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POWER CENTROID RADAR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to and is a non-provi-
sional of U.S. Patent Application Ser. No. 61/985,783 (filed
Apr. 29, 2014) the entirety of which is incorporated herein
by reference.

BACKGROUND OF THE INVENTION

The subject matter disclosed herein relates to an intelli-
gent system (IS) that uses a knowledge-aided (KA) airborne
moving target indicator (AMTI) radar such as found in
DARPA’s knowledge aided sensory signal processing expert
reasoning (KASSPER).

1. Power Centroid Radar

Power centroid radar (PC-Radar) is a fast and powerful
adaptive radar scheme that naturally surfaced from the
recent discovery of the time-dual for information theory
which has been named “latency theory.” See U.S. Pat. Nos.
7,773,032 and 8,098,196, the content of which are hereby
incorporated by reference. This method uses a predeter-
mined number of predicted clutter covariance signal values
found from, for example, a specified number of possible
power centroid quantization levels. The method uses a
knowledge-aided power centroid (PC,,) that is calculated
based on clutter for SAR imagery. As described, because
PC,., is based on predetermined SARS data the observed
value of 0, may be compressed using 6,=09F<%] yging
off-line computations.

The intelligent system comprises a memory device con-
taining the intelligence or prior knowledge. The intelligence
is clutter whose knowledge facilitates the detection of a
moving target. The clutter is available in the form of
synthetic aperture radar (SAR) imagery. Since the required
memory space for SAR imagery is prohibitive, it then
becomes necessary to use ‘lossy’ memory space compres-
sion source coding schemes to address this problem of
memory space. An improved system is therefore desired.

The discussion above is merely provided for general
background information and is not intended to be used as an
aid in determining the scope of the claimed subject matter.

BRIEF DESCRIPTION OF THE INVENTION

A system for signal processing is provided that obviates
the use of prior-knowledge, such as synthetic aperture radar
(SAR) imagery, in time compressed signal processing (i.e. it
can be knowledge unaided). The knowledge-unaided power
centroid (PC,)) is found by evaluating a covariance matrix
Rgca, for its moments m,. Because Rg.,, uses a sample
signal, rather than SAR data, the power centroid PC,,, may
be found without needing SAR data.

This brief description of the invention is intended only to
provide a brief overview of subject matter disclosed herein
according to one or more illustrative embodiments, and does
not serve as a guide to interpreting the claims or to define or
limit the scope of the invention, which is defined only by the
appended claims. This brief description is provided to intro-
duce an illustrative selection of concepts in a simplified form
that are further described below in the detailed description.
This brief description is not intended to identify key features
or essential features of the claimed subject matter, nor is it
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2

intended to be used as an aid in determining the scope of the
claimed subject matter. The claimed subject matter is not
limited to implementations that solve any or all disadvan-
tages noted in the background.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the features of the invention
can be understood, a detailed description of the invention
may be had by reference to certain embodiments, some of
which are illustrated in the accompanying drawings. It is to
be noted, however, that the drawings illustrate only certain
embodiments of this invention and are therefore not to be
considered limiting of its scope, for the scope of the inven-
tion encompasses other equally effective embodiments. The
drawings are not necessarily to scale, emphasis generally
being placed upon illustrating the features of certain
embodiments of the invention. In the drawings, like numer-
als are used to indicate like parts throughout the various
views. Thus, for further understanding of the invention,
reference can be made to the following detailed description,
read in connection with the drawings in which:

FIG. 1 is the time dual of Information Theory’s Source
Coding;

FIG. 2 is block diagram of a signal decoder;

FIG. 3 a block-diagram of a decoder with a processor-
encoder that derives PC., from range-bin measurements
extracted from SAR imagery and a second processor-de-
coder that receives PC,., and appropriately derived values
for  and 0, ,,, to yield “‘C/(0,,,.);

FIG. 4 a block-diagram description for the on-line com-
putational structure that determines PC,., then follows it by
the PC quantization yielding as output Q[PC,,];

FIG. 5 lllustration of R 4, , Moments for PC,,, Evaluation
when N=M=3;

FIG. 6 a block-diagram showing the *“C /(0 ,,,) deri-
vation;

FIG. 7 is a block-diagram description for the computation
of PKICB 4.401):

FIG. 8A is the SAR image of the Mojave Airport in
California displayed in 4 megabyte;

FIG. 8B, where each row denotes a range-bin with 256
clutter cells that will be used in our simulations;

FIG. 8C a compressed 512 bytes;

FIG. 8D and FIG. 8E show clutter and power centroid
values;

FIGS. 9A to 9G and FIG. 10A to 10G show the simulation
results;

FIG. 11 depicts the SCM power-centroid expressions of
equations (34), (35) and (36) using the optimum M=N=2
case.

DETAILED DESCRIPTION OF THE
INVENTION

The subject matter disclosed herein relates to a system for
signal processing that obviates the use of prior-knowledge,
such as synthetic aperture radar (SAR) imagery in time
compressed signal processing (i.e. it can be knowledge
unaided). The disclosed system solves the problem of jointly
compressing storage-space and computational-time associ-
ated with the evaluation of high dimensional clutter cova-
riance matrices. Applications of the algorithm are found in
radar system and in other fields, such as cognition problems
and ratio.

The method described here provides an alternate method
for calculating a knowledge-unaided power centroid (PCg,,)
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that obviates the need for SARS data. The knowledge-
unaided power centroid (PC,,) may then be used in accor-
dance with the teachings of U.S. Pat. Nos. 7,773,032 and
8,098,196.

The knowledge-unaided power centroid (PCg,)) is found
by evaluating a sample covariance matrix Rg.,, for its
moments m,. Because R, uses a sample signal, rather than
SAR data, the power centroid PCg,, may be found without
needing SAR data.

Latency theory itself was born from the universal cyber-
netics duality (UC-Duality) that has also delivered a time
dual for thermodynamics that has been named “lingerdy-
namics.” The development of PC-Radar started with
Defense Advanced Research Projects Agency (DARPA)
funded research on knowledge-aided (KA) adaptive radar of
the last decade. The outstanding signal to interference plus
noise ratio (SINR) performance of PC-Radar under severely
taxing environmental disturbances will be established. More
specifically, it will be seen that the SINR performance of
PC-Radar, either KA or knowledge-unaided (KU), approxi-
mates that of an optimum KA radar scheme. The explanation
for this remarkable result is that PC-Radar inherently arises
from the UC-Duality, which advances a “first principles”
duality guidance theory for the derivation of synergistic
storage-space/computational-time compression solutions.
Real-world synthetic aperture radar (SAR) images will be
used as prior-knowledge to illustrate these results.

Radar uses radio waves to find the range, altitude, direc-
tion, or speed of objects. Its applications are widespread
such as in defense, space, commercial and medical investi-
gations of tissue, heart and respiratory states. In demanding
applications, such as in moving target indicator (MT1) radar
for ground or airborne targets, its performance can be
significantly degraded by interference and thermal white
noise. The interference can be of various kinds such as
clutter, jammer, range walk, channel mismatch, internal
clutter motion and antenna array misalignments. Thus in
these applications adaptive radar systems are designed that
address any changes that may occur in the operating envi-
ronment. Of the aforementioned interference types, clutter,
which are returns from the range-bin where a target is being
investigated, is without doubt the one most difficult to adapt
to.

To attend to the clutter problem two basic approaches are
used in adaptive radar. One approach is knowledge-unaided
(KU), i.e., prior-knowledge about the clutter is not used, and
this leads to simple radar schemes but with a marginal SINR
performance, and the other is knowledge-aided (KA) that
leads to a superior SINR radar performance but with sig-
nificant implementation complexities. The standard KU
radar scheme is sample covariance matrix radar (SCM-
Radar). In KU SCM-Radar clutter samples are used from the
range-bin where a target is being investigated, as well as its
close-by neighbors, in order to find the clutter covariance
matrix. Unfortunately, however, the SINR performance
derived with KU SCM-Radar is often marginal since it is
only satisfactory when the clutter has stationary statistics,
which is seldom the case. The second KA approach uses
prior-knowledge such as synthetic aperture radar (SAR)
imagery of range-bin locations that the radar system may
investigate. KA radar techniques of this kind were devel-
oped, for instance, under a Defense Advanced Research
Projects Agency (DARPA) KA Sensory Signal Processing
and Expert Reasoning (KASSPER) program. The
KASSPER schemes were applied to ground moving target
indicator (GMTI) applications. Although some of the radar
schemes could yield a superior SINR radar performance
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their designs were subjected to severe constraints. One was
the daunting storage-space needs of SAR-imagery and
another was the extreme computational-time burden of
on-line clutter-covariance matrix evaluations. Another
important limitation was the absence of a “first-principles”
guiding theory for radar designs that would inherently lead
to fast and powerful synergistic storage-space/computa-
tional-time compression solutions.

Radar schemes have been developed that are not radar
blind, which clearly complicates the radar system imple-
mentations. In turn this realization led to a search for a
guiding theory for radar design in the universal cybernetics
duality (UC-Duality). A fast and powerful synergistic stor-
age-space/computational-time compression radar solution
surfaced. This solution was power-centroid (PC) radar (PC-
Radar) whose SINR performance emulates that of an opti-
mum scheme, referred here as Optimum-Radar, that uses
covariance matrix tapers to model the interference plus noise
covariance. PC-Radar was at first KA. Investigations of
Linear Quadratic Gaussian Control (LQG-Control) lead to
the UC-Duality hypothesis. The UC-Duality revelation was
that, “Synergistic physical/mathematical dualities naturally
arise in efficient system designs”

KA adaptive radar design issues served as the catalyst to
the discovery of Latency Theory and Lingerdynamics
Theory as time-certainty duals for space-uncertainty Infor-
mation Theory and Thermodynamics Theory, respectively.
In turn, these theories led to the synergistic Latency Infor-
mation Theory (LIT) and Linger Thermo Theory (LTT).
These two theories addressed four different types of system
functions. The four were: 1) a “source” uncertainty function
measured by a source entropy space-metric (this metric is
the Shannon’s “info-source” entropy in LIT and the Boltz-
mann’s “thermo-source” entropy in LTT); 2) a “processor”
certainty function measured by a novel processor ectropy
time-metric; 3) a “retainer” uncertainty function measured
by a novel retainer entropy space-metric; and 4) a “mover”
certainty function measured by a novel mover ectropy
time-metric. Yet the nature of the LIT and LTT space/time
metrics were quite different. In the case of LIT they were
time invariant, or stationary in nature, while in the LTT case
they were time varying, or dynamic in nature. The LTT
dynamic property has roots in one of the four laws of
thermodynamics that drive the universe, (more specifically,
the 2" law of thermodynamics) that states that the Boltz-
mann entropy (or equivalently the thermo-source entropy
space-metric) increases with time for a closed system. It can
be shown that similar increases occur to the remaining LTT
space/time metrics with the passing of time. In Appendix C
a brief outline for LTT is given where the basic ideas are
illustrated with black-hole, photon-gas and flexible-phase
mediums. Moreover, for the flexible-phase medium it is
shown that an entropy theory inherently emerges from LTT
in a sensible and compelling manner.

PC-Radar emerged from Latency Theory’s Processor
Coding, see top of FIG. 1, which is the time dual of
Information Theory’s Source Coding. While a source coder
such as a predictive transform (PT) one, aims for high
“bit-space compressions”, a processor coder such as a power
centroid (PC) one, aims for high “bor-time compressions”,
i.e., the smallest possible number of binary operator (or bor)
levels from processor input to output.

In PC-Radar a processor encoder followed by a processor
decoder derives the front clutter covariance matrix (C/
(0.,.420)), that is also a function of any existing antenna array
misalignment angle 0, ,,,as noted in Section II. The objec-
tive of the encoder is to measure the power-centroid (PC) of
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the clutter emanating from the front range-bin displayed in
FIG. 2. This figure shows the physical antenna pattern (PAP)
for a phased array antenna of a moving target indicator or
MTT that is directed towards an investigated target on the
front range-bin. In a symmetrical stationary-clutter scenario
the range-bin PC location would be the same as where the
PAP points.

More specifically, the “physical duality” conveyed the
separation of the system design into a space-uncertainty
communication problem and a time-certainty control prob-
lem, while the “mathematical duality” conveyed the appear-
ance of identical mathematical structures in the separately
designed communication/control subsystems. In turn this
revelation led to “Matched Processors (MPs) for Optimum
Control”. While LQG-Control dealt with continuous con-
trol, MPs-Control dealt with quantized control. In MPs-
Control the certainty-based parallel structures of the
Matched Processors controller was the control’s certainty-
based dual of communication’s uncertainty-based parallel
structures of Matched-Filters for bit detection. A remarkable
result of MPs-Control was that unlike Bellman’s Dynamic
Programming, it did not suffer of what Bellman called “the
curse of dimensionality” when referring to the exponential
increase in computational burden as the process state dimen-
sion increased in value.

On the other hand, the objective of the decoder is to use
the measured PC to select a C (0, ,,,) realization from a
stored set, where the elements of the set are evaluated
off-line and are matched to unique range-bin PC and 6 ,,,
quantization levels. The best matched C /(0 , ,,,) is then used
in an interference plus noise covariance (R) expression, see
the bottom of FIG. 2, that is modeled with covariance-
matrix-tapers that contains the other back-clutter (C.°
(04420, jammer (C,), range-walk (Cgy,), internal-clutter-
motion (C,.,,), channel-mismatch (C,,) and thermal-noise
(C,,) covariance cases (in Sections I and Appendix A the
mathematical models for these much easier to find covari-
ances are reviewed). As is seen later in Section II the inverse
of R is then multiplied by the target steering vector (s) to
yield the radar weighting gain (w) resulting in a superior
SINR radar performance.

Both KA and KU PC-Radar are found to emulate the
SINR performance of Optimum-Radar. The explanation for
this exceptional result is the use of “mathematical antenna
patterns” (MAPs) in the off-line evaluation of the C /(0 ,,,,)
set. More specifically, when C/(0 ,,,) is evaluated off-line,
the PAP appearing in its covariance matrix definition is
replaced with a MAP that points towards its matched PC
value. In this way the MAP acts as a control compensator for
non-stationary clutter PC measurements that deviate from
the PAP pointing direction. When the PC processor-decoder
receives a quantized PC, either from KA or KU measure-
ments, also an appropriate 0, ,,, level, it then retrieves from
its memory the C/(0,,,,,) case that matches them.

Under severely taxing environmental conditions (as will
be seen later in Section [V) PC-Radar yields outstanding
SINR results, even if only a few quantization levels are used
for the PC. For the KA case it also offers a significant
implementation advantage since “radar-blind” image com-
pression of SAR imagery is now possible. Moreover, in the
KU case the power centroid is derived directly from a
sample covariance matrix. This result is remarkable since
with a very simple KU scheme PC-Radar approaches the
SINR performance of Optimum-Radar.

The exposed synergistic PC-Radar ideas described herein
find extensive use in fields such as smart antennas, with
applications not only found in radar but also in radio
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communications where non-stationary clutter interferences
are the rule rather than the exception as the complexity and
demands of wireless multi-media networks continuously
increase.

II. The MTI Radar Problem

As noted earlier the key to a superior SINR radar perfor-
mance while subjected to intense interference plus noise
disturbances is to dynamically adjust the radar system
parameters as the disturbance characteristics change with
location. A system using such adaptation is the MTI radar
system of FIG. 2. The statement of the radar problem for a
MTI radar system is presented in this section in seven
subsections starting with the six interference types previ-
ously alluded to.

A. Six Interference Types

‘Range Walk (RW)’.

This type of interference is due to the movement of the
radar platform during a coherent pulse interval (CPI). The
CPI denotes the time delay associated with the transmission
of M pulses by N antenna elements of the “phased array
antenna” assumed in our MTI radar model. The product of
N and M, i.e., NM, represents the degrees of freedom (DoF)
of' the radar system. This number is also the assumed number
of cells for the investigated range-bin displayed in FIG. 2.
The covariance matrix for range walk is studied in Appendix
A where expressions (A.9)-(A.12) define it.

Clutter (c):

These are antenna gain weighted returns from the range-
bin where the appearance of a target is being investigated at
boresight as seen in FIG. 2. For the physical antenna pattern
or PAP emerging from N antenna elements the gain is
designed to be high for the front-lobes and low for the
back-lobes. Thus the clutter collected by the radar from the
back range-bin cells is insignificant when compared to that
collected from the front range-bin cells. The covariance
matrix for the front clutter will be studied later with expres-
sions (18)-(26) defining it.

Jammer (J):

These are emissions emanating from range-bin cells that
attempt to disrupt radar searches. The covariance matrix for
jammer is studied in Appendix A where expressions (A.2)-
(A.8) define it.

Internal Clutter Motion (ICM):

This interference describes a change in the range-bin
clutter that may occur during the CPI. The covariance matrix
for internal clutter motion is studied in Appendix A where
expressions (A.13)-(A.16) define it.

Channel Mismatch (CM):

These are signal channel mismatches whose origin can be
‘angle dependent’, ‘angle independent narrowband’ and
“finite bandwidth’. The covariance matrix for channel mis-
match is studied in Appendix A where expressions (A.17)-
(A.29) define it.

Antenna Array Misalignment Angle (0, ,,,):

This is an antenna misalignment angle whose value
impacts the evaluation of the steering vectors linked to each
range-bin cell.

B. Major Radar Signals

There are two major complex signals that are received by
the MTI, with both being NM dimensional. One signal is the
normalized steering vector (s) of the target of interest and the
other is the interference plus noise vector (x). These two
signals are added up to form the total received signal (r)
defined according to:

FEX+S

M
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It is then the task of the MTI to multiply this received
signal by a complex weighting vector (w) of dimension NM
to yield an scalar output (y) whose value is then used to
determine if a target has been received or not. Thus one
derives

y=wr=w (x4s)=wxanfls @

where w'’s is the signal contribution and w™x is the
interference plus noise contribution to y. Note that ‘H’
denotes a vector complex conjugate transposition, i.e., a
Hermitian transpose. The derivation of the gain w is dis-
cussed next.
C. The Performance Metric

In the radar system design one aims to find an expression
for w that maximizes the ratio of the signal power |w™s|* to
the expected interference plus noise power E[w™xx"w]=
wHE[xx"w=w"Rw. In this way the relative signal contri-
bution to the amplitude of y will be the largest possible when
a target appears on the investigated range-bin location. The
objective is then to maximize the SINR expression given by

SINR=Iw"sI2wRw 3)

R=E["] Q)

with R denoting a complex NMxNM interference plus
noise covariance matrix. The maximization of (3) then
results in the well-known Wiener-Hopf equation for the
optimum gain (w*) expression according to:

w*=R g

®

Associated with (5) one then derives the optimum SINR
(SINR*) according to:

SINR*=s#RLs (6)

The covariance matrix tapers model is then used for the
interference plus noise covariance matrix (R).
The Interference Plus Noise Covariance Model:

The study of the aforementioned six interference cases in
the context of R yields the following covariance matrix
tapers model for R:

R=(C/(0.143)+C.70.141) O (Crm+CreartCenr)

COCa+C, @]

Car=Cap+Camn+Crp ®

where: 1) C/(0,,,,) and C_*(8,,,,) are complex NMxNM
front and back clutter covariances that are functions of the
antenna array misalignment angle 0, ., 2) C ., C n» Crp
are composite and complex NMxNM “angle dependent
(AD)”, “angel independent narrowband (AIN)” and “finite
bandwidth (FB)” channel mismatch covariances, respec-
tively, that are added to yield the total channel mismatch
covariance C.,,, see Appendix A; 3) Cgy- is a complex
NMxNM range walk covariance, see Appendix A; 4) C;c,,
is a complex NMxNM internal clutter motion covariance,
see Appendix A; 5) C,, is a NMxNM thermal noise covari-
ance, see Appendix A; and 6) the symbol “O” denotes
Hadamard term by term products of the elements of two
matrices.

The mathematical expressions defining the target steering
vector (s), the antenna pattern for a uniform linear array
(ULA) and the front clutter covariance matrix C/(8 , ,,,) are
given next. As noted earlier the definition for the remaining
covariances in the R expressions (7)-(8) are as defined in
Appendix A. In our later simulations the values for these
matrices are assumed to be either known or of zero value as
is the case for the back clutter covariance matrix C_2(0 , ,,,).
Next the mathematical model for the target signal is noted.
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E. The Target Return

The MTI system is assumed to receive from the target a
normalized steering vector (s). This signal is complex, MN
dimensional and is defined according to:

5=[5,(0)5:(0,) . . . 3/(0))"ANM ©

5,(0)=e2m=10Ds (8)) for k=1, ... M (10)

£1(ez):[51,1(ez)52,1(ez) s SN,l(ez)] 11

Sp1(0)=e? VB for k=1, ... N 12)

T = 13)

o =2vA=2(v/e)f. (14

S=UIL 15)

0,~(d/\)sin(®,) (16)

where: 1) 0, is the value of the boresight angle (0) where the
target resides, 0,=0° for the case displayed in FIG. 2; 2) £,
is the carrier (or operating) frequency of the radar system; 3)
d is the antenna inter-element spacing; 4) A is the operating
wavelength; 5) B, is the normalized 6,; 6) T, is the pulse
repetition interval (PRI); 7) f, is the pulse repetition fre-
quency (PRF); 8) v is the target radial velocity; 9) c is the
speed of light; 10) £,/ is the target Doppler; and 11) T,,’ is the
normalized Doppler. Next the antenna pattern associated
with the N antenna elements is described.
F. The Antenna Pattern

The MTT is characterized by a uniform linear array (ULA)
that yields the following analytical and normalized gain
expression for an antenna pattern with NM degrees of
freedom:

17
sm{Nﬂ (sin(6") —sm(@,)) an
f

/M,_

sm{n (sin(@) — sm(@,))

where: 1) 6 denotes the boresight angle; 2) & is the value of
the boresight angle corresponding to the i? range-bin cell; 3)
0, is the value of the boresight angle where the target of
interest resides; 4) N is the number of antenna elements; 5)
M is the number of pulses transmitted during the coherent
pulse interval; 5) NM is the number of range-bin cells which
is the same as the number of degrees of freedom; 6) d is the
antenna inter-element spacing; 7) A is the operating wave-
length; and 8) K” is the front antenna gain constant. Next the
mathematical expression for the front clutter covariance
matrix that the adaptive radar must evaluate on-line is
described.
G. The Front Clutter Covariance Matrix:

The front clutter covariance matrix (C/(0,,,,) is mod-
eled according to:

NM

CLOaam) = ing;g' ci@annn el Gaanr)
=)

(18)

where:
1) {x;: =1, . .., NM} are the clutter powers of the front
range-bin where x, denotes the i” cell clutter power.
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2) {g,% i=1, ..., NM} are the NM gains of the antenna
pattern (17) that points towards the target boresight
angle 6,.

3) {x,g% i=1, ..., NM} denotes the NM antenna gain
modulated clutter powers of the front range-bin.
1) {c6,400): =1, . . ., NM} denotes the NM steering

vectors of the front range-bin cells whose values
depend on the antenna array misalignment angle 0, ,,,.
In particular, c,(0,,,,) denotes the i”* cell steering
vector, which is complex and MN dimensional, defined
according to:

Ci(eAAM):[/El(eiaeAAM) . -/EM(eia

eAAM) . 'fg}‘/[(elaeAAM)]T (19)

00O Ba) = TS E st @) fork =1, om0
c1(0)=cy 1(0)c2,1 (09 . . . ey (0] @D
1 (0= for k=1, N 22)
(0.0 L000)=BE 23
p=(v,1,)/(d/2) @4
T=(d/N)sin(0'+0 1. 117) 25

where 1) v, is the radar platform speed; 2) ® is the
normalized 6, inclusive of the antenna array misalign-
ment angle 8, ,,,as seen from (25); and 3) f is the ratio
of the distance traversed by the radar platform during
the PRI, ie., v,T,, to the half antenna inter-element
spacing, d/2. The remaining parameters for expressions
(19)-(25) were earlier defined for (9)-(16). Finally, it is
noted that the first element of C /(6 ,,,) divided by the
variance of the thermal white noise o, defines the front
clutter to noise ratio (CNRY), i.e.,

CNR/=C/(1,1)/c,? (26)

5) {c (0 11200 100 i=1, . . ., NM} denotes the set of
cell steering matrices.

III. Power Centroid Radar

In one embodiment, the primary goal of a PC-Radar
scheme is the adaptive evaluation of the front clutter cova-
riance matrix C /(0 ,,,) (18) for later use in determining the
interference plus noise covariance R expression (7)-(8),
where it is also assumed that the remaining covariances in
the expressions can be independently found. In descending
order of storage-space/computational-time complexity there
are four PC-Radar schemes. Two are KA and two are KU.
Each is described next:

A. Knowledge Aided PC-Radar:

In KA PC-Radar the front clutter covariance matrix
(C/(0,,,)) of (18) is replaced by a KA version (**C/
(84.420) defined according to:

I W g-PCka H @n
ACT (Qann) = T]Z g’ ci(@aam )ci Oaam)
=)

NM
L=PCra= x| P<NM
i=1
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-continued
and
M 29
P= Z xigl™”
i=1
where: 1) {X;: i=1, . . ., NM} are the clutter powers of the

range-bin extracted from SAR imagery; 2) {g,°, ...,
a0} denotes the physical antenna pattern or PAP
directed towards the target at the zero boresight angle; 3) P
denotes the received total clutter power; 4) PC,., denotes the

KA power centroid of the range-bin; 5)

=67 CKA o, =67 CkA
81 1

s eee 0 ENM

denotes the mathematical antenna pattern or MAP derived
from (17) when it is directed towards the boresight angle
07X corresponding to the range-bin location of PC,, rather
than the boresight angle of 0° where the target is being
investigated in our running example. In the disturbance
control (or cybernetics) solution to the clutter covariance
modeling of (27), the MAP acts as a “compensating vector
gain” for the non-stationary clutter that disturbs the “sta-
tionary clutter” associated with (18), which yields an opti-
mum result when both the location of the target and the PC
are the same; 6) {c,(04 ,2,)¢,7(0 4 4n0): =1, . . ., NM} denotes
the set of cell steering matrices for the range-bin; and 7)
is a normalizing clutter power constant.

In FIG. 3 a block-diagram description for the computa-
tions of (27)-(29) is shown. The block-diagram is noted to
have two major components. One is a processor-encoder that
derives PC., from range-bin measurements which are
extracted from SAR imagery. The second major component
is a processor-decoder that receives PC,., and appropriately
derived values form and 0, ,,, to yield “*C /(0 , ,,,). As seen
from the top of FIG. 1 this processor encoder/decoder
structure is the computational-time compression dual of the
source encoder/decoder structure for storage-space com-
pression, and thus transparently displays its UC-Duality
roots. From (27) it is apparent that its on-line computational-
time burden is significant due to the high dimensionality of
all the needed operations. However, this problem can be
greatly alleviated if one restricts the possible values that
PC,, as well as 0, ,,,may have, thus naturally leading us to
exceedingly fast memory fetches based implementations.
This approach gives rise to the second type of KA PC-Radar
with power centroid or PC quantizations, called here QKA
PC-Radar, that is described next.

B. Knowledge Aided PC-Radar with PC,., Quantization

In QKA PC-Radar the front clutter covariance
matrix “4C /(0 ,,,) of (27) is replaced by its PC quantized
version (2*1C /(0 ,,,) defined according to:

(B0

QKA ~f 'S 5,=691PCkal H
ClOanm) = T]Z & i@ aans dcy (Oanan)
in1

where expressions (27) and (30) are the same except that
PCy, in (27) is replaced with Q[PC,] to yield (30). The
quantizer leading to Q[PC ] can be defined, for instance, as
follows:
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1 < Q[PCka] = min|PCks —i| < NM, (3B
. {1+NM—1 1+2NM—1 +LNM—1}
‘e L+1° L+l 77 L+l

where the value of L. denotes the number of quantization
levels. The quantization levels for PC,, are uniformly
distributed over the range-bin according to (31).

In FIG. 4 a block-diagram description for the online
computational structure that determines (30) is given. The
processor encoder for this case performs the evaluation of
PC, according to (28) and then follows it by the PC
quantization according to (31) thus yielding as output
Q[PC,,]. On the other hand, the processor decoder is a fast
lookup memory that stores off-line derived evaluations of
(30) corresponding to allowed quantization levels for PC,.,
and known values for  and 0 ,,,. It is also assumed here
that appropriate quantizations of n and 0, ,,, are available
for off-line evaluations of 25“C/(0,,,,). In this way the
processor decoder selects from its memory the 25C/
(0,450 case that is matched to the received Q[PC,,] as well
as on-line determined quantizations of 1 and 6, ,,, More-
over, it is noted that storage-space savings can be achieved
by increasing the computational-time burden. For instance,
this occurs when quantization versions of @*C/(0,,,)M
rather than of @*“C /(0 ,,,,) are saved, with the best case of
ORAC N9, 2 first fetched from the memory and then
multiplied by the on-line evaluated m. At this point prior-
knowledge, i.e., the SAR imagery is used. It was noted
earlier that using a radar-blind storage-space compression
approach one can drastically compress the SAR images
while still yielding outstanding SINR radar performance.
The reason why this is possible is that the power centroid
extracted from a SAR image range-bin is not significantly
changed when the image is highly compressed as is shown
in FIG. 8A to 8E. This realization then led to the hypothesis
that the power centroid can be extracted directly from the
on-line determined sample covariance matrix (Rge,,)
defined according to:

Iy (32)
Rsey = ;; ZZ;

where the set {Z=[z,;, Z,, . . ., Z =1, . . ., n}
denotes n measured samples, each complex and NM dimen-
sional, from the range-bin in question and its immediate
surroundings. Thus if the power centroid could be found
directly from (32) PC-Radar will not require the use of SAR
imagery, which is without doubt a major implementation
advantage. Such a knowledge-unaided or KU PC-Radar
scheme is described next.

C. Knowledge Unaided PC-Radar:

In KU PC-Radar the KA front clutter covariance matrix
(1C L0 1100 of (27) is replaced by a KU version (*“C/
(84.420) defined according to:

KU kv H 33
CLOaam) = T]Z g’ ci(@aam )ci’ (Oaam)
in1
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where expressions (27) and (33) are the same except that
PC,, is replaced with its knowledge-unaided power cen-
troid version (PCg,,) that is defined in FIG. 5.

(B4

NM +1
= +APC(RSCM) < NM

(35

NM -1 i
< APC(Rgcy) = <

where:

1) {xy, . . ., Xpas denotes the set of clutter powers of the
NM range-bin cells.

2) (NM+1)/2 in (34) denotes the value that PC,,,achieves
when the clutter is stationary.

3) APC(R,,) denotes a Ry, dependent non-stationary
clutter correction to the power centroid of stationary

25 clutter.

4) {m,, m,, . . ., my,,, ;} denotes a set of N+M-1 first
row elements of the complex NMxNM dimensional
sample covariance matrix Rg.,, These N+M-1 ele-
ments are 2" order statistical moments that are selected
following the “column pattern” described in FIG. 5 for
the N=111=3 case.

5) Imag[m,] denotes the imaginary part of the m,
moment.

6) {k;; i=2, . . . , N+M-1} is a set of gains that weights
the contribution of {Imag[m,]; =2, . .., N+M-1} to the
sum of imaginary moment values in (35) that results in
APC(Rcp)-

In Appendix B expressions (34) and (35) are derived for
the mathematically tractable case corresponding to M=2,
N=2 and p=1. In particular, in (B.17) the values for k, and
k; are given. Later in Section IV where radar simulation
results are presented for the M=16, N=16 and =1 case, the
following simple expression will be used in determining the
set of gains {k;; i=2, . . . , N+M-1}:

35

40

45

1 (36)
ki = —60(—1)‘Pa

i=2,... , N+M-1

In FIG. 6 a block-diagram description for the *“C /(0 ,.,)
derivation of (33) is shown. The block-diagram is noted to
have two major components. One is a processor-encoder that
derives PC,,, according to (34)-(36). The second one is a
processor-decoder that receives PC.,, and appropriately
derives values for 1) and 0, ,,, to yield *7C/(0, ,,,).

60  From expression (33) it is once again apparent that the
required on-line computations are quite taxing due to the
high dimensionality of the complex multiplications. How-
ever, as noted earlier for the KA case this problem is greatly
alleviated if one restricts the possible values that PC,,, as
well as 6,,,, may have. This is what is done in the KU
PC-Radar with PC,,, quantization scheme, called here QKU
PC-Radar, that is described next.

65
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D. Knowledge Unaided PC-Radar with PC,,, Quantiza-
tion
In QKU PC-Radar the front clutter covariance matrix

KUC 0,400 of (33) is replaced by its PC quantized version
(XYC /(0 10 defined according to:

o 37
—gRlPCku

KU Oama) =1 & ci@aam el Gaam)

i=1

where expressions (33) and (37) are the same except that
PCy, in (33) is replaced with Q[PCg,/] to yield (37). The
quantizer leading to Q[PC,,] can be defined, for instance,
as follows:

1 < Q[PCky] = min|PCxy — i| < NM, (38)
. {1+NM—1 1+2NM—1 LNM—I}
‘€ L+1”° L+1”° L+1

where the value of L denotes the selected number of
quantization levels. These quantization levels for PC,,, are
uniformly distributed over the range-bin in this particular
example.

In FIG. 7 a block-diagram description for the computation
of ZXYC /(0.0 according to (37) is shown. The block-
diagram is noted to have two major components. One is a
processor-encoder that derives Q[PCg,,| according to (38),
after first finding PC,, according to (34)-(36) as described
earlier. On the other hand, the processor decoder is a fast
lookup memory that stores off-line derived expressions for
(37) corresponding to allowed quantization levels for PC,,
mn and 0,,,, Alternative options available are similar to
those described when the required PC quantizations for the
KA case 2%“C/(0,,,,,) were considered. In the next section
simulations results using real world SAR-imagery are pro-
vided.

IV. Illustration of PC-Radar SINR Performance

In this section, under severely taxing environmental con-
ditions, the SINR performance of both KA and KU PC-
Radar are found to approach that of an idealized DARPA
KASSPER scheme, referred in our simulations as Optimum-
Radar. In Optimum-Radar one uses the covariance matrix
tapers approach to interference plus noise covariance (R)
modeling of (7)-(8) to derive the optimum radar gain that
emerges from the Wiener-Hopf equation

TABLE 1

Radar Simulation Values

1. Antenna Number of antenna elements: N = 16

Number of CPI pulses: M = 16

Ratio of antennal inter element spacing to
wavelength: d/A = Y2

Variance of thermal white noise (26): 6,2 = 1
Front antenna gain constant (17): K" = 56 dBs
Back antenna gain constant: K® = —40 dBs
Carrier frequency (14): f, = 10° Hz

Pulse repetition frequency (15): f, = 10° Hz
Antenna array misalignment (25): 0445, = 2°
Number of Range-Bins NM = 256

Radar’s ratio p (24): p=1

Jammers are used at the boresight angles of —60°,
-30° and 45° with 52, 55 and 66 INRs in dBs,
respectively, inclusive of antenna gains.

2. Clutter

3. Jammers
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TABLE I-continued

Radar Simulation Values

4. Range Walk Fraction of remaining area after range walk
(A.12): p = 0.999999.

Shape factor, (A.14): b = 5.7

Wind-speed, (A.16): ® = 15 mph

Amplitude peak deviation, (A.20): Ae = 0.001,
Phase peak deviation, (A.20): Ag = 0.1°
Bandwidth, (A.24): B = 10% Hz

Mainbeam width, (A.24): A® = 28.6°
Amplitude error (A.29): Ag; = 0 for all i,
Phase-error (A.29): Ay, fluctuates with a 5° rms
for all i

5. Internal Clutter
Motion

6. Channel Mismatch:
Finite-Bandwidth

7. Channel Mismatch:
Angle-Dependent

8. Channel Mismatch:
Angle-Independent

(5). Also in this section the PC-Radar schemes are found
to exceed by more than 6 dBs, in average, the SINR
performance of the classical KU sample covariance matrix
approach, referred in our simulations as SCM-Radar.

In Table I the physical variable values that are assumed in
the simulations to model major disturbance cases as well as
the radar operating conditions are stated. With the exception
of the front clutter covariance matrix C (0, ,,,) (18), which
is found either from the SAR imagery prior-knowledge or
from simulated noisy range-bin measurements, the value of
the interference covariances used in SINR evaluations is
determined making use of the physical variables available
from Table I. We next present simulation results in seven
subsections labeled as A thru G.

A. Assumed SAR Imagery for Investigation

The SAR image of the Mojave Airport in California
displayed in FIG. 8A will be used. This 4 megabytes image
comprises 1,024 by 256 pixel elements representing 1,800
by 1,500 meters of the airport, where each pixel denotes
clutter power. Sixteen consecutive rows of FIG. 8A are
averaged to form the 64x256 image of FIG. 8B, where each
row denotes a range-bin with 256 clutter cells that will be
used in our simulations. The 256 clutter cells are specified in
the simulation Table I as NM=256 where N=M=16. One
notices in FIG. 8C a compressed 512 bytes SAR image that
surfaces when the 4 Mbytes SAR image of FIG. 8A is first
compressed using a strip PT source-coder, and then sixteen
consecutive rows of the result averaged. In FIG. 8D and
FIG. 8E one then views the total clutter power and clutter
power-centroid, respectively, corresponding to the 64 range-
bins of the uncompressed SAR image of FIG. 8B. Although
the power centroids displayed in FIG. 8E were derived from
the uncompressed SAR image of FIG. 8B, the power cen-
troids derived from the compressed SAR image of FIG. 8C
are not much different. This remarkable result, correspond-
ing to a compression factor of 7,812 for the compressed
SAR image, inspired the development a “knowledge-un-
aided” scheme, i.e., one without the use of SAR imagery,
where the power-centroid is derived directly from the KU
sample covariance matrix (32).

B. Optimum SINR Performance (SINR*) of KA CMT-
Based KASSPER Scheme

The optimum SINR* performance associated with a KA
covariance matrix tapers based scheme is readily derived
since it is assumed that the “true” clutter power of the
range-bin in question is identical to that of the corresponding
SAR image range-bin of FIG. 8B. In determining SINR* the
physical variable values of Table I will be used to find all the
prerequisite interference plus noise covariances in (7)-(8). In
particular, when finding SINR* the back clutter covariance
matrix C.2(0,,,,) will be assumed negligible since the
assumed back-lobes antenna gain K? is quite small, i.e., —40
dB.



US 10,101,445 B2

15
C. SINR Performance of KU Sample Covariance Matrix
(SCM) Radar Scheme
The SINR performance of a KU SCM-Radar scheme
(SINR 4, Will also be derived. It is defined according to:

2
SINRscy = Wi sI” [ wiow Rwseu (39

A1
wsem = Rgey S @0

“4D

1

N 1&
Rsey = ;Z; ZZ + 0y
e

where: a) R is the interference plus noise covariance of
(7); b) Rgepy 18 the sample covariance matrix; ¢) o> diagl 18
a diagonal loading term that addresses numerical issues
linked to the R, inversion, a value of 10 for o2, o 15 used
in our simulations: and d) {Z,, =1, . . ., n} denotes n samples
taken from the investigated range-bin and its neighbors,
each complex and NM dimensional.

To derive the set of range-bin measurements {Z,
i=1, ..., n} the following simulation technique is used

Zi:Ril/zni (42)

where n, is a zero mean, unity variance, NM dimensional
complex random draw and R, is the interference plus noise
covariance (7) associated with the i” range-bin and derived
as described earlier for the optimum SINR* performance
scheme.

D. SINR Performance of KA PC-Radar Scheme

The SINR performance of the KA PC-Radar scheme
(SINR,.,) will be investigated. It is defined according to:

SINR g =g, 2 Wi FTRwg 4 43)
wrs=Re s 44)
Riea=R1c/0 40RO @)

where: a) R is the interference plus noise covariance of
(7); b) 1 CH0,,,,) is the clutter covariance matrix (27)
derived from KA PC-Radar; ¢) Ry, is the estimate of R that
results when “*C /(0 ,,,,) replaces C/(0,,,,) in (7): and d)
W4 1s the radar weighing gain of the KA PC-Radar system.

E. SINR Performance of KU PC-Radar Scheme

The SINR performance of the KU PC-Radar scheme
(SINRg,,) may also be described and defined according to:

SINR g =Wt P gy FRW gy, (46)
wier=Rgr s 47
RKU:R‘ch(eAAM):KUch(eAAM) (48)

where: a) R is the interference plus noise covariance of
(7); b) ¥¥C/(0,,,,) is the clutter covariance matrix (33)
derived from KU PC-Radar; ¢) Ry, is the estimate of R that
results when ““C (0, ,,,) replaces C /(0 ,,,) in (7): and d)
W18 the radar weighing gain of the KU PC-Radar system.

F. SINR Performance of KU PC-Radar Scheme with PC
Quantizations

The SINR performance of the KU PC-Radar scheme
(SINR /) with PC quantization, referred in the simulations
as QKU PC-Radar, will also be studied. It is defined
according to:

SINR g =Wore/ P Mo re RWore (49)

WQK[FRQKU71S (50)

G

Rokv=RI o 40-25U S0 ad
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where: a) R is the interference plus noise covariance of
(7); b) ZXUC /0,11, is the clutter covariance matrix (37)
derived from QKU PC-Radar; ¢) RQKU is the estimate of R
that results when 25YC (0, ,,,) replaces C/(0,,,,) in (7):
and d) Wz, is the radar weighing gain of the QKU
PC-Radar system.

G. Comparison of Various Schemes

The simulation results are summarized in FIG. 9A to FIG.
10G and FIG. 10A to FIG. 10G. The basic difference
between the two results is in the number of quantization
levels allowed for clutter centroid quantizations. FIGS. 8A
to 8E corresponds to eleven quantization levels and FIG. 9A
to 9G to only three quantization levels. In both cases the
simulations are done with three jammers at the boresight
angles of -60°, -30° and 45° with corresponding JNR
values of 52, 55, and 66 dBs, respectively, as noted in Table
L

Each figure has seven displays. FIG. 10A and FIG. 9A
show the SINR error in dBs as a function of range-bin where
it is noted that the average SINR error over all range-bins for
the SCM-Radar scheme of (39)-(42), the KA PC-Radar
scheme of (43)-(45), and the QKU PC-Radar scheme of
(49)-(51). For example, in FIG. 9A KA PC-Radar, QKU
PC-Radar and KU SCM-Radar are noted to yield an average
SINR error 0f 0.87 dBs, 1.32 dBs and 7.59 dBs, respectively.
These results show that the KA and KU PC-Radar schemes
yield more than 6 dBs improvements over SCM-Radar,
while also yielding close to optimum SINR radar perfor-
mance.

In FIG. 9B and FIG. 10B the total clutter plus jammer
power of the KA PC-Radar, KU PC-Radar and QKU PC-
Radar schemes is displayed. The two KU PC-Radar schemes
are noted to yield the same total power for each range-bin.
This total power, however, is also noted to deviate greatly
from that of the KA PC-Radar scheme that uses in its
evaluations the “true” SAR range-bin clutter plus jammer.
This deviation from the true case is due to the fact that the
total clutter plus jammer power derived with a KU PC-
Power scheme is simply the first moment m, of the sample
covariance matrix (32), whose value depends on noisy
on-line measurements.

Next in FIG. 9C and FIG. 10C the range-bin power-
centroid corresponding to KA PC-Radar, KU PC-Radar and
QKU PC-Radar are displayed. From this figure it is noted
that the two KU schemes yields close trajectories that
roughly follow the KA PC-Radar power centroid which is
once again noted to be derived from the “true” SAR rang-bin
clutter plus jammer.

Finally FIGS. 9D and 9G and FIGS. 10D and 10G display
results in dBs for the first range-bin of FIG. 8B. More
specifically, in FIG. 9D and FIG. 10D the antenna gain
modulated clutter is displayed for three cases. First from the
actual SAR range-bin clutter covariance (18), i.e., {x,g%
=1, ..., NM}, second from KA PC-Radar covariance (27),
ie.,

{ngig’zgpcm vi=1, ..., NM}

and thirdly from QKU PC-Radar (37), i.e.,

_QPCy)
{ngigﬁg KO- R NM}.
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In FIGS. 8 ¢ and 9 e the SINR is plotted versus Doppler for
the Optimum-Radar, KA PC-Radar, QKU PC-Radar and
SCM-Radar cases. In FIGS. 9f'and 10f'the adapted patterns
are presented for the Optimum-Radar, KA PC-Radar, QKU
PC-Radar and SCM-Radar cases. Finally, in FIG. 9G and
FIG. 10G the eigenvalues of the interference plus noise
covariance matrix versus eigenvalues index are plotted for
the Optimum-Radar, KA PC-Radar, QKU PC-Radar and
SCM-Radar cases.

The results presented in FIG. 8A to FIG. 8G and FIG. 9A
to 9G are typical results for the compared schemes. The
following conclusions are then drawn:

1. The SINR radar performance of both KA and KU

PC-Radar emulates that of Optimum-Radar, which uses
a covariance matrix tapers model for the interference
plus noise covariance.

2. The SINR radar performance derived from both KA
and KU PC-Radar represents a major improvement
over KU SCM-Radar of more than 6 dBs for the
considered illustration.

3. The KA PC-Radar scheme performs well with both
uncompressed SAR imagery and “radar-blind com-
pressed” SAR imagery because the range-bin power
centroid derived from them do not vary greatly. This
robustness observation led, in turn, to the discovery of
“knowledge-unaided” PC-Radar.

4. The savings in on-line computational time of QKA
PC-Radar over KA PC-Radar are significant because
off-line computations of a small set of clutter covari-
ance matrices permit their later fast extraction from a
lookup memory.

5. The savings in storage space of KU PC-Radar over KA
PC-Radar are significant because the storage of SAR
imagery is unnecessary for power centroid evaluations.

6. The savings in on-line computational time of QKU
PC-Radar over KU PC-Radar are significant because
off-line computations of a small set of clutter covari-
ance matrices permit their fast memory retrieves.

This disclosure in the preceding sections of this specifi-
cation provides a review of the emergence of a fast and
powerful adaptive radar method. A knowledge unaided or
KU version of the prior art technique was provided that
determined the PC from an on-line derived sample covari-
ance matrix. It was then shown using taxing environmental
conditions that both KA and KU PC-Radar yields a SINR
radar performance that emulated that of a KA Optimum-
Radar scheme. This was a welcome as well as extraordinary
result. In the future the exposed synergistic PC-Radar ideas
of this disclosure are expected to find extensive use in fields
such as smart antennas, with applications not only found in
radar but also in radio communications where non-stationary
clutter interferences are the rule rather than the exception as
the complexity and demands of wireless multi-media net-
works continuously increase.

APPENDIX A

Covariance Matrix Tapers

In this appendix covariance elements of the interference
plus noise covariance matrix tapers model of (7)-(8) are
defined. They are:

The Thermal White Noise Covariance:

The thermal white noise covariance (C,) is defined
according to:

C.=0,Inar (A1)
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where o, is the average power of thermal white noise and
Iyas 1s an identity matrix of dimension NM by NM.

The Jammer Covariance:

The jammer covariance matrix (C,) is defined according

to:

Ny _ ) (A.2)
Cr = pigi0)In @ Lyn)0(j(0)) - j)")

i=1
0 =1h O @) .o @ (A3)
G @) = @) for k=1,..., M (A4)
J1085) = [j1105)j210) ... w1 (@) (A5)
Jor(8)) = 2OV for k=1, LN (A.6)
4. (A7)
9, = Xsm(@‘,)

where: 1) N, is the total number of jammers; 2) 6/ is the
boresight angle of the i jammer; 3) ® is the Kronecker (or
tensor) product; e) I,, is an identity matrix of dimension M
by M; f) 1, 1s a unity matrix of dimension N by N; g) p,
is the i jammer power; and h) j (0,7 is the NMx1 dimen-
sional and complex i” jammer steering vector.

Finally, the first element of the NM by NM matrix C,

defines the jammer to noise ratio (JNR) which is
INR=C41,1)/0,? (A.8)

The Range Walk Covariance:
The range walk covariance (Cgj;) is defined according to:

Crir=Cri™ ® Cry?e (A.9)
[CRtime]i,k:i,k:p‘iik‘ (A.10)
Cri® ™ =lpsav (A.11)
p=A4/4=AA/{ARAB}=A4/{(c/B)AO} (A12)

where: a) ¢ is the velocity of light; b) B is the bandwidth
of'the compressed pulse; ¢) AR is the range-bin radial width;
d) A6 is the mainbeam width; e) A is the area of coverage on
the range bin associated with A0 at the beginning of the
range walk; f) AA is the remnants of area A after the range
bin migrates during a CPI; and g) p is the fractional part of
A that remains after the range walk.

The Internal Clutter Motion Covariance:

The internal clutter motion covariance (C,.,,) is defined
according to:

Cren = Cig @ Cit’ A13)

(ClB = g + g e e
BTl o r+ 1 (00?2 + (dalk — T2

O = Ly (A15

10log, or = —15.5log yw — 12.1log; o fo + 63.2 (A.16)

where: a) £_ is the carrier frequency in megahertz; b) w is
the wind speed in miles per hour; ¢) r is the ratio between the
dc and ac terms of the clutter Doppler power spectral
density; d) b is a shape factor that has been tabulated; e) ¢
is the speed of light; and f) T, is the pulse repetition interval.
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The Channel Mismatch Covariance:
The channel mismatch covariance (C,,) found according
to:

CaCnpOCrOC0p (A1T)

where C, 5, Cr5 and C , , are composite covariance matrix
tapers that are defined next.

1. The Finite Bandwidth Covariance (Czz):

This is a finite (nonzero) bandwidth (FB) channel mis-
match type defined according to:

Crp = CI* @ CH5*° (A18)
CEe = Lusm (A19)
[CE ™1 = (1 — As/2)sinc® (A /2) for i+ k (A.20)

(A21)

1
[CE Yl =1-As+ §A£2 fori=1,...,N

where Ae and A¢ denote the peak deviations of decorre-
lating random amplitude and phase channel mismatch,
respectively. The square term in (A.20) corrects an error in
the derivation of equation (A.21).

2. The Angle Dependent Covariance (C,):

This is an angle-dependent (AD) channel mismatch type:

Cav = Clff @ C5 (a22)
CMe = 1 ppsmt (A.23)
[c;”g”]‘.yk = sinc(Blk -1 /lifcsin(AO)] for ik Aa29)
[C5ee, =1 (A25)

where B is the bandwidth of an ideal bandpass filter and
AO is a suitable measure of mainbeam width.

3. The Angle Independent Narrowband Covariance (C,z):

This is an angle-independent narrowband or NB channel
mismatch type:

Cnp=q9" (A26)
=122 - - 4ud” (A27)
9;=q, for k=1, ... M (A.28)
q,=[e,eMee? . . . gpe™N] (A.29)

where Ag |, ..., Aeand Ay, ..
and phase errors, respectively.

., Ay, denote amplitude

APPENDIX B

Derivation of the SCM Power Centroid Expressions

The basic idea behind the SCM power-centroid expres-
sions of (34), (35) and (36) is explained next using the
optimum M=N=2 case depicted in Fig. B.1 for f=1 as
motivation. This figure shows a range-bin made of NM=4
clutter cells which are symmetrically spaced with respect to
the target that is being investigated at the boresight angle of
0,=0°. Thus we have that from the four boresight locations
{6',02 0°, 6"} on the range-bin clutter returns are sent to the
receiving two antenna elements that result in the steering
vector expression {VX,g,vV,, VEaZ:Var VXaZaVss VXGEaV.)
where the sets {X,, X5, X3, X4}, {81 80, 85, 84} and {v,, v,
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v, 4} are the clutter, antenna gain and radial (or steering)
velocities, respectively. Furthermore, the two antenna ele-
ments in this example produce during a the two pulses CPI
two different measurements. All of these measurements are
represented in FIG. 11 with the matrix

Z(s1, 1) zs2, 11) B.1)

Z(s1, 1) zls2, 12)

where the left element in each (s,.t)) pair, i.e. s,, indicates
the i” antenna element and the right element t; denotes the
i received pulse during a CPI, while the four measurement
values depicted on the matrix, i.e. {z(s,t))}, are a function of
the received modulated steering vectors as shown below

4 (B.2)
=21, 0) 2si, ) sz 1r) W2, )] = Z VXig Vi
=)

with the four clutter steering vectors given by the expres-
sion

vi = [vilst, 1) vilsa, 1y) vilsis ) vilsz, )17 = (B.3)

2nd . And T
TS0 T sing) ] Ji=1,..

2nd
[ 1 ¢/ sy s

Next an expression is found for the correlation matrix
E[xx”]| under the assumption that each clutter return is
uncorrelated from each other, i.e. it is assumed that E[\/E
\/xjgj]ZO for i#j. and E[\/xigi\/xjgj]q(igi for i=j. Thus it is
found via straight forward algebraic manipulations and the
symmetry condition 0,=-0,=22.5° and 0,=-0,=67.5°
deduced from Fig. B.1 that

M, 1) M, ) B.4)
Fx H]:[ 1,11 L)) _
M, 1) M, 1)
my mp mp nms
[M(ll,ll) M(ll,lz)}_ my my omy mp
M*(t1, 1) M, 1) my my my my
mp m; omy omy
my mp (B.5)
M, n)=| ,
my mp
my mj3
M, )=
my mp

where the three 2"¢ order correlation moments in (B.5) are
found from the following three expressions

mp =x181 + X282 + X383 + X484 (B.6)
my = B.7)
2 sing Z ing 7 it i it
x1816" N + 28007 T 4 a3 g3 TS xggqe AT
and
(B.8)

my =

27 sine, i sin 47 Ging 4 sing
X818 A 4 xy 20 U 4 x3 @37 TS 4 xy g TS
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Next the moment expressions (B.6)-(B.8) are used to
justify the general expression (34) for PC,,, according to:

%W: . 6,=00 B9
X8
1 NM +1
PCky = NMi = +APC(RSCM)
Z 6,=00
Xi&i
i=1
N+M-1 (B.10)
> kilmaglm;]
APC(Rscn) = o

This is done by first noticing that the power centroid for
our N=M=2 case is given by:

4 B.11)
Z ix;g;
=)
_Z‘lxigi

_ X8 1+ X082+ x383-3+xagq 4

X181 + X282 + X383 + X484

Then after some algebraic manipulation of (B.11) it
follows that

4+1 B.12)

1 3][x3g3 —x
PCry = ' +[2 ][ 383 282}
mi X484 — X181

where the denominator of (B.11) now appears as m,, see
(B.6), in (B.12) and the first term to the right of (B.12) is
given by (NM+1)/2=(4+1)/2=2.5. It is further noticed that
(NM+1)/2 is the power centroid value corresponding to the
boresight angle of 0° for the investigated target. Secondly it
is also noticed from (B.12) that the power centroid value of
(NM+1)/2 arises with symmetrically distributed antenna
gain weighted clutter, i.e. when X;8,=X,g, and x,8,7x,g, or
when the clutter difference closest to the target, i.e. X3g;—
X,2,, 1s equal to the negative of three times the clutter
difference away form the target, i.e. =3(x,2,-X,g,).

We next use expressions (B.6)-(B.8) to derlve the follow-
ing relationships between the real and imaginary parts of m,,
m, and m,

1 1 B.13
Real[m] X383 + X282 ( )
= 2nd 2nd
Real[m;] cos(TsmO3] cos(Tsm04] Xaga + X181
. (2nd P L (2nd . P (B.14)
[Imag[mz] } _ Sm(Tsm 3] sm(Tsm 4] [xsgs —ngz}
Imag(ms] |~ | . (4nd . (4nd X484 — X181
sm( - sinf; ] sm( - 51n04]

Solving the linear system of equations (B.14) for the
clutter differences vector under the constraint that the matrix
must be invertible, and then substituting this result in (B.12)
yields the desired optimum expression for the range-bin
power-centroid PC,,, in terms of the three correlation ele-
ments of E[xx”], i.e. m,, m, and m,, as follows

PCxy = (B.15)

-1
441 [1 3] sm( 3 sm03] sm(—sm&;) [Imag[mz]}

2 T omy Imag[ms]
sin| — sm03 ] sm( —_ sm04]
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To get an idea of the values derived for this simple and
optimum case we evaluate (B.15) for the assumed symmetri-
cal conditions of Fig. B.1 and under the assumption that
d/A=0.5 (also used in our simulations) to yield

5 Imagm; ] (B.16)
PCiy = = — [2.10405 —2.17623] m,
2 Imag{ms]
This expression can then be rewritten as follows
(B.17)

PCyy = kilmag[m;]/m,,

)

=2

l\)lkh

kp = —=2.10405(=1)* & ks = =2.17625(- 1)

where a comparison of (34)-(36) with (B.17) should help
explain why the “forms” of these expressions are being used
for the high dimensionality example of Section IV, inclusive
of the relative location in E[xx”] of the moments in (B.10),
see (B.4) and FIG. 5 for the N=M=2 and N=M=3 locations,
respectively.

APPENDIX C

Linger Thermo Theory

Linger thermo theory (LTT) studies physical mediums
whose mass energy (E=Mc?) is regulated, i.e., it is kept
constant, while interacting with its surroundings via black
body radiation. M denotes the medium mass, ¢ the speed of
light in a vacuum and E the medium energy.
1. Four System Functions Types

Four different types of system functions characterize all
mediums. Two functions are “thermal-uncertainty space”
types and two are “linger-certainty time” types. While the
two thermal functions pertain to the “sourcing and retention”
of mass-energy that are measured with entropy metrics, the
two linger functions pertain to the “processing and motion”
of mass-energy that are measured with ectropy metrics.
2. The Two Thermo Entropies and Two Linger Ectropies

The two thermo entropies and two linger ectropies are
defined as follows:

The Boltzmann Thermo-Source Entropy:

The Boltzmann thermo-source entropy (H) denotes the

“amount of thermal-uncertainty bits” of the system micro-

states according to the following “expectation uncertainty
metric” (in mathematical bit units):

A=3, M log,(1/P[u,])P[u;]=log,Q=5/k In 2 c.n

where Ay is the number of realizations of a microstate |1,
(describing a microscopic configuration of a thermodynam-
ics system occupied with probability P[u,] in the course of
thermal fluctuations). The expression log,(1/P[,]) denotes
the “amount of thermal-uncertainty bits” associated with p,.
In addition, log,(1/P[y,]) denotes the smallest possible ther-
mal-uncertainty bits for 11, Moreover, £ in H=log,< denotes
the ‘effective’ number of equally likely microstate realiza-
tions resulting in H. When the microstates are equally likely
it follows that £ and Ay would be the same. Finally, = =log,
Q=S/k In 2 relates H to the Boltzmann “statistical” thermo-
dynamics entropy (S) and constant (k), both in Joules/K
units.

The Thermo-Retainer Entropy:

The thermo retainer entropy (N) denotes the “amount of
thermal-uncertainty square meters” of the system micro-
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states according to the following “expectation uncertainty
metric” (in physical SI m? units):

N=2,_ Mdgr2Plu,)=4m? (€.2)

where Ay is the number of realizations of a microstate 1, and
r, is the expected radius of the sphere where 1, resides when
the expected shape of its volume is that of a sphere. The
expression 4atr,? denotes the “amount of thermal-uncertainty
square meters” corresponding to the surface area of a |,
spherical volume. In addition, 4mr,> denotes the smallest
possible thermal-uncertainty surface area that an arbitrarily
shaped volume for p, could have, i.e., that of a sphere.
Finally, r in 4mtr” denotes an average radius for all microstate
spheres.

The Linger-Processor Ectropy:

The linger-processor ectropy (K) denotes the “amount of
linger-certainty bors” of the system microstates according to
the following “minimax certainty metric” (in mathematical
binary operator or bor units):

(C3)

K= max{logc[m]hl, s logC[uA ]h’\g} =vh
A

where Ay is the number of realizations of a microstate p,, h,
is the number of bits for processing under p, and C[y,] is a
“constraint” on the maximum number of inputs that a basic
mathematical operator (or physical gate) can have under p,.
The expression logp, h, denotes the “amount of linger-
certainty bors” associated with |1, where the approximation
logcwl_]his\/h_i holds when C[,] approaches the value of one
and b, is a very large number. In addition, log,;h; denotes
the smallest possible amount of linger-certainty bors of
processing under . Finally under the condition log, /h,=
VI, for all i the h in K=V denotes the maximum number of
thermo-bit inputs linked to the microstate realization whose
number of linger bors is the same as K.

The Linger-Mover Ectropy:

The linger-mover ectropy (A) denotes the “amount of
linger-certainty seconds” of the system microstates accord-
ing to the following “minimax certainty metric” (in physical
SI sec units):

A=max{mrpy, ..., T A g Vaq) =TV (C.4)

where Ay is the number of realizations of a microstate p, and
r, is the expected radius of the sphere where 1, resides when
the expected shape of its volume is that of a sphere. The
expression 7ir,/v, denotes the “amount of linger-certainty
seconds” corresponding to circular rotational motion on the
surface of a sphere of radius r, with v, denoting the rotational
speed of motion in p,. In addition, ir,/v, denotes the smallest
possible linger-certainty seconds for rotational motion since
v, is the largest possible in value. Finally r and v in A=nr/v
denote the average radius and average rotational speed for
all microstate spheres, respectively.

The Universal Linger Thermo Equation

The two entropies (C.1) and (C.2) and ectropies (C.3) and
(C.4) when combined produce the universal linger thermo
equation (ULTE) which is a “general medium operational
expression”:
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(C.5)

where g,,, is a function that depends in the type of
medium studied (e.g., a black-hole, a photon-gas or a
flexible-phase medium) that relates the source/processor
metrics pair (H,K), with mathematical units, to dimension-
less operating ratios of physical variables, inclusive of the
retainer/mover metrics pair (N,A). An example of a dimen-
sionless operating ratio is M/AM with M=E/c* denoting the
mass-energy of the medium (whose value is regulated to
remain constant) and AM denoting an active or operating
part of M called the quantum of operation (QOO) mass. The
following three relationships are next highlighted for the
ULTE:

1) The “mathematical units” entropy/ectropy equality

A=K? (C.6)
that surfaces from (C.3) when h is replaced with .
2) The “physical units” entropy/ectropy extended rela-

tionship

(%)
N=dn? =3

3 2 252
Anr’ /3 1 GM 3r 4A
= =dn| —| = — =
r r v2 fall ks

that surfaces from the use of: a) equations (C.2) and
(C.4); b) the equation for the escape speed (v,) from the
medium:

v 2=2V?=2GM/r (C.8)

and derived under the assumption that the expected
shape of the medium is that of a sphere of radius r
whose mass-energy M=E/c? is modeled as a point mass
residing at its center (v denotes the perpetual rotational
speed linked to the assumed point mass); and c¢) the
equation of the “life-bits pace (II)” defined according
to (in SI sec/m® units):

I=t/V=3vN (C.9)

where T is the retention time of “thermo-bits of interest
(or life-bits)” that defines a portion of the medium that
leaves its expected spherical volume (V) via black-
body radiation never to return. An example of “life-bits
for a non-living system” are the thermo-bits of some
compressed image such as the SAR image of FIG. 8¢,
residing in a medium that also contains the thermo-bits
of the PT source-coder that derived the image. Another
example is of “life-bits for a living system” responsible
for the day to day survival of an organism in a medium
that also contains the thermo-bits that give the organ-
ism structure.
3) The “physical units” QOO composite expression

4xAR3 AV (€.10)

AN =4rAF =3—— "~ =3 =4
r r

3Ar 4R

o 7

GAM \?
(vz )

that is appropriately derived from (C.7).
Three ULTE Examples
The ULTE is now stated for an uncharged and non-
rotational black-hole, photon-gas and flexible-phase medi-
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ums, with their least “surface area” L'TT expected volumes
noted to be spherical in shape.

The Black-Hole ULTE:
The black-hole (BH) ULTE is given:

(C.11)

~ Ny
Hpy = — =
ANgy
A 2
Ven _ Tpn _("BH )2_(MBH )2_ Ap | _ 2
AVpn  Atgy  \Argy AMgy Mgy BH
. 192012 C.12
ARgy = ——= =7.2534x107m? €12
4G - X I (C.13)
o = kZ—hEéH - k%NBH = K2y = M2 —27
¢ ANgy
o ASelY"  Esy St (C14)
B4 =\ T gy " 2Spn ~ 8xGEgy
2 (C.15)
Y= % - 480;—G = 6.1203 % 108 s/ns®
Atrgy = 640ln2rgy /e (C.16)
AMpy = In2ch/4nG = 5.1152%x 10 kg (C.17)
(C.18)

(1 ~ 31— AMB, M, )MBHCZ

LB=1 _ LB=1 2 _
OEATBH _OMATBHC =

where all the variables were either implicitly or explicitly
defined earlier in (C.1)-(C.10) except for: a) Tz, denoting
the temperature of the black-hole; b) G denoting the gravi-
tational constant; ¢) 7 denoting the reduced Planck constant;
d) O denoting the “pace of dark in a black hole” (y is the
retention dual of motion’s “speed of light in a vacuum c¢”,
noted from (C.15) to be the ratio of the duration of life-bits
in the black-hole (t;,) over its initial volume V z,—with all
the thermo-bits in this volume assumed to be life-bits, i.e.,
thermo-bits of interest, whose radiation by the black-hole
decreases its mass-energy until it completely evaporates);
ande) OF MBHLB ~! denotes the quantum of radiation (QOR)
energy of the “single” life-bit emitted during the black-hole
QOO lifespan Atz

The Photon-Gas ULTE:
The photon-gas ULTE is defined according to:

N N (C.19)
fipg = —< =
ANpc
A 2
Ve _ Tra _( rpG )2_( Mpc )2_ Apg e
AVpg _ATPG - Arpc - AMpc - AAPG T hpG
N n 13563 # (C.20)
P R kTP ree
6 - 167 (kTpe) G Edy (€21
T T
A2 (kTpc) rpc . N
Lf)srpczvpc = k2 pg = 2% =
135637 N
o [2Gpc) B 13581V (C22)
PG 9 Epc 3Spc 4873 (kTpc)® G3ER,
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where all the variables in (C.19)-(C.22) were earlier defined,
and when applicable are redefined in the context of a
photon-gas medium.
The Flexible-Phase ULTE:
The flexible-phase ULTE is defined according to:

el v T r 2 M 2 A ’ A2 (€23
=oe| == 5y =& =lx) =(zwr) = T
AN = (C.24)
J(ﬁchkT)ﬁcv 2wt Y2 1 Uﬁ/(/_ 348y (Zﬂh )w
g\ E mkT | v T @mVE L2\ mkT
St = (€.25)
g/ E PvimkTV2 VY § N
InQ) = J1 —( ) ((—] v] =2 = |=1#h
J\Bey kT 2rh? AR
o [267 ! L (C.26)
T\ T8E | T Bey
W& E ﬁcv( mkT 3/2V]1/ﬁ N E E
7(ﬁchkT) (ZnhZ] TAN LS T Beyd
AS oI €27
S=J= =7 =
AT AMIAm
oF2 .
2w D o i
(AM/AmKT OELE At
NiZ = oo ERT L (C.28)

where: 1) g denotes the degeneracy of the ground energy
state of the medium, e.g., for a water medium it has a value
of'one; 2) T denotes the medium temperature, e.g., T=310 K
for liquid water (this special medium will be used here to
model that of'a 70 kg individual since more than 98% of our
molecules are those of water which together contribute to
more than 65% of our total mass); 3) m denotes the mass of
a “massive particle” such as an atom or molecule, e.g.,
m=3x1072% kg for a H,O molecule; 4) c,, is the heat capacity
of a medium with constant volume, e.g., ¢,=3 for liquid
water at 310 K; 5) p is a DoF coupling constant that acts as
a ‘compression’ factor on the heat capacity of the medium
and reflects non-equilibrium thermal conditions, e.g.,
[=0.7081 would lead to the compressed heat capacity of
pc;=2.1243 for our example; 6) sc kT denotes the energy of
a theoretical “thermal-energy particle”, e.g.,
Be, kT=9.0922x1072! Joules for our running example (as a
means of comparison the energy of an electron is of 8.187x
10~'* Joules); 7) E=Mc? is the “internal mass-energy” of the
medium, e.g., for 70 kg of water, i.e., M=70 kg, one derives
E=6.28x10"® Joules (as a means of comparison the internal
energy (U) for an ideal gas model, which unlike the LTT
flexible-phase model does not include the medium mass-
energy, is given by U=c,kTM/m=10° Joules when T=1045
K and the ¢;, M and m values are those of our running
example); 8) J=E/Bc, kT is the number of thermal-energy
particles in E, e.g., J=6.9193x10°® for our example; 9) Q is
the QOO heat energy entering the medium during Aw, e.g.,
Q=7.5825x10° Joules for a human consuming 1,814 kcal per
day where At=1 day and the conversion factor of p=4.18
Joules/cal is used; 10) AS=Q/T is the Classius entropy
contributed to the medium at temperature T by Q during At;
e.g., AS=2.446x10* Joules/K for our example; 11) AM=Q/
Ou is the mass equivalent for the energy Q that is expressed
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as the ratio of Q to the product of ¥ and p with ©=5,000
kcal/kg and p=4.18 Joules/cal, e.g., AM=0.3628 kg for our
example; 12) Am=kT In(t/At)/Ou, denotes a fraction of the
massive particle m (or QOO m) that is expressed as the ratio
of the lifespan-weighted thermal-energy term kT In(t/AT) to
product of ©® and p, e.g., Am=2.1538x107%7 kg when At—1
day=1/365 year and the lifespan (t) of the life-bits in the
medium is of 102 years (as a means of comparison the mass
of a hydrogen atom (my) is 1.6667x107*7 kg); 13)
O E A 2=Q is the QOR energy that leaves the medium during
At and is the same as the operating heat energy Q that enter
it (this operation is a control or compensating action from
the surroundings of the medium that maintains the medium
mass-energy E=Mc? constant with the passing of time); 14)
AJ=AM/Am=Q/KT In(t/At) denotes the fraction of the total
number of thermal-energy particles J of the medium which
equals the ratio of AM to Am or equivalently the ratio of Q
to kT In(t/At), e.g., AJ=1.6831x10?° for our running
example; 15) OE,.?=AJkT=<0E, 2/In(t/At) denotes a
‘life-bits (LBs) energy’ fraction of the QOR radiation energy
(AE,.2) with the fraction factor given by the reciprocal of
the lifespan expression In(t/At), e.g., ¢ E,.*?=7.2082x10°
Joules for our running example which is 9.5% of the total
emitted radiation OFE,.2; and 16) N, ?=O0E,?/
& EMBHLB ~! denotes a “hypothetical black-hole based” num-
ber of life-bits that leave the medium during Av, and is
defined as the “QOR energy ratio” of the life-bits energy
(O BLL?) that leaves the medium during At over the QOR
energy (< EMBHLB 1) of the single life-bit that leaves a
black-hole over its QOO lifespan Atz =640 In 2rz,/c with
the mass of the black-hole being the same as that of the
flexible-phase medium, e.g., N, “#?=64x10° bits=8 Mbytes
where from (C.18) one finds OB, *#7'=0.0112 Joules for
our running example. It is also of interest to note that for our
running example the number of life-bits N, *# (or QOR
energy ratio) is close to 90% of the “QOO mass ratio”
AM/AM,,~71x10° where the QOO mass AM is 0.3628 kg
and AMg;,, is the black-hole’s fixed QOO mass of 5.1152x
10~ kg, see (C.17).

As will be appreciated by one skilled in the art, aspects of
the present invention may be embodied as a system, method,
or computer program product. Accordingly, aspects of the
present invention may take the form of an entirely hardware
embodiment, an entirely software embodiment (including
firmware, resident software, micro-code, etc.), or an
embodiment combining software and hardware aspects that
may all generally be referred to herein as a “service,”
“circuit,” “circuitry,” “module,” and/or “system.” Further-
more, aspects of the present invention may take the form of
a computer program product embodied in one or more
computer readable medium(s) having computer readable
program code embodied thereon.

Any combination of one or more computer readable
medium(s) may be utilized. The computer readable medium
may be a non-transient computer readable signal medium or
a computer readable storage medium. A computer readable
storage medium may be, for example, but not limited to, an
electronic, magnetic, optical, electromagnetic, infrared, or
semiconductor system, apparatus, or device, or any suitable
combination of the foregoing. More specific examples (a
non-exhaustive list) of the computer readable storage
medium would include the following: an electrical connec-
tion having one or more wires, a portable computer diskette,
a hard disk, a random access memory (RAM), a read-only
memory (ROM), an erasable programmable read-only
memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an
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optical storage device, a magnetic storage device, or any
suitable combination of the foregoing. In the context of this
document, a computer readable storage medium may be any
tangible medium that can contain, or store a program for use
by or in connection with an instruction execution system,
apparatus, or device.

Program code and/or executable instructions embodied on
a computer readable medium may be transmitted using any
appropriate medium, including but not limited to wireless,
wireline, optical fiber cable, RF, etc., or any suitable com-
bination of the foregoing.

Computer program code for carrying out operations for
aspects of the present invention may be written in any
combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages. The program
code may execute entirely on the user’s computer (device),
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider).

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It will be
understood that each block of the flowchart illustrations
and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or
other programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
processor of the computer or other programmable data
processing apparatus, create means for implementing the
functions/acts specified in the flowchart and/or block dia-
gram block or blocks.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps
to be performed on the computer, other programmable
apparatus or other devices to produce a computer imple-
mented process such that the instructions which execute on
the computer or other programmable apparatus provide
processes for implementing the functions/acts specified in
the flowchart and/or block diagram block or blocks.

In one embodiment, the processes and devices described
in preceding sections of this specification are used in con-
junction with a moving target indicator radar system and/or
with one or more of the components associated therewith.
These systems are well known to those skilled in the art and
are described, e.g., in U.S. Pat. No. 2,811,715 (moving target
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indicator radar); U.S. Pat. No. 2,965,895 (two antenna
airborne moving target search radar); U.S. Pat. No. 3,153,
786 (moving target indicator canceller); U.S. Pat. No. 3,634,
859 (moving target indicator with automatic clutter residue
control), U.S. Pat. No. 3,781,882 (adaptive digital automatic
gain control for MTT radar systems), U.S. Pat. No. 3,879,729
(moving target indicator system with a cancellation filter),
U.S. Pat. No. 3,962,704 (moving target indicator clutter
tracker), U.S. Pat. No. 7,903,024 (adaptive moving target
indicator clutter rejection), and the like. The entire disclo-
sure of each of these United States patents is hereby incor-
porated by reference into this specification.

This written description uses examples to disclose the
invention, including the best mode, and also to enable any
person skilled in the art to practice the invention, including
making and using any devices or systems and performing
any incorporated methods. The patentable scope of the
invention is defined by the claims, and may include other
examples that occur to those skilled in the art. Such other
examples are intended to be within the scope of the claims
if they have structural elements that do not differ from the
literal language of the claims, or if they include equivalent
structural elements with insubstantial differences from the
literal language of the claims.

What is claimed is:

1. A radio signal processing system comprising:

an antenna for receiving a radio signal, wherein the
antenna operates according to a mathematical antenna
pattern (MAP);

a processor for processing the radio signal, the processor
configured to perform a method for time compressed
signal processing of the radio signal, the method com-
prising the steps of:
receiving the radio signal using the antenna;
calculating moments of a covariance matrix (Rg,,) of

the radio signal, wherein the covariance matrix

(Rscag) 1s given by:
Rscu = lZn: zzl
SCM n £ 14}

wherein {Z,~[,,, 7, 5, . . . Zpn: =1, .. ., n} and
n denotes measured samples, each sample being NM
dimensional, wherein N is number of antenna ele-
ments and M is number of transmitted antenna pulses
during a coherent pulse interval (CPI); and H denotes
a vector complex conjugate;

calculating a knowledge unaided power centroid
(PCg,) for the radio signal using the moments of the
covariance matrix (Rg.,,), wherein the knowledge
unaided power centroid (PCg,) is given by:

NM +1
PCyy = + APC(Rscnr)

wherein NM is a mathematical product of N and M
and (NM+1)/2 is a value that PC,,, achieves when
interference is stationary;

correcting the mathematical antenna pattern (MAP) to
produce a digitally corrected antenna pattern by
mathematically adjusting the mathematical antenna
pattern (MAP) toward the knowledge unaided power
centroid (PCg,,) by a covariance matrix-dependent
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clutter correction APC(R,,) corresponding to nor-
malized clutter covariances, wherein PC(Rgc,,) is

given by
N+M-1
> kilmaglm]
APC(Rscn) = —
ny
{m;, m,, ..., my,,, } denotes a set of N+M-1 first

row elements of a complex NMxNM of the covari-
ance matrix (Rg,,) and Imag[m,] denotes the imagi-
nary part of the m;, moment, {k; i=2, . .., N+M-1}
is a set of gains that weights contribution of Imag
[m,]; i=2, . .., N+M-1;

processing the radio signal in accordance with the
digitally corrected antenna pattern.

2. The method as recited in claim 1, wherein the covari-
ance matrix (Rg-,,) is dynamic, and the step calculating the
knowledge unaided power centroid (PC.,,) is performed
dynamically as the covariance matrix (Rg,,) changes.

3. The method as recited in claim 1, wherein the covari-
ance matrix (Rg.,,) is dynamic, and the step calculating the
knowledge unaided power centroid (PCg;,) is performed
dynamically in real-time as the covariance matrix (Rgq,,)
changes.

4. The system as recited in claim 2, wherein the antenna
is a linear array antenna and the mathematical antenna
pattern (MAP) is a uniform linear array (ULA).

5. The system as recited in claim 2, wherein the radio
signal is a radar signal and the knowledge unaided power
centroid (PCg,) is calculated without synthetic aperture
radar (SAR) imagery.

6. The system as recited in claim 1, wherein the set of
N+M-1 first row elements are second order statistical
moments.

7. A moving target indicator (MTI) radar system com-
prising

an antenna for receiving a radar signal, wherein the
antenna operates according to a mathematical antenna
pattern (MAP);

a processor for processing the radar signal, the processor
configured to perform a method for time compressed
signal processing of the radar signal, the method com-
prising the steps of:
processing the radar signal received from the antenna,
dynamically calculating moments of a covariance

matrix (Rg,,) of the radar signal as a moving target
changes position, wherein the covariance matrix
(Rscag) 1s given by:

L&
Rsem = ;Z; 7zl
e

wherein {Z,4[7, ,, 2,5, . . ., Zipnd: =1, ..., n} and n
denotes measured samples, each sample being NM
dimensional, wherein N is number of antenna ele-
ments and M is number of transmitted antenna pulses
during a coherent pulse interval (CPI); and H denotes
a vector complex conjugate;

dynamically calculating a knowledge unaided power
centroid (PCg,) for the radar signal using the
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moments of the covariance matrix (Rgc,,), wherein
the knowledge unaided power centroid (PCXY) is
given by:

NM +1
PCyy =

+APC(Rgcn)

wherein NM is a mathematical product of N and M and
(NM+1)/2 is a value that PC,,, achieves when inter-
ference is stationary;

dynamically correcting the mathematical antenna pat-
tern (MAP) to produce a digitally corrected antenna
pattern by mathematically adjusting the mathemati-
cal antenna pattern (MAP) toward the knowledge
unaided power centroid (PCg,) by a covariance
matrix-dependent clutter correction APC(R,,) cor-
responding to normalized clutter covariances,
wherein PC(Rg,,) is given by

i
APC(Rscu) =

{m;, m,, ..., m,,,, ,} denotes a set of N+M-1 first
row elements of a complex NMxNM of the covari-
ance matrix (Rg,,) and Imag[m,] denotes the imagi-
nary part of the m; moment, {k; i=2, . . ., N+M-1}
is a set of gains that weights contribution of Imag
[m,]; i=2, . . ., N+M-1;

dynamically processing the radar signal in accordance
with the digitally corrected antenna pattern.

8. The system as recited in claim 7, wherein the antenna
is a linear array antenna and the mathematical antenna
pattern (MAP) is a uniform linear array (ULA).

9. The system as recited in claim 7, wherein the radar
signal received from the antenna comprises a normalized
steering vector (s) of the moving target and an interference
plus noise vector (X).

10. The system as recited in claim 9, wherein the proces-
sor calculates a scalar output (y) by multiplying each of the
normalized steering vector (s) of the moving target and the
interference plus noise vector (x) by a weighting vector (w).

11. The system as recited in claim 7, wherein the radar
signal comprises interference selected from the group con-
sisting of range walk interference, clutter interference, jam-
mer interference, internal-clutter motion interference, chan-
nel mismatch interference, antenna array misalignment
angle (8 ,,,,) interference, and combinations thereof.

12. The system as recited in claim 7, wherein the set of
N+M-1 first row elements are second order statistical
moments.

13. The system as recited in claim 7, wherein the knowl-
edge unaided power centroid (PCg,) is calculated without
synthetic aperture radar (SAR) imagery.

14. A radio signal processing system comprising:

an antenna for receiving a radio signal, wherein the

antenna operates according to a mathematical antenna

pattern (MAP) comprising a plurality of MAP patterns
for a corresponding plurality of angles;
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data storage device that has a stored list of matrix-
dependent clutter corrections APC(Rg,,) correspond-
ing to normalized clutter covariances, each APC(Rg,)
correlating with a stored list of angles 0' the APC

(Rscag) given by

N+M-1
> kilmaglm]

i=2
APC(Rscu) = — o

wherein {m;, m,, . . ., m,,,, ,} denotes a set of
N+M-1 first row elements of a complex NMxNM of
a covariance matrix (Rg.,,) and Imag[m,] denotes
the imaginary part of the m, moment, {k; i=2, . . .,
N+M-1} is a set of gains that weights contribution
of Imag[m,]; i=2, . . . , N+M-1, wherein N is number
of antenna elements and M is number of transmitted
antenna pulses during a coherent pulse interval
(CPI); the covariance matrix (Rg-,,) given by:

L&
Rsem = ;Z; 7z}
e

wherein {Z=(z, |, 2, 5, . - ., Zang: =1, .. ., n} and n
denotes measured samples, each sample being NM
dimensional, and H denotes a vector complex con-
jugate;

a processor for processing the radio signal, the processor
configured to perform a method comprising steps of
receiving a presumed target signal at a power centroid

angle 0;

selecting a selected MAP pattern from the plurality of
MAP patterns that corresponds to the power centroid
0;

comparing the power centroid angle 0 to the stored list
of angles 0';

selecting a selected matrix-dependent clutter correction
APC(R,,) from the stored list of matrix-dependent
clutter corrections APC(Rgc,,) that correlates with
the angle 0" that is closest to the power centroid angle
e’

correcting the selected MAP pattern off-line to produce
a digitally corrected antenna pattern by mathemati-
cally adjusting the MAP pattern toward a knowledge
unaided power centroid (PC,;,) by the selected cova-
riance matrix-dependent clutter correction APC
(Rscar)s wherein the knowledge unaided power cen-
troid (PCy,,) is given by:

NM +1
PCyy =

+APC(Rgcn)

wherein NM is a mathematical product of N and M
and (NM+1)/2 is a value that PC,,, achieves when
interference is stationary;

processing the radio signal in accordance with the
digitally corrected antenna pattern.
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