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COMPUTATIONALLY EFFICIENT ADAPTIVE
RADAR PULSE COMPRESSION SYSTEM

RELATED APPLICATIONS

This application is based upon, and claims priority to,
previously filed provisional application Ser. No. 60/822,042
filed on Aug. 10, 2006, hereby incorporated by reference.
This application is also related to U.S. Pat. No. 6,940,450,
incorporated by reference.

BACKGROUND

This disclosure relates generally to pulsed radar systems,
and more particularly to computationally efficient adaptive
radar pulse compression systems. In general, pulsed radar
systems transmit a frequency or phase modulated long pulse
(or waveform) which after being received is typically match
filtered, thereby achieving a range resolution inversely pro-
portional to the bandwidth of the transmitted waveform. The
matched filter is the time-reversed complex-conjugate of the
transmitted waveform. However, while matched filtering
maximizes the target signal-to-noise ratio (SNR) for each
range cell, application of the matched filter also results in
range sidelobes that occur due to the correlation of the trans-
mitted waveform with delayed versions of itself.

Minimization of range sidelobes has been a topic of intense
scrutiny for several years. The prevalent approach to mini-
mizing range sidelobes while maintaining close to the maxi-
mum SNR gain of the matched filter has been to employ some
form of least squares (LS) estimation (U.S. Pat. No. 5,805,
107). Least squares has been shown to provide the most
efficient estimator when the additive noise is white. However,
LS is not robust in that is does not account for scatterers
outside the range cells of interest which can have a deleterious
effect on estimation accuracy due to model mismatch.

Recently, an adaptive technique denoted as adaptive pulse
compression (APC) was introduced (U.S. Pat. No. 6,940,450)
that performs as well as LS yet does not suffer from the
robustness problems of LS. However, APC incurs a high
computation cost and thus is difficult to implement in a real-
time system given current technology.

Thus, there is a need in the art for a computationally effi-
cient adaptive radar pulse compression system.

SUMMARY

The above-mentioned problems and others not expressly
discussed herein are addressed by the present subject matter
and will be understood by reading and studying this specifi-
cation.

Disclosed herein, among other things, is a system for pro-
cessing a received, modulated radar pulse to resolve a radar
target from noise or other targets. According to one embodi-
ment of the present subject matter, a radar return signal is
received and samples of the radar return signal are obtained.
A minimum mean-square error (MMSE) pulse compression
filter is determined for each successive sample. In one
embodiment, the MMSE filter is separated into a number of
components using contiguous blocking, where each compo-
nent includes a piecewise MMSE pulse compression filter
segment. An estimate of radar range profile is obtained from
an initialization stage or a previous stage. The piecewise
MMSE pulse compression filter segments are applied to
improve accuracy of the estimate. The estimate may be
repeated (e.g., for two or three stages) to adaptively suppress
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2

range sidelobes to a level of a noise floor. Other variations are
provided in the detailed description.

This Summary is an overview of some of the teachings of
the present application and not intended to be an exclusive or
exhaustive treatment of the present subject matter. Further
details about the present subject matter are found in the
detailed description and appended claims. The scope of the
present invention is defined by the appended claims and their
legal equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a graphical diagram of computational
complexity of a system for radar pulse compression, accord-
ing to one embodiment of the present subject matter.

FIGS. 2A-2B illustrate graphical diagrams of performance
of systems for radar pulse compression, according to one
embodiment of the present subject matter.

FIGS. 3A-3B illustrate graphical diagrams of performance
of systems for radar pulse compression having a phase shift,
according to one embodiment of the present subject matter.

FIG. 4 is a schematic diagram of an exemplary predictive
deconvolution system.

DETAILED DESCRIPTION

The following detailed description of the present subject
matter refers to subject matter in the accompanying drawings
which show, by way of illustration, specific aspects and
embodiments in which the present subject matter may be
practiced. These embodiments are described in sufficient
detail to enable those skilled in the art to practice the present
subject matter. References to “an”, “one”, or “various”
embodiments in this disclosure are not necessarily to the
same embodiment, and such references contemplate more
than one embodiment. The following detailed description is
demonstrative and not to be taken in a limiting sense. The
scope of the present subject matter is defined by the appended
claims, along with the full scope of legal equivalents to which
such claims are entitled.

Computationally efficient adaptive radar pulse compres-
sion, denoted as Fast APC (FAPC), has several embodiments.
The two embodiments shown here include examples based on
decimation and contiguous blocking. Other embodiments of
FAPC will be discussed.

The discrete-time version of the transmitted waveform is
denoted as the column vector s=[s, s, . . . s,]” having length
N. In discrete notation, the received radar return at the 17
range cell can be defined as

Y= s (D) M
for1=0,. .., L+N-2, where x()=[x(D)x(I-1) . . . x(I-N+D)]7is
the portion of the range profile that the transmitted waveform
s convolves with at delay 1, v(1) is a sample of additive noise,
(+)7 is the transpose operation, and L is the number of range
cells of interest. Collecting N samples of the received radar
return signal, the system response model can be expressed as

YO=X s +v(D) @
where y()=[y() y(I+1) . . . y(1+N-1)]%, the noise vector
v(D=[v(1) v(I+1) . . . v(1+N-1)]%, and the matrix

X =[x x@+1) ... x(+N-1)] 3
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-continued
x(I+1)

x(D)

x(0)
x(l-1)

M+N=1)
M+N=2)

x({-N+1) x(l-1) x(0)

The standard matched filter is applied as

Lar(D=s"9(0) 4
for each range cell where (+)” is the complex conjugate trans-
pose, or Hermitian, operation. Adaptive pulse compression
involves replacing the matched filter s in (4) with the range-
dependent Minimum Mean-Square Error (MMSE) filter w(1),
which is obtained by minimizing the MMSE cost function

JO=ExO-wHOyDP] ®

LGRS (o o I I e Y e e e e e

10

15

4
Decimation FAPC

For the decimation approach, the m™ decimated filter %, (1)
from (7) is given by

W =W WasemWartom - - - WN_3MrmWN 20 rmWN -2
T
m]*.

®

For example, for N=12 and M=3 so that

k=22-4
=5 =
the FAPC filter is

®

(D) = [[7 bra1”
w) =[] ]l
e (D = [ e

for each individual range cell 1=0, 1, .. ., L-1. For the two
embodiments of the FAPC method, the original MMSE cost
function of (5) is separated into M components where each
component is the MMSE cost function for a length

M-1 | N (6)
H0= )" |30z, |

m=0

segment of the MMSE filter. The sum of cost function com-
ponents is thus expressed as

N
K=—
M

where %,,(1) is the m™ length-K segment of the length-N filter
w(l), which approximates the original APC filter w(l), and
() is the m™ length-K segment of the N contiguous samples
of the received signal comprising y(1).

Minimization of the piecewise MMSE cost function in (6)
yields the piecewise MMSE pulse compression filter %(1), the
m? length-K segment of which is denoted as

D

_ 1
WD) = (E[3,(DF0 D] IE[Mym(l)x*(l)

for m=0, 1, ..., M-1, where (*)* is the complex conjugate
operation. The following details the particular form realized
by (7) when employing decimation and contiguous blocking,
respectively.
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where W, (1) is the m™ decimated segment of the filter. The
segmented return signal ¥,,(1) from (6) and (7) is obtained by
decimating the matrix X(1) of (3) and the vector v(1) as
X, (O=[x(@+m)x(+Mam) . . . x(I+N-2M+m)x(l+N-M+
m)]

P O=v({l+m)Wv(l+M+m) . . . v(I+N-2M+m)v(I+N-M+
T
m

(10)

(1

thus yielding the decimated received signal model

PulD=5, " Ds49,(0) (12)
where ¥,,(D=[y(l+m) y(+M+m) . . . y(l+N-2M+m) y(1+N-
M+m)]%.

Substituting (12) for ¥,,(1) in (7), and assuming that the
range cells are, in general, uncorrelated with one another and
also uncorrelated with the noise, the decimated filter segment
is obtained as

1 . - 13
(D) = 2-pD(C(D + Ry) 5 -

where p(1)=E[1x(1)*] is the expected power of x(1), R =F[
¥, ()%, Z(1)] is the decimated noise covariance matrix based
on (11), and the decimated signal correlation matrix C,,(1) is

M-l K-l (14)

Culh= 2" D\ pl+ Ml —i+msigslh

i=0 k=—K-+1

where s, ; is the i” decimated segment of s delay shifted by k,
e.g. for N=6 and M=2 so that
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(15)
~ B EREEE]

/ Decimation by M\

wo- |2 & =] nlciz]
- shift / \+ shift - shift / \+ shift
>
80,-1= ’sz Sq 0] S0,1= ’0 Sp Sz

2 T
S0,2= ’S4 0 0] S02= ’0 0 SO]

T

Sl,-1:’S3 ss 0

S1,-2= ’S5 0 0

Contiguous Blocking FAPC

Substituting for ¥,,(1) in (7), and assuming that the range
For the contiguous blocking approach, the blocked seg- 25 cells are, in general, uncorrelated with one another and also
ments of the MMSE filter from (7) is given by

uncorrelated with the noise, we obtain the blocked filter seg-
ments are obtained as
Won(D=[WaonWrims 1 WEims2 - - - Wiims K-3WEm+K-2Wkim+
&1]7 (16)
30
form=0, 1, ..., M-1. For example, given N=12, M=3 so that F(6) = Lp(,)(@ O +F )*15 @n
n i n ) Sm
k=24
R 35 for m=0, 1, . . ., M-1, where p(DE[Ix(I)I*] is the expected
power of x(I), R, =E[¥,, (¥, (1)] is the blocked noise cova-
) riance matrix based on (19), and the matrix €, (1) is
yields
40
K-1 (22)
' i Call)= D, o kot Kimses]
0~
.

~ . wheres, is the k” delay shift of the K-length blocked segment
ol = [ ]T of the transmitted waveform s, e.g. for N=6 and K=3.

110 [P v ve ]|

w20 =[[rs_wo wo wul]

50 s=[so 1 s2 sz s4 ss|T 23
.. 0 053 54 55 00 ...
where % (1) is the m™ blocked segment of the filter %(1). The .0 s2 53 sy 53 g g Positive shi
segmented return signal ¥,,(1) from (6) and (7) is obtained by Negative Shift
blocking the matrix X(1) from (3) and the vector v(1) as 55 —— . 0 0 50 5455 0.0 ..
T
X (O=(+Kmx(i+Km+1) . . . x(tKm+K-2)x(l+Km+ so=[[so_ st 5]
K-1)] 18) | e ]r
D (D=[V(I+KmWv{I+Km+1) . . . v(I+Km+K-2)v(I+Km+ 60 S_1 :[ s1 S2 83 ]T
E-1)]7 (19)

yielding the contiguously blocked return signal model
N ) Other Embodiments of FAPC
Pl D=, D+, () (20)

65
where ¥,,(D=[y(1+Km) y(1+Km+1) . . . y(+Km+K-2) y(1+

Other embodiments of the FAPC algorithm can be derived
Km+K-1)]” for m=0, 1, ..., M-1.

by selecting segments using a method other than blocking or
decimation, e.g., for a length N=4 filter
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Full Length Filter %(1)=[w, w, w, w3]%
Method 1 (Decimation) W, (1)=[w, w,|* %, ()=[w, w;]*
Method 2 (Blocking) %o (1)=[w, w,]% %, ()=[w, w5]*
Method 3 ®,(1)=[w, w5 ]* %, ()=[w, w,]*

When the segment length is constant the number of methods
that can be used to segment the original APC cost function
and derive FAPC is computed as

(N - Ki)! )

M=2 (
N — K@+ 1!
# of methods = M
| M—i
i=0

where N is the length of the transmitted waveform, M is the
number of segments,

x|z

is the length of each segment, and (*)! denotes the factorial
operation. There are also many embodiments of FAPC that
can be derived using varying segment lengths, for example,
one method when N=7, M=3, and

KN
*u

is
Full Length Filter ®%(1)=[w, W, . . . wg]? Wo()=[w, w,]*
W, (D=[w, Wi wa]? Wo(D=[ws wel”

Implementation

In its current state the FAPC filter for both realizations is a
function of the powers of the radar range cells, which in
practice are unavailable. We may take into consideration this
lack of prior knowledge by initializing the algorithm using the
result from applying the matched filter normalized by N.

Given an estimate of the radar range profile from the ini-
tialization stage or a previous stage, one can then apply (7) in
order to further improve the accuracy of the estimate. It has
been found that two or three stages are sufficient to adaptively
suppress the range sidelobes to the level of the noise floor.
Also, the robustness measures used in the original APC algo-
rithm (U.S. Pat. No. 6,940,450) to limit the dynamic range
and prevent ill conditioning can also be employed for FAPC.

4. Advantages and New Features

The FAPC method can significantly reduce computational
complexity while maintaining acceptable SNR performance.
Each of the M segmented matrices (C,,(1)+R,,) have dimen-
sion KxK and are more computationally efficient to invert
than the NxN dimensional matrix (C(1)+R) in the original
APC algorithm. A fast matrix update can also be used to
reduce the computation of the matrix inverse in the same
manner as employed in U.S. Pat. No. 6,940,450. Further-
more, parallel processing may be utilized so that the M seg-
ments can be computed separately and then combined to
obtain the full length-N filter. Additionally, the FAPC algo-
rithm can be applied only as needed in the regions around
range cells that contain large targets to further reduce the
order of computation. FIG. 1 and Table 1 illustrate the com-
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8

putational efficiency that can be achieved using FAPC com-
pared to the original APC and the standard matched filter.
Note that when the fast update and parallelization are utilized
and the number of segments is M=/N and thus K>=(N/
JN)?=N, the order of computational complexity per stage for
FAPC is the same as the matched filter, which is currently
employed in real-time systems. However, as the number of
segments M approaches the filter length N, the performance
of FAPC degrades to that of the matched filter.

TABLE 1

Order of Computation per Iteration

No Enhancement Fast Update Fast Update & Parallelization
FAPC O(MK?) O(MK?) 0K?)
APC O(N?) O(N?) Not Applicable
FIGS. 2A and 2B show the performance of the blocking

and decimation FAPC algorithms compared to the original
APC algorithm and the matched filter in which we use a
length N=60 P3 code, set M=4, and perform three stages of
both APC and FAPC after initial matched filtering. The radar
range profile contains a large target masking a small target.
FIGS. 3A and 3B depicts a similar case where the large target
has a radial motion such that it induces a Doppler phase shift
equivalent to a Mach 6 target illuminated by a 1 us pulse at
S-band. The decimation version of FAPC suffers some range
sidelobe spreading due to Doppler mismatch as did the origi-
nal APC method. The blocking version of FAPC is, however,
much more robust to Doppler mismatch.

5. Exemplary Embodiment

Referring to FIG. 4, an exemplary predictive deconvolu-
tion system 10 includes a transmitter 12 for transmitting a
phase or frequency modulated pulse (or waveform) 14 that,
upon interacting with a transmission environment’s unknown
impulse response 16 (to be estimated), forms a signal 18 that
is a convolution of waveform 14 and the impulse response 16.
Depending upon the type of transmitted waveform (e.g.,
radar, acoustic, or laser), the system may also include other
transducing elements of various types. An analog front-end
receiver 18 receives the signal 16, and an analog-to-digital
(A/D) converter 20 samples and converts the received signal
16 into digital form. A processor 22 may be programmed to
execute any of the estimation algorithms as described herein
and in U.S. Pat. No. 6,940,450 in various embodiments. The
processor may execute an FAPC and/or MMSE algorithm
iteratively for a number of stages until range sidelobes are
suppressed to a desired level. A detector 24 may then further
process the impulse response estimate produced by the esti-
mation algorithm.

An estimation algorithm as described herein may be char-
acterized as a method for estimating the range profile of a
physical system that characterizes the location of scatterers in
the physical system as designated by a plurality of range cells.
In one embodiment, the method includes the steps of: 1)
transmitting an energy pulse waveform to the physical sys-
tem, wherein a discrete-time version of the transmitted wave-
form is denoted as the column vector s=[s, s, . . . s,]” having
length N, where N is an integer; 2) receiving a return signal
produced by scattering of the transmitted waveform by the
physical system as represented by the convolution of the
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transmitted waveform with the impulse response of the physi-
cal system, the received return signal being denoted in dis-
crete notation at the 1 range cell as:

Y O=T(Ds+v(l)

for 1=0, . . ., L+N-2, where x(1)=[x(1) x(1-1) . . . x(A-N+1)]*
is the portion of the range profile that the transmitted wave-
form s convolves with at delay 1, v(1) is a sample of an additive
noise signal, and L. is the number of range cells of interest; 3)
computing an estimate X(1) of the impulse response of the
physical system and thereby the range profile as:

=0y

where W(l) is a piecewise Minimum Mean-Square Error
(MMSE) pulse compression filter; 4) computing %(1) by com-
bining M number of length-K filter segments corresponding
to M number oflength-K segments ofthe received signal y(1),
and wherein the m” length-K filter segment W,,(1) is com-
puted as:

_ 1
Winlf) = (E[F (D70 )] IE[Mﬁm((’)x*(f)]

form=0, 1,... M-1, where §,,(1) is the m” length-K segment
of'the N contiguous samples of the received signal y(1); and,
5) combining the filter segments W, (1) in a manner corre-
sponding to the segmentation of the received signal y(1) that
approximates a range-dependent MMSE filter w(1) obtained
by minimizing the MMSE cost function

JO=ExO-wHOyDP]

for each individual range cell 1=0, 1, . . . , L-1. In one
embodiment,

N
K=—
M

such that the K-length segments are of the same length. In
another embodiment,

KN
*u

such that the K-length segments are of varying length.

In a further particularization of the method described
above, the received signal y(1) is segmented in a decimated
manner such that:

FulD=(lm)yI+M4m) . . y(+HN=-2M+m)y(I+N-M+
m)*

for m=0, 1, ..., M-1; and, the filter segments are computed
as:

. L, P
) = PO+ R) s

where p(1)=1%(1)I? the estimated power of x(1), R, =E[.(0)
¥, 2(1)] is a decimated noise covariance matrix based on a
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10
decimated segmentation of the noise signal v(1) like that of the
received signal y(1), and the decimated signal correlation
matrix C, (1) is:

=

-1 K-1

2

k=—K+1

Cplf) = U+ Mk — i+ m)s; st

i

I
=3

wheres, ; is the i” decimated segment of s delay shifted by k
based on a decimated segmentation of s like that of the
received signal y(1).

In an alternative further particularization, the received sig-
nal y(1) is segmented into contiguous blocks such that:

PuD=[y(I+Km)y(I+Km+1) . . . y((+Km+K=-2)y(I+Km+
E-1)7

form=0, 1,..., M-1;and the filter segments are computed as:

. L P
)= OO+ ) s

where p(1)=I%(1)I? is the estimated power of x(1), R, =E[¥,,(1)
¥, ()] is a blocked noise covariance matrix based on a
blocked segmentation of the noise signal v(1) like that of the
received signal y(1), and the blocked signal correlation matrix
C,.(Dis

K-1
P +k+ Km)sst
k=-N+1

Cult) =

wheres, is the k” delay shift of the K-length blocked segment
of the transmitted waveform s based on a blocked segmenta-
tion of s like that of the received signal y(1).

The method may initialize the value of x(1) by a matched
filter method as:

="y

where the value of X(1) is then updated as:

=Dy

using the piecewise MMSE pulse compression filter w(1) as
described. The method may also initialize the value of X(1) by
a matched filter or other method and then iteratively compute
the value of (1) as:

2= Dy

using the piecewise MMSE pulse compression filter w(1) for
a plurality of stages in order to adaptively suppress range
sidelobes to a desired level.

The processor 22 of a system such as illustrated in FIG. 4
may be programmed to execute the MMSE algorithm in any
of the embodiments described above or in U.S. Pat. No.
6,940,450, which embodiments may be combined together in
any desired manner. The same embodiments may also be
implemented as programmed instructions stored in a proces-
sor-readable medium such as an electronic, optical, or mag-
netic storage medium.
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Although specific embodiments have been illustrated and
described herein, it will be appreciated by those of ordinary
skill in the art that any arrangement which is calculated to
achieve the same purpose may be substituted for the specific
embodiment shown. This application is intended to cover
adaptations or variations of the present subject matter. It is to
be understood that the above description is intended to be
illustrative, and not restrictive. Combinations of the above
embodiments, and other embodiments will be apparent to
those of skill in the art upon reviewing the above description.
The scope of the present subject matter should be determined
with reference to the appended claims, along with the full
scope of equivalents to which such claims are entitled.

What is claimed is:
1. A method for estimating the range profile of a physical
system that characterizes the location of scatterers in the
physical system as designated by a plurality of range cells,
comprising:
transmitting an energy pulse waveform to the physical
system, wherein a discrete-time version of the transmit-
ted waveform is denoted as the column vector s=[s,
s, - . - sy]” having length N, where N is an integer;

receiving a return signal produced by scattering of the
transmitted waveform by the physical system as repre-
sented by the convolution of the transmitted waveform
with the impulse response of the physical system, the
received return signal being denoted in discrete notation
at the 17 range cell as:

yO=xT(Ds+v(l)
for =0, . .., L+N-2, where x(D)=[x(1) x(1-1) . . . x(I-N+4]%is
the portion of the range profile that the transmitted waveform
s convolves with atdelay 1, v(1) is a sample of an additive noise
signal, and L is the number of range cells of interest;

computing an estimate X(1) of the impulse response of the
physical system and thereby the range profile as:

2= (D)

where W(l) is a piecewise Minimum Mean-Square Error
(MMSE) pulse compression filter;
computing W(1) by combining M number of length-K filter
segments corresponding to M number of length-K seg-
ments of the received signal y(1), and wherein the m”
length-K filter segment W, (1) is computed as:

_ 1
() = (B3, (07 (00]) 1E[Wm o (f)]

form=0,1,...,M-1,where ¥, () is the m™ length-K segment

of'the N contiguous samples of the received signal y(1); and,

combining the filter segments W,,(I) in a manner corre-

sponding to the segmentation of the received signal y(1)

that approximates a range-dependent MMSE filter w(l)
obtained by minimizing the MMSE cost function

JOExD-W O]

for each individual range cell 1=0, 1, ..., L-1.
2. The method of claim 1 wherein

N
K=—
M

such that the K-length segments are of the same length.
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3. The method of claim 2 wherein the received signal y(1) is
segmented in a decimated manner such that:

P D=ll+m)y(l+M+m) . . . y(+N=-2M+m)y(I+N-M+
m)]*
form=0, 1, ..., M-1; and,
wherein the filter segments are computed as:

. L P
)= OO+ ) s

where p(1)=I%(1)I? is the estimated power of x(1), R, =E[¥,,(1)
¥, 2] is a decimated noise covariance matrix based on a
decimated segmentation of the noise signal v(1) like that of the
received signal y(1), and the decimated signal correlation
matrix C, (1) is:

U+ Mk — i+ m)si st

wheres, ; is the i” decimated segment of s delay shifted by k
based on a decimated segmentation of s like that of the
received signal y(1).

4. The method of claim 2 wherein the received signal y(1) is
segmented into contiguous blocks such that:

PuD=[y(I+Km)y(I+Km+1) . . . y((+Km+K=-2)y(I+Km+
K-1)”
form=0, 1, ..., M-1; and,
wherein the filter segments are computed as:

- 1, . = -1
Sim(0) = = POConl0) + B} s

where p(1)=I%(1)I? is the estimated power of x(1), R, =E[¥,. 0
¥, 2] is a blocked noise covariance matrix based on a
blocked segmentation of the noise signal v(1) like that of the
received signal y(1), and the blocked signal correlation matrix
C,.(Dis

K-1
Coll) = Z P+ K+ Km)sst!
k=-N+1

wheres, is the k” delay shift of the K-length blocked segment
of the transmitted waveform s based on a blocked segmenta-
tion of s like that of the received signal y(1).

5. The method of claim 1 wherein
P
*u

such that the K-length segments are of varying length.

6. The method of claim 1 further comprising initializing the
value of x(1) by a matched filter method as:

="y
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wherein the value of X(1) is then updated as:
2= (D)

using the piecewise MMSE pulse compression filter %(1).

7. The method of claim 1 further comprising initializing the
value of x(1) and then iteratively computing the value of X(1)
as:

=0y

using the piecewise MMSE pulse compression filter w(l) for
a plurality of stages in order to adaptively suppress range
sidelobes to a desired level.

8. The method of claim 1 wherein the transmitted energy
pulse waveform is selected from a radar pulse, an acoustic
pulse, and a laser pulse.

9. A system for estimating the range profile of a physical
system that characterizes the location of scatterers in the
physical system as designated by a plurality of range cells,
comprising:

atransmitter for transmitting an energy pulse waveform to
the physical system, wherein a discrete-time version of
the transmitted waveform is denoted as the column vec-
tor s=[s, s, . . . sy]” having length N, where N is an
integer;

a receiver for receiving a return signal produced by scat-
tering of the transmitted waveform by the physical sys-
tem as represented by the convolution of the transmitted
waveform with the impulse response of the physical
system, the received return signal being denoted in dis-
crete notation at the 1 range cell as:

Y O=T(Ds+v(l)

for 1=0, . .., L+N-2, where x()=[x(1) x(1-1) . . . x(I-N+1)]¥
is the portion of the range profile that the transmitted wave-
form s convolves with at delay 1, v(1) is a sample of an additive
noise signal, and L is the number of range cells of interest;
and,

a processor programmed to:

compute an estimate X(1) of the impulse response of the
physical system and thereby the range profile as:

=0y

where W(l) is a piecewise Minimum Mean-Square Error
(MMSE) pulse compression filter;
compute W(l) by combining M number of length-K filter
segments corresponding to M number of length-K seg-
ments of the received signal y(1), and wherein the m”
length-K filter segment W, (1) is computed as:

_ 1
() = (B3, (07 (00]) 1E[Wm o (f)]

form=0,1,...,M-1,where ¥, (1) is the m” length-K segment
of'the N contiguous samples of the received signal y(1); and,
combine the filter segments W, (1) in a manner correspond-
ing to the segmentation of the received signal y(1) that
approximates a range-dependent MMSE filter w(l)
obtained by minimizing the MMSE cost function

JO=ExO-wHOyDP]

for each individual range cell 1=0, 1, ..., L-1.
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10. The system of claim 9 wherein

N
K=—
M

such that the K-length segments are of the same length.
11. The system of claim 10 wherein the processor is pro-

grammed to segment the received signal y(1) is in a decimated
manner such that:

P D=ll+m)y(l+M+m) . . . y(+N=-2M+m)y(I+N-M+
m)]*

form=0, 1, ..., M-1; and,

wherein the processor is programmed to compute the filter
segments:

- 1, . = -1
Sim(0) = = POConl0) + B} s

where p(1)=I%(1)I? is the estimated power of x(1), R, =E[¥,. 0
¥, 2] is a decimated noise covariance matrix based on a
decimated segmentation of the noise signal v(1) like that of the
received signal y(1), and the decimated signal correlation
matrix C, (1) is:

=

-1 K-1

2

k=—K+1

Cplf) = U+ Mk — i+ m)s; st

i

I
=3

wheres, ; is the i” decimated segment of s delay shifted by k
based on a decimated segmentation of s like that of the
received signal y(1).

12. The system of claim 10 wherein the processor is pro-
grammed to segment the received signal y(1) into contiguous
blocks such that:

PuO=(+Km)y(I+Km+1) . . . y(+Km+K=-2)y(I+Km+
K-

form=0, 1, ..., M-1; and,
wherein the processor is programmed to compute the filter
segments as:

- 1, . = -1
Sim(0) = = POConl0) + B} s

where p(1)=I%(1)I? is the estimated power of x(1), R, =E[¥,,(1)
¥, 2(1)] is a blocked noise covariance matrix based on a
blocked segmentation of the noise signal v(1) like that of the
received signal y(1), and the blocked signal correlation matrix
C,(is

K-1

Coll) = Z P+ K+ Km)sst!
k=-N+1

wheres, is the k” delay shift of the K-length blocked segment
of the transmitted waveform s based on a blocked segmenta-
tion of s like that of the received signal y(1).
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13. The system of claim 9 wherein

ke
M

such that the K-length segments are of varying length.

14. The system of claim 9 wherein the processor is pro-
grammed to initialize the value of X(1) by a matched filter
method as:

="y
and then update the value of X(1) as:
2= (D)

using the piecewise MMSE pulse compression filter %(1).

10

15

16
15. The system of claim 9 wherein the processor is pro-
grammed to initialize the value of x(1) and then iteratively
compute the value of X(1) as:

=Dy

using the piecewise MMSE pulse compression filter w(1) for
a plurality of stages in order to adaptively suppress range
sidelobes to a desired level.

16. The system of claim 9 wherein the transmitted energy
pulse waveform is selected from a radar pulse, an acoustic
pulse, and a laser pulse.
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