Super-Resolution Methods
for Wideband Radar

Sidney L. Borison, Stephen B. Bowling, and Kevin M. Cuomo

H Lincoln Laboratory has investigated two concepts for improving the
resolution of wideband coherent radar data. The first concept uses modern
spectral-analysis methods for improving resolution relative to the restrictions of
conventional Fourier processing. These spectral methods extrapolate signals in a
radar frequency dimension by a process called bandwidth extrapolation (BWE).

The methods can also be used for signals collected over limited time intervals.
The second concept uses image signal processing models that correspond to

rotating point motion. The models allow extended coherent processing (ECP)
over wider target rotation angles, resulting in improved Doppler (cross-range)

resolution. For sufficiently large rotation angles and for constant-amplitude

scattering centers, ECP also improves the range resolution.

This article discusses BWE and ECP theory and methods, and presents
examples from simulations and model measurement data. Also included is a
discussion of the expected precision of BWE-enhanced resolution and its

dependence on the signal-to-noise ratio.

ESOLUTION 1§ a controlling factor in estimat-
R ing details of a target’s structure from pro-
cessed wideband coherent radar data. Typical
analyses require the examination of radar signal re-
sponses in one and two dimensions of target extent,
usually displayed in range-time-intensity (RTT), Dop-
pler-time-intensity (DTI), and range-Doppler-inten-
sity image plots. Most targets are rigid, isolated ob-
jects with relative rotations that allow the Doppler
return to be related to a cross-range dimension along
an axis that is orthogonal to the slant range, i.c., the
range along the radar line of sight (RLOS). Fourier
integration relations in conventional processing de-
fine resolution in these dimensions to be inversely
proportional to the total integration intervals: trans-
mitted bandwidth for slant range and allowable rela-
tive rotation angle for cross-range. To enable simplifi-
cations of the range-Doppler processing, the motion
of the rotating target points that are positioned away
from the effective rotation center must be small rela-
tive to the expected resolution.
Classical range resolution AR is inversely propor-

tional to bandwidch. With sidelobe suppression, it
can be expressed as

where ¢ is the propagation speed and Wis the signal
bandwidth. The value of AR. defined above is the
—6-dB width of the individual point response func-
tion. A plot of classical range resolution as a function
of signal bandwidth appears in Figure 1. The figure
also illustrates a common signal implementation in
which a linear frequency modulated (LFM) pulse is
transmitted and the reflected signal is received through
a matched filter. Thus, for example, a 1-GHz band-
width provides a 27-cm range resolution. Hardware
modifications and developments to increase the
signal bandwidth are expensive, and there are often
technology limitations, e.g., wideband high-power
tubes. For additional radar and signal details, see, for
example, Reference 1.

Classical cross-range resolution AXR. is inversely
proportional to rotation angle A8 and directly pro-

VOLUME 5, NUMBER 3, 1992  THE LINCOLH LABORATORY JOURNAL 441



* BORISON ET AL.
Super-Resolution Methods for Wideband Radar

slr W ool L T
+ A e - — wo-point
E °"2 = [Frequency” t2r9¢t target
3 = { . -
o fg - —
e cetoced A
o w A Reflected AR
2 ime signal
(a)
200
~ 100
g [
e 50 [
q -
c
o
El
3 20 —
w
1]
(4
10 -
-
5L ! . ; .
0 1 2 . 4
Bandwidth (GHz)
(b)

FIGURE 1. Classical range resolution as a function of
signal bandwidth: (a) transmitted waveform and (b) reso-
lution obtained with matched-filter receiver including
sidelobe suppression.

portional to radar wavelength A. With sidelobe sup-
pression, it can be expressed as

ANR) =142

246"

For a stationary radar tracking a rotating target, Af =
o7, where o is the angular rotation rate and 7 is
the duration of the Doppler-processed time series.
This application of Doppler resolution is called
Inverse Synthetic-Aperture Radar (ISAR). For a sta-
tionary target observed by a moving radar, the effec-
tive angular rotation rate is @ = V/R, where V'is the
velocity of the radar and R is the distance to the
target. This application of Doppler resolution is called
Synthetic-Aperture Radar (SAR), and the product
VTis called the synthetic aperture. For additional
details, sce, for example, References 2 and 3. For
either ISAR or SAR processing, the darta interval is
generally selected to obtain a cross-range resolution
comparable to the slant-range resolution.
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Lincoln Laboratory has recently investigated two
concepts for potential resolution improvement. The
first concept uses modern spectral-analysis methods
to improve the slant-range resolution relative to the
restrictions of conventional Fourier processing. These
spectral methods extrapolate signals in a radar fre-
quency dimension by a process called bandwidth
extrapolation (BWE). Figure 2 illustrates the practi-
cal steps typically used in BWE, with the input mea-
surement data in the form of signal amplitude and
phase versus slant range. To illustrate the potential of
this technique, examples of processed data from model
range measurements of two small spheres, 10 cm
apart, are shown. The input pulse does not resolve
the spheres because the 1-GHz bandwidth limits the
resolution to about 27 cm. A radar frequency-domain
representation of the input signal is obrained with
the transforms indicated. A least-squares estimation
method calculates the linear-prediction coefficients
from the spectral data, and the coefficients are used
to extrapolate the data to produce signals with a
spectrum of 4-GHz bandwidth. The resulting pulse
response based on the extrapolations clearly shows
two peaks. Also shown in the figure is the pulse
response for the true 4-GHz measurement data. Note
how close the two curves are. Details of the methods
and measurement results of Figure 2 are discussed
further in the following section.

The second concept investigated at Lincoln Labo-
ratory improves the Doppler, or cross-range, resolu-
tion. When the data collection includes a large target
rotation angle (i.e., the spotlight mode for either ISAR
or SAR), the use of image signal processing models
that account for the motion of rotating points can
improve the cross-range resolution. This technique
removes range- and Doppler-walk restrictions and
allows extended coherent processing (ECP) over wid-
er target rotation angles, as shown in Figure 3. The
figure illustrates an approximate method for obtain-
ing an ECP image of a wider integration angle by
coherently summing responses from a set of range-
Doppler images of narrower integration angles. Also
shown are theoretical responses from an array of nine
equal-amplitude points, which show that range-
Doppler responses for the wider integration increas-
ingly smear with distance from the rotation center.
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ECP, on the other hand, produces uniform responses
that preserve the two-dimensional resolution. The
use of BWE to improve the slant-range resolution
further restricts the range-Doppler integration. In
such cases, ECP may be required to preserve the
improved resolution. Further details of ECP are pre-
sented in the section “Extended Coherent Processing.”

When the data collection does not include a large
target rotation angle (i.e., short data intervals for
ISAR or the strip mapping mode for SAR), the use of
modern spectral methods can be applied in two di-
mensions. One-dimensional super-resolution is first
applied to extrapolate the data in time (angle) for
each slant-range sample. Conventional processing is
then used to obtain the improved cross-range resolu-
tion, after which super-resolution is applied to each
cross-range (Doppler) gate to improve the range
resolution.

Figure 4 contains a conventional image that was
obtained with data simulated for a cone model repre-
sented by three point-scatterers. The signal band-

Time domain
(compressed pulse)

Frequency domain

width and angular-rotation interval are inadequate to
resolve the three image points. Figure 4 also shows
the results obrained by applying sequential super-
resolution as described in the preceding paragraph
with data expansion in each dimension by a factor
of 3. Additional discussion of this process is presented
in the subsection “Simulated 2-D Super-Resolution
Using Sequential 1-D Super-Resolution.”

The sequential application of a one-dimensional
algorithm can produce results that differ depending
on the order of processing, i.e., time expansion, then
bandwidth extrapolation, or vice versa. Furthermore,
sequential processing may not obtain the optimum
results when it is compared to a two-dimensional (or
multidimensional) algorithm, e.g., the maximum like-
lihood method, or minimum variance, discussed in

References 4 through 6.

Bandwidth-Extrapolation Methods

In the late 1960s, R.T. Lacoss began investigating the
application of super-resolution techniques to seismic
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FIGURE 2. Bandwidth extrapolation (BWE) process for improved range resolution. The examples of processed data are
from X-band model range measurements of two small spheres, 10 cm apart. The input pulse shown on the left does not
resolve the spheres because the 1-GHz bandwidth limits the resolution to about 27 cm. A least-squares estimation
method calculates the linear-prediction coefficients from the spectral data, and the coefficients are used to extrapolate
the data to produce signals with a spectrum of 4-GHz bandwidth. In the resulting pulse response shown on the right,
two peaks are clearly visible. Also shown on the right is the pulse response for the true 4-GHz measurement data.
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FIGURE 3. Extended coherent processing (ECP) technique: (a) an approximate method for obtaining an ECP image of a
wider integration angle by coherently summing responses from a set of range-Doppler images of narrower integration
angles, and (b) examples of simulated point-model responses from an array of nine equal-amplitude points spaced 1 m
in the horizontal and vertical directions (the contours represent 5-dB intervals). The data were obtained with a 1-GHz
bandwidth at X band and a rotation angle of 20°. Note that ECP produces uniform responses that preserve the two-

dimensional resolution.

discrimination [4]. Starting in the late 1970s, these
techniques were applied to super-resolution angle-of-
arrival estimates [7]. The application of the Burg
method for Doppler-processing enhancement was ex-
plored by S.B. Bowling in 1977 [8], when he also
mentioned the potential for improving range resolu-
tion. In 1990, K.M. Cuomo investigated the Burg
method for extrapolating signals in the radar fre-
quency dimension as a means of improving the range
resolution of coherent radar returns [9]. These pro-
posed methods use the estimated parameters to ex-
trapolate data, thus preserving the amplitude and
phase. These darta could then be Fourier processed to
obtain the improved resolution responses. Preserva-
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tion of the phase is essential in range-Doppler image
processing. Cuomo applied this technique to field
data and achieved remarkable results, leading to the
current interest in these methods.

In the first-order far-field backscatter modeling of
radar signals, all reflections are assumed to be from
discrete points with complex scattering coefficients
(amplitude and phase) that are constant with incident
radar frequency. The only variation with frequency is
a phase term that is linearly proportional to the range
time delay, equal to 27/¢, where 7 is the slant range
and ¢ is the speed of light. The total response from
such a target is modeled as the sum of complex sinu-
soids, with radar frequency as the independent vari-
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able and the frequencies of the sinusoids determined
by the range time delay. A Fourier transform of sig-
nals in a band of radar frequencies then produces a
pulsed response in range time delay in which the
peaks in the pulses correspond to point locations. The
pulsed response also indicates the scattering coeffi-
cient amplitudes and phases. Note that this terminol-
ogy is the converse of, but equivalent to, more fre-
quently encountered time-series analyses in which
continuous sinusoids in time transform to pulses in
frequency.

First-order point-response modeling is expected to
be a realistic approximation for most of the direct-ray
effects that are anticipated for practical targets many
wavelengths in extent. Direct-ray discrete reflections
are expected to vary only slightly with radar frequency
across a typical signal bandwidth. Responses from
multipath rays between points and surfaces can gen-
erally be treated as sinusoids that include the total-
path range time delays. Resonant scattering within
the observation band would be a significant deviation
but is rarely expected.

Conventional Fourier processing of the signal from
a single point produces a pulse function with a
mainlobe width in range that is inversely propor-
tional to the radar frequency bandwidth of the
integration. Sidelobe-reduction weighting is usually
included and increases the mainlobe spread. For
multiple point-scatterers, the Fourier transform re-
sponse in range time delay is the linear sum of indi-
vidual point responses; resolution of the points is
limited by the ~6-dB width of the individual point
response function. Thus the conventionally process-
ed signal is limited in point range resolution by the
radar frequency bandwidth. This Fourier process can
be viewed as a correlation integral of the total signal
with respect to a one-sinusoid reference, requiring
only a one-parameter search but making the resolu-
tion of multiple points dependent on the spread in
a one-point response function.

Correlation with a multiple-sinusoid model could

FIGURE 4. Example of two-dimensional super-resolution
using sequential one-dimensional super-resolution: (top)
diagram of three-point cone model and geometry used,
(middle) conventional image of model, and (bottom)
super-resolution image of model.
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obtain better resolution but is not considered practi-
cal due to the increase in data processing required. As
an alternative to correlation processing, a data-fitting
process, such as nonlinear least squares, might be used
to obtain the sinusoid parameter set that gives a good
match between theoretical signal data and experimen-
tal measurements. On this basis, if at least a minimal
data set (relative to the number of unknown param-
eters) is available and no errors perturb these data, the
separation of frequencies of two sinusoids can be
estimated independent of the length of the total data
interval. As noise perturbations appear, however, the
parameter estimates will increase in error with shorter
data interval and may become meaning]ess, especially
because of the nonlinearity in the modeling. Further-
more, if the true number of sinusoids is unknown,
the modeling is not fully constrained, allowing addi-
tional instability in the estimates.

Such direct nonlinear parameter estimation is con-
sidered impractical for most real radar data problems.
To gain computational practicality, most super-reso-
lution spectral methods do not constrain the signal
model to pure undamped sinusoids, so the estima-
tions are not optimal in the fully constrained sense. In
super-resolution methods, the characterization of re-
sponses is based on parametric modeling, which al-
lows coupling effects between the signals and noise.
Determination of these effects generally requires nu-
merical investigation for particular conditions.

A linear-prediction signal model appears to be the
most practical constraint on measurement data in
general spectral-analysis problems. The model assumes
that the sum of an equispaced set of signal samples
multiplied by a set of complex weights, or prediction
coefficients, will predict the next sample. Further-
more, this set of constant weights can be moved ahead
to continue the predictions, i.e., to extrapolate the
original data in a forward direction. Complex conju-
gates of these weights can be used to extrapolate
signals in a backward direction. The set of weights is
estimated by applying linear least-squares methods to
a summation of the squared residuals between the
predicted values and the actual measurements.

The linear-prediction coefficients do not contain
sinusoid amplitude and phase information directly.
With the prediction coefficients, extrapolation of data
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beyond a measured set can be carried out to a desired
limit for subsequent Fourier transformation. But the
extrapolation may fail to correspond exactly with that
of a simple, undamped sinusoid sum because of de-
viations that are allowed by the linear-prediction
model, which is less constrained than the sum-of-
sinusoids model. Nevertheless, the estimations are
manageable with more practical methods.

In more general modern spectral-analysis papers,
the linear-prediction concept is often used to estimate
the coefficients of an autoregressive (AR) model. Gen-
erally, the power spectral density (PSD) is estimated
as a function of the coefficients alone, without resort-
ing to the extrapolation of signals. The PSD form,
which gives a spiky function without ringing side-
lobes, may be useful if interest is primarily in the line
locations of spectra (i.e., the slant range of points in
the radar problem). For Gaussian random processes,
the AR PSD is also a maximum entropy estimate, and
use of the PSD is sometimes called a maximum en-
tropy method (MEM) or maximum entropy spectral
analysis (MESA). For radar applications that require
coherent data for subsequent Doppler analysis, the
PSD is not of significant value.

The methods of processing vary.according to how
the linear-prediction coefficients are estimated. Three
methods, all based on a forward- and backward-
prediction error minimization, have been chosen as
potentially practical for radar data-analysis problems:
the Burg method, a Marple modified covariance
method (which may be viewed as a less constrained
version of the Burg method), and a Tufts-Kumaresan
method that allows a noise-reduction process within
the basic estimator represented in the Marple method.

Linear-Prediction-Cocfficient Estimators

Linear-prediction coefficients for extrapolating point-
scatterer frequency data can be estimated from a set of
measurement data by selecting coefficients to mini-
mize the error between the predicted signal values and
the measured values. The Burg, Marple-modified-
covariance, and Tufts-Kumaresan methods of spectral
analysis can be viewed as starting with similar state-
ments of a linear least-squares estimation problem.
Each method considers the sum of the square error of
residuals between the actual measurement data and
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the backward- and forward-predicted data, and mini-
mizes this total error relative to the predictor coeffi-
cients. Thus the forward-prediction error is given by

E:=l5,,—.§:|2 forn=p+1,..,N,
where the forward-prediction filter operation is

Sf=—z 4;0n is

i=1
and the backward-prediction error is given by

Eb =

5,,—3‘,?[2 forn=1,...,N - p,

where the backward-prediction filter operation is

.5:: = "i :!;SH,-.

i=l

In the above equations, S, is the th frequency samplc,
S is the estimate of S, using forward prediction, S,
is r.hc estimate of S, using backward prediction, p is
the order of the prcdiction filter, 4; is the z#th predictor
coefficient, 4; is the complex conjugate of the 7ith
predictor coefficient, and N is the total number of
data (frequency) samples.

The total prediction error to be minimized relative
to the set of 4; is given by

E= Z ﬁaS,,_,

n=p+l =0

N=p| p o

2

n=1

]

¥

i=0

where 45 = 1.

Other methods [6] such as the autocorrelation,
covariance, and variations on Prony’s method use pre-
diction errors only in a single direction, and the re-
sults tend to give poorer resolution. Each method
mentioned solves for predictor coefficients directly in
terms of measured data rather than in terms of
autocovariance estimates. Spectral-analysis techniques
such as the Yule-Walker and Pisarenko harmonic de-
composition methods are considered of lesser value in
the BWE problem; they require autocovariance esti-
mates of the measured data and can result in non-

realistic autocovariance values.

Burg Method. Developed by ]. Burg, this method
for coefficient estimation adds a further constraint on
the coefficients based on a statistical argument for the
form of true AR-model functions [6, 8]. The con-
straint, called the Levinson recursion, allows the un-
known coefficients to be obrained from a sequence of
least-squares minimizations in which a single param-
eter is estimated at each step. The Levinson recursion
guarantees that extrapolated dara cannot exponen-
tially increase in amplitude. There can, however, be
exponential damping; in worst cases, this damping
may preclude significant resolution improvement. A
good strategy for preventing such an effect appears to
be the use of 2 number of prediction coefficients that
is significantly greater than the expected number of
sinusoids. The upper limit on the number of coeffi-
cients calculable is one less than the number of signal
samples, although significantly less than this number
is usually chosen because output responses may ap-
pear too noisy.

Especially relevant in BWE processing are effects
that limit two-point resolution even in the no-noise
case. These distortions are illustrated in Figure 5,
which shows simulated amplitude-range responses
from a pair of equal-amplitude points for separation
distances that were decreased in 0.5-cm steps. The
figure compares the true 9600-MHz-bandwidth re-
sponses without extrapolation to the responses based
on 1000-MHz-bandwidth data extrapolated to
9600 MHz with the Burg method. At each range
separation chosen, a set of calculations was made by
varying the relative phase between the points; the
plots show a dispersion when this phase difference
significantly affects the responses. From Equation 1,
the single point-scattering response for a true 9600-
MHz bandwidth will have a -6-dB width (for Ham-
ming weighting) of 2.8 cm. At this range separation,
two equal-amplitude scattering centers are resolvable
(Figure 5[a]); as the separation decreases further, how-
ever, the effects of relative phase cause distortions in
the ability to measure the separation.

The distortion effects in the Burg result are more
complex (Figure 5[b]). Resolution is not possible when
the sidelobes reach high levels and the dispersion of
responses with different relative phase values becomes
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FIGURE 5. Simulated amplitude-range responses from
two equal-amplitude points: (a) true 9600-MHz-bandwidth
responses without extrapolation and (b) responses from
1000-MHz-bandwidth data extrapolated to 9600 MHz with
the Burg method and 26 prediction coefficients. For both
plots, there was no noise, the separation distance be-
tween the points was decreased in 0.5-cm steps, and a
set of calculations was made at each range separation by
varying the relative phase between the points in 22.5°
steps. From Equation 1, the single point-scattering re-
sponse for a true 9600-MHz bandwidth will have a —-6-dB
width (for Hamming weighting) of 2.8 cm. At this range
separation, the two points are still resolvable. The distor-
tion effects in the Burg result are more complex. A BWE
ratio limit can be estimated as the ratio of the -6-dB point
spread of the true bandwidth (i.e., 27 cm for the 1000-MHz
bandwidth) to the extrapolated-data resolution limit for
tolerable distortions (approximately 9 cm). Thus the BWE
ratio limit is approximately 27/9 = 3.

great. For the noise-free case, a BWE ratio limit can
be estimated as the ratio of the true-bandwidth —-6-dB
point spread to the extrapolated-data resolution limit
for tolerable distortions. As shown in Figure 5, this
ratio for the Burg method is estimated as approxi-
mately 3:1. The sidelobe structure in Burg responses
changes if the number of coefficients is reduced to the
minimum of two, but the wide dispersions develop at
about the same range separation.

Marple Method. Methods that solve for linear-
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FIGURE 6. Simulated amplitude-range responses from
two equal-amplitude points: (a) true 30-GHz responses
without extrapolation and (b) responses from 1-GHz-
bandwidth data extrapolated to 30 GHz with the Marple
method and two prediction coefficients. (The conditions
of the experiment are similar to the no-noise conditions
of Figure 5, except a separation step of 0.1 cm was used.)
A BWE ratio limit can be estimated as the ratio of the
-6-dB point spread of the true bandwidth (i.e., 27 cm for
the 1-GHz bandwidth) to the extrapolated-data resolution
limit for tolerable distortions (approximately 1.6 cm).
Thus the BWE ratio limit is approximately 27/1.6 = 17,

prediction coefficients by using linear least-squares
formulations from residuals based on forward and
backward prediction and no other constraints are
sometimes referred to as forward-and-backward lin-
ear prediction (FBLP). Different investigators have
devised FBLP methods in various ways. An FBLP
method by S.L. Marple [6], sometimes called the
modified covariance method, employs an efficient
solution for the resulting linear least-squares normal
equations. The Marple method is free of the line-
splitting and frequency-bias distortions that are some-
times observed with the Burg method in the real
sinusoid problem, but it does not guarantee a stable
linear prediction filter. Thus exponential growth of
the extrapolated data can occur.

Figure 6 shows the results of a two-point simula-
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FIGURE 7. Simulated amplitude-range responses for the
(a) Burg and (b) Marple BWE methods with noise; the
input signal-to-noise ratio was 15 dB (ratio of single peak
power to noise power). For both plots, the input band-
width was 1000 MHz (27 samples), the output bandwidth
was 9800 MHz, the separation step was 0.5 cm, the phase
was varied in 22.5° steps at each separation, and the
number of prediction coefficients used was 10. Note that
the Burg results show a resolution limit similar to the no-
noise case of Figure 5, while the Marple limit is now only
slightly smaller than the Burg [imit.

tion with no noise, similar to the simulation of Figure
5, except the data were extrapolated with the Marple
method. Note that only two coefficients can be used
in the unconstrained FBLP case with no noise. A
greater upper limit on the bandwidth extrapolation
was used because the Marple result shows almost an
order-of-magnitude finer resolution before distortion
effects became significant. (Numerical precision may
be a factor in this experiment; double precision was
used to obrain the results shown.)

FBLP methods, as exemplified in the Marple two-
point results, can potentially result in better resolu-
tion than the Burg method in conditions of very low
noise. FBLP methods, however, are much more sensi-
tive to noise; a reduction to Burg performance in the
two-point experiment occurs at noise levels that are
generally experienced. Figure 7 shows the results of a

two-point simulation that was repeated with noise
added for both the Burg and Marple methods. In
each case, the noise equivalent power was 15 dB
below that of a single point-scatterer signal. The Burg
results show a resolution limit similar to the no-noise
case of Figure 5; the Marple limit is now only slightly
smaller than the Burg limit. Because the FBLP method
allows exponential increases in the amplitudes (as
opposed to the constraints in the Burg method), cata-
strophic failure of estimations can result. Such failure
tends to depend on the noise condition and on the
number of coefficients estimated. Reducing the num-
ber of coefficients may remove the exponential growth,
but the reduction in coefficients might make the
exponential damping too great for any significant
improvement in resolution. Such effects have been
encountered in BWE simulations with multiple-point
models and in experiments with measured data.
Tufts-Kumaresan Noise Reduction. Noise-reduction
methods have been suggested to improve the uncon-
strained FBLP process without the application of a
direct constraint on the prediction-coefficient rela-
tions such as that applied by Burg. A prominent
method that uses eigen-decomposition of the matri-
ces of the normal equations in the unconstrained
estimation has been proposed by D.W. Tufts and
R. Kumaresan [10, 11]. Their method, also called a
modified FBLP, operates on the premise that even
though the approximate number of sinusoids may be
known, a larger number of prediction coefficients is
desirable for better resolution effects. If sinusoid power
levels are high enough relative to noise, a singular
value decomposition may allow a reconstructed ma-
trix according to an ordering of eigenvalues that omits
the terms most probably related to noise. An estimate
of the number of sinusoids must be made, either from
a priori expectations or from a decision based on an
eigenvalue comparison. The reconstruction of matri-
ces also provides a smoothed version of the input
signal data that can be used with noise-reduced lin-
ear-prediction-coefficient estimates for an extrapo-
lated bandwidth data set. This approach is expected
to have difficulties in multiple-point cases with widely
different reflection amplitudes, even with lower noise
levels. In such cases, the sorting based on eigenvalue
ordering can lose low-amplitude signal-related terms
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FIGURE 8. Precision versus normalized signal bandwidth
for two equal-amplitude points separated by a distance
AR: (a) no BWE, (b) BWE using the Burg method, and
(c) BWE using the Marple method. (Precision is defined
as one standard deviation in the separation estimate
divided by the true scattering-center separation, i.e.,
0,q/AR.)

450 THE LINCOLN LABORATORY JOURNAL ~ VOLUME 5, NUMBER 3, 1892

and pick up noise-related terms. The results of lim-
ited experiments with this method have not been very
promising, but conclusions for different conditions
not tested have yet to be obtained.

Precision of BWE-Enhanced Resolution

The ability of BWE methods to locate two resolvable
peaks that have equal scattering amplitudes have been
investigated with simulations. The separation between
the peaks was assumed to be that which corresponded
to the Rayleigh bandwidth; i.e., Wy = ¢/(2AR). For
the actual signal bandwidth W, a variable, the signal
processing for each calculation was adjusted to obrain
a constant SNR in the range-profile domain for a
resolved point-scatterer. For a given SNR value, Monte
Carlo calculations were made at each bandwidth with
100 noise seeds. In addition, the uniform random
relative phase between the scattering centers was mod-
eled by calculating a result at 5° steps between 0° and
180°. The precision in estimating the separation is
defined as one standard deviation in the estimates
divided by the true scattering-center separation; i.e.,
oyr/AR

Using conventional Fourier processing, Figure 8(a)
is a plot of the estimated precision obtained for five
different SNR values (e, 40, 30, 20, and 15 dB) as a
function of the normalized signal bandwidth. Clearly,
the bandwidth must be sufficienty large to provide
good resolution; i.e., approximately 1.8 times the
Rayleigh bandwidth (which corresponds to data
weighted for sidelobe suppression) is required to ob-
tain a precision of about 0.5. These results will be
used below for comparison with estimates that em-
ploy bandwidth extrapolation followed by Fourier
processing,

Figure 8(b) shows the results when the signal for
each bandwidth is first processed by the Burg method
with extrapolation by a factor of 10. In each case, this
extrapolation factor was well beyond that needed for
the required resolution, such that when resolution
was possible the two peaks become individually
sharper. Note that for a desired value of precision,
e.g., 0.5, the required signal bandwidth is abour 40%
of that required by conventional Fourier processing.

The results of the Marple method with extrapola-
tion by a factor of 20 followed by Fourier processing
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are shown in Figure 8(c). Clearly, for the higher SNR
values considered in these calculations, the Marple
method needs only 10 to 20% of the bandwidth
required by conventional Fourier processing to achieve
a resolution with a useful precision. For SNR values
of only 20 dB, however, the Marple method is not as
good as the Burg method.

Figure 9 summarizes these results by showing the
BWE ratio limit versus SNR for the Burg and Marple
methods. A value for the ratio limir at a specific SNR
for either method was obtained as follows: the ab-
scissa value of the SNR curve at the 0.2 precision level
for the conventional method (Figure 8[a]) was com-
pared to the corresponding value for that precision
and SNR for the expansion method (Figure 8[b] or
[c]). This limit is presented as an approximate bound
for the expansion of a set of measured bandwidch
data.

For an example of interpreting Figure 9, consider
the case of a 35-dB SNR. If two scartering centers are
separated by only one-half the distance corresponding
to the resolution obrained by conventional Fourier
processing, the Burg method will achieve a resolution
with a 0.2 precision in the separation estimate. (Note
that the ordinate of the Burg curve at 35 dB is greater
than 2.) For the same SNR, if the two points are
separated by only one-third the distance correspond-
ing to the resolution obrained by conventional Fou-
rier processing, the Burg method cannort provide the
resolution but the Marple method can. (Note that the
ordinate for the Marple curve at 35 dB is greater
than 3.) When the BWE limit is satisfied, expansion
beyond the limit will sharpen the resolved point
responses.

Thus the crucial factor in choosing among the
different BWE methods is the available SNR. Experi-
ence suggests that SNR values for field data are usu-
ally less than about 30 dB. Because the Burg method
is robust, it is generally chosen for such data. But
when the SNR is significantly higher than 30 dB, the
Marple method can improve the resolution greatly.

Extended Coherent Processing

The development of the theory and methods for wide-
. angle imaging has been ongoing at Lincoln Labora-
tory since the early work by H.M. Jones for satellite

targets in 1973 [12]. This theory has been described
as correlarion imaging, and the methods have been
referred to as extended coherent processing (ECP).
Related imaging theory in a slightdy different signal
coordinate set (radar frequency instead of slant range)
was developed independently by J.L. Walker of the
Environmental Research Institute of Michigan (ERIM)
[13]; Walker's work uses a two-dimensional image
processing that is frequently referred to as polar-format
processing. (Note: These two imaging approaches were

20
For o,a/AR = 0.20

Marple (sensitive to filter order)

-t

IIIII

Bandwidth expansion ratio limit

Burg (robust performance)

Typical
SNR for
fieldenta

1 ] | l |
10 20 30 40 50 60 70 80
SNR (dB)

FIGURE 9. Comparison of enhanced-resolution limits for
the Burg and Marple methods. For required BWE ratios
below the curves, classical resolution is achieved and a
higher expansion ratio will sharpen the resolved peaks.
For required BWE ratios above the curves, resolution
cannot be achieved.

published jointly in 1984 [14].)

As with more familiar optical imaging, radar image
processing produces an intensity function that indi-
cates the target configuration. In its idealized form,
the processing produces a point-response function in
two or three dimensions that peaks at the function’s
center and decays with distance away from the center
in a manner dependent on the total angle and band-

VOLUME & MIMIED 3 VAN TUP IMAAIE L IRARITS



* BORISON ET AL.
Super-Resolution Methods for Wideband Radar

Z ith
point
reflector

Reflecting-point coordinates

D, = vector distance to ith
scattering-point
coordinates:

Xo Yo Z;

Signal phases referenced to

center of X-Y-Z coordinates

Target
boundary (a)

A
Z N Reflected-signal complex
\\\ amplitudes
8 X;= (@ffc)cos a sinx
= Y¢= (2flc)sin asin
@fl) & {f— (2flc)cos x ‘
R = Radar-line-of-sight
= Yr’ unit vector
Xf L \\ 7\ y
H-‘h"“'\-.f
a__.—-)\\
A (b)

FIGURE 10. Coordinate systems for ECP theory: (a) target-fixed system and (b) signal-space definition. In the figures, fis

the radar frequency and c is the speed of light.

width intervals of the integrated signal. This point
response is replicated at each scattering-point location
with a peak amplitude and phase factor that can differ
between points. In practice, scattering will deviate
from this discrete, isotropic point-reflection model,
and image effects that can be caused by varying inten-
sity with aspect, shadowing, specular surface phe-
nomena, and multipath must be considered sepa-
rately for different aspect conditions.

Figure 10(a) defines the model for an ideal point
reflector in a target-fixed three-dimensional (3-D)
coordinate system, and Figure 10(b) defines the sig-
nal-space coordinate system within which a unit di-
rection vector R for radar line of sight (RLOS) is
shown. Signals are assumed to be collected for differ-
ent radar frequencies in a band along each defined
direction. Thus the signals can be viewed in a spheri-
cal-coordinate system of two angles and frequency
that transforms to the rectangular-coordinate signal
space shown in Figure 10(b). The reflected signal
from the ith single point-scattering center is given by
the equation

S; = \{OT; exp(j9;),
where

¢; = —4n(f/c)AR;,

0; is the radar cross section of the 7th point-scatterer,
fis the radar frequency, ¢ is the speed of light, and
the relative slant range AR; is given by the dot
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product between two vectors:
AR, =R - D,.
In terms of the rectangular signal-space coordinates,

the general point response has the form of a 3-D
sinusoid:

S; = \o; exp(j2nX, X s + j2nY Yy + j20Z,Z ),

and the total signal from multiple points is
ST - Z S;.

With the preceding condition, if rotations result in
a distribution of RLOS aspects in both angles and
frequency, the input signal may be viewed as a 3-D
region in a volume bounded by bandwidth and the
range of observed aspects. An appropriate integration
that obrains an image intensity function in rarget
coordinates is then a simple 3-D Fourier transform in
the rectangular signal coordinates,

I(X,Y,Z) = _[Xf _Lf _[Zf .
~exp|-j2n(XX ¢ + YV + ZZp)|dX ; dYy dZ,.

If the rotation axis is at a constant angle x relative to
the RLOS (sometimes called the aspect deviation
angle) and x = 90°, the signal region is in one plane
and the image integral simplifies to a 2-D Fourier
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transform. Furthermore, if the rotation rate is con-
stant, the signals can be collected in polar form and
interpolated for the rectangular form, and fast Fourier
processing can then be applied to obtain an image.
This procedure, which is sometimes called polar-
format processing, has been used in other applica-
tions; its appeal comes from its computational sim-
plicity. For the type of data and analyses described in
this article, however, an alternative method (described
below) has been more convenient for ECP.

An appropriate coordinate transformation allows
the general 3-D image integral to be reformulated in
spherical coordinates of angle and frequency. Within
a small approximation, integration along the frequency
axis for a fixed aspect becomes a Fourier transform
that results in the amplitude-range sweep usually found
in practical recordings. BWE processing expands this
bandwidth, but the basic processing for ECP is not
affected. The remaining integrations of the range-
sweep data in angle coordinates cannot be represented
by a 2-D Fourier transform.

For the constant x = 90° case, integration in only
one angle is required, and it can be shown that a
range-Doppler image is an approximation for this
integral if the integration angles are small. Thus, as
suggested by Jones, an approximate piecewise wide-
angle integration can be effected by summing the
responses from a set of range-Doppler images span-
ning the desired wide angle after the appropriate phase
compensation and interpolation of the rotated-image
grid data. A simplified illustration of this method was
presented in Figure 3 for 20° rotation with examples
of point-model responses. For sufficiently large rota-
tion angles and for constant-amplitude scattering cen-
ters, range resolution is also improved. Integration
computation efficiency is generally gained by per-
forming fast Fourier processing for the range-Doppler
imaging,.

Even for a constant rotation rate, however, « is
generally not equal to 90°. Although the integration
is with respect to one angle, the general imaging
theory produces a 3-D distribution of responses. Ap-
proximate 2-D ECP images may be obtained that
have less distortion than range-Doppler images and
are treated in a similar geometric projection sense.
Cuomo has developed another approach for 2-D im-

aging that uses apparent cross-range scaling of the
range-Doppler images summed in an ECP set [15].
(In apparent cross-range scaling, the processing is
performed as if © = 90°% i.e., the apparent cross-range
equals the true cross-range multiplied by sink.) With
these conditions, an apparent cross-range 2-D ECP
image of an axisymmetric target can theoretically pro-
duce responses that indicate the true projection of the
axisymmetric outline in a manner that can be useful
for cases in which « is large.

Examples of Super-Resolution

BWE Processing for Static Range Target Data

The following discussion presents individual range-
sweep examples of BWE results based on static range
measurement data. The results demonstrate the valid-
ity of the principles discussed earlier and they illus-
trate the effects that can be observed with well-de-
fined targets that are not very complex. The Burg
method was used to estimate the linear-prediction
coefficients, and the steps in the processing were those
presented in Figure 2. These steps included (1) trans-
forming the input pulse data to the radar frequency
domain; (2) removing the weighting function that
had been used earlier for sidelobe reduction; (3) esti-
mating the prediction coefficients; (4) keeping the
original spectrum data and using the coefficients to
obtain extrapolated data in both directions with the
total extrapolated spectrum spanning a desired new
bandwidth; and (5) transforming this extrapolated set
with appropriate sidelobe-reduction weighting to ob-
tain a new range-sweep response with finer range
resolution.

The measurement data for two small spheres (Fig-
ure 2) are repeated in a slightly different form in
Figure 11, with a complex-pair representation of the
signal amplitudes in the radar frequency domain. The
spheres were separated by approximately 4 in (10 cm)
in slant range, the sphere diameters were 3/8 in
(0.95 cm), and the center frequency of the transmit-
ted band was 10 GHz. Figure 11(b) shows the 1-
GHz-bandwidth segment of the original data and the
extrapolated segments that were obtained with linear
prediction. The extrapolations compare closely with
the true 4-GHz patterns in Figure 11(a). The right-

VOLUME 5. NUMBER 3. 1992  THE LINCOLN LABORATORY JOURNAL 453



= BORISON ET AL.
Super-Resolution Methods for Wideband Radar

Spectral domain

Imaginary part

Compressed pulse shapes

0.20 |
0.10
0.00

(a)

I

é

€ &2 & &

T 3

4-GHz bandwidth

E
-0.10 - | | - 1 | - o
I I I | =
-0.20 R J O D ) [ =
o | I I I 5
2 L) N :
£ : : : : b 1-GHz bandwidth
E | | | I § expanded to 4 GHz
0.20 et ot 5 -20 '
0.0 [ Extra—] |~ Extra—=| |=Extra->, |~ Extra-—=1 &
% polated | | polated polated | | polated | © —40
B 000 [N e, A et <
1§ I | . I I ] %0
-0.10 | I i 1
-0.20 1 ! | ! 1 1 | 1 | 1 -80
8 9 10 1 8 9 10 1 0 4
Frequency (GHz) Range (in)

FIGURE 11. Data for two small spheres separated by 4 inches in slant range: (a) 4-GHz data and (b) BWE data showing
the 1-GHz-bandwidth segment of the original data and the extrapolated segments that were obtained with linear

prediction.

most plot of Figure 11(b) shows the two points unre-
solved in responses based only on 1-GHz data but
resolved with the extrapolated data, and the latter
pulse pattern compares well with the true 4-GHz
pulse pattern shown in the right-most plot of Figure
11(a).

Figure 12 shows a series of radar pulse shapes ob-
tained from an aluminum reentry vehicle (RV) model
at a Lincoln Laboratory static radar range. Measure-
ments were made every 10° in roll around the model’s
axis. In the figure, 37 pulse shapes for one entire roll
period are stacked above one other. The transmit-
ted and received signals are for linear polarization at
X band. Figure 12(a) shows the original 2-GHz real
bandwidth responses, Figure 12(b) shows the responses
obrained with only the center 1-GHz real bandwidth,
and Figure 12(c) shows the responses obtained for
BWE extrapolation of the 1-GHz signals to 2 GHz.
Note that the BWE responses compare well with the
original 2-GHz responses.

The 2-GHz data and the results of extrapolation to
a 6-GHz bandwidth are shown in Figure 13. From
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left to right, the first two returns in Figure 13(b) are
from the nose and the junction between the nose and
the conical afterbody of the RV model; note that
these two returns are not resolved in Figure 13(a).
The return from the base is observed in both plots
and some of the returns following the base return are
from the model support. In Figure 13(b), the third
return, which occurred 27 cm behind the nose of the
body, was not expected. Because these data were taken
at linear polarization, this return was seen to be roll
dependent. After careful inspection of the target, the
source of the return became immediately obvious.
The model had been constructed of sheet metal; Fig-
ure 14 contains two photographs of the model in
which the blowup on the right shows both the seam
and a rivet used to hold the sheet metal together.
There were other rivets on the body, but they had
tighter fits and, after being ground down, they were
barely visible. The rivet that was 27 cm from the nose
of the RV was not as well concealed and was the
source of the third return in Figure 13(b).

Figure 15 shows static range wideband data mea-
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sured on a conical vehicle. A very narrowband sam-
pling from 2-GHz to 18-GHz center frequencies at
steps of 20 MHz allowed representation of the
wideband data at a variety of bandwidths at different
center frequencies. In Figure 15, the pulse profiles for
1-GHz and 2-GHz bandwidths are shown at center
frequencies from 4 to 16 GHz in 3-GHz steps. Clearly,
1-GHz resolution is not sufficient compared to the
2-GHz capability. The measured 1-GHz-bandwidth
data were extrapolated by autoregression analysis tech-
niques and presented in Figure 16 in comparison
with the measured 2-GHz data. The figure shows
excellent agreement between the BWE dara and the
measured data.

Simulated 2-D Super-Resolution Using
Sequential 1-D Super-Resolution

Two-dimensional super-resolution was discussed
briefly in the beginning of this article. In Figure 4,
scattering from a conical vehicle with a height and
base diameter of 1 and 0.5 m, respectively, was simu-
lated with three point-scatterers. The simulation rep-
resented the scattered signal as a function of radar
frequency and aspect angle, and was applicable to
either ISAR or SAR interpretation. Figure 17 repeats
the results shown in Figure 4 for the case in which the
aspect deviation angle x was 90°, and includes addi-

tional results for x = 75° and 60°. In an ISAR applica-
tion, these examples represent a tumbling cone when
the RLOS is in the tumble plane, 15° out of the
tumble plane, and 30° out of the tumble plane (x =
90°, 75° and 60°, respectively). In a SAR application,
the x = 75° and 60° cases represent lookdown angles
of 15° and 30°, respectively.

The data were simulated for the equal-amplitude
(0 dBsm) scattering centers at each aspect for radar
frequencies from 1.035 GHz to 1.365 GHz in 10-
MHz increments. Thus, from Equation 1, the signal
bandwidth affords a classical range resolution of 82 cm.
The aspect angles (between the cone axis and the
RLOS projection on the plane of the scattering cen-
ters) are 23° to 37° with 1° increments. The classical
cross-range resolution is given by 1/(2A8sink), which
results in 92, 95, and 106 cm for x = 90°, 75° and
60°, respectively. The pseudo-color images are shown
for a 30-dB dynamic range, i.e., 10 3-dB contour
increments.

The conventional images were created by first com-
pressing the frequency data with Hamming weight-
ing to obrtain range profiles for each aspect angle.
Then conventional angle (Doppler) processing with
Hamming weighting was used to calculate the cross-
range dimension. By contrast, the super-resolution
image profiles were created by the following process:

T 1 T T T T T T |
o 7\ =
Sy A 1 T 8BS y
e AR A
o 270° AR p. - = = AN =
© A ~
S 180° 1 AN - = = o - u
90° — — — - N = —
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Range (m)
(a)

Range (m)

0.5 1.0 00 05 1.0
Range (m)
(b) (c)

FIGURE 12. Series of radar pulse shapes: (a) original 2-GHz real bandwidth responses, (b) responses obtained with only
the center 1-GHz real bandwidth, and (c) responses obtained for BWE extrapolation of the 1-GHz signals to 2 GHz. The
data were obtained from an aluminum reentry vehicle (RV) model at a Lincoln Laboratory static radar range.
Measurements were made every 10° in roll around the model's axis, and the transmitted and received signals are for
linear polarization at X band. Note that the BWE responses compare well with the original 2-GHz responses.
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FIGURE 13. Series of radar pulse shapes: (a) original 2-GHz data and (b) 2-GHz data extrapolated to 6-GHz bandwidth. In
part b, the first two returns (from left to right) are from the nose and the junction between the nose and the conical
afterbody of the RV model; note that these two returns are not resolved in part a.

FIGURE 14. Photographs of target model used in Figures 12 and 13. The blowup on the right shows the rivet that was the
source of the third return, which occurred 27 cm behind the nose of the body, in Figure 13(b).
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(1) after conventional range profiles were obtained,
angle data for each range gate were processed with the
Burg algorithm to achieve linear expansion by a factor
of 3; (2) conventional angle processing was then used
to calculate the cross-range resolution; (3) at each
cross-range gate, the range-profile data were trans-
formed back to the frequency domain, the weighting
was removed, and bandwidth extrapolation by a fac-
tor of 3 was obtained with the Burg algorithm; and,
finally, (4) at each cross-range gate, the expanded
frequency data were transformed back into the range-
profile domain. As mentioned earlier, the sequential
application of a one-dimensional algorithm can pro-
duce results that differ depending on the order of
processing. The super-resolution images, however, in-
dicate by comparison that the process significantly
improves resolution.

The process results in improved range and cross-
range resolution for one “linear” image, i.e., for a
rotation angle A@ that is constrained to allow no
Doppler smearing in the image. If a complete rota-
tion (360°) set of data is available, ECP methods can
then be applied to the resulting set of linear images.

Summary and Conclusions

The examples of processed data from static range
measurements and simulations presented in this ar-
ticle clearly demonstrate the significant practical value
in improving the slant-range and cross-range resolu-
tion by modern spectral estimation methods. Table 1
presents a summary of these techniques and their
benefits and limitations. Three important factors will
affect the success of bandwidth extrapolation (BWE):
(1) the conformity of the actual rarget reflectivity
with the signal assumptions of the limited-number-
of-points model, (2) the systematic errors that can
distort signals relative to the model assumptions, in-
cluding propagation effects, and, in particular, (3) the
signal-to-noise ratio. Even under good conditions,
the nonlinearity of the BWE processing can produce
various distortions, such as low-level-signal suppres-
sion and spurious responses in wider-dynamic-range
cases of multiple points, that would not be expected
from real bandwidth data.

Among the methods considered for estimating the
linear-prediction coefficients used in BWE, the Burg
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FIGURE 15. Static range wideband data measured on a
conical vehicle for bandwidths of 1 GHz (red curves) and
2 GHz (blue curves) at different center frequencies. Note
that the 1-GHz resolution is not sufficient compared to
the 2-GHz capability.
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FIGURE 16. Static range data with BWE. The measured
1-GHz-bandwidth data of Figure 15 have been extrapo-
lated by autoregression analysis techniques. Note the
excellent agreement between the BWE data (black curves)
and the measured 2-GHz-bandwidth data (blue curves).
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FIGURE 17. Conventional and super-resolution images for x equal to (a) 90°, (b) 75°, and (c) 60°. The pseudo-color
images are shown for a 30-dB dynamic range, i.e., 10 3-dB contour increments, and the horizontal and vertical directions

are the cross-range and range, respectively.
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Spectrum
Concept

Table 1. General Properties of Approaches to Spectral Analysis

Conventional Fourier
Techniques

Fourier spectrum from
projection of signal on
sinusoidal basis
functions.

Linear operation conserves
energy and preserves
phase relationships.

Autoregressive Models;
Maximum Entropy

Inverse squared magnitude
of transfer function of
whitening filter.

Results in improved resolution
of closely spaced spectral
components.

Combined Signal Extrapolation
and Fourier Techniques

Fourier spectrum of data lin-
early predicted beyond orig-
inal observation interval by

using prediction coefficients.

Linearly extended data set
maintains phase relationships
and can improve resolution

Benefits Has calibrated amplitude

and phase spectra.

Fast digital algorithms
can be used.

Places unrealistic constraints
on the signal beyond the
Bt observation interval.
Limitations
Sidelobes and weighting
functions limit detection

and resolution.

algorithm is generally practical because it guarantees
the extrapolation will not result in exponential growth.
This feature precludes catastrophic failure in any esti-
mation attempt, and, in the limiting case of failure, it
will tend to give at least the resolution of the original
data. A constraint (Levinson) used in this method,
however, limits the ability to resolve points spaced
more closely together than the expanded bandwidth
resolution if the expansion ratio is greater than ap-
proximately 3, even in the noise-free case. Greater
BWE ratios can be used for purposes of further sharp-
ening isolated responses in individual sweeps. This
tactic is especially useful in wide-angle extended co-
herent processing (ECP).

Forward-and-backward linear prediction (FBLP)
methods formulate least-squares residuals in a man-
ner similar to that of the Burg algorithm, but they
exclude the Levinson constraint. Marple has devised
an efficient algorithm for this approach. The uncon-
strained FBLP estimation does not have the Burg

Nonlinear process does
not conserve energy.

Has no phase information.

Amplitudes are not calibrated.

by at least a factor of 2.

Regains resolution lost from
use of weighting functions.

Is suitable for vector and
parallel processing for real-
time applications.

Is not appropriate for a
spectral continuum.

Has larger computational
load.

Occasional line splitting occurs.

limits of distortion effects in the two-point noiseless
case, thus allowing a greater BWE ratio in some cases.
Because exponential growth is possible, however, un-
stable extrapolations can result in the more general
multiple-point case with noise. This instability can be
controlled by limiting the coefficient numbers, but
there then can be problems in too severe exponential
damping. Tufts and Kumaresan have developed a
method, based on the eigen-decomposition of matri-
ces, for reducing the noise effects in the FBLP formu-
lation for the linear least-squares estimates of coeffi-
cients. The method requires the point signal levels to
be significantly higher than the noise levels, and does
not appear attractive for situations in which the am-
plitudes cover a wide dynamic range.

The implications for future efforts are significant:
(1) existing databases can be explored for appli-
cations to improve the derivable information, and
(2) future radar system designs should include
the ability to use modern spectral estimation
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methods for improving resolution.
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