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1
RANGE AND AZIMUTH RESOLUTION
ENHANCEMENT FOR REAL-BEAM RADAR

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to radar systems
and, more particularly, to a novel technique for enhancing
two-dimensional (2D) resolution for real-beam radar (RBR)
employed by autonomous approach and landing guidance
(AALG) systems.

2. Description of the Prior Art

Currently, flight operations for commercial, military, and
private pilots in adverse weather, at night or in low visibility
conditions at airport facilities with minimal or no ground aids
is either not permissible or hampered. Flight operations are
not permissible due to lack of a ground-based instrument
landing system (ILS). On the other hand, flight operations are
hampered by conventional range and azimuth resolution gen-
erated by radar sensors and employed in existing autonomous
approach and landing guidance (AALG) systems. AALG sys-
tems are a combination of raster imaging sensors, head-up
displays, flight guidance and procedures embodied in a vir-
tual reality heads up display (HUD) mounted in the aircraft
cockpit which provide pilots with enhanced situational
awareness in the above described zero ceiling/zero visibility
conditions. Accordingly, AALG allows a pilot to maneuver an
aircraft related to take off landing, rollout, taxiing and termi-
nal parking in so-called global operations (e.g. all weather
and obscured visibility conditions) providing a clear real-
time view of the runway and ground.

Existing AALG systems employ millimeter wave radar
that offers better range resolution than lower frequency
microwave radars, which allows penetration of fog, smoke
and other obscurants/obstructions far superior to for example
infrared sensors. Millimeter wave (MM W) radars are classi-
fied in two broad categories of pulsed and continuous wave
(CW) radar as well as more narrowly classified according to
the specific variations or modes of operation associated with
each type or use. One type of MMW radar is real-beam radar
(RBR) (or real aperture radar (RAR)), which generates two-
dimensional (2D) images in range and azimuth. However,
conventional range and azimuth resolution generated by RBR
and employed by AALG systems have several limitations as
discussed below.

In conventional RBR, range resolution is achieved by
transmitting a wideband radio frequency (RF) signal towards
atargetarea. Then, as known to those skilled in the art, a linear
frequency modulation (FM) technique widely used in fre-
quency modulation continuous wave (FMCW) radar is
employed. The linear FM technique is employed by FMCW
radar where a stable frequency continuous wave radio energy
signal is produced and modulated by a modulation signal.
Modulation signals such, as triangular signals are predomi-
nately used for determining range and velocity. However sine,
sawtooth and the like are also possibly used as modulation
signals. After the modulation signal gradually varies the
energy signal, it then mixes with a signal reflected from
potential target(s) in the target area to produce a beat signal.
Digital signal processing (DSP) is thereafter utilized for
detection operations after the beat signals are passed through
an Analog to Digital converter. However, the above-described
conventional RBR range resolution techniques have draw-
backs. For example, conventional range resolution is limited
by the bandwidth of the swept frequency of the FMCW radar
as well as the actual processed bandwidth.
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On the other hand, conventional RBR achieves azimuth
resolution by deploying a narrow beamwidth antenna, which
is mechanically scanned within a controlled sector in the
azimuth dimension. The advantage of this type-scanning
antenna for radar imaging in azimuth is that it does not need
complicated azimuth processing as required by synthetic
aperture radar (SAR). However, the drawback of RBR is that
its azimuth resolution is typically low and limited by the
azimuth beamwidth, which is physically determined by the
antenna aperture in the azimuth dimension. Hence, in order to
improve azimuth resolution in the prior art one skilled in the
art must make modifications in the radar front-end hardware
to improve the image quality.

Conventional RBR also have several other drawbacks such
as lacking clutter suppression and poor temporal processing.
In conventional RBR, a windowed Fourier transform (FT) is
utilized for range profile generator, which in turn renders a
RBR image. Although the windowed FT purports to be a
clutter suppression technique it actually lacks clutter suppres-
sion ability and thus gives low image quality. Conventional
temporal processing also fails to improve the RBR image
resolution. Temporal processing averages multiple image
frames to reduce some clutter at a level determined by the
number of image frames.

Hence, there is a need for a signal processing technique
which can enhance both range and azimuth resolution for
RBR employed by AALG systems without requiring modifi-
cation of the radar front-end hardware to improve the image
quality. That is it is highly desirable to enhance conventional
range and azimuth resolution of RBR while suppressing clut-
ter background so that both visual and automatic feature
extraction (e.g., runway edge, road, shadow, etc) and target
detection (e.g., vehicle, building, etc) capabilities can be
improved for situational awareness (SA) applications such as
AALG systems.

BRIEF SUMMARY OF THE INVENTION

The present invention describes a method of enhancing
range and azimuth resolution in a two-dimensional (2D)
image generated by a frequency modulated continuous-wave
(FMCW) radar for providing enhanced situational awareness
in autonomous approach and landing guidance (AALG) sys-
tem.

Specifically, the present invention provides a method of
enhancing range and azimuth resolution in a two-dimensional
(2D) image generated by a frequency modulated continuous-
wave (FMCW) radar for providing enhanced situational
awareness in an autonomous approach and landing guidance
(AALG) system, comprising the steps of, forming and dis-
playing a two-dimensional (2D) model of landing conditions
from received range and azimuth real beam radar (RBR)
signals by rendering one or more target locations and ampli-
tudes in both range and azimuth, selecting a region of interest
from the displayed 2D model to enhance the one or more
target locations and amplitudes in the selected region of inter-
est, applying both range and azimuth resolution enhancement
to enhance the rendered one or more target locations and
amplitudes in both range and azimuth, and combining the
enhanced one or more target locations and amplitudes to
render an enhanced 2D image.

In another embodiment, the present invention provides a
method of enhancing resolution in a two-dimensional (2D)
image generated by a frequency modulated continuous-wave
(FMCW) radar for providing enhanced situational awareness
in autonomous approach and landing guidance (AALG) sys-
tem, comprising the steps of, forming and displaying a two-
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dimensional (2D) model of landing conditions from received
range and azimuth real beam radar (RBR) signals by render-
ing one or more target locations and amplitudes in both range
and azimuth, selecting a region of interest from said displayed
2D model to enhance said one or more target locations and
amplitudes in said selected region of interest, applying azi-
muth resolution enhancement to enhanced the rendered one
or more target locations and amplitudes in azimuth; and com-
bining the one or more target locations and amplitudes in
range and azimuth to render an enhanced 2D image, wherein
said azimuth resolution enhancement is enhanced by gener-
ating one or more second accurate target location estimations
in azimuth by applying a second beamforming approach to
said target locations in azimuth.

In yet another embodiment, the range resolution enhance-
ment is enhanced by generating one or more first accurate
target location estimations of the rendered one or more target
locations in range by applying a first beamforming approach
and the azimuth resolution enhancement is enhanced by gen-
erating one or more second accurate target location estima-
tions in azimuth by applying a second beamforming
approach.

In one embodiment of the present invention, the first beam-
forming approach adaptively applies a standard Capon beam-
forming approach comprising the steps of reproducing the
original range and azimuth RBR signals in said selected
region of interest, and beamforming said original range RBR
signal to render one or more first accurate target locations in
range by passing a frequency f of interest undistorted while
attenuating all other frequencies.

In yet another embodiment of the present invention, the
second beamforming approach adaptively applies a general-
ized Capon beamforming approach on the original azimuth
RBR signal to render one or more second accurate target
locations in azimuth by estimating a plurality of central
angles and angular spreads of one or more hypothetical
sources, the central angles and angular spreads derived from
a azimuth sampling of a plurality of antenna beam pattern
scans output from the real beam radar to determine which
among the one or more hypothetical sources is of interest
while rejecting all other hypothetical sources.

In another embodiment of the present invention, the one or
more accurate target amplitude estimations of the rendered
one or more target amplitudes in range and azimuth, accord-
ing to the first option and second option are generated by
linear least square approach with respect to the generated one
or more first and second accurate target estimations in range
and azimuth, respectively.

In yet another embodiment of the present invention, the
azimuth sampling of a plurality of antenna beam pattern scans
output from the real beam radar can be obtained by a linear
stepped scan, a non-linear stepped scan or a sinusoidal scan,
the linear and non-linear stepped scans are configured so that
an azimuth sampling is taken at the same angle locations in
each scan and the sinusoidal scan configured so that azimuth
samples are taken at even and odd azimuth angle positions for
different scans.

In a further embodiment of the invention, the generalized
Capon beamforming approach further includes the steps of,
estimating a data covariance matrix by employing a spatial
average and temporal average on the received azimuth
samples, a target location in range data, and inputted user
parameters, calculating a signal covariance matrix from the
plurality of antenna beam pattern scans output and the input-
ted user parameters, generating an inverse matrix from the
estimated data covariance matrix, and estimating by adap-
tively applying a generalized Capon beamformer on com-
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4

bined the generated inverse matrix and the calculated signal
covariance matrix, and outputting a azimuth resolved data
matrix, wherein, if the azimuth sampling is obtained by sinu-
soidal scan the azimuth sampling is preprocessed by an inter-
polation approach to obtain a plurality of azimuth sample
values at the same set of azimuth angle location as the first
scan.

In another aspect of the invention, in the case that option
one is selected, the target location in range data is the gener-
ated one or more accurate target location estimations in range,
and in the case that option two is selected, the target location
in range data is the rendered target locations in range.

In one embodiment of the invention, the step of selecting a
region of interest further includes the step of selecting by an
automatic and a manual selection approach.

In another embodiment of the present invention, wherein
the automatic selection approach employs a constant false
alarm rate (CFAR) detection-processing algorithm.

In another aspect of the present invention, the manual
selection approach permits a user to select the region of
interest of the potential target from an image display.

In one embodiment of the present invention, the standard
Capon beamforming (CB) approach solves the following
optimization problem,

min 1" Rh, subject to W a(f) =1,
where

af)=[1 ... ED £epo 1

is a steering vector, wherein the CB approach comprises the
steps of: determining a spectral weight vector

Ra(f)

hep(f) = W;

and calculating the output of the CB approach by substituting
the determined spectral weight vector into the FIR output
power to estimate of the filter output power at frequency

O — L
fP(f PR A ,

wherein the CB approach passes the frequency f of interest
undistorted while attenuating all other frequencies.

In another embodiment of the present invention, the step of
estimating a data covariance matrix further includes, defining
a data sample covariance matrix,

1 M-1L-1
Ri=— XDl (1)
where x,,(n)=a,(0,-0 )a +e,(n), n=0, ... ,N-1, m=0, . . .,

M-1 such that 6, and 6,, denote an azimuth angel location of
a target scatterer s and an azimuth angle where an azimuth
sample is taken, respectively, a,(0,-6,) represents a target
response at azimuth sample angle 0 from the scatterer s, x,(n)
corresponding to a data sample value obtained from the n-th
azimuth angle position within an m-th azimuth scan and



US 8,026,841 B2

5

where N and M are a total number of azimuth samples within
a section of interest and total number of scans, respectively,
and o, is an amplitude of the target scatterer s and a sub-vector
of length M,
%, (=[x, .. .x,+Kk-D]% 1=0,.. ., L-1;L=N-
K+1
In another embodiment of the present invention, the step of
calculating the signal covariance matrix farther including the
sub-steps of, defining for an m-th scan

1 L-1
D — _ H
Rom = L; am(Dati (),

wherea,, (1)is a vector formed from the sequencea,(0,-0,) in
the same way as x,,(1) is formed from x,,(n).

In yet another embodiment of the present invention, adap-
tively applying a generalized Capon Beamformer approach
includes, maximizing a signal-to-noise ratio

B R
(SNR) oy ————
n R

where R, denotes a noise covariance matrix, B/=p,,..
(R,7'R,,,), and p,,...( ) denotes a principal eigenvector corre-
sponding to a largest eigenvalue of a matrix, calculating a
power received from the target scatterer by estimation

1 M-1L-1

PFWZ

m=0

=~

~H 2 . Ha a
B xm(l)| =0y Riby.

T
)

In another aspect of the present invention, tie input user
parameters are a filter length, azimuth subsection size and
scan number.

The invention may farther include a means for providing an
autonomous landing guidance (AALG) radar system in
which situational awareness is enhanced by enhanced range
and azimuth resolution in a two-dimensional (2D) image
generated by a frequency modulated continuous-wave
(FMCW) radar system comprising means for forming and
displaying a two-dimensional (2D) model of landing condi-
tions from received range and azimuth real beam radar (RBR)
signals by rendering one or more target locations and ampli-
tudes in both range and azimuth, means for selecting a region
of interest from the displayed 2D model to enhance the one or
more target locations and amplitudes in the selected region of
interest, means for selectively applying both range and azi-
muth resolution enhancement as a first option to enhance the
rendered one or more target locations and amplitudes in both
range and azimuth or applying azimuth resolution enhance-
ment only as a second option to enhance the rendered one or
more target locations and amplitudes in azimuth only and
means for combining the enhanced one or more target loca-
tions and amplitudes to render an enhanced 2D image,
wherein the first option applies the range resolution enhance-
ment by generating one or more accurate target location esti-
mations of the rendered one or more target locations in range
by applying a first beamforming approach and applies the
azimuth resolution enhancement by generating one or more
accurate target location estimations in azimuth by applying a
second beamforming approach, and the second option
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accepts the rendered one or more target locations in range and
applies the azimuth resolution enhancement by generating
one or more accurate target location estimation in azimuth by
applying the second beamforming approach.

A corresponding method, program storage device, and
computer program product may also be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

The objects, features and advantages of the present inven-
tion will become apparent to one skilled in the art, in view of
the following detailed description taken in combination with
the attached drawings, in which:

FIG. 1 depicts a signal processing flow diagram of the
method enhanced two-dimensional (2D) range and azimuth
resolution architecture, according to one embodiment of the
present invention;

FIG. 2 depicts a block diagram of the enhanced two-di-
mensional (2D) range and azimuth resolution architecture
employing both range and azimuth resolution enhancement,
according to one embodiment of the present invention;

FIG. 3 depicts a block diagram of the enhanced two-di-
mensional (2D) range and azimuth resolution architecture
employing azimuth only resolution enhancement, according
to one embodiment of the present invention; and

FIG. 4 depicts a block diagram of azimuth resolution
enhancement employing a generalized Capon beamformer,
according to one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides two-dimensional (2D)
(range and azimuth) resolution enhancement for millimeter
wave (MMW) real-beam radar (RBR) with linear or non-
linear antenna scan in the azimuth dimension generated by a
frequency modulated continuous-wave (FMCW) radar. By
enhancing both range and azimuth resolution in a two-dimen-
sional (2D) image, situational awareness in an autonomous
approach and landing guidance (AALG) system is enhanced.
Enhancement is achieved by forming a two-dimensional (2D)
model of landing conditions from received range and azimuth
real beam radar (RBR) signals. More specifically, the present
invention describes a new architecture of super resolution
processing, in which a dual-mode approach is used for defin-
ing region of interest for 2D resolution enhancement and a
combined approach is deployed for obtaining accurate target
location by employing a first beamforming approach in range
and a second beamforming approach in azimuth while
employing the conventional linear least square approach to
obtain amplitude estimations of targets in both range and
azimuth within the region of interest.

FIG. 1 depicts a signal processing flow diagram of an
enhanced two-dimensional (2D) range and azimuth resolu-
tion method 10, according to one embodiment of the present
invention. As can be seen in FIG. 1, after receiving range and
azimuth real beam radar (RBR) signals 110, a region of inter-
est 130 is selected. For example, a display (not shown) pro-
vided in a fixed-wing aircraft might allow a pilot might to
select a portion of an imaging displaying a terrain (e.g. the
left-side of a runway approach) to be enhanced by the present
invention. After a region of interest is selected a determina-
tion is made whether to apply “range and azimuth” or azimuth
only resolution enhancement 170. In this case, the pilot is
examining a display screen showing an image of the selected
region of interest (not shown) where the pilot will determine
from the display screen whether to enhance the range and
azimuth 172 of one or more potential target locations and
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amplitudes or to accept the rendered selected region of inter-
est image in range. In the case where the pilot select to accept
the rendered selected region of interest image in range, azi-
muth only resolution enhancement 174 is applied. Finally, the
present invention combines the range and azimuth resolution
enhanced image or azimuth only resolution enhanced image
with the non-selected regions of interest images 160 to render
an enhanced 2D image 190.

To achieve 2D resolution enhancement of a target location,
a Capon beamformer (CB) approach (also known as the mini-
mum variance method (MVM)) is employed to enhance range
resolution. A generalized CB (GCB) approach is then applied
to azimuth dimension for azimuth resolution enhancement of
the target location. The GCB approach does not rely on
whether the azimuth sampling is even or not and thus can be
used in both linear and non-linear antenna scanning modes.
One possible embodiment of the present invention is
described below employing a 94 GHz real-beam frequency
modulation continuous wave (FMCW) radar to improve the
overall image quality compared to a conventional real-beam
radar image. The benefits of the present invention can be
realized by employing other real beam radar system such as
35 GHz FMCW as known to those skilled in the art.

Referring now to FIG. 2 a block diagram of an enhanced
two-dimensional (2D) range and azimuth resolution architec-
ture 20, according to one embodiment of the present invention
is shown. As shown in FIG. 2, a millimeter wave (MMW),
real-beam radar (RBR) generates a beat signal and the phase
history is extracted and stored in memory 110. A windowed
fast Fourier transform (WFFT) is applied to the stored phase
history data to form a range profile 120. Region selection 130
is provided for defining a region of interest for 2D resolution
enhancement. As mentioned above, a pilot may select the
region of interest to investigate possible ground obstructions
or to generally provide for a more situational awareness. For
example, the display may be a heads-up display (HUD),
computer screen, LCD screen or the like employing a point-
ing function (e.g. mouse) as known to those skilled in the art.
Moreover, the ability to select a region of interest avoids
processing the whole image and allows for a choice that is to
only process the region of interest for resolution enhance-
ment. Moreover, one embodiment of the present invention
provides for both automatic selection 140 and manual selec-
tion 150 of region selection 130 to implement the dual mode
concept.

In one possible embodiment of the present invention auto-
matic selection 140 can employ any adaptive algorithm as
known to those skilled in the art to detect target returns against
abackground of noise, clutter and interference. For example,
as known to those skilled in the art, the constant false alarm
rate (CFAR) algorithm can be employed to select a region of
interest with potential targets. A CFAR algorithm can extract
various fixed stationary ground objects/terrain information
such as a runway’s edge, a road or taxiway, shadows and
target detection (stationary vehicles and building and the
like).

For manual region selection 150, a user may select the
region of interest from an image displayed on a cockpit moni-
tor or HUD (not shown) according to the user’s visual judg-
ment. The automatic selection 140 outputs automatically, a
potential target 142 according to the detection algorithm, and
clutter 144. On the other hand, manual selection 150, outputs
a selected potential target 154 and clutter and non-selected
targets (other) 152 are ignored. The clutter and non-selected
targets can be detected by clutter detection algorithms, which
are executed in conjunction with the manual selection by a
user as known to those skilled in the art to provide enhance-
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ment. As shown in FIG. 2, arrows 122 and 124 illustrate the
comparison between the originally transformed 2D image
formed by the above described range profile 120 and the
manual/automatic image to delineate between the potential
target 142, clutter 144, selected potential target 154 and clut-
ter and non-selected targets (other) 152. Non-selected targets
(other) 152, clutter 144 and the original image range profile
formation are all collected and stored in image storage 160.
Later after range and azimuth enhancement, the non-selected
images stored in image storage 160 are recalled from memory
for rendering a resolved enhanced 2D image 190. The image
storage 160 and the rendering of a resolved enhanced 2D
image 190 are well known in the art including various digital
image processing techniques.

Referring now back to FIG. 1, after a region of interest is
selected a determination is made whether to apply “range and
azimuth” or azimuth only resolution enhancement 170. In this
case, the pilot is examining a cockpit display screen or HUD
showing an image of the selected region of interest (not
shown). At this point the pilot has the option to select 170
(apply “range and azimuth” or azimuth only resolution
enhancement) range and azimuth resolution enhancement
172 or azimuth only resolution enhancement 174. In this case,
the pilot will determine from the cockpit display screen or
HUD whether to enhance the range and azimuth resolution
172 of one or more potential target locations and amplitudes
orto enhance the rendered selected region of interest image in
azimuth only resolution 174.

As can be seen in FIG. 2, prior to enhancing the range and
azimuth of one or more potential target 142 and/or selected
potential target 154, the phase history 176 (e.g. remaining
original range and azimuth RBR signals) must be reproduced
by apply an inverse windowed fast Fourier transform (IFFT).

FIG. 2, for the selected region of interest 130, the potential
target 142 and selected potential target 154 are subjected to
2D resolution enhancement in range and azimuth by a com-
bined approach 180 to generate accurate estimations of both
target scatter location and amplitude, first in range enhance-
ment 182, then followed by azimuth enhancement 188. Range
resolution enhancement 182 is shown in FIG. 2, and azimuth
resolution enhancement 188 is shown in FIGS. 2 and 3, with
more details of the generalized Capon beamformer approach
provided in FIG. 4. The core of the resolution enhancement
for both range and azimuth is based on the Capon Beamform-
ing (CB) approach (also known as the minimum variance
method (MVM)), which can be described as a spatial filter
that passes the signal of a hypothetical point source arriving
from the direction 6 while maximally rejecting the signals
coming from other directions. The above-mentioned com-
bined approach 180 is deployed first in range for obtaining
accurate target location estimations in range 184 and accurate
target amplitude estimations in range 186 within the selected
region of interest to achieve 2D resolution enhancement. As
more fully described below, the standard Capon Beamformer
(SCB) approach is employed for range enhancement 182 to
obtain an accurate target amplitude estimation 184 from the
reproduced original range and azimuth real beam radar
(RBR) signal 176 (phase history) as shown in FIG. 2 for
passing a frequency f of interest undistorted while attenuating
all other frequencies.

After an accurate target location estimation in range 184 of
one or more potential targets 142 and selected potential target
154 is generated, an accurate target amplitude estimation in
range 186 is obtained by conventional linear least square
(LLS) approach. Those skilled in the art appreciate that LLS
approach extracts predictions from measurements and
reduces the effect of measurement error. The enhanced accu-
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rate target location and amplitude estimations in range of the
one or more potential targets 142 and selected potential tar-
gets 154 is output to allow for rendering a resolved enhanced
2D image 190 and available for correlating with azimuth
sampling information and other inputs by generalized CB
(GCB) approach which determines the accurate target loca-
tion estimation in azimuth 200, as discussed in more detail
below. After accurate target location estimation in azimuth
200 of one or more potential targets 142 and selected potential
target 154 is generated, an accurate target amplitude estima-
tion in range 300 is obtained by conventional linear least
square (LLS) approach. The enhanced accurate target loca-
tion 200 and amplitude estimations in azimuth 300 of the one
or more potential targets 142 and selected potential targets
154 is output to allow for rendering a resolved enhanced 2D
image 190.
Range Resolution Enhancement

A more detailed description of the actual filter design
implementing the standard Capon beamforming (CP)
approach to generate an accurate target location estimation in
range 184 of one or more potential targets 142 and selected
potential target 154 is now provided. As mentioned above, in
FMCW radar, the beat signal (after down conversion) of the
radar returns from targets is a summation of sinusoidal signals
from all target scatters. Therefore, it is possible to enhance the
range resolution by means of high-resolution spectral estima-
tion that separates the sinusoidal signals in spectral domain.
For simplicity of presentation, a sinusoidal data model is
provided. The sinusoidal model has been widely used in the
radar target feature extraction and radar imaging because it
reflects, at least in theory, the trihedral-like point target scat-
tering. The data model for the radar returns from these point
targets (after frequency down conversion and de-chirping and
before taking FFT) can be expressed as

M ) (Equation No. 1)
x(n) = Z e’ 4 e(n),

m=1

n=0,...,N-1
where N is the total number of samples during one frequency
sweeping interval for an FMCW radar, M is the total number
of point targets, a,, and f,, are the amplitude and frequency of
the m-th point target, and e(n) is the noise term due to the n-th
temporal sample. It should be noted that the phase for each
scatterer has been included in the corresponding amplitude
parameter and the amplitude estimation is thus taken under a
complex-valued fashion. Moreover, this description shall
consider normalized frequency quantity for each f,, (with the
sampling frequency as the normalizing factor by default).
Therefore, each f,, will take a value from 0 through 1 with the
value 1 excluded.

The non-parametric model concerns the target response at
frequency f of interest, which expresses the data sequence
x(n) in a non-parametric but frequency dependent fashion

x(my=a(Ne?P e n)n=0,. .., N-1, fe[0,1) (Equation No. 2)

where a(f) is the complex amplitude of a sinusoid with fre-
quency I, and e (n) the noise term at the frequency f.

To estimate the spectrum of the data sequence {x
()}, or its frequency response at frequency point f, we
design a finite impulse response (FIR) filter. Let h be a vector
of'length K denoting the FIR filter (K is now the order of the
FIR filter). Define the data vector x(1) consisting of a sub-
sequence of {x(n)},

x(D=[x1) .. . x(+E-D)]%, 1=0, . . ., L-1 (Equation No. 3)
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where the subscript T denotes the transpose, and L=N-K+1 is
the total number of the sub-sequences. The CB approach
estimates the spectrum of the data sequence by passing the
data vector x(1) through the FIR filter h. The filter output due
to the data sub-sequence (consisting of data samples x(1)
through x(1+K-1) can be expressed as

yO=HEx(1), 1=0, .. ., L-1 (Equation No. 4)

Then the power of the filter output can be written as

1Lt (Equation No. 5)
P== D =i Rn
L; Iyl

where the subscript H denote the conjugate transpose, and

(Equation No. 6)

1 L-1
R= sz(l)xH(l)
=0

is referred to as the data sample covariance matrix.

As indicated above the CB approach requires that the sig-
nal with frequency f'is not distorted while the responses at all
other frequencies are attenuated as much as possible. Thus,
CB intends to solve the following optimization problem:

min 1" Rh, subject to W a(f) = 1 (Equation No. 7)
where
alfy=[1 .. e (K-1) ]T’ felo, 1. (Equation No. 8)

is the target response or steering vector. The solution to the
optimization problem in (7) is given by

Rta(f) (Equation No. 9)

hes () = PR Tat)”

Once the FIR filter h is obtained for the frequency f of
interest, the output of the CB filtering can be readily calcu-
lated. Substituting Equation No. 9 into Equation No. 5 gives
the estimate of the filter output power at frequency f,

By = 1 (Equation No. 10)
V)= F PR

which is the accurate target location estimation 184 in FIG. 2.
Azimuth Resolution Enhancement

Referring now to FIGS. 2 through 4, a more detailed
description of the accurate target location estimation in azi-
muth 200 is now provided. More specifically, FIGS. 2 and 3
will provide similar descriptions of the generalized Capon
beamforming (GCP) approach which generates accurate tar-
get location estimation in azimuth 200 of one or more poten-
tial targets 142 and selected potential target 154. As will
become more apparent below, the GCB approach estimates a
plurality of central angles and angular spreads of one or more
hypothetical point sources, where the central angles and
angular spreads are derived from a azimuth sampling of a
plurality of antenna beam pattern scans output from a real
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beam radar to determine which among said one or more
hypothetical sources is of interest while rejecting all other
hypothetical point sources. Moreover, FIG. 4 is provided to
provide a more detailed description of the actual filter design,
which implements the GCB.

Before going on to providing a description of the azimuth
resolution enhancement 188, which provides an accurate tar-
get location estimation in azimuth 200 it is helpful to appre-
ciate the distinction between range and azimuth enhancement
in real beam radar systems. Unlike the target response in
range that is sinusoidal as discussed above, the target
response in azimuth is guided by the antenna azimuth beam
pattern (ABP) for RBR. Another distinction between range
and azimuth is that the range signal is evenly sampled while
the azimuth signal is not if the antenna azimuth scan is not
linear (e.g., a sinusoidal scan). By considering the antenna
ABP as the target azimuth response function and the unevenly
sampling property in azimuth dimension, a generalized ver-
sion of the CB (referred to as GCB) estimator is employed for
azimuth enhancement.

Now referring back to FIG. 2, after the accurate target
location estimation 184 and accurate target amplitude esti-
mation 186 are processed, the output from accurate target
amplitude estimation is available for correlation with the
antenna azimuth beam pattern data and user parameters to
allow azimuth enhancement 188 to the accurate target loca-
tion estimation in azimuth 200 employing the GCB approach
according to the present invention. Similar, FIG. 4, depicts a
block diagram of the enhanced two-dimensional (2D) range
and azimuth resolution architecture employing azimuth only
resolution enhancement 40, according to one embodiment of
the present invention. The difference between FIGS. 2 and 3
relates to the selection made by a user (e.g. pilot) of a region
of interest displayed on a cockpit display of HUD where a
determination is made whether the range rendered in the
selected region of interest is acceptable or not. As discussed in
FIG. 1, the user has the option of applying range and azimuth
or azimuth only resolution enhancement 170 based upon his
or her opinion. In another embodiment, the present invention
provides an automated algorithm which can determine the
adequacy of the rendered selected region of interest image in
range based upon established metrics (e.g. clarity, intensity,
brightness and the like) as known to those skilled in the art.
Referring back to the difference between FIGS. 2 and 3, FIG.
2 depicts a case where a user or automated algorithm deter-
mined that the rendered range in the selected region of interest
is not acceptable and FIG. 4 is the alternative determination
where a user or automatic algorithm finds the selected region
of interest in range is acceptable.

As discussed above, with reference to FIG. 2, if range
enhancement 172 is requested, and range enhancement 182 is
applied to both one or more potential target locations 142 and
selected targets and amplitudes 154 after an inverse fast Fou-
rier transform (IFFT) is applied to transform the range RBR
signals from time domain to frequency domain data as well
known in the art to reproduce the phase history 176 of the
radar scan. Accordingly, the process of applying a IFFT to
reproduce the phase history 176 is exclusive to the range
enhancement of the present invention as shown in FIG. 2, and
is not employed in FIG. 3 if a user or automatic algorithm
finds the selected region of interest in range is acceptable,
wherein azimuth only resolution enhancement 174 is applied
to azimuth enhancement 188. Similarly, in FIG. 3 the output
of' block 174 which represents the acceptable range rendered
in the selected region of interest is applied to resolution
enhanced 2D image 190, while the other output from block
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174 which represents the azimuth only resolution rendered in
the selected region of interest is applied to accurate target
location estimation 200.

With the distinction between FIGS. 2 and 3 in mind, the
operation of the accurate target location estimation in azi-
muth 200 of one or more potential targets 142 and selected
potential target 154 will be described with reference to both
figures. FIG. 4 below will describe the actual filter implemen-
tation of the GCB to obtain accurate target location estimation
in azimuth 200. As shown in both FIGS. 2 and 3, generated
accurate target location estimation 184 and accurate ampli-
tude estimation in range 186 (obtained by conventional linear
least square (LLS) approach) is available for correlating with
azimuth sampling information and other inputs by general-
ized CB (GCB) approach which determines the accurate tar-
get location estimation in azimuth 200, as discussed in more
detail below. After accurate target location estimation in azi-
muth 200 of one or more potential targets 142 and selected
potential target 154 is generated, an accurate target amplitude
estimation in range 300 is obtained by conventional linear
least square (LLS) approach. The enhanced accurate target
location 200 and amplitude estimations in azimuth 300 of the
one or more potential targets 142 and selected potential tar-
gets 154 is output to allow for rendering a resolved enhanced
2D image 190.

Now referring to FIG. 4, azimuth data, in the form of range
enhancement data 182 shown in FIG. 2 or azimuth only data
from block 174 shown FIG. 3 is preprocessed in azimuth 210.
The preprocessed azimuth data is used to estimate a data
covariance matrix using a spatial average and a temporal
average 220. An inverse function is applied to the data cova-
riance matrix 250. Contemporaneously to estimating the
covariance matrix 220, a signal covariance matrix 230 is
calculated from the radar’s antenna azimuth beam pattern.
Both the data covariance matrix 220 and signal covariance
matrix 230 are controlled by user parameters (e.g. filter
length, azimuth subsection size and scan number) 240. There-
after the inverse matrix 250 of the estimated data covariance
matrix 220 and the calculated signal covariance matrix 230
are adaptively beamformed by applying a generalized stan-
dard Capon beamformer filter 260 which is outputted to an
azimuth resolved data matrix 270. Finally, the output from the
azimuth resolved data matrix 270, along with the non-se-
lected target information 160 shown in FIGS. 2 though 3, is
combined with the enhanced range resolution 182 shown in
FIG. 2 or the non-enhanced acceptable range resolution out-
putted from block 174 shown in FIG. 3, to render a resolution
enhanced 2D image 190, which is processed and displayed,
for example, a computer screen, LCD, HUD or the like.

The actual filter implementation of the generalized Capon
beamformer approach shall now be described with reference
to FIG. 4. As can be seen in FIG. 4, the antenna azimuth beam
pattern is input where a(0) denotes the antenna ABP and 6,
and 0, denotes the azimuth angel location of a target scatterer
s and the azimuth angle where the azimuth sample is taken,
respectively. Accordingly, a,,(0,-0,) represents the target
response at azimuth sample angle 0, from the scatterer s. Also,
X,(n) corresponds to the data sample value obtained from the
n-th azimuth angle position within the m-th azimuth scan (an
azimuth scan is usually referred to as a B-scan that consists of
a complete azimuth sampling from left to right or from right
to left and generates a fill frame of image), which result in

X,,(1)=0,,,(0,-0,)a+ex(n), n=0, . .., N-1,m=0,...,
M-1 (Equation No. 11),

where N and M are the total number of azimuth samples
within a B-scan (or within a section of interest) and total
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number of scans, respectively, and o, is the amplitude of the
target scatterer s (including target RCS, system, and propa-
gation factors). Similar to Equation No. 3 a sub-vector of
length M is defined as,

X (D=[%,(D) . . . %, (HK-1)]T 1=0, ..., L=N-K+1 (Equation No. 12)

The CB filter in Equation No. 11, above is referred to as
forward only estimates of the filter and the amplitude (later
determined by linear least square approach). This is because
they were obtained by using the data covariance matrix R
which is estimated from forward vectors x(1). It has been
shown that averaging forward and backward covariance
matrices gives improved amplitude estimates. Therefore, in
the present inventions implementations of the spectral esti-
mators, forward-backward covariance matrix is employed as
one possible embodiment.

After the preprocessing in azimuth 210 just described, a
new data sample covariance matrix 220 is defined as the
following, which takes into account both spatial sample (in
azimuth) and temporal processing (continuous scanning)

M-1L-1
1

7 2 D m(Dx (D

m=0 [=t

R (Equation No. 13)
R =

Atthe same time a signal covariance matrix 230 is defined for
the m-th scan

L-1

1 (Equation No. 14)
Bo_ 2 H
Ron = I ;—o am(Day, (D)

wherea,,(1)is a vector formed from the sequence a,,(6,,-0,) in
the same way as X, (1) is formed from x,,(n).

Note that for the stepped (linearly or nonlinearly) scan, the
azimuth scan can be controlled so that the azimuth sampling
is taken at the same angle locations for each scan. Other user
parameters (e.g. filter length, azimuth subsection size and
scan number) 240 can be input to control both the data cova-
riance matrix estimation 220 and the signal covariance matrix
calculation 230. In this case, a(8,-8), a_(1), and R, are
independent of the scan index m. For a sinusoidal scan in
azimuth, azimuth samples are taken at different sets of azi-
muth angle positions for different scans. In this case, a pre-
processing step 210 is employed to obtain the azimuth sample
values at the azimuth angle locations as the m-th (say, e.g, the
first one) scan. If this step is not used, then the signal covari-
ance matrix 230 is estimated as an average of the M R,
matrices.

Then a GCB filter 260 is designed to maximize the follow-
ing signal-to-noise ratio (SNR)
Ronhy (Equation No. 15)

max —
Bopi Ry

where f{n denotes that noise covariance matrix. Taking a gen-
eral assumption that the signal and noise are uncorrelated, we
have R,=R_,,+R,,. The maximization problem in (15) is
equivalent to

hf Ronhi (Equation No. 16)

a A
B R R by

The solution to the above maximization problem is readily
given by

hlzpmm(Rflem) (Equation No. 17)
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where p,,,.(*) denotes that the principal eigenvector corre-
sponding to the largest eigenvalue of a matrix. The power
received from the target scatterer is estimated as

=~

o > H. . (Equation No. 18)
iy Xm(l)| =h Ry

MZ

Pi= o

M-1L-1
1
m

=3
I
=3

and the signal amplitude can be readily estimated using a least
square (LS) approach from the filtered sequence B;”x, (1),
1=0, ...,L-1;m=0, . . . M-1 which is shown in FIGS. 2 and
3 generating an accurate target amplitude in azimuth 300.

The resulting eigenvector and eigenvalue are resolved into
azimuth data matrix 270; Referring back to FIGS. 2 and 3, the
enhanced range resolution 182 shown in FIG. 2 or the accept-
able noon-enhanced range resolution outputted from block
174 shown in FI1G. 3 along with the non-selected target infor-
mation 160 is combined with the enhanced azimuth resolu-
tion 188 from data matrix 270 shown in FIG. 4 to render a
resolution enhanced 2D image 190, which is processed in, for
example, a computer screen, LCD, HUD or the like.

Accordingly, the present invention as described above pro-
vides a novel architecture for 2D super resolution enhance-
ment applications by providing dual-mode region selection to
define region of interest for processing, and a combined
approach for target location and amplitude estimation, CFAR
or GMTI based automatic target detection approach for auto-
matic selection of region of interest, Generalized CB
approach 260 that uses both spatial and temporal information
for data sample covariance estimation, and azimuth interpo-
lation scheme for unevenly sampled azimuth data.

Hence, the present inventions signal processing technique
enhances both range and azimuth resolution for RBR
employed by AALG systems without requiring modification
of'the radar front-end hardware to improve the image quality.
That is the present invention enhances both range and azi-
muth resolution of RBR while suppressing clutter back-
ground so that both visual and automatic feature extraction
(e.g., runway edge, road, shadow, etc) and target detection
(e.g., vehicle, building, etc) capabilities can be improved for
situational awareness (SA) applications such as AALG sys-
tems.

As will be readily apparent to those skilled in the art, the
present invention or aspects of the invention can be realized in
hardware, or as some combination of hardware and software.
Any kind of computer/server system(s)—or other apparatus
adapted for carrying out the methods described herein—is
suited. A typical combination of hardware and software could
be a general-purpose computer system with a computer pro-
gram that, when loaded and executed, carries out methods
described herein. Alternatively, a specific use computer, con-
taining specialized hardware for carrying out one or more of
the functional tasks of tie invention, could be utilized.

The present invention or aspects of the invention can also
be embodied in a computer program product, which com-
prises all the respective features enabling the implementation
of the methods described herein, and which—when loaded in
acomputer system—is able to carry out these methods. Com-
puter program, software program, program, or software, in
the present context mean any expression, in any language,
code or notation, of a set of instructions intended to cause a
system having an information processing capability to per-
form aparticular function either directly or after either or both
of'the following: (a) conversion to another language, code or
notation; and/or (b) reproduction in a difterent material form.

While there has been shown and described what is consid-
ered to be preferred embodiments of the invention, it will, of
course, be understood that various modifications and changes
in form or detail could readily be made without departing
from the spirit of the invention. It is therefore intended that the
scope of the invention not be limited to the exact forms
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described and illustrated, but should be construed to cover all
modifications that may fall within the scope of the appended
claims.

What is claimed is:

1. A method of enhancing range and azimuth resolution in
a two-dimensional (2D) image generated by a frequency
modulated continuous-wave (FMCW) radar for providing
enhanced situational awareness in autonomous approach and
landing guidance (AALG) system, comprising the steps of
forming and displaying a two-dimensional (2D) model of
landing conditions from received range and azimuth real
beam radar (RBR) signals by rendering one or more
target locations and amplitudes in both range and azi-
muth;

selecting a region of interest from said displayed 2D model
to enhance said one or more target locations and ampli-
tudes in said selected region of interest;

applying both range and azimuth resolution enhancement
to enhanced the rendered one or more target locations
and amplitudes in both range and azimuth; and

combining the enhanced one or more target locations and
amplitudes in range and azimuth to render an enhanced
2D image.

2. The method of claim 1, wherein said range resolution is
enhanced by generating one or more accurate target location
estimations of said rendered one or more target locations in
range by applying a first beamforming approach and said
azimuth resolution enhancement is enhanced by generating
one or more accurate target location estimations in azimuth
by applying a second beamforming approach.

3. The method of claim 2, wherein said first beamforming
approach adaptively applies a standard Capon beamforming
approach comprising the steps of:

reproducing the original range and azimuth RBR signals in
said selected region of interest; and

beamforming said original range RBR signal to render one
or more accurate target locations in range by passing a
frequency f of interest undistorted while attenuating all
other frequencies.

4. The method of claim 3, wherein the one or more accurate
target amplitude estimations of said rendered one or more
target amplitudes in range and azimuth, are generated by a
linear least square approach.

5. The method of claim 3, wherein said standard Capon
beamforming (CB) approach solves the following optimiza-
tion problem,

min 1" Rh, subject to h a(f) = 1,
where
afy=[1 .. 2EDY reo, 1

is a steering vector, wherein said CB approach comprises the
steps of:

determining a spectral weight vector

R'alf)

hep(f) = m;

and

calculating the output of the CB approach by substituting
said determined spectral weight vector into said FIR
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output power to estimate of the filter output power at
frequency
by 1
= R

wherein said CB approach passes said frequencyfof inter-

est undistorted while attenuating all other frequencies.

6. The method of claim 2, wherein said second beamform-
ing approach adaptively applies a generalized Capon beam-
forming approach on said original azimuth RBR signal to
render one or more second accurate target locations in azi-
muth by estimating a plurality of central angles and angular
spreads of one or more hypothetical sources, said central
angles and angular spreads derived from a azimuth sampling
of'a plurality of antenna beam pattern scans output from said
real beam radar to determine which among said one or more
hypothetical sources is of interest while rejecting all other
hypothetical sources.

7. The method of claim 6, wherein said azimuth sampling
of'a plurality of antenna beam pattern scans output from said
real beam radar can be obtained by a linear stepped scan, a
non-linear stepped scan or a sinusoidal scan, said linear and
non-linear stepped scans are configured so that an azimuth
sampling is taken at the same angle locations in each scan and
said sinusoidal scan configured so that azimuth samples are
taken at even and odd azimuth angle positions for different
scans.

8. The method of claim 7, wherein said generalized Capon
beamforming approach further includes the steps of:

estimating a data covariance matrix by employing a spatial

average and temporal average on said received azimuth
samples, a target location in range data, and inputted
user parameters;

calculating a signal covariance matrix from said plurality

of antenna beam pattern scans output and said inputted
user parameters;

generating an inverse matrix from said estimated data

covariance matrix; and

estimating by adaptively applying a generalized Capon

beamformer on combined said generated inverse matrix
and said calculated signal covariance matrix, and
outputting an azimuth resolved data matrix,

wherein, if said azimuth sampling is obtained by sinusoidal

scan said azimuth sampling is preprocessed by an inter-
polation approach to obtain a plurality of azimuth
sample values at the same set of azimuth angle location
as the first scan.

9. The method of claim 8, wherein said step of estimating
a data covariance matrix further includes:

defining a data sample covariance matrix,

1 M-1L-1

7 2, O b

m=0

Ri=

where x,,(n)=a,,(0,_g,)0; +e,(n), n =0, ... N-1, m=0, .. .,
M-1suchthat8, ,;e, denote an azimuth angel location of a
target scatterer s and an azimuth angle where an azimuth
sample is taken, respectively, a, (0,-0,) represents a target
response at azimuth sample angle 6., from the scatterer s,
x,(n) corresponding to a data sample value obtained from the
n-th azimuth angle position within an m-th azimuth scan and
where Nand M are a total number of azimuth samples within
a section of interest and total number of scans, respectively,
and o is an amplitude of the target scatterer s and a sub-vector
of'length M,
FnD)=p(D) . . 3, (+K-D]" 1=0, ..., L-1;L=N-K+
1

n—0s.
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10. The method of claim 8, wherein said step of calculating
said signal covariance matrix further including the sub-steps
of:

defining for an m-th scan

1 L-1
> - H
Ron = L; an(bap ()

where a, (1) is a vector formed from the sequence a,,g,,-0,) in
the same way as X, (1) is formed from x,,(n).

11. The method of claim 8, further including adaptively
applying a generalized Capon Beamformer approach
includes:

maximizing a signal-to-noise ratio (SNR)

Ronh
W Rby

max
h

where f{n denotes a noise covariance matrix, h;=p,,,.
(f{l‘lRm), and p,,,.() denotes a principal eigenvector corre-
sponding to a largest eigenvalue of a matrix;
calculating a power received from the target scatterer by
estimation

=

—1L-1

2

1

~H 2 AH A &
Pi= B xm(l)| =TIy Riby.

0

3
I

12. The method of claim 8, wherein said input user param-
eters are a filter length, azimuth subsection size and scan
number.

13. The method of claim 7, wherein, said target location in
range data is the generated one or more accurate target loca-
tion estimations in range.

14. The method of claim 2, wherein said step of selecting a
region of interest further includes the step of selecting by one
of an automatic and a manual selection approach.

15. The method of claim 14, wherein said automatic selec-
tion approach employs a constant false alarm rate (CFAR)
detection-processing algorithm.

16. The method of claim 14, wherein said manual selection
approach permits a user to select the region of interest of the
potential target from an image display.

17. A computer readable program storage device, tangibly
embodying a program of instructions executable by the com-
puter to perform a method of enhancing resolution in a two-
dimensional (2D) image generated by a frequency modulated
continuous-wave (FMCW) radar for providing enhanced
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situational awareness in autonomous approach and landing
guidance (AALG) system, comprising the steps of

forming and displaying a two-dimensional (2D) model of

landing conditions from received range and azimuth real
beam radar (RBR) signals by rendering one or more
target locations and amplitudes in both range and azi-
muth;

selecting a region of interest from said displayed 2D model

to enhance said one or more target locations and ampli-
tudes in said selected region of interest;

selectively applying both range and azimuth resolution

enhancement as a first option to enhance the rendered
one or more target locations and amplitudes in both
range and azimuth or applying azimuth resolution
enhancement only as a second option to enhance the
rendered one or more target locations and amplitudes in
azimuth only; and

combining the enhanced one or more target locations and

amplitudes to render an enhanced 2D image,

wherein said first option applies said range resolution

enhancement by generating one or more accurate target
location estimations of said rendered one or more target
locations in range by applying a first beamforming
approach and applies said azimuth resolution enhance-
ment by generating one or more second accurate target
location estimations in azimuth by applying a second
beamforming approach, and said second option accepts
the rendered one or more target locations in range and
applies said azimuth resolution enhancement by gener-
ating one or more accurate target location estimation in
azimuth by applying said second beamforming
approach.

18. A method of enhancing resolution in a two-dimensional
(2D) image generated by a frequency modulated continuous-
wave (FMCW) radar for providing enhanced situational
awareness in autonomous approach and landing guidance
(AALG) system, comprising the steps of:

forming and displaying a two-dimensional (2D) model of

landing conditions from received range and azimuth real
beam radar (RBR) signals by rendering one or more
target locations and amplitudes in both range and azi-
muth;

selecting a region of interest from said displayed 2D model

to enhance said one or more target locations and ampli-
tudes in said selected region of interest;

applying azimuth resolution enhancement to enhance the

rendered one or more target locations and amplitudes in
azimuth; and

combining the one or more target locations and amplitudes

in range and azimuth to render an enhanced 2D image,
wherein said azimuth resolution enhancement is enhanced
by generating one or more accurate target location esti-
mations in azimuth by applying a beamforming
approach to said target location estimations in azimuth.
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