constraint that
the response to signals returning with specified range and
Doppler offsets, with respect to the center of the range-
Doppler cell, each have specified values. Welghts are
derived (64) which can be applied to range-Doppler outputs
in the neighborhood of the range-Doppler cell to minimize
1ts output subject to the constraints. The weights depend
on an estimate of the cross-covariance matrix (60) of the
varlous outputs of the range-Doppler cells that are to be
welghted. The constraint parameters are specified in terms
of the ambiguity function of the transmitted waveform.
Synthetically generated covariance matrices (60') or
combinations of measured and synthetic matrices can also be
used to produce desired modifications to the resulting

range-Doppler response of the adapted process.
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ADAPTIVE FILTERING OF MATCHED-FILTER DATA

TECHNICAL FIELD OF THE INVENTION

This invention relates to radar and sonar systems, and
more particularly to a processor which uses the successive

range and Doppler outputs of a conventional matched-filter
to improve the signal-to-noise ratio (SNR)
noise and/or clutter.

for non-white

BACKGROUND OF THE INVENTION

In radar and actilve sonar processing the Doppler com-
pressed versions of the transmitted waveform are used as
candidate replicas for replica correlation at the receiver.
The received signal 1s convolved with various replicas.
The replicas are time compressed (or time 'dilated) to
account for possible Doppler compressions (or dilations) in
the signal. A target's relatlive Doppler is estimated by

the Doppler and range-lag of the replica which correlates

best with the target's echo. This Doppler compressed

replica-correlation process 1s Known as matched-filtering.
It is well known that this process produces peak outputs
having a maximum signal-to-nolse ratio (SNR) in the case of
white additive noise. It is also known that in the case of
colored noise the process with maximum SNR is that which
first whitens the noise then match filters to the whitened

version of the waveform. In the general radar and sonar
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situations, the spectrum of the noise is not known, and is

in fact, highly variable. Conventional radar and sonar
coherent processors' matched-filters are designed under the
white noise assumption.

The detection of low-Doppler targets in the neighbor-

hood of clutter 1s generally performed using MTI filters
which attempt to filter the zero-Doppler clutter. A

problem is knowing exactly where zero-Doppler is. Also,
fixed MTI filters cannot respond to changing environments,
and adaptive MTI filters are generally of a fixed structure
applicable to zero-Doppler clutter response only, and not
applicable to the general range-Doppler situation (i.e., to

any range-Doppler cell 1n the range-Doppler plane).
SUMMARY OF THE TINVENTION

One aspect of thils invention 1s a processor which uses
the successive range and Doppler outputs of a conventional
matched-filter to 1mprove the SNR for non-white noise
and/or clutter. The adaptive processor 1is particularly
well - suited for -cluttered situations where the
noise/clutter is far from white such as for Doppler esti-
mates 1n the region of the zero-Doppler ridge. Because the
processor 1s adaptive, it outperforms fixed moving-target-
indicator (MTI) filters in variable clutter situations.

The adaptive filtering 1s designed to minimize the
output from a given range and Doppler cell with the con-
straint that the response to signals returning with speci-
fied range and Doppler offsets, with respect to the center
of the range-Doppler cell, each have specified values.
Weights are derived which are applied to range-Doppler
outputs 1in the neilghborhood of the range-Doppler cell to
minimize 1ts output subject to the constraints. The
constraint parameters are specifled 1n terms of the ambigu-
ity function of the transmitted waveform. The weights

which are applied depend on an estimate of the cross-
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covariance matrix of the wvarious outputs of the range-
Doppler cells that are to be weighted.
Accordingly, in another aspect of the present
invention there is provided a method for adaptively
5 processing return signals from a transmitted waveform 1in

gorem

the presence of non-white noise or clutter return,

comprising the following steps:

forming a plurality of Doppler compressed replicas
of the transmitted waveform;

10 performing correlation of a version of the received
waveform with the Doppler compressed replicas to provide
matched filtering of the version of the received waveform
and produce a plurality of range-Doppler filter outputs;

generating a covariance matrix from the range-

15 Doppler filter outputs over time;

determining a set of weights in dependence on the
covariance matrix; and

applying the weights to selected ones of the range-
Doppler filter outputs to produce the processor output

20 signal.

According to yet another aspect of the present
invention there is provided a method for adaptively
processing return signals from a transmitted waveform in
the presence of non-white noise or clutter return,

25 comprising the following steps:

forming a plurality of Doppler compressed replicas
of the transmitted waveform;

performing correlation of a version of the received
waveform with the Doppler compressed replicas to provide

30 matched filtering of the version of the received waveform

and produce a plurality of range-Doppler filter outputs;
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generating a data-dependent covariance matrix from
the range-Doppler filter outputs;

generating a modified covariance matrix which is a
1inear combination of the data-dependent covariance
matrix and a synthetic covariance matrix;

determining a set of weights in dependence on the
modified covariance matrix; and

applying the weights to selected ones of the range-
Doppler filter outputs to produce the processor output
signal.

According to still yet another aspect of the present
invention there is provided an adaptive processor ILoOr
processing return signals from a transmitted waveform in
the presence of nonwhite noise or clutter, comprising:

means for forming a plurality of Doppler compressed
replicas of the transmitted waveform;

correlator means for performing correlation of a
version of the received waveform with the Doppler
compressed replicas to provide matched filtering of the
version of the received waveform and produce a plurality
of range-Doppler cell outputs;

means for providing a covariance matrix from the
range-Doppler cell outputs over time;

means for determining a set of weights in dependence
on the covariance matriX;

means for applying the weights to selected ones of

the range-Doppler filter outputs to produce the processor

output signal.
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BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the
present invention will become more apparent from the
following detailed description of an exemplary embodiment
thereof, as illustrated in the accompanying drawings, 1in
which:

FIG. 1 is a graph showing an exemplary Doppler cell
response, centered around 3 knots, calculated at the
center of the center range cell in the ambiguity function
for a 160 Hz CW waveform.

FIGS. 2a and 2b show the relative responses of
nineteen exemplary Doppler cells to two exemplary signal
and clutter situations.

FIG. 3 shows a functional block diagram of an
adaptive ambiguity-space (Matched Filter Output)
processor in accordance with the invention.

FIGS. 4a and 4b show the same examples as were shown
in FIGS. 2a and 2b except that, as the dotted curves, the
responses of exemplary adaptive filter outputs 1in
accordance with the invention are included.

FIGS. 5a and 5b illustrate the Doppler cell
amplitude responses with the signal located between the
centers of two Doppler cells, with one constraint used 1in
the example of FIG. 5a and three constraints used 1n the
example of FIG. 5Db.

FIGS. 6a and 6b show the amplitude response of the
Doppler cell centered at 3 knots for both of the
situations shown in FIGS. 5a and 5Db.

FIG. 7 shows exemplary range cell amplitude
responses of both the conventional matched filter
processor and the adaptive processor in accordance with

the invention.
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
——_E_“_R

In accordance with one aspect of this invention, an
adaptive process is used to estimate the noise-or-clutter

range-Doppler cross-correlation matrix, and its inverse is

Adaptive Doppler Filtering

The method of using the Doppler-to-Doppler complex
filter responses and their measured Cross-correlations will

be called "adaptive Doppler filtering." It is analogous to

adaptive beamforming (ABF) in beam-space, in which ABF jis
pertormed on the data at the output of a2 conventional

beamformer by estimating and inverting the noise cross-

inverse of the Cross-correlation matrix. The 1nverse

correlation matrix performs the function of whitening the
noise wave-number spectrum and spatially whitening the

replica (the steering vector). The MVDR spatial processor

The direc-
tions for which the response 1s not distorted are called

the constraint directions. When the number of constraint

directions is greater than one, the MVDR processor is some-

times called +the linear-constrained
processor.

minimum-variance

For the case of the general matched-filter operating
ln the time and frequency domains, as opposed to the beam-
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appropriate
combinations of the Doppler filter outputs, based on the

inverse of the correlation matrix, the optimum Doppler
matched-filter can be approximated in the case of colored
noise. This is done in such a way as to produce the MVDR

matched-filter. For the MVDR optimum processor,
comblinations of the conventional matched-

linear

specified
Doppler cell with the constraint that it produce desired

matched-filter responses at specified Doppler locations.

Adaptive Processing in Ambiguity Function-Space

Just as ABF using a conventional beamformer'
ls called ABF in beam-space,

S outputs

the adaptive processing of
this invention can be described as adaptive processing in

ambiguity-function-space. This 1is because it uses the

complex ambiguity function and the Cross-correlation matrix

measured from various range-Doppler locations in the

matched-filter's outputs. A matched filter's response to
a point scatterer is, of course, how the ambiguity function

1s defined. The processing concept here is only a general-

the range
dimensions. The extreme example of this would be the use

range dimension. In a basic sense, more general than just

Doppler filtering, optimum filtering can be performed

simultaneously in both dimensions. Adaptive filtering

permits, as an example, reduction of the leakage of the
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strong clutter returns from the zero-Doppler ridge into
adjacent Doppler cells. The fact that it is an adaptive

to be unknown (because of inadequate own-Doppler nullifica~-
tion (ODN).

For the MVDR optimum processor, linear combinations of
the conventional matched-filter outputs are used which
minimize the output power at a specified range-Doppler cell
with the constraint that it not modlfy the normal matched-

filter response at specified range-Doppler locations.

Conventional Range and Doppler Responses (Ambiquit

Functions) and Optimum Range and Dopprler Responses

The general ambiguity function in which Doppler shifts
are time compressions rather than frequency-shifts (as they
are usually approximated to be for lower time-bandwidth
(BT) product waveforms for a given waveform s(t)), 1s the
response of the conventional matched-filter to that wave-

form at zero-Doppler and zero-range. It can be expressed,

among other possibly more symmetric forms, as

X(a, 1)

fS(t)s*(at+r)dt (1)

where a 1s the compression factor, 7 is the range delay and
t is the time. 1In this form it is the correlation of the
waveform at zero lag and zero Doppler with a delayed and

compressed version of itself. This form for the ambiguity
function is convenient since the matched-filters will also
correlate the received signals with a delayed and com-

pressed version of the transmitted waveform. In discrete
time, this equation can be written

il

X(ay,p) = Is(n)s” (a,n+p) (2)

n
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The symbol n refers to the time n/f., and a,n refers to
a,n/f, where fg 1s the sampling frequency. Thus, the second
function 1in this expfession can be thought of as the
function s(t) compressed and then sampled at f_ or as the
function s(t) sampled at f_/@,. The received signal at time
n is denoted by x(n) and the output of the conventional
matched-filter with time compression factor a, at range-lag
p by v, (p). The matched-filter outputs can be expressed as

N
Ex(n)s (a,n+p), p = 1l...; k =1,...,K (3)

n=1

I

Y (P)

where N 1s large enough to 1include all of the non-zero

values of the replica, and K 1s the number of discrete

Doppler cells. These equatlons can be written in matrix
notation as

+
Y. = SiX (4)

for any P-length output data vector, N-length input vector
X, and PxN matrix

+ *
Sk'mm = S (akm-m) (5)

where + indicates conjugate transpose and * represent

complex conjugation. There is a separate output for each
discrete Doppler. The cross-correlation matrix across the
various Doppler fllters, in the case of noise and clutter

is denoted by R. The problem for the adaptive range-
Doppler filter can be stated as

min WIRW
subject to W'M = bT (6)
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where a welght vector W linearly combining the range-
Doppler cell outputs 1s found such that the ocutput power is
minimized 1in the case of noise and clutter, subject to the
requirement that the weighted sum is to have the values bT
when the Doppler cells' outputs are given by M. The
columns of M specify the range-Doppler responses on each of
the range-Doppler cells corresponding to discrete Doppler
inputs for the values specified by the vector bT. The
result is that if there is a strong interference coming in
at a different range and Doppler, its influence is removed
from the cell 1in queStion, pecause 1t 1s not at one of the
range-Doppler values belng constrained and the output power
will be minimized by reducing its contribution to the
output. The essentlal 1idea 1is that the outputs of the
MVDR'd cells are caused only by range and Doppler inputs at
the specified Doppler compressions and range-delays, and
are not caused by leakage from adjacent range-Doppler cells.

As an example, FIG. 1 shows the response of a Doppler
cell, calculated at the center of the range cell in the
ambiguity function, centered around three knots for a 160
Hz, CW waveform. Because the waveform used in this example
1s unshaded (i.e., the amplitude of the waveform is not
tapered at the ends), the expected -14 dB sidelobes are
visible. With shading (tapering the waveform at the ends) ,

these sidelobes can be reduced with the consequence that

the mainlobe width increases. At eight seconds duration,

the CW waveform Doppler resolution is about 0.125 Hz, which
translates to about a 1.15 knot Doppler resolution capabil-
1ty. It 1s seen that if clutter was present at .5 knots
and 20 dB larger than a signal, it would produce a response

in this Doppler cell as large as the signal at 3 knots and

would begin to mask it. Also, 1f a second target (5 dB

above the signal) were present at 3.75 knots, it would be
hard to resolve from the signal at 3 knots.
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FIGS. 2a and 2b show the relative responses of nine-

teen Doppler cells, representing 0 to 4.5 Knots, to these

two signal and clutter situations. It is seen in FIG. 2a

that the 20 dB clutter at 0.5 knots (the large peak)
completely swamped the signal at 3 knots.

has

The signal
cannot be distinguished from the sidelobe of the large

clutter. Thils 1s a typical situation when one is resolving
low Doppler targets in the presence of zero-Doppler clut-
ter, especlally since source and receiver motion make 1t
certain which Doppler cell represents zero Doppler clutter.
In FIG. 2b, 1t can be seen that the two signals at 3 and
3.75 Knots cannot be resolved; they look like a single
target located at about 3.75 knots.

The objective of the adaptive processing in accordance
with the invention is to prevent signals (or interference),
from other than the immediate range-Doppiler-neighborhood of
the range-Doppler cell's center values from influencing the
cell's output. At the adaptive processor output, the only

outputs of the individual range-Doppler cells should be

compressions. At the same time it is necessary to keep the
processing from suppressing signals which are just a small
amount away from the Doppler and range cells!'! centers.
Thils 1s done by constraining the outputs to have close to
their conventional values at several points close to the
Doppler and range cells' centers. This is the case of

using multiple constraints in the MVDR processing.

Processor Description

An adaptive ambiguity-space (Matched Filter Output)
processor 50 1n accordance with the invention is shown in

functional form in FIG. 3. The matched-filter is imple-

mented using replica correlation with Doppler compressed
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versions of the transmitted waveform as the replicas. This

ls where conventicnal matched-filtering stops. The adap-

tive process, 1n accordance with the invention, uses these
matched-filter outputs, applies a weighting across various

Doppler filter outputs, and possibly across range cells as

well, to produce outputs with the desirable features

described above. To do this the weights are selected to
minimize the outputs of each range-Doppler cell under the
constraint that signals arriving at locations near the
range—~-Doppler cells' centers are not disturbed. In this

context, signal locations are "near" the range-Doppler cell

center which are within the Doppler resolution of the

transmitted signal waveform. For the exemplary waveform

described with respect to FIG. 2, a constraint location for

the 4 knot filter would be within 4 knots plus or minus

1.15 knots, since the CW waveform Doppler resolution is

about 0.125 Hz, which translates to about a 1.15 knot
Doppler resolution.

Thus, as shown 1n FIG. 3, the transmitted waveform is
subjected to Doppler compression 52 in the conventional
manner to produce Doppler compressed replicas of the
transmitted waveform. The received waveform is subjected

to conventional prelimihary processing 54 such as band

definition processing and data rate decimation, before

belng passed through the conventional replica correlation
56 to produce the Doppler filter outputs 58.

/

The covariance matrix 1s generated at 60 from the
Doppler cells' outputs over time, ideally when only noise
or clutter 1s present. The covariance matrix is defined to

be the expected value of the dyadic product of the Doppler
outputs

R

EC(Yq(P) ¥ (Py) e e e ¥q(By) v+ o o ¥ (By) )
(Y1(Px)noyk(91),-.um(pu,,.-:yk(PN)l (7)
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using the notation of equations 1-6, where multiple values

of p (pPy..-Py) 1lndlcate multiple range cells may be used.
In the adaptive processor 50, the expected value of the
dyadic product 1s estimated by a time average.

The MVDR constraints are generated at 62, and are used
1n the calculation of the MVDR weights. The function 62
operates on the Doppler compressed replicas, using the

number of constraints and the Doppler and range cell

specifications of the constraint locations, to produce the
MVDR constraints.

The next step in generating the MVDR weights, indicat-
ed as 64, 1s to calculate the constraint parameters M and
b as defined in equation 6. The rows of the matrix M are
the Doppler cells to which the weights are to be applied.
The best performance will be achieved when weighting is
applied over all the cells. However, this is also the most
processor 1ntensive operation, and so the designer may
elect to use only a sub-set of cell weighting to reduce the
processor loading while accepting some reduction in perfor-
mance. The degradation does not increase rapidly with the
reduction in the number of cells. Thus, for example, if
one 1s applying the process to cell 13, the cells selected
for weighting may be all Doppler cells, or a subset of all
of the Doppler cells such as cells 10 through 16. It may
also 1nclude more than one range cell as well as these
multiple Doppler cells. The columns of M refer to the

constralined range-Doppler values. If there 1is only one
constraint, 1t 1s usually applied at the center of the
range-Doppler cell. In the processing examples shown
below, three constraints are applied all at the range
center but on either side in Doppler. In general, the
constraints can be applied at any point on the ambiliguity

surface of the transmitted waveforn.

Let the set of range-Doppler cells to be weighted be
denoted by J and be Jy in number, and let the set of con-
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straints be located at the range and Doppler values (Ti,a;)

where 1 ranges from one to the number of constraints, N..

The constraint matrix M is JyXN. and 1ts (J,1) element is
given by

N

My; = s(cxin+'ri)s*(ajn); j eI, i =1,...,N_ (8)
n=1

which 1s to say, 1t 1s the amplitude response of the jth
Doppler bin to a signal arriving with Doppler compression
a; and range-off-range-cell-center given by 7;. The
notation 1s used that the particular range-Doppler cell
being processed 1s the primary cell. The other cells being
welghted along with the primary cell are called reference

cells. Then the vector b from equation 6 can be given by

b, =

1
N

n M =

s(ain+ri)s,(aprin); jpri eJ, 1=1,...,N_, (9)
1

where ag.; ls the Doppler compression factor corresponding

to the primary cell to be processed. This 1s Jjust one
example of the way b, the desired amplitude response at the
constrained poilints, may be selected. An example to be
shown below 1s computed for three constraints with the two
constraint values off cell-center being given by this
formula multiplied by 0.95 to slightly sharpen the desired
peak response.' Given the constraint parameters M and b,
the weights may be calculated by the known MVDR formula

Wl = pT(MTR™iM)~IMTR"1 (10)

The welghts are then applied, function 66, to the
Doppler filter outputs to provide the final processor
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outputs. The final outputs for the primary cell are given
by the matched-filter outputs y,(p) of equation 3 as

z(p) = 2 WY, (p) (11)
ke

There 1s one output for each primary cell processed
for each sample time, p. The process.is adaptive because
the welights depend on the covariance matrix R which is
calculated from the data. All other parameters on which
the weilight depends may be calculated beforehand, and are
based on the waveform to be transmitted.

There are various known methods for estimating the
covarliance matrix and 1ts 1inverse, 1including Cholesky

factor calculation with rank-one updating, and each of
these methods 1s applicable here.

Processing Examples

In this section several processing examples are

presented using the algorithm for adaptive processing at

matched filter outputs. In FIGS. 4a and 4b the same

examples are shown as were shown earlier in FIG. 2a and 2b
except that, as the dotted curves, the responses of the
adaptive filter outputs (assuming known covariance matrix
for simplicity) are included. In the case where the strong
near-zero knot clutter completely swamped the signal at 3
knots, 1t can be seen that, after the processing, the
signal 1s visible, and for the case where two signals were
not resolvable using conventional processing, they become
resolvable using the adaptive processing described herein.

In fact, the relative levels of the signals are preserved
in both FIGS. 4a and 4b.

FIGS. 5a and 5b shows the necessity for multiple con-

straints in general. In FIG. S5a, a single constraint is
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used, and the signal was moved to 2.875 knots and is barely

visible after adaptive processing because it was selected
to not be on the Doppler cell center. Because of the
increased resolution of the output and the constraint being

applied only at 3 Knots, the signal at 2.875 knots is sup-
pressed.

FIG. 5b shows the Doppler cell responses with the
signal located between the centers of two Doppler cells,

and using three constraints. FIG. 5b shows that if one
uses multiple constraints (in this case three) the signal
suppression can be eliminated. Note that since the signal
was between two cells 1t appears with equal magnitude on

each of them.

FIGS. 6a and 6b show the amplitude response of the
Doppler cell centered at 3 knots for both of the situations

shown 1in FIGS. 5a and 5b. In FIG. 5a the response is zero

at both at 3.75 and at 2.875 knots, where the signal we

wish to show up 1n the 3 knot cell is. FIG. 5b shows that
the use of the three constraints (one of which is at 2.875)

prevents the amplitude response of the 3 knot cell from
becoming zero at 2.875.

A similar result holds when a signal is not at the
center of a range cell. The use of a constraint offset in
the range dimension as in equations 8 and 9 will prevent
signal suppression for this case also. This is not demon-
strated in the example here because of the lack of range
response sensitivity of the 8 second CW waveform chosen for
the example.

The application of thé processor algorithm 1in the:
range dimension as opposed to the Doppler dimension is
shown 1in FIG. 7. The figure shows the conventional
matched-filter output as a solid curve and the adapted
output resulting from the method 'in accordance wilith the
invention as the dashed curve. Plotted across the abscissa

are ten range bins. The curves represent the outputs of
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the conventional and adaptive processors in each of these
range bins.

The first aspect to be noted regarding FIG. 7 is that
the adapted response 1n accordance with the invention is
much narrower than the conventional matched-filter response
in that 1t falls to one-half of 1its peak value in about
one-half range bin rather than the full range bin required

for the conventional matched-filter response to fall to

one-half of 1ts value. This means that the adapted re-

sponse has about doubled the range resolution of the

conventional processor.

The second aspect to be noted regarding FIG. 7 is the
peak at range bin two which 1s apparent in the adapted
response and not 1n the conventional matched-filter re-

sponse. This target was placed at this bin with an ampli-

tude 20 dB below the peak at range bin four, representing

interference 1in this case. It 1is noted that the adaptive
process has brought this signal out of the effect of the
interference at range bin four. These are the same two
advantages shown for the Doppler dimension in FIGS. 4 and

5, except that here they are 1llustrated for the range
dimension.

A processor has been described which applies optimum
processing to the outputs of a matched filter. The optimi-
zation 1s based on minimizing the output of a range-Doppler

cell subject to linear constraints applied to preserve the

response at selected poin%s on the surface of the ambiguity

function surface. Thls processing helps in finding 1low

Doppler signals 1n the neighborhood of the high clutter

return around zero-Doppler, and 1t has the capability of

resolving targets closely spaced 1in Doppler, i.e.

, sSeparat-
ed by less than the putative Doppler resolution capability
of the waveform. Achieving this kind of resolution may

sometimes 1involve undesirable sensitivity to errors, so

some diagonal loading (addition of a constant to the



10

15

20

25

30

35

CA 02212523 1997-08-07 -

16 PD-94305

diagonal of the covariance matrix) has been included in the

foregoing example, which is known to constrain the white-

noise galn of the process and thus stabilize it versus

system uncertainties. The presence of thils undesirable
sensitivity can be seen by the large amplitude responses of
the Doppler cell in areas other than where the constraints
are applied. It 1s probably best to expect that pulling
small signals out of nearby clutter is to be the most
direct application of the process described herein, but in-
creased resolution capability is also to be expected.

Another aspect of the 1nvention is the optional use of

a synthetic covariance matrix R.. Suppose, for example,

that one wishes to 'suppress a particular part of the

ambilguity surface, and let this be specified by its rela-
tive range and Doppler compression t,B, respectfully, where
t represents the time delay and B represents the compres-

sion. Let the relative ranges and Dopplers of the centers
of the cells (to which weights are to be applied) be given

T5,23, J=1,...J. Thls means that the responses of matched-
filters centered at those range-Dopplers will be given by

N
Yy = ) s(Bn+t)s*(ajn+Tj); j=1,...,J.
n=1 |
where s 1s the waveform. A synthetically altered cross-

covariliance matrix iq constructed as follows

— T
Rnod = ARqaea * B(Y'Y)

where A and B are constants, Ry,.. 1S the covariance matrix
computed from the data, and R, .4 is the synthetically modi-
fied covariance matrix. When B 1s large relative to A

(1.e., B=1, A=0) then the covariance matrix appears to be
due to 1interference concentrated at t,B8 and the 'adaptive

processor Wwi1ll use this modified matrix to calculate
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welghts suppressing the response in that region, subject to
the constraints. When the opposite is the case, the normal
adaptive fllter response results. The weights using the
modified covariance need only be applied to the desired
regions of the range-Doppler plane. Because the response
cannot be arbitrarily modified, it is suggested that the
design be iterated. The ambiguity surface produced by the
process 1s the weighted sum of the individual ambiguity
functions appropriately shifted in range and Doppler. This
response can Dbe calculated and recalculated by modifying

such parameters as range-Doppler cell selections and t,B

until a desired response is achieved. A procedure similar

to this has been used to design desirable beam responses at
a conventional beamformer's output.

Function block 60', multipliers 70 and 72, and mixer
74 1n FIG. 3 illustrates the optional mixing of the syn-
thetilc covariance matrix R., with the data-dependent covar-
lance matrix Ry,., calculated by function 60 from the data
to provide the synthetically modified covariance matrix
Rn'lod’ | |

It 1s understood that the above-described embodiments
are merely 1llustrative of the possible specific embodi-
ments which may represent principles of the present inven-
tion. Other arrangements may readily be devised in accor-
dance wilth these principles by those skilled in the art

without departing from the scope and spirit of the inven-
tion.
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WE CLAIM:

1. A method for adaptively processing return
signals from a transmitted waveform 1n the presence of
5 non-white noise or clutter return, comprising the
following steps:
forming a plurality of Doppler compressed
replicas of the transmitted waveform;
performing correlation of a version of the
10 received waveform with the Doppler compressed replicas to
provide matched filtering of the version of the recelived
waveform and produce a plurality of range-Doppler filter
outputs;
generating a covariance matrix from the range-
15 Doppler filter outputs over time;
determining a set of weights in dependence on
the covariance matrix; and
applying the weights to selected ones of the
range-Doppler filter outputs to produce the processor

20 output signal.

2 . The method of claim 1 wherein the step of
generating the covariance matrix is carried out when only

noise or clutter is present and in the absence of return

25 signals.

3. The method of claim 1 wherein the weights are

determined so as to minimize the outputs of each range-

Doppler filter under the constraint that signals arriving
30 at constraint locations are not attenuated by the

processing.
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4 . The method of claim 3 wherein the covariance
matrix is further dependent on the specification of

Doppler and range filter constraint locations and on the

number of constraint locations.

5. The method of claim 3 wherein there is a single
constraint location within a range-Doppler filter, the

single constraint located at the center of the range-

Doppler filter.

6 . The method of claim 3 wherein there are a
plurality of constraint locations located within a range-
Doppler filter, the transmitted waveform 1is characterized
by an inherent Doppler resolution, and whereiln the
constraint locations are near the center of the range-
Doppler filter, such that any offset from the filter

center of the constraint locations does not exceed said

inherent Doppler resolution.

7. The method of claim 1 wherein the weights are

applied to all range-Doppler cell outputs.

8 . A method for adaptively processing return
signals from a transmitted waveform in the presence of
non-white noise or clutter return, comprising the
following steps:

forming a plurality of Doppler compressed
replicas of the transmitted waveform;

performing correlation of a version of the
received waveform with the Doppler compressed replicas to

provide matched filtering of the version of the received
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waveform and produce a plurality of range-Doppler filter

outputs;

generating a data-dependent covariance matrix
from the range-Doppler filter outputs;

generating a modified covariance matrix which
is a linear combination of the data-dependent covariance
matrix and a synthetic covariance matrix;

determining a set of weights in dependence on
the modified covariance matrix; and

applying the weights to selected ones of the
range-Doppler filter outputs to produce the processor

output signal.

0. The method of claim 8 wherein the step of
generating the estimated covariance matrix 1s carried out
when only noise or clutter is present and in the absence

of return signals.

10. The method of claim 8 wherein the weights are
determined so as to minimize the outputs of each range-
Doppler filter under the constraint that signals arriving
at constraint locations are not attenuated by the

processing.

11. The method of claim 8 wherein the synthetic
covariance matrix is for suppressing a predetermined part
of the ambiguity surface specified by its relative range
and Doppler compression t, £, respectively, and whereiln
the modified matrix Rpeq 18 determined according to the
following relationship:

Rnoa =ARdata +B (Y  Y)

where A and B are constants, Rgata 18 the data-dependent
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covariance matrix, and [Figure] where s is the

transmitted waveform.

12. An adaptive processor for processing return
signals from a transmitted waveform in the presence orf
non-white noise or clutter, comprising:

means for forming a plurality of Doppler
compressed replicas of the transmitted waveform;

correlator means for performing correlation of
a version of the received waveform with the Doppler
compressed replicas to provide matched filtering of the
version of the received waveform and produce a plurality
of range-Doppler cell outputs;

means for providing a covariance matrix from
the range-Doppler cell outputs over time;

meang for determining a set of weights 1n

dependence on the covariance matriXx;

means for applying the weights to selected ones
of the range-Doppler filter outputs to produce the

processor output signal.

13. The processor of claim 12 wherein the means for
providing the estimate of the covariance matrix operates
on the outputs of the range-Doppler filter filters when

only noise or clutter is present and in the absence of

return signails.

14 . The processor of claim 12 wherein the weights
are determined so as to minimize the outputs of each
range-Doppler filter under the constraint that signals

arriving at constraint locations are not attenuated by
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the processing.

15. The processor of claim 14 wherein the
covariance matrix is further dependent on the
specification of Doppler and range filter constraint

locations and on the number of constraint locations.

16. The processor of claim 14 wherein there are a

plurality of constraint locations located within a range-

Doppler filter, the transmitted waveform 1s characterized
by an inherent Doppler resolution, and wherein the
constraint locations are near the center of the range-
Doppler filter, such that any offset from the filter
center of the constraint locations does not exceed said

inherent Doppler resolution.

17. The processor of claim 12 wherein the weights

are applied to all range-Doppler filter outputs.
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