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(57) ABSTRACT

The present application provides techniques for reducing
noise in sensor-based systems, such as radar systems. In
particular, techniques referred to background supplemental
cancellation (BaSC) and background supplemental loading
(BaSL) are disclosed and facilitate improved detection of
moving targets in certain types of radar systems, such as
radar systems based on Reiterative minimum-mean square
error (RMMSE) estimation formulations. The BaSC tech-
nique may utilize a hard cancellation, where clutter cancel-
lation is performed prior to estimation, while the BaSL
technique may utilize a “soft” cancellation technique
whereby clutter cancellation is performed jointly with esti-
mation. The clutter cancellation provided via the BaSC and
BaSL techniques improves the accuracy of the radar system
with respect to performing target detection.
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STRUCTURE-BASED ADAPTIVE RADAR
PROCESSING FOR JOINT INTERFERENCE
CANCELLATION AND SIGNAL
ESTIMATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority from U.S.
Provisional Application No. 63/154,574 filed Feb. 26, 2021
and entitled “STRUCTURE-BASED ADAPTIVE RADAR
PROCESSING FOR JOINT INTERFERENCE CANCEL-
LATION AND SIGNAL ESTIMATION,” the disclosure of
which is incorporated by reference herein in its entirety.

GOVERNMENT INTEREST

This invention was made with government support under
Contract No. N00014-16-C-2029 awarded by the Office of
Naval Research. The government has certain rights in the
invention.

TECHNICAL FIELD

The present disclosure relates to sensor systems and more
specifically to improved techniques for removing cancelling
clutter in radar systems.

BACKGROUND

Systems that utilize sensors to compile or collect data for
analysis are becoming more widespread. For example, sen-
sors (e.g., proximity sensors, cameras, radar systems, etc.)
have been increasingly added to vehicles to improve their
capabilities and safety (e.g., backup cameras, collision
detection and avoidance, proximity detection, and the like).
The data collected by sensors in such systems may be
subject to noise and interference, the presence of which may
hinder the effectiveness of the systems that rely on the
sensors to provide data for analysis. As one example, radar
systems are a form of sensor-based system that may be used
to collect information about moving targets in an environ-
ment. To illustrate, the radar system may transmit radar
waveforms and receive back radar returns (e.g., reflections
of the transmitted radar waveforms). The radar waveform
returns may be subjected to various processes (e.g., clutter
cancellation) to eliminate signal dependent interference and
improve the accuracy of the targets detected within an area
monitored by the radar system. Regardless of the type of
sensor-based system, the ability to cancel or reduce the
impact of interference present in the sensor data may result
in improved performance of that system and increase the
sensor system’s accuracy and reliability.

Reiterative minimum-mean square error (RMMSE) esti-
mation, as described in S. D. Blunt, K. Gerlach, “Adaptive
pulse compression via MMSE estimation,” /EEE Trans.
Aerospace & Electronic Systems, vol. 42, no. 2, pp. 572-584,
April 2006, provides a formulation for pulse compression in
which the pulse compression filter for each individual range
cell is adaptively estimated from the received radar wave-
forms in order to mitigate the masking interference resulting
from matched filtering in the vicinity of large targets.
RMMSE was initially developed based on the goal of
applying strategies from code division multiple access
(CDMA) multiuser detection, where users are separated at
the receiver according to their corresponding code, to the
application of shared-spectrum multistatic radar. It was then
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observed that when RMMSE is applied to radar pulse
compression, denoted as adaptive pulse compression (APC),
it facilitates a beamforming-like capability by nulling the
self-interference from range sidelobes. The multistatic APC
(MAPC) application quickly followed, along with ways to
perform this manner of adaptive processing in legacy sys-
tems after analog pulse compression, adaptive compensation
of pulse eclipsing effects, exploitation of fast-time Doppler
to perform imaging, and compensation of Doppler distor-
tion. Additional modifications were subsequently developed,
such as incorporation of a gain constraint, hybridization
using the CLEAN technique, reduced-dimension implemen-
tation (e.g., to reduce computational cost), and joint range-
Doppler and range-angle versions. An RMMSE-based spa-
tial beamformer denoted as reiterative super-resolution
(RISR) was also developed for spatial direction-of-arrival
(DOA) estimation, though it is likewise applicable to the
frequency domain. To provide enhanced robustness, gain
constrained and “partially constrained” versions of RISR
were subsequently developed.

These various forms of RMMSE have been used to
enhance weather radar, synthetic aperture radar (SAR),
magnetoencephalography (MEG) imaging of brain activity,
and active sonar, where the latter also incorporated a cova-
riance matrix taper to address high Doppler sensitivity. More
recently, physical attributes of waveforms have been incor-
porated into the RMMSE paradigm that have subsequently
permitted experimental demonstrations of enhanced sensi-
tivity and discrimination for simultaneously dual-polarized
operation, shared-spectrum radar, and even stretch process-
ing.

While the above-described variations for RMMSE have
improved upon the original RMMSE formulation, additional
challenges remain, especially for certain applications. For
example, moving target indication (MTI) radars disambigu-
ate targets in the presence of clutter using Doppler as the
discriminant. Doing so necessitates estimation and subse-
quent cancellation of the clutter because it could otherwise
mask the presence of moving targets, in some cases to a
rather significant degree. While the above-described
RMMSE techniques may provide an effective technique for
estimation of a received radar waveform, clutter cancellation
remains a challenge.

SUMMARY

The present application discloses techniques for improv-
ing detection of targets of interest in sensor-based systems,
such as radar systems. As a non-limiting example, embodi-
ments of the present disclosure may be used to improve
clutter cancellation for RMMSE-based radar system,
thereby improving the detection of targets of interest in a
monitored area. Aspects of the present disclosure may
incorporate clutter cancellation algorithms, referred to as
background supplemental cancellation (BaSC) and back-
ground supplemental loading (BaSL), that achieve sequen-
tial or joint clutter cancellation and signal estimation. The
signal estimation properties of the BaSC and BaSL algo-
rithms may facilitate enhanced discrimination and visibility
of moving targets without signal-to-noise ratio (SNR) loss or
resolution degradation otherwise associated with Doppler
tapering. The BaSC approach may be configured employ
“hard” cancellation (e.g., sequential clutter cancellation and
signal estimation) and the BaSL approach represents a form
of “soft” cancellation (e.g., joint clutter cancellation and
signal estimation).
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The foregoing has outlined rather broadly the features and
technical advantages of the present invention in order that
the detailed description of the invention that follows may be
better understood. Additional features and advantages of the
invention will be described hereinafter which form the
subject of the claims of the invention. It should be appre-
ciated by those skilled in the art that the conception and
specific embodiment disclosed may be readily utilized as a
basis for modifying or designing other structures for carry-
ing out the same purposes of the present invention. It should
also be realized by those skilled in the art that such equiva-
lent constructions do not depart from the spirit and scope of
the invention as set forth in the appended claims. The novel
features which are believed to be characteristic of the
invention, both as to its organization and method of opera-
tion, together with further objects and advantages will be
better understood from the following description when con-
sidered in connection with the accompanying figures. It is to
be expressly understood, however, that each of the figures is
provided for the purpose of illustration and description only
and is not intended as a definition of the limits of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the disclosed
methods and apparatuses, reference should be made to the
embodiments illustrated in greater detail in the accompany-
ing drawings, wherein:

FIG. 1 is a block diagram of a sensor-based system in
accordance with the present disclosure;

FIG. 2 shows an S-band range-Doppler response with
standard FFT Doppler processing using Taylor windowing
and without clutter cancellation for 150 random frequency
modulation (FM) waveforms;

FIG. 3 shows an S-band range-Doppler response with
projection-based cancellation and without adaptive estima-
tion for 150 random FM waveforms;

FIG. 4 shows the S-band range-Doppler response without
clutter cancellation and with adaptive estimation using RISR
for 150 random FM waveforms;

FIG. 5 shows the S-band range-Doppler response
obtained using BaSC for 150 random FM waveforms in
accordance with the present disclosure;

FIG. 6 shows the S-band range-Doppler response
obtained using BaSL for 150 random FM waveforms in
accordance with the present disclosure;

FIG. 7 shows the S-band range-Doppler response with
projection-based cancellation and without adaptive estima-
tion for 1000 random FM waveforms;

FIG. 8 shows the W-Band dechirped time-history after
standard stretch processing;

FIG. 9 shows the W-Band dechirped time-history after
RISR/BaSC using a structured supplementary matrix;

FIG. 10 shows the W-Band dechirped time-history after
BaSL using a structured supplementary matrix;

FIG. 11 shows the W-Band dechirped time-history after
RISR/BaSC using a sample covariance matrix;

FIG. 12 shows the W-Band dechirped time-history after
BaSL using a sample covariance matrix; and

FIG. 13 is a flow diagram of an exemplary method for
performing radar signal processing in accordance with the
present disclosure.

It should be understood that the drawings are not neces-
sarily to scale and that the disclosed embodiments are
sometimes illustrated diagrammatically and in partial views.
In certain instances, details which are not necessary for an
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4

understanding of the disclosed methods and apparatuses or
which render other details difficult to perceive may have
been omitted. It should be understood, of course, that this
disclosure is not limited to the particular embodiments
illustrated herein.

DETAILED DESCRIPTION

Referring to FIG. 1, a block diagram of a sensor-based
system in accordance with the present disclosure in accor-
dance with the present disclosure is shown. As shown in
FIG. 1, the system includes a radar device 100 having one
or more processors 110, a memory 120, a transmitter 130,
one or more antennas 132, signal processing circuitry 134,
and a display device 136. The one or more processors 110
may include one or more central processing units (CPUs),
digital signal processors (DSPs), application specific inte-
grated circuits (ASICs), field programmable gate arrays
(FPGAs), or other circuitry configured to process data in
accordance with aspects of the present disclosure. The
transmitter 130 may be configured to generate a radar
waveform for transmission. The one or more antennas 132
may be configured to receive radar waveform returns (e.g.,
reflections of transmitted radar waveforms). In an aspect, the
one or more antennas 132 may include an antenna array. The
signal processing circuitry 134 may include various signal
processing components, such as amplifiers, analog-to-digital
converters, phase locked loops, mixers, a detector, a
diplexer, gain control circuitry, low noise amplifiers (LNAs),
other types of signal processing circuitry, or a combination
thereof. It is noted that the exemplary types of signal
processing circuitry described above have been provided for
purposes of illustration, rather than by way of limitation and
that the specific components of a radar detection system
configured in accordance with the present disclosure may
include less signal processing components, more signal
processing components, or different signal processing com-
ponents depending on the particular configuration or design
of the radar detection system. The display device 136 may
be configured to display radar data associated with detection
of targets of interest (e.g., ground moving targets, etc.), such
as target of interest 140.

As shown in FIG. 1, the memory 120 may store instruc-
tions 122 that, when executed by the one or more processors
110, cause the one or more processors 110 to perform
operations to detect moving targets in accordance with the
concepts disclosed herein. For example, the instructions 122
may correspond to software that, when executed by the one
or more processors 110, causes the one or more processors
110 to perform moving target detection utilizing techniques
to process the radar waveform returns. As described in more
detail below, the processing of radar waveform returns in
accordance with the present disclosure may include per-
forming clutter cancellation in accordance with the concepts
disclosed herein. More particularly, embodiments of the
present disclosure provide techniques for processing radar
waveform returns that incorporate clutter cancellation capa-
bilities. The disclosed techniques are denoted as background
supplemental cancellation (BaSC) and background supple-
mental loading (BaSL), respectively. The BaSC and BaSL
techniques disclosed herein may be applied to or incorpo-
rated into other radar processing techniques, such as one or
more of the above-described RMMSE formulations.

As explained above, an adaptive filter bank may be
obtained based on the RMMSE framework and utilized to
perform DOA estimation using a single snapshot (e.g., using
RISR) from an arbitrary antenna array, as long as the array
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manifold is adequately known. The RISR formulation
briefly mentioned above includes means to incorporate array
calibration tolerances (e.g., since the array manifold cannot
be known perfectly in practice). By considering the spatial
steering vectors to instead be frequency steering vectors,
RISR can likewise be directly applied to spectrum estima-
tion. To provide a better understanding of the clutter can-
cellation techniques provided by the BaSL and BaSC tech-
niques disclosed herein, a brief review of the RISR
formulation is described below, which will subsequently be
modified to incorporate clutter cancellation in accordance
with embodiments of the present disclosure.

To provide an overview of the RISR formulation, let the
above-mentioned single snapshot be represented by a single
vector y comprised of N time samples for which an estimate
of the spectral content is to be obtained. The received signal
can thus be represented as:

y=8x+v, M®

where x is an Mx1 vector comprised of M>>N frequency-
dependent complex amplitudes, S is an NxM bank of
frequency steering vectors, and v is additive noise of arbi-
trary distribution. In traditional RMMSE a matched filter
(MF) estimate may be smeared because the mapping
between x and y is not 1-to-1 since M>>N. The importance
noting the single-snapshot capability will be revealed shortly
when the approach is employed in nonstationary applica-
tions.

Keeping in mind the context of Equation (1), an objective
function may be minimized, where the objective function is
expressed as:

J =Flllx =i, @

where (-)" is the Hermitian operation, E[-] is expectation,
and W is the resulting NxM adaptive filter bank. The general
minimum mean-square error (MMSE) solution to Equation
(2) can be expressed as:

w = () ", ®

for which the mth column in the (unconstrained) RMMSE
context is the RISR filter, given by:

Wi = pm,i(SPiSH + Rnse)ilsma “

for s,, the mth column of S, and R, is the NXN noise

covariance matrix. An MxM diagonal matrix, expressed as:
®

Pr =347 0 Lt

can then be obtained at the ith iteration and has the mth
diagonal element p,, ;, where I, ,, is an identity matrix, and

&= WiH)’, ©
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is the estimate of the complex spectral amplitudes at the ith
iteration, and © is the Hadamard product. The RISR filter
may be initialized by setting

Wizo =S, (O]

which performs a Fourier transform that may be over-
sampled in the frequency domain since S is NXM.

The RISR filter bank of Equation (4) may be modified to
incorporate a gain constraint for each individual filter, with
the resulting mth column of W subsequently taking the
minimum variance distortionless response (MVDR) form
of:

(SPST 4 Ryse) 5 ®

N sg(SP,vSH +Rnse)71sm

Wi 5

While the formulation in Equation (8) does not achieve
quite the degree of resolution enhancement as that of Equa-
tion (4), it has also been observed to be more robust to
mismatch effects and avoids over-suppression of small sig-
nal components. Moreover, estimated values of x for which
there is no signal component present tend to settle around the
level of the noise floor when using Equation (8), which is a
more realistic response and useful for subsequent constant
false alarm response (CFAR) detection. It can be appreciated
from the foregoing that the RISR formulation in Equation
(4) or Equation (8) provides a recursive approach that seeks
to obtain the filter bank that minimizes the mean-square
error of the estimate of the underlying signal components
according to Equation (2). However, this approach does not
discriminate between the desired signal components, such as
moving targets, and the undesired signal components.
Although the phrase “undesired signal components” is used
here to mean the stationary signal components that are
persistent, in the description below the term “clutter” is used
to reference such signal components. Consequently,
embodiments of the present disclosure provide techniques
for cancellation of clutter, which are referred to herein as
background supplemental cancellation (BaSC) and back-
ground supplemental loading (BaSL), are disclosed and
which may be viewed as a form of change detection relative
to an estimated background. In the description that follows,
the formulation based on Equation (8) will be utilized as a
basis for modifications to incorporate clutter cancellation
capabilities. However, it should be recognized that the
exemplary techniques disclosed herein may be readily
applied to formulations based on Equation (4) or other
RMMSE formulations if desired.

The disclosed BaSC technique supplements the RISR
estimation-oriented filter bank with a clutter cancellation
component. To illustrate, the disclosed BaSC technique
separates the underlying signal (i.e., received radar wave-
form returns 104) into two parts as X=X_,,,+X,,,, in which the
first component, x_,,,. denotes clutter (stationary back-
ground) and the second component, x,,,, denotes whatever
remains (excluding noise). The noise can be statistically
estimated via measurement of the ambient scene (i.e., no
transmission) or using the expected noise sensor compo-
nents. [n general, the clutter estimate will contain noise, but
the clutter power is typically much larger than the noise
power for the situations in which clutter cancellation would
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be employed. Separation of the underlying signal compo-
nents in this manner may be achieved by first decomposing
Equation (1) as:

y=Sx+v ®

= Setr + SXrem +V

= Yetut T Vvem TV,

The form shown in Equation (9) allows for the presence
or absence of moving targets since x,,,, could be a vector of
Zeroes.

Now define the rank k<N clutter covariance matrix as:

Repe = [E[)’cluryg;r] > 10

For white noise it can thus be readily shown that the
inverse of the normalized cancellation transform, repre-
sented as:

Reane = Retur + Rus)/02 an

= (Ray +031) [ 05,

projects the signal components of Equation (9) onto the
orthogonal complement of the clutter subspace while pre-
serving the full-rank noise (ensuring invertibility). In other
words,

RAEL ) = Elyromyt,] +E[w#], a2

which implies:

Ry =3 a3

= Vyem + V-

Thus, the corresponding clutter-cancelled version of
Equation (6) becomes:

Syams = W Ry = W5 a4

using either Equation (4) or Equation (8) for the RISR filter
bank W,, which in this case is applied and updated recur-
sively after application of the cancellation transform.

It is noted that estimation of the clutter covariance may
not be perfect and, depending on the particular problem,
potentially difficult to obtain precisely (e.g., in a highly
nonstationary environment). Consequently, the result in
Equations (13) and (14) may still contain at least some
residual clutter leakage. Moreover, the hard delineation
between the clutter and remaining subspaces may hinder
detection of moving targets that are near that cutoff. To that
end, a soft cancellation version of the RMMSE framework
is likewise examined, referred to herein as the BaSL tech-
nique, is disclosed.
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Like the BaSC technique described above, the BaSL
technique incorporates a clutter cancellation component into
the RISR formulation described above, however, while
Equation (14) and the BaSC technique described above
employs a sequential cancellation-then-estimation approach,
the BaSL technique performs these operations jointly. Simi-
lar to the BaSC technique, the BaSL technique begins by
modifying the above-described RMMSE formulations. Spe-
cifically, the BaSL technique may begin by modifying
Equation (2) as follows:

7 = Ellbren = 75{] a

Using y from Equation (9) leads to:

Wani = Pmi(SPST + Rogye + Rnse)ilsma (16)

such that the recursive estimation of the filter bank and
moving targets naturally excludes the clutter that is already
accounted for within the filter structure.

An MVDR form of (16) like that in (8) could likewise be
obtained, though it would tend to preserve the clutter instead
of canceling it. To enable cancellation we will insert the
clutter covariance only into the numerator of (8) as

(SPAS™ + Rojs + Ruse) " an

SZ(SP,’SH + Rnse)ilsm

Wi =

Consequently, while initial estimation via Equations (6)
and (7) does include the clutter component, it will disappear
from the moving target estimate as iteration continues. The
filter structures of Equations (16) and (17) are collectively
denoted as background supplemental loading (BaSL). As
will be shown using measured data, this soft cancellation
approach provides greater visibility of slow-moving targets
that would otherwise be suppressed when performing hard
cancellation according to the BaSC technique disclosed
herein.

It is noted that the supplementary covariance matrix,
expressed as:

Rup = Retur + Ruse (18)

and which may be used in BaSC via Equation (11) and also
appears in Equations (16) and (17) for the BaSL technique
can be obtained in different ways. The most direct approach
is by computing the sample covariance, given by:

1otz a9
R = ZZHWJ’?

where y, for £=1, 2, ..., L are snapshots collected over
intervals where moving targets do not reside. Of course, it is
beneficial when constructing the covariance matrix that
these estimates are identically distributed (or at least suffi-
ciently similar) to the clutter and noise within the moving
target interval, which is an assumption typically made for
standard adaptive clutter cancellation.
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Alternatively, a structured supplemental covariance could
be formed by leveraging the model from Equation (9) and
using the initial estimates from Equation (6) for the i=0
filterbank in Equation (7). Denoting these estimates as
R, for £=1,2,. .., L snapshots, the structured supplemen-
tary matrix may be obtained via:

Ry = SPogaST + 21 20

where

oo, 1)
Pepy = I:ZZKZIX/X{;I:IGIMXM

in the same form as Equation (5). While it appears a bit more
cumbersome than Equation (19), this structured approach
has the benefit of permitting easy removal of non-clutter
components, which could otherwise contaminate the train-
ing data, by simply zeroing the necessary diagonal elements
in Equation (21) that fall outside the expected clutter
response. Use of both supplementary matrices is examined
below.

In aspects, the above-described operations to process
received radar waveform returns 104 may be performed by
one or more processors (e.g., via software) or by the signal
processing circuitry 134. For example, the one or more
processors 110 may be configured to control signal process-
ing circuitry 134 to generate one or more radar waveforms
for transmission by the transmitter 130. The one or more
radar waveforms may be transmitted as radar waveforms
102. Some of the transmitted radar waveforms 102 may be
reflected by the environment, such as by the target of interest
140, and may be received at a receiver, such as antenna 132,
as the one or more radar waveform returns 104. The radar
waveform returns 104 may be processed by the one or more
processors 110 or by the signal processing circuitry 134 in
accordance with the BaSC and BaSL techniques described
above.

For example, the processing of the radar waveform
returns 104 may involve separating the received radar wave-
form returns into a clutter component and a remainder
component, as described with reference to Equation (9). In
a BaSC implementation, the clutter component may be used
to generate a cancellation matrix (e.g., a covariance martrix,
as in Equation (10)) that may be projected onto the orthogo-
nal complement of the clutter subspace to produce a filter
bank, as in Equation (14). The filter bank may then be used
to perform estimation (e.g., after clutter cancellation). Alter-
natively, for a BaSL implementation, the filter bank may
incorporate the clutter component, as in Equation (16).
Cancellation of clutter may then be achieved during subse-
quent iterations (e.g., as the filter bank is updated based on
subsequent radar waveform returns) as in Equation (17). In
some aspects, a supplemental covariance matrix according
to Equation (18) may also be utilized (e.g., for both BaSC
and BaSL implementations), as described with reference to
Equations (19)-(21).

Utilizing the BaSC and BaSL techniques described above,
the radar device 100 is able to more accurately identify
targets of interest, such as the target of interest 140. In
particular, the radar device 100 may be based on an RMMSE
estimation formulation, such as RISR, which does not
traditionally include clutter cancellation capabilities. How-
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ever, through use of the disclosed BaSC or BaSL techniques,
the radar device 100 may mitigate the impact of clutter and
more readily identify moving targets of interest, as shown in
more detail below with reference to FIGS. 2-12.

In FIGS. 2-12 experimental results obtained through
evaluation of BaSC and BaSL techniques are shown. The
experimental results shown in FIGS. 2-12 are based on
measured data from two completely separate open-air tests
used to assess the efficacy of the BaSC and BaSL forms of
RISR disclosed herein with respect to moving target esti-
mation in clutter. In all cases, five iterations of the given
approach were employed. The first data set involved the use
of 150 random frequency modulation (FM) waveforms
having a 3 dB bandwidth of 67 MHz, pulse width of 4.5
Useconds, and pulse repetition frequency (PRF) of 20 kHz
implemented on a Tektronix arbitrary waveform generator at
an S-band center frequency of 3.55 GHz. The waveforms
were emitted in the direction of a traffic intersection in
Lawrence, Kans., and the resulting echoes collected using a
real-time spectrum analyzer.

In FIG. 2, standard fast Fourier transform (FFT) Doppler
processing with Taylor windowing and no clutter cancella-
tion is shown. In particular, FIG. 2 shows the S-band
range-Doppler response without clutter cancellation and
without adaptive estimation (FFT only) for the 150 random
FM waveforms. As can be seen in FIG. 2, some moving
targets appear to be visible but the large clutter response
makes the moving targets hard to distinguish. Applying
projection-based clutter cancellation (since the platform is
stationary) to this data yields the response in FIG. 3, which
is an image showing an S-band range-Doppler response with
projection-based cancellation and without adaptive estima-
tion (FFT only) for the 150 random FM waveforms. As
compared to FIG. 2, the moving targets are more clearly
visible in the response shown in FIG. 3, but the Doppler
resolution is rather coarse.

In FIG. 4, an image showing the S-band range-Doppler
response without clutter cancellation and using RISR is
shown. The particular formulation for RISR used to obtain
the Doppler response shown in FIG. 4 was derived from
Equation (8) and applied to the 150 random FM waveforms.
As can be seen in FIG. 4, applying RISR according to
Equation (8) to the same data set (see FIG. 3) provides an
obviously significant sharpening in Doppler, with the mov-
ing targets becoming quite clear, but the clutter is still
present and may mask some targets.

In FIG. 5, an image illustrating the S-band range-Doppler
response obtained using BaSC in accordance with the pres-
ent disclosure is shown. To obtain the Doppler response
shown in FIG. 5, a structured supplementary matrix derived
from Equation (20) was used with a BaSC formulation
obtained via Equations (8) and (14) to process the 150
random FM waveforms. As shown in FIG. 5, when BaSC
according to Equation (14) is applied, the clutter was mostly
suppressed, though some leakage was still present due to
large clutter discretes. In FIG. 6, an image illustrating the
S-band range-Doppler response obtained using BaSL in
accordance with the present disclosure is shown. To obtain
the Doppler response shown in FIG. 6, a structured supple-
mentary matrix derived from Equation (20) was used with a
BaSL formulation obtained via Equation (17) to process the
150 random FM waveforms As shown in FIG. 6, when a
BaSL formulation according to Equation (17) was applied
the clutter was almost completely removed and the Doppler-
sharpened moving targets were plainly visible.

To serve as a sort of ground truth for comparison, 1000
random FM waveforms were used to illuminate the same
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scene. In FIG. 7, the S-band range-Doppler response with
projection-based cancellation and without adaptive estima-
tion (FFT only) for the 1000 random FM waveforms is
shown. After FFT-based Doppler processing and projection-
based clutter cancellation the result, as shown in FIG. 7,
demonstrates the same set of enhanced targets observed in
FIGS. 4-6. Because this latter result enjoys nearly 7 times
the number of unique pulses (e.g., 1000 random FM wave-
forms as compared to 150 random FM waveforms used to
obtain the results shown in FIGS. 4-6), the associated SNR
and sidelobe decoherence benefits that accompany it (e.g.,
due to incoherent sidelobe combing for random FM wave-
forms) are easy to see. More importantly, however, is the
very good agreement in moving targets between FIGS. 6 and
7, many of which are not discernible in FIG. 3.

For the second open air test a set of data was collected
from a W-band frequency modulation continuous waveform
(FMCW) system developed to capture fast-moving objects.
The set of data for the second open air test was obtained by
firing reusable paintballs away from the receiver and the
resulting data was oriented in terms of frequency offset
(corresponding to range) on the horizontal axis and (slow)
time in milliseconds on the vertical axis (increasing down-
ward). The system used to capture the set of data for the
second open air test generated 500 us chirps that span a
bandwidth of 600 MHz at a center frequency of 108 GHz.
The operating mode involved up/down chirp cycles, but
only the down chirp portions were considered, resulting in
an effective PRF of 1 ms. The received echoes from each
sweep were dechirped and sampled, followed by standard
stretch processing involving an FFT. Here the FFT was also
replaced with the RISR/BaSC or RISR/BaSL methods for
each sweep. This manner of fast-time adaptive processing is
particularly well-suited to this arrangement because the
fast-moving object requires that spectral estimation be per-
formed separately for each sweep. Both forms of the supple-
mentary matrix were considered, with the background data
collected when the radar was operating prior to the
paintball(s) being fired.

In FIG. 8, the time-history across a set of FMCW sweeps
after each sweep has been dechirped followed by an FFT
(i.e. standard stretch processing) is shown. Many of the
strong vertical echoes shown in FIG. 8 are background
clutter, though the response at 65+ ms at ~2.92 MHz is the
vibration of a rubber sheet caused by the paintball impact.
Noting that frequency corresponds to range for FMCW, the
diagonal paintball trace (more visible in FIGS. 9-12) was
actually shifted in frequency due to Doppler, with the
near-horizontal response at 61 ms arising from rapid decel-
eration when the paintball struck the rubber sheet.

In contrast, FIGS. 9 and 10 illustrate the impact of BaSC
and BaSL when the structured supplementary matrix of
Equation (20) was employed to suppress the background
clutter. In particular, FIG. 9 shows the W-Band dechirped
time-history after RISR/BaSC via Equations (8) and (14)
using the structured supplementary matrix of (20), and FIG.
10 shows the W-Band dechirped time-history after BaSL via
Equation (17) using the structured supplementary matrix of
Equation (20). As can be seen in FIGS. 9 and 10, the
fast-moving paintball was clearly visible, especially in the
BaSL response, due to this fast-time suppression of back-
ground clutter.

Unlike the previous open-air range-Doppler experiment
described with reference to FIGS. 2-7, the data for the
second open-air range-Doppler experiment was collected
inside an auditorium, which presented significant multipath
and some modulated clutter effects believed to be caused by
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ventilation fans. Consequently, the structured supplementary
matrix may not adequately capture all of the ambient back-
ground clutter. In FIGS. 11 and 12 Doppler responses are
shown for BaSC and BaSL, respectively, using a sample
covariance matrix according to Equation (19), which pro-
vides an alternative perspective on BaSC (from FIG. 9) and
BaSL (from FIG. 10). In particular, FIG. 11 shows the
W-Band dechirped time-history after RISR/BaSC via Equa-
tions (8) and (14) using the sample covariance of Equation
(19), while FIG. 12 shows the W-Band dechirped time-
history after BaSL via Equation (17) using the sample
covariance of Equation (19). While the sheet vibration effect
for 65+ ms was less clear, the paintball trajectory was more
visible (subjectively speaking). Moreover, the impact at 61
ms was also stronger for both BaSC (by about 6 dB) and
BaSL (by about 3 dB).

As described above and shown in FIGS. 2-12, the
RMMSE-based approach denoted as RISR, developed for
DOA estimation, is likewise applicable to spectral estima-
tion, though it does not inherently address clutter cancella-
tion. Embodiments of the present disclosure demonstrate
incorporated this capability via hard and soft implementa-
tions, referred to herein as BaSC and BaSL,, respectively. As
demonstrated using measured S-band and W-band data from
the two experimental setups described herein, the corre-
sponding adaptive BaSC and BaSL methods provide sig-
nificant enhancement for the detection and discrimination of
moving targets. Moreover, because it is performed on a
per-snapshot basis, the disclosed formulations open the door
to new applications of interference cancellation.

Referring to FIG. 13, a flow diagram a flow diagram of an
exemplary method for performing radar signal processing in
accordance with the present disclosure is shown as a method
1300. In an aspect, the method 1300 may be executed by a
radar system, such as the radar device 100 of FIG. 1. In
aspects, the method 1300 may be at least partially imple-
mented in software stored as instructions (e.g., the instruc-
tions 122 of FIG. 1) that, when executed by one or more
processors (e.g., the one or more processors 110 of FIG. 1),
cause the one or more processors to perform the operations
of the method 1300.

At 1310, the method 1300 includes transmitting, by a
radar system, a radar waveform. It is noted that while step
1310 addresses transmitting a radar waveform, it should be
understood that a plurality of radar waveforms may be
transmitted if desired. At step 1320, the method 1300
includes receiving, by the radar system, a radar waveform
return corresponding to the transmitted radar waveform and
at step 1330, separating, by the radar system, the radar
waveform return into a first component and a second com-
ponent. The first component may be a clutter component and
the second component may be a remainder of the corre-
sponding radar waveform return. As explained above with
reference to Equation (9), the remainder of the correspond-
ing radar waveform return may exclude noise.

At step 1340, the method 1300 includes generating, by the
radar system, a filter bank based on the first component and
the second component. [n an aspect, the filter bank may be
generated based on a mean-square error (MSE) objective
function. For example, the radar system may be configured
to operate in accordance with a formulation of RMMSE,
such as RISR as described above. At step 1350, the method
1300 includes processing, by the radar system, the radar
waveform return based on the filter bank, wherein the
processing comprises cancelling clutter based on the first
component and performing spectral estimation of the radar
waveform return. It is noted that the method 1300 may be
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implemented using the BaSC approach, where cancelling
clutter occurs prior to performing spectral estimation (i.e.,
clutter cancellation and estimation are performed sequen-
tially), or may be implemented using the BaSL approach,
where cancelling clutter and spectral estimation are per-
formed jointly. In some aspects, the clutter component may
be incorporated into the filter bank. As explained above, the
clutter may be cancelled by projecting the first component
onto the orthogonal complement of the clutter subspace. The
clutter cancellation may also involve generating a cancella-
tion matrix based on the first component, wherein projecting
the first component onto the orthogonal complement of the
clutter subspace comprises applying the cancellation matrix
to a covariance matrix generated based on the radar wave-
form return.

At step 1360, the method 1300 includes outputting, by the
radar system, information derived from the radar waveform
return based on the processing. As described above, the
information derived from the radar waveform return based
on the processing may include information associated with
one or more moving targets of interest. The information
output at step 1360 may be provided to a display device,
such as the display device 136 of FIG. 1. Additionally or
alternatively, the information may be output to a remote
device, such as a remote radar system or other external
device (e.g., display device). In some aspects, the informa-
tion may additionally or alternatively be output to a database
for storage or to other devices.

As shown above, the method 1300 incorporates the BaSC
and BaSL techniques disclosed herein for processing radar
waveform returns. As described above, these techniques
improve various radar processing techniques, such as
RMMSE-based techniques (e.g., RISR, etc.), by incorporat-
ing clutter cancellation capabilities. The enhancements pro-
vided by the disclosed BaSC and BaSL techniques improve
detection of moving targets and reduce the impact of clutter,
thereby improving the ability to use RMMSE-based radar
processing techniques in MT1 radar systems. It is noted that
while the method 1300 has been described with reference to
receiving and processing a radar waveform return, it should
be understood that the method 1300 may be readily utilized
to process multiple received radar waveform returns. For
example, the steps of the method 1300 may be performed
multiple times based on a sequence of radar waveform
returns in accordance with the concepts described and
illustrated with reference to FIGS. 2-12.

Although the embodiments of the present disclosure and
their advantages have been described in detail, it should be
understood that various changes, substitutions and altera-
tions can be made herein without departing from the spirit
and scope of the disclosure as defined by the appended
claims. Further, although the drawings may illustrate some
of the concepts disclosed herein as logical or functional
blocks, it is to be understood that each of those blocks may
be implemented in hardware, software, or a combination of
hardware and software. Moreover, the scope of the present
application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, com-
position of matter, means, methods and steps described in
the specification. As one of ordinary skill in the art will
readily appreciate from the present disclosure, processes,
machines, manufacture, compositions of matter, means,
methods, or steps, presently existing or later to be developed
that perform substantially the same function or achieve
substantially the same result as the corresponding embodi-
ments described herein may be utilized according to the
present disclosure. Accordingly, the appended claims are
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intended to include within their scope such processes,
machines, manufacture, compositions of matter, means,
methods, or steps.

What is claimed is:
1. A method for processing radar signals, the method
comprising:
transmitting, by a radar system, a radar waveform;
receiving, by the radar system, a radar waveform return
corresponding to the transmitted radar waveform;

separating, by the radar system, the radar waveform return
into a first component comprising clutter associated
with stationary signal components and a second com-
ponent comprising remaining radar waveform return
associated with one or more moving targets;

generating, by the radar system, a filter bank based on the
separated first component and the second component,
wherein the filter bank is a reiterative minimum-mean
square error (RMMSE) based adaptive filter bank;

processing, by the radar system, the radar waveform
return based on the filter bank, wherein the processing
comprises cancelling clutter based on the first compo-
nent and performing spectral estimation of the radar
waveform return; and

outputting, by the radar system, information derived from

the radar waveform return based on the processing, the
information indicating detection of the one or more
moving targets, wherein cancelling clutter and per-
forming spectral estimation comprises:

cancelling clutter associated with the stationary signal

components prior to performing spectral estimation of
the remaining radar waveform return associated with
the one or more moving targets when the one or more
moving targets have a first speed; and

jointly cancelling clutter associated with the stationary

signal components and performing spectral estimation
of the radar waveform return associated with the one or
more moving targets when the one or more moving
targets have a second speed less than the first speed.

2. The method of claim 1, wherein the remainder of the
corresponding radar waveform return excludes noise.

3. The method of claim 1, wherein the clutter is cancelled
by projecting the first component onto an orthogonal
complement of a clutter subspace.

4. The method of claim 3, further comprising generating
a cancellation matrix based on the first component, wherein
projecting the first component onto the orthogonal comple-
ment of the clutter subspace comprises applying the cancel-
lation matrix to a covariance matrix generated based on the
radar waveform return.

5. The method of claim 1, wherein the clutter component
is incorporated into the filter bank.

6. The method of claim 1, comprising updating the filter
bank based on subsequent iterations of radar waveform
returns, wherein the clutter is canceled based on the subse-
quent iterations of the radar waveform returns.

7. A system for processing radar signals, the system
comprising:

a memory;

a receiver configured to receive radar signals;

a transmitter configured to transmit radar signals;

one or more processors communicatively coupled to the

memory, the transmitter, and the receiver, the one or
more processors configured to:

generate radar waveforms for transmission by the trans-

mitter;
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process radar waveform returns corresponding to the
transmitted radar waveforms, the radar waveform
returns received by the receiver, the processing com-
prising:

separate the radar waveform returns into a first component
comprising clutter associated with stationary signal
components and a second component comprising
remaining radar waveform return associated with one
or more moving targets;

generate, for each radar waveform return, a filter bank
based on the separated first component and the second
component, wherein the filter bank is a reiterative
minimum-mean square error (RMMSE) based adaptive
filter bank;

cancel clutter based on the first component; and

perform spectral estimation of the radar waveform
returns; and

output, by the system, information derived from the radar
waveform return based on the processing, the informa-
tion indicating detection of the one or more moving
targets, wherein to cancel clutter and perform spectral
estimation comprises:

cancel clutter associated with the stationary signal com-
ponents prior to performing spectral estimation of the
remaining radar waveform return associated with the
one or more moving targets when the one or more
moving targets have a first speed; and
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jointly cancel clutter associated with the stationary signal
components and perform spectral estimation of the
radar waveform return associated with the one or more
moving targets have a second speed less than the first
speed.

8. The system of claim 7, wherein the remainder of the
corresponding radar waveform return excludes noise.

9. The system of claim 7, wherein the clutter is cancelled
by projecting the first component onto an orthogonal
complement of a clutter subspace.

10. The system of claim 9, the one or more processors
configured to generate a cancellation matrix based on the
first component, wherein the one or more processors project
the first component onto the orthogonal complement of the
clutter subspace by applying the cancellation matrix to a
covariance matrix generated based on the radar waveform
return.

11. The system of claim 7, wherein the clutter component
is incorporated into the filter bank.

12. The system of claim 7, the one or more processors
configured to update the filter bank based on subsequent
iterations of radar waveform returns, wherein the clutter is
canceled based on the subsequent iterations of the radar
waveform returns.
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