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ABSTRACT ™

The . angular resoluticn ~and tracking’ of
closely spaced targets is a classical radar prob-

lem which 'is teceiving increased "attention, and -

terrain..multipath (e.g., reflections) has long
been recognized to be a principal limitation on
the . achievabie
trackers at low elevation angles. A wvariety of
techniques have been proposed for improved eleva-
tion angle estimation; however,-comparative analy-
sis based on ficld comparable data has not . %been
available to date.
of multipath scattered power, described in a
companion. paper; are used " to compare several
elevation angle- estimation techniques:

(1) conventional monopulse;

(2) off-boresight monopulse;

{3) “doible nyli-monopulse;--

(4) single edge - processing as 1s used for
flarerprQCegsiﬁg in the Microwave landing
System; and

(5) a maximim -entropy technigue based - esti-...

mator.

I. INTRODUCTION

Low angle elevation trackers have been under
active investigation for many vyears [I1}]. New

applications for low angle tracking in the civil=~

ian (e.ge., MLS flare [2]) and military (e.g.,
protection against cruise missiles or 1low flying
aircraft) sectors have increased interest in im-
proved performance. Additionally, the decreasing
costs and increasing speed of digital signal pro-
cessing has made many approaches practically
feagible which hitherto would primarily have been
only of theoretical interest. Consequently, a
number of new technigues have been proposed as an
alternative to the conventional monopulse or coni-
cal scan.

Unfortunately, most studies of new angle
estimation techniques have not been comparative in
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nature; ‘and,  the bulk of the comparative studies
to date have consisted of simulating performance

homogeneous surface. By contrast; natural ter-

rain multipath environmernts are characterized -by a-
variety of .multipath sources whose distribution of

scattered power- as a .function of "élevation angle

can- be quite different. from that for a flat sur--
face [3}. 1In those cases where comparative field

tests have been made; the comparative analysis was

often complicated by differences-im targer flight -
profile and reference~systemf.as well as changes

in:'the multipath envirgnment between -the respec—

tive tests [4].

Our approach to the comparative anslysis has
been to measure the -regcelved waveforms at various -
points along the aperture of a-line arvay and then
realize various angle estimators.. in -software.
Since ~all the various estimates ‘are derived from
the same field data, comparative.performance dif-
ferences due to flight profiie, enviromment condi~
tions and referepce system errors are -thus elimi~
nated. Additionally, if a given technique is
further optimized, one can assess the performance
improvements without repeating the field tests.
Similarly, tradecff studies of the performance
versus aperture size can be carried out on an
identical base.

Section II describes the measurement system
and procedures used to obtain the aperture sampled
field data. Section III describes the angle esti-
mation techniques considered in the present study
and presents and discusses the comparative per-
formance using field data at L and € bands from
measurements over vegetated flat and rolling ter-
rain. Section V summarizes the results of our
studies to date.

11. HEASUREMENT EQUIPMENT AND EXPERIMENTAL
PROCEDURE

Fig. 1 shows the aperture sampling equipment
utilized in the field measurements. Each of
sampled apertures comsists of two uniformly spaced
interleaved line arravs with the following para-
meters:

*e.g., tracking theodolite errors.
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Array Frequency  Signals Array 1
{GHz) N 8
L band 1.09 0.45usec pulse 9 3.24
C band 5.2 CW 19 3.19
Array for
Array 2 Comparative Studies
N § N § BY
5 1.62 5 1.62% 7.09°
21 1.6 10 1.6 3.6°
N = no. of aperture samples § = element

spacing in wavelengths
BW = standard beamwidth (= 1/N8)

The phase* and log amplitude at each element are
digitized (0.7dB granularity in amplitude and 2°
in phase) and stored on magnetic tape. The heli-
copter range is determined from the L band signal
while the elevation angle is measured by digitiz-
ing the manually controlled optical theodolite
position (granularity ~0.04°). Look-up tables for
log amplifiers and phase detectors are ohtained
before and following each measurement sequence by
injecting signals at IF with various attenuatioms
and phase shifts. Antenna collimation 1s main—
tained by injecting rf calibration signals at each
element of the array and by using a rf design
which minimizes changes in electrical length due
to femperature. :

The helicopter flight profiles typically
consisted of vertical ascents/descents along a
given radial at distances of 0.5 te 1.0 nmi from
the ground antenna. This permitted the terrain
along the radial to be measured and modeled in
detail for correlation with the MLS propagation
model. By using relatively close ranges, a& high
SNR was obtained {typically 30 dB). Measurements
at longer ranges (e.g., 2 nmi) showed minimal
variation in the received signal characteristics
at a given elevation angle.

III. ANGLE ESTIMATION TECHNIQUES

Several of the angle estimation techniques
can be motivated by reference to the angular power
spectra discussed in the companion paper [3]:

the maximum entropy (ME) technique based
estimator takes the largest peak in the
ME power specirum at positive elevation
angles to be the angle of the direct
signal, It has been showm by Lang {5}
that this estimator closely approaches
the performance of the true maximum like-

{a)

lihood estimator when the received signal

consgists of twe plane waves in noise.
conventional null seeking moneopulse (CM)
systems can be viewed ss determining the
peak of the beamsum {B3) power

(v)

*
relative teo the bottom element of the array

spectrum '5(9)]2 singe the null of the
ratio 8(8)/1(8) . with difference pattern
A{B) = dI(8)/d8 occurs at the peak of the beam
sum pattern L{B) .

Since the beamsum spectrum peak corresponding
to the direct signal (PKg) is typically biased by
multipath on the side of the peak towards the
multipath (i.e., at angles less than that of the
direct signal), estimators which primarily rely on
the less distorted portionm of PX; (i.e., that at
angles above the direct signal) seem sensible. Two
such estimators are considered here:

(c) the MLS “single edge” flare processor
(SEP) which uses a delay and compare
technique to locate a given slope of the
PKy [6]. The point used typically is 6dB
to 9dB below the nominal peak of Z(8}.
{d) the off-boresight monopulse {OBM)} tech-
nigue (7] which utilizes the fact that
when only a direct signal is present at
angle ed and 8 is within 1 beamwldth of
Ba» .

(@) & a(0)/(e) » (N6) (6-6)
(n

so that one can estimate §4 Wwithout pointing the
array at 84, With an “"off-boresight" elevation
tracker 68 is coastrained to be » 0.7/N6 and (1) is
used to estimate 64 1f the last estimate of 94 1s

less than O0.7/HS. This keeps the main lobes
of L(6) and A(8) pointed above~the terrain and
thus significantly reduces ' the -lerrors due to

Tu}tipath signals at elevation angles below 64
i]. h

At low elevatjon angles, 1t may not be pos-—
sible to prevent the mainlobes of A(8) from illu-
minating the ground. W. White [8] has suggested
use of a double null monopulse (DNM) in which the
difference pattern has a null both at 8 and at the
expected angle of the multipath (=-8)., The error
metric €{8) for White's monopulse estimator has a
null at 6=0 when only the direct signal is pre-—
sent and wgen the multipath is present at -§,,
Good results have been reported for this estimator
over sea and desert terrain [8].

Our software implementation of these various
techniques closely parallels the wvarious refer-
ences ¢ited above. The £{8) used for the CM, SEP,
and OBY techniques was a Dolph-Chebyschev {DC)
design with -20dB (-30dB for SEP) sidelobes.

“The A(8) used for € and 0BM was the derivative of

-16bes

a -40dB sidelobe DC design (this had a peak side-
lobe of -224B). The I(8) and 4(6) patterns used
for-DN{ were according to the prescription in [8].
It was found that the residual array and gquantiza-
tion- errors “increased the small array I(8) side-
enough such cthat the SEP threshold would
have to correspond to -6dB  point on  the
nominal IL{8) pattern,

Fig. 2 shows the simulation results far the
various angle estimation techniques for a single
multipath signal of relative amplitude p=0.9 at
angle B, when the direct signal is at 84 = G. 584,
with 30dB element SNR., Both 0° and 180° relative
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phase conditions are shown since these twe bound
the errors at other relative phases. The ME tech-
nique appears to give the best performance over

the range of angles with the SEP and DNM tech-

niques a close second.
IV, MEASURED RESULTS

Here we will show some L-band and C-band
field measurement results, As mentioned in
Section II, the C-band results were obtained with
a l0-element 14.3% array while the Le~band results
were obtained with a S5-element 6.5A array*.. The
angular error shown in the following figures is
the difference between estimated angle and the
theodolite tracking angle at that particular mo-
ment. Therefore, it is understoed that the angu—
lar error also includes the possible theodolite
tracking error. The theodolite tracking error is
expacted to be on the order of 0.1° for the meas-
urements described here. :

Fig. 3 shows the errors for the various tech-
niques as a function of elevation angle for a test
at L.G. Hamscom Alrport, Mass. The terrain here
is nominally flat with grass cover. We see that
in general all techniques except the SEP have
similar performance for 8 »1 beamwidth (BW), where
84 ls the target helicopf%r elevation angle., The
maxlmum angular error (A6 max) is about 0.07 BW,
except the SEP which shows larger error of 0,12
BW. TFor 1| BW > &_ » 0.5 BW , it appears that the
ME, DNM and M  techniques yield smaller
error (A% max » 0.08 BW), with the ME technique
having the beet performance around 8, ~ 0.5 BW .,
For 6, € 0.5 BW, the ME technique appears to give
the best performance with the angular error simi-
lar to that observed iIn the higher elevation
angles. The larger angular error in the L-band
results (Fig. 3b), especially with the ME tech-
nique, probably 1s due to the insufficient sensor
samples (only 5 signal samples available for the
L~baind versus 10 for the C-band}.

Fig. 4 shows the errors for the various tech-
niques as a function of elevation angle for a test
at the Ft. Devens, Mass. golf course. This ter=-
~rain is rolling with closely cropped grass, as to
yield specular reflections at several elevation
angles. In general, the angular errors are larger
for the rolling terrain here than those previously
cbserved for the near-flat terrain. Also, the
small number of sensor samples has a more pro-
nounced effect on the L-band angle estimation
accuracy here, especially with the ME technigue,
than previously observed for the near-flat ter-—
rain, This is thought reasonable, since the
multipath environment was found to be more compli-
cated for this rolling terrain than for the near-
flat terrain [3]. For the C-band result (Fig. 4a)

*The small number of Le~band array elements
necessitated using a two-pole model for the ME
technique, whereas the observed angular spectra,
in some cases, would require at leat a four-pole
model. Consequently, the ME L-band errors are
greater than would have been the case with' a
greater number of elements within the overall 6.5
aperture, ’

which was obtained with a larger number of sensor
samples, we cam see that again the ME technique
appears to yield the best performance, especially
for 8 < 1 BW, The ME angular errors (A max)
are afound 0.07 to 0.1 BW, except for one isclated
elevation angle (8, » 4.0°) where all techniques
show a large angular error (= 0,15 BW). Again
the SEP gives much larger angular error than the
other techniques, as we previously observed. This
greater error for SEP is believed to arise from
the SEP sensitivity to sidelobe multipath.

V. . SUMMARY

Our preliminary results from applying five
different elevation angle estimation techniques to
several identical data sets, both synthetic and
field measured, indicated that the ME technique
based estimator seemed to yield the best perform—
ance 1f a sufficient number of sensor samples was
available, The observed maximum angular errors
were around 0.07 to 0.1 beamwidths for the target
elevation angles from 2 beamwidths down to about
0.3 beamwidths. The DMM and SEP appeared to work
much better than the CM or OBM for the synthetic
data cases, However, in the field measurement
results, the DNM and OBM seemed to give similar
performance and the SEP performed notably poorer
than the other optimized elevation angle estima-
tion techniques.
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Fig. 1. Aperture sampling experimental configuration,
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