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IMPACT OF OBSTACLE SHADOWS ON MONOPULSE
AZIMUTH ESTIMATE

1.0 INTRODUCTION

The Discrete Address Beacon System (DABS) uses a monopulse
receiver-processor that makes an estimate of the off-boresight angle for each
received pulse of the ATCRBS or DABS reply [Ref. 1] and then combines the
individual measurements to provide a single estimate for the whole reply.
This report deals with the obstacle shadow azimuth error (SAE), both in
terms of its impact on sensor coverage and the detailed character of its
spatial distribution. Interest in SAE was motivated by the attempt to explain
the anomalous performance of aircraft tracks close to obstacles that project

above the horizon [Ref. 2].

Shadow azimuth errors could be a problem for a sensor at a site with
tall obstacles in the skyline. An error in azimuth is introduced into the target
positions that are close in azimuth to tall obstacles. The Boston skyline, as
seen from Logan Airport, represents such an example when the total azimuth
extent of obstacles, with an elevation of one degree or higher, is 15.5 degrees.
Figures 1-1a, 1-1b, and 1-1lc are part of the Boston skyline; the tall obstacles

are high rise buildings and smokestacks.

The shadow azimuth error, caused by actual obstacles, is illustrated
by a smokestack in Fig., 1-2 (Hanscom Field), and by a high- rise building
(Prudential) in Fig. 1-3. Figures 1-4and 1-5 are photographs of the obstacles
as seen from the sensor at which the azimuth error is computed. It is observed
that the magnitude and spatial distribution of SAE are affected by the obstacle
position with respect to the sensor and its dimensions. The high-rise building
produces an error of + 0.8 degree; and its SAE is practically confined to an
azimuth wedge of 0.5 degree, while the smokestack SAE assumes values of
+ 0.3 degree and is practically confined to an azimuth wedge of 6.4 degrees.
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Fig. 1-1(a). Smokestacks (part of Boston skyline as seen from Logan
Internation Airport,
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Fig. 1-1(b). Highrise buildings (part of Boston skyline as seen from
Logan Airport). '
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1-1{c). Highrise buildings (4 second view of part of Boston skyline as seen
from Logan Airport),
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Fig. 1-2. Azimuth estimation error vs obstacle position. Obstacle, which
corresponds to Hanscom Field smokestack as seen from DABSEF, is 10 feet

wide and at a 1500-foot range {x = 1 ft).
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Fig. 1-3. Azimuth estimation error vs obstacle position. Obstacle, which
corresponds to Prudential building as seen from Logan Airport, is 200 feet

wide and at a 20, 000-ft range, (M =1 ft).
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Fig. 1-4.

Blow-up of the ‘Hanscom smokestack as seen from DABSEF.
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Fig. 1-5. Blow-up of Prudential building as seen from Logan Airport. .



2.0 ENVIRONMENT PARAMETERS CRITICAL TO AZIMUTH ERROR

2.1 Definition of Parameters

The azimuth error, hereinafter used to denote the error in the azimuth

estimate caused by the shadow of obstacles, is affected by the dimensions of

tlhe obstacle a8 well as the positions of both the aircraft and the obstacle
relative to the antenna, Dimensions are cxpressed in terms of wavelength, A:
DABS uses a wavelength of approximately 1 {t, The parameters used to discuss
the results are illustrated in Fig, 2-1 and explicitly defined as follows:

(2)

(b}

{c)
(d)

(e)

(f)

The azimuth error (deg) is the reported bearing of
the aircraft relative to its actual bearing {clockwise

angles are positive).

The obstacle angle (deg) is the obstacle bearing relative

to the aircraft (clockwise angles are positive).

The ohstacle width (\) is the cross-range width of the obstacle,

The range of the obstacle (\) is the range of the obstacle
shadowing the aircraft from the sensor,

The range of the aircraft (A) is the range from the sensor
of the aircraft whose azimuth is estimated,

The bearing of the aircraft {deg) is the off-boresight angle
of the aircraft (positive when the aircraft is to the right of
the boresight).

2.2 Nominal Operating Conditions

The results of the report are for nominal operating conditions unless
specifically noted. The nominal conditions are:

(a)

(b)

(d)

The obstacle shadowing the aircraft is isolated and

tall so that the line joining the sensor to the aircraft

is much below the top of the obstacle (see Fig, 2-1).

Reflections from the obstacle are not examined in this ,

report,

The shadow azimuth error is for an aircraft at boresight;
it will be shown in Chapter 5 that this gives an average
error if several interrogations were addressed to the
aircraft at equal increments of off-boresight angle.

A Lincoln Laboratory DABSEF planar array antenna

that has a -3 deg beamwidth is used to estimate the
aircraft azimuth, The illumination pattern is included

in Appendix A.

The aircraft range is much larger than the obstacle range;
most obstacles that significantly project above the horizon
are within a few miles from the sensor,
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The azimuth error wasg caleulated using the far field gain of the antenna’s
individual elements and Fourier optics to compute the field at the surface of the
antenna, Appendix A gives details of the computational procedure.

11



3.0 IMPACT OF OBSTACLE POSITIONS AND DiMENSIONS ON AZIMUTH
ERROR

It is important to determine which obstacles produce significant azimuth
error and the spatial extent of this error. This is accomplished on the basis
of key features of the azimuth error:

¢ Maximum azimuth error (deg) is the peak value of the shadow
azimuth error.

¢ Angle of maximum azimuth error (deg) is the azimuth angle
off the obstacle center where the maximum azimuth error
occurs,

* Error wedge (deg) is the narrow azimuth wedge centered at
the obstacle that confines shadow azimuth error values greater
than 0. 2 degree.

The value of the key features for the Hanscom Field smokestack
are:

Maximum azimuth error = 0. 35 deg
Angle of maximum azimuth error = 2, 2 deg
Error wedge = 6. 4 deg

{See Fig. 3-1)

3.1 Magnitude and Extent of Azimuth Frror

The maximum azimuth error is determined by the range and width
of the obstacle casting the shadow (see Fig. 3-2), e, g. , a 100\ wide
obstacle at a 20,000 A range produces a maximum azimuth error of 0. 25 degree.
In fact, obstacles that produce the same maximum azimuth error have a width
given by

Obstacle width = L x obstacle range P (3. 1)
for obstacle range > 1000 A |
and obstacle width > 20 A
where L. and P are parameters

The parameters, L and P, are defined in Table 3-1 for three values
of maximum azimuth error of 0, 25, 0,5, and 1, 0 degree,

12
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TABLE 3-1,
PARAMETERS OF EQUATION 3,1

Maximum

Azimuth

Error (deg) ‘ L b
0. 25 0.022 0. 85
0.5 0.06 0.79
1.0 0.34 0.69

A constant shadow signal strength is produced by obstacles with a range
given in equation 3. 1 with P= 0. 5. The farther away from the sensor are
the obstacles with the same shadow strength, their shadow beamwidth is
more narrow. The obstacle width, which determines the beamwicdth of the
shadow, is the predominant factor in determining the angle of maximum
azimuth error (see Fig. 3-3). For example, a 100 A wide obstacle at a

1as a zimuth error of 0. 2 degree, and
at a range of 4,000 Aan angle of maximum azimuth error of 0.3 degree. As
would be expected, the value of the angle of maximum azimuth error is
inversely related to the obstacle width. Specifically a good approximation

to the angle of maximum azimuth error is

16,000 A range has an angle of maximum a

. . _ 20
angle of maximum azimuth error = “hstacle wilth (deg) (3. 2)

At optical frequencies, the azimuth extent of an opaque obstacle shadow
is practically equal to the geometrical azimuth extent of the obstacle. At
DABS downlink frequency, 1090 MHz, there is no simple relationship between
the obstacle geometrical azimuth extent and the error wedge, which is the
azimuth extent where the RF shadow corrupts the azimuth estimation.

I

Error wedge, as a function of obstacle width for {ive different obstacle
ranges, is given in Figs. 3-4 and 3-5. Also plotted is the azimuth extent
(geometrical) of the obstacle at the sensor. For a given obstacle range, there
is a minimum obstacle width (for example at a range of 4000 X, the minimum
width is 10 \) below which, error wedge is zero, a consequence of equation 3,1,
Obstacles wider than this minimum width cast a shadow strong enough to cause
an azimuth error of 0. 2 degree, thereby setting the error wedge to a nonzero
value; but a further increase in obstacle width reduces the shadow beam width
and reduces the error wedge with it, A continued increase in obstacle width
introduces strong sidelobes of the shadow, suddenly increasing the error wedge,
(In Fig. 3-4, at an obstacle range of 4000 \, the first sidelobe becomes strong
enough to cause a shadow azimuth error of 0, 2 degree; when the obstacle width =
44 A, the error wedge increases from 2 to 4 degrees. )

14
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3.2 Change of Azimuth Error With Modification of Operating Conditions

Nominal operating conditions are not met all the time. The effect of
modification of three operating conditions is of interest: (1) range of the
aircraft, (2) elevation of the aircraft, and (3) shape of the obstacle.

3.2.1 Aircraft Range

A big shadow azimuth error is produced when the aircraft is close to
the obstacle shadowing it. The azimuth error is evaluated for an aircraft
at three ranges (Fig. 3-6). Maximum azimuth error increased from 0. 25
deg to 0. 55 deg when the aircraft range is 64,000 A as compared to very long
range. The azimuth error for an aircraft flying out on a radial stays
practically the same, once the aircraft goes beyond a range 10 times the

obstacle range. (See Appendix B for further details regarding this section.)

3,.2.2 Aircraft Elevation

b

Not all obstacles are necessarily very tall to completely block the

field from diffracting over their tops to the aircraft, An aircraft elevation

close to the top of the obstacle will have a smaller azimuth error than it has

at low elevations. For purposes of illustrating this effect, the Envelope of
Azimuth Error is defined as the locus of the peaks of Shadow Azimuth Error

as a function of obstacle angle (see Fig., 3-7). A plot of Envelope of Azimuth
Errors for three aircraft elevations (well below the top of an obstacle, slightly
skimming the top of an obstacle, and above the top of an obstacle) is shown in

Fig. 3-7. In general, as well as can be specifically noted in the present example,
the maximum azimuth error with the aircraft slightly above the top of the obstacle
is about a half of maximum azimuth error with the aircraft at very low elevation,
Furthermore, an aircraft elevation above the top of the obstacle by EC deg where

-1/ AN
Ec > tan obstacle range (3.3)

small shadow azimuth error, For an obstacle at 6, 000 :

3 vy Aiibaseil

e, E 1is5 one degree,.
! C

D
]
€
0
4]
]

3. 2.3 Obstacle Shape

. The skyline could be formed by complex shaped obstacles; it is no
always made up of isolated rectangular obstacles such as smokestacks or
buildings. The spatial distribution of shadow azimuth error produced by
'complex' shaped obstacles departs markedly from the 'simple' distribution
corresponding to isolated obstacles, Such an example is the shadow azimuth
error produced at DABSEF antenna by the shadow of an obstacle within 500 A
range (see Figs. 3-8 and 3-9), The variety of shadow azimuth error distribution
is then as great as the variety of sensor skylines,

19
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3.3 Summary of Shadow Extent and Magnitude

Most of the characteristics of the shadow induced azimuth error seem
plausible, The surprising feature is the introduction of 'error skirts'
spanning azimuth wedges much larger than the obstacle extent for close-range
obstacles.s Important characteristics of the azimuth error in relation to the

obstacles producing them are:

{a) In many cases of practical application, a very narrow
obstacle will produce very little azimuth error. {For
obstacle ranges (R) between 3000 A and 90,0007, and
aircraft ranges much greater than obstacle range; an
azimuth error of less than 1/4 degree will be %roduced
by an obstacle whose width is less than .02 R* 5 (R in

wavelengths, A)}.

(b) The peak azimuth error moves closer to the obstacle
center in azimuth, the wider the obstacle is. A good
approximation of the angle of maximum azimuth error
(deg) is 20/width of obstacle (A).

{c) Obstacles that are at close range and appear to be
narrow in azimuth extent (less 0.5 deg) can produce
azimuth errors greater than 0,2 deg over large azimuth
wedges, e, g., 4 degrees (see Fig, 3-4).

(d) For obstacle ranges 5000 A=< R < 30,000 A, errors
greater than , 2% occur within an azimuth wedge approxi-
mately equal to the obstacle azimuth extent, when azimuth
extent > 3°, At longer ranges, R > 30,000 A, the 3°
limit does not apply.

(e) A short obstacle (in height) will interfere with the
azimuth estimate by a smaller extent than a tall ob-
stacle; for narrow obstacles (e.g., Hanscom smoke-
stack), when the obstacle top just reaches the line
joining the sensor to the aircraft, the azimuth error
will be about half that corresponding to a very tall '
(narrow) obstacle.

(f) When the line of sight is physically blocked by an
obstacle, aircraft close to the obstacle shadowing
them experience a larger azimuth error than those

far removed,

(g) Obstacles, with the same azimuth extent at the sen-
sor, will cause a larger azimuth error the farther
they are away from the sensor,

24



4,0 ERROR SENSITIVITY TO ANTENNA APERTURE AND ANGLE
ESTIMATION PROCESSING

When obstacles block the view of a sensor site, two legitimate ques-
tions are

(1) How does the monopulse angle estimate compare with the
sliding window (an angle estimate used in ARTS)?

(2) Does increasing the width of the antenna reduce the
severity of the shadow azimuth error?

The answer to the first question is that the azimuth error in the monopulse
estimate is comparable to that of the sliding window. As for the second ques-
tion, the antenna width produces very little change in the azimuth error in

most cases,.

4,1 Comparison of Sliding Window With Monopulse Azimuth Error

For the purpose of comparison, the sliding window angle estimate is
modeled as the azimuth corresponding to the center of a window spanning
the sum beam at a fixed power, threshold {dB), below its peak; details of the
procedure are given in Appendix A, Consider shadow azimuth error as a
function of obstacle angle (shown in Figs, 4-1 and 4-2) for the Hanscom smoke-
stack and the Prudential building (the examples used in Chapter 1). It is seen
that the maximum azimuth error of the sliding window is within 25% of that of
the monopulse, In the above examples, a 12-dB threshold is used. An increase
in threshold, by reducing the threshold for accepting replies, would increase
the shadow azirmuth error (see Figs, 4-3 and 4-4},

In actual operation the sliding window angle estimate includes an error
component caused by missed replies of the edges of the window and quantization
error produced by the finite PRF. Forthe purpose of illustration, consider
a PRF of 250 interrogations/sec and a rotator rpm of 15, the quantization
error is 0, 2 deg, a value that helps to put the sliding window estimate at a
disadvantage with respect to monopulse, especially if the shadow azimuth
error is a fraction of a degree. Of course, a PRF of 400 would decrease the

quantization error to approximately 0.1 deg,

4, 2 Effect of Antenna Horizontal Aperture on Azimuth Error

For most obstacles, the antenna horizontal aperture (ceiling within a
factor of + 2) has little effect on azimuth error, Exceptions to this statement
are that for an obstacle at a range less than a few thousand \, a wide aperture
reduces the azimuth error; for obstacles at a range less than 10,000 A, an
increase of aperture reduces the volume of space where there would be error,
At first, the small effect of antenna aperture on azimuth error of obstacles
at long range seems to be counterintuitive; however, note the following:

25
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L J
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Fig, 4-2., Prudential building shadow azimuth error; comparison between
sliding window (threshold 12 dB below peak) and monopulse.
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ATC-50 (4-3)
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Fig. 4-3, Sliding window azimuth error vs threshold; obstacle is the
Hanscom smokestack.
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[ATC-50 (4-4)
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Fig. 4-4. Sliding window azimuth error vs threshold; obstacle is Prudential building,
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(1) Obstacles at long range that cause significant azimuth error
are wide, and their shadow beamwidth is much more narrow
than 1.5 degrees, which is one-half the nominal antenna
beamwidth,

(2) An obstacle maximum azimuth error occurs at a 'fixed'
angle off the antenna boresight,

(3) An interferor at a fixed off-boresight angle within the

antenna beamwidth causes the same error independent
of the aperture width [Ref, 1, ]

The relative insensitivity to aperture width of the azimuth error extent is
explained by note 1, while that of the azimuth error magnitude is explained
by notes 2 and 3,

illumination {which is 22 N\ wide) was scaled to

iil \'.444...“.. Ey- cLioil LU

The a illuminati
apertures 44 \ w1de and 1 X\ wide, These double and half normal apertures
were used to estimate the azimuth, The resulting azimuth errors for some
typical situations, which illustrate the effect of antenna width on azimuth
error, arc given in Table 4.1 and Figs, 4-5 and 4-6,

TABLE 4-1, APERTURE EFFECT ON AZIMUTH ERRCR

Obstacle

Error Wedge (deg) Maximum Azimuth Error (deg)

1/2 x Nominal Nominal 2x Nominal 1/2 x Nominal Nominal 2x Nominal

Width Range Aperture Aperture Aperture  Aperture Aperture Aperture

25 2, 000 8.0 3.2 1.6 0, 51 0, 47
80 8,000 2,2 1.2 0,8 0,57 0.5
135 16,000 0. 4 0. 4 0.4 0.6 0.5
230 32,000 0. 24 0, 24 0. 24 0,6 0.5

4. 3 Antenna Illumination Pattern Effect on Azimuth Error

The antenna illumination pattern performs a minor function in the

0.
0, 47
0.

0.51

shadow azimuth error. A comparison, for the shadow azimuth error, between
the modified feed ASR-7%* and the DABSEF antenna shows that the difference in

the error is less than 0, 07 degree (see Figs., 4-7 and 4-8). The method of
computing the shadow azimuth for a reflecting dish, using the illumination
pattern for the modified ASR-7 as an example, is given in Appendix C,

4,4 Summary of Results

(2) For obstacles 2 or more nmi away, varying the antenna
width in values close to 22 N\ {e.g., to 1} X or 30 A\) is

“A reflecting dish antenna with a 17,5 N aperture width at DABS frequency,
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ATC-50 (4-5)

1.0 J ! t ' Key Aperture width
----- 44

|

Obstacle width = 1152

O~ /\w/\vﬂeé Obstacle range = 16,0001

Shadow Azimuth Error (deg)

-1.0 i i 1 £
0 0.2 0.4 0.6 0.8 1.0

Obstacle angle (degq)

¥ig. 4-5. Effect of antenna width on shadow azimuth error vs obstacle angle;
obstacle is at long range.
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ATC-50 (4-6)
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Fig. 4-6. Effect of antenna width on envelope of azimuth error vs obstacle angle;
obstacle is at close range,
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Fig. 4-7. Effect of antenna illumination on shadow azimuth error vs obstacle
angle; obstacle is at long range

33



ATC=50 (4-8)
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Obstacle range = 1500

Effect of antenna illumination on shadow azimuth error vs obstacle
angle; obstacle is at close range,
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(b)

(c)

not going to affect the shadow azimuth error with on
boresight monopulse or beam splitting.

For on boresight monopulse or beam splitting and ob-
stacles at very close range (less than 2000 )), an
increase of the antenna width from 22 A to 44 A re-
duces the extent and magnitude of the shadow azimuth
error for narrow obstacles,

The on boresight monopulse estimate azimuth error is
comparable to a beam splitting azimuth error. If the
quantization error of beam splitting, caused by finite
PRF is taken into consideration, monopulse azimuth er-
ror is smaller,

Shadow azimuth error is a weak function of antenna
illumination pattern.
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5.0 AZIMUTH ERROR CHARACTERISTICS RELATED TO SENSOR DATA

PROCESSING
Presented in this section are two characteristics of the azimuth error
that interact strongly with the sensor data processing in determining the
surveillance quality provided by DABS: (1) the spatial variation of azimuth
error magnitude, and (2) the sensitivity of azimuth error to aircraft off-
boresight angle,

5,1 '"Oscillation' of Azimuth Error

An obstacle at long range from the sensor will produce a more rapid
variation of azimuth error with azimuth compared to obstacles at close range,
The sensitivity of azimuth error oscillation to obstacle range is well illus-
trated by considering the azimuth error produced by an obstacle at two ranges

{Fig., 5-<1), The obstacle angles, where the shadow azimuth error crosses
a value of zero, are
ftan b 2 (5.1)
an — .
ttan g

wheren =0, 1, 2, 3

1 il ] ~a 8w

An ajrcraft moving across range will experience a greater variation in azimuth
error on successive scans compared to an aircraft moving along 2 radial from

the sensor,

5,2 Azimuth Error at Off-Boresight Interrogations

The azimuth error magnitude changes with the aircraft off-boresight
angle, With the obstacle at a negative angle relative to the aircraft, inter-
rogations to the aircraft at a leading edge of a beam sweeping clockwise pro-
duce a larger azimuth error than interrogations at the trailing edge. For
example, with the Hanscom smokestack at -2, 2 degrees from the aircraft, the
shadow azimuth error is 0, 67 degree with the aircraft at 2, 4 degrees off-
boresight as compared with the shadow azimuth error of 0,1 degree with the
alrcraft at -2, 4 degrees off-boresight (see Figs, 5-2 through 5-4}, If, by
symmetry, the shadowing obstacle is at a positive angle relative to the air-
craft, leading edge interrogations experience a smaller error than interro-
gations at the trailing edge of the beam. The change in azimuth error with
off-boresight angle is more pronounced the larger the azimuth separation of
the aircraft from the obstacles shadowing them.

Consider a fixed beamwidth of the antenna, e, g, , 4,8 degrees and

approximately a 2-degree fixed separation between the obstacle and aircraft,
then two features of the azimuth error vs the off-boresight angle are
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ATC-50 (5-1)

1.0 | T

015 u

0.5}

Shadow Azimuth Error(deg)

-1.0 1 1

0] 1 2

3

4

Obsfacle angle {deg)

5

Key Obstacle range

— 80002
---- 4000 2

Obstacle width: 10X

Fig, 5-1. Spatial oscillation of azimuth error vs obstacle angle for two

obstacle ranges,
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ATC-50 (5=2)
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Monopulse Processor Output (radians)

Fig. 5-2. Monopulse output vs off-boresight angle of aircraft; sensitivity to
obstacle position,
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ATC~50 (5-3)
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Fig. 5-3. Monopulse output vs off-boresight angle of aircraft; sensitivity to
obstacle position. .
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ATC-50 (5-4)
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Fig. 5-4. Azimuth error vs off-boresight angle of aircraft for different
obstacle positions,
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(1) The shadow azimuth error varies at a constant rate with
the off-boresight angle,

(2} The ratio of the minimum magnitude of the shadow azimuth
error to its maximum magnitude is relatively independent
of obstacle position and dimension {see Fig, 5-5).

If the separation between the obstacle and the aircraft is reduced, then
in item {(2) above, the ratio will go up, e.g., a decrease of the separation of
the Hanscom smokestack from the aircraft from 2, 2 degrees to 0. 8 degree
increases the ratio of minimum error to maximum error from 0,15 to 0. 4 for

a 4, 8-degree beam width,

5.3 Summary and Conclusions

To reduce azimuth error, interrogation at the leading (trailing) edge
of the beam is preferable if the beam sweeps by the aircraft before {after)
the obstacle, Frequency of oscillation of the azimuth error vs azimuth is

(1} Proportional to (obstacle ra‘.nge)]’/2
{2) Higher at azimuth further removed from the obstacle

center,

Azimuth error varies with aircraft off-boresight angle, If the error is
normalized with respect to its greatest value over a fixed 'beam width',
then the rate of variation with off-boresight angle is

(1) Constant for obstacles of different width and range that
fall at a fixed azimuth separation from the aircraft

(2) Faster for obstacles more removed in azimuth from the
aircraft,
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are 2 degrees away in azimuth from aircraft,



APPENDIX A

A.1 Method of Computing the Monopulse Azimuth Error

The monopulse processor output determines the azimuth error; the
azimuth error of a target is equal to the difference between the target off-
boresight angle, T, and the angle in the monopulse calibration curve cor-
responding to the monopulse processor output (MO), The calibration curve
is the function of T vs MO when no obstacle intervenes between the sensor
and the target. The monopulse processor output is determined by three
items: the field at the antenna surface, the gain illumination pattern of the
antenna, and the monopulse processing scheme. A description of these
three items follows.

The field at the surface of the antenna, with its boresight pointed at
the aircraft, is determined by the dimension of the obstacle and its position
with respect to the sensor. Assume the obstacle is a tall opaque mask with
a cross-range width of OW (A}, R {A) away from the sensor, and its center
is at angle OA (degrees, clockwise) with respect to the target bearing,
Normalizing the free space downlink field at the sensor antenna to unity, the
field at the antenna after diffraction by the smokestack is FA, [Ref. 3]:

FA, (X) = ﬁ*lj [1 - (cla,) - cla)))]

+ i1 - (Say) - Sta )]

R/ % tan OA/A +.2T°W - X/N

a, =2 m

[R/?\*tan OA/'?\-—OZ%V— - X/A
a, = 2 s (A1)
“ |_ JR/A |
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where C and S are the Fresnel integrals, and X (M) is the distance from the
center of the antenna along its surface (see Figs. A-1 and A-Z for examples).

If the antenna is rotated so that the target is at an angle T (degrees

lockwise)} with respect to antenna boresight, a path difference {phase com-
g i duced ta FA ., the field at the surface is FA

1 iy
Addvd ULl Tl W L A e LlEL

FA(X) = FA(X) * JZ ™ HKx sin T/A (A. 2) .

The illumination pattern for the antenna horizontal distribution network
is given in Table A-1. G4, denotes the difference pattern, and GZj the sum
pattern. The spacing betwéen the columns elements is 8. 36 inches corresponding
to 8.36/12 \. The antenna sum and difference channel outputs, A and Z, are
given by

>
1

i DFA(X,) G Ay

a

¥

»
[#N]

where X, is the position of element i with respect to the antenna center.

1

The monopulse processor output, MO, is based on a description given
by Sussman [Ref. 2. :

MO = [arg (Z 4+ A) - arg (2 - §A)] (A. 4)
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I ) 1
laTC~50 (A-1) |

X is distance along antenna surface from its center; antenna
boresipht is at target and =;m<)k¢ stack, {Note a rotation of

the smokestack by 0A dLg,reLs is eguivalent to an antenna
center at X = -tan (0A) * R (A)- antenna width is 22 X.)

A
T !\I \ Vil
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d

0.70 —
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0.60 |— Range = 1500 X\ |
! ' | )
] I i | i
© 50 100 150 200 250

X {A)

Fig. A-1, Amplitude of the field after diffraction (FAO) at the antenna surface,
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]i ATC-50 (A=2)

X is distance from center of antenna along its surface;
antenna boresight is at target and smokestack.
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Fig, A-2. Phase of the field after diffraction (FAD) at the antenna surface.
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TABLE A-1, RELATIVE DRIVING VOLTAGE3 AMPLITUDE DISTRIBUTIONS
FOR THE SUM AND DIFFERENCE PATTERNS O DABSEF.

(Columns are numbered from the center of the array.)

Column
No. _g__A'_ _(:“}_E
1 0.110 0.913
2 0.324 0.898
3 0.515 0.870
4 0.673 0.829
5 0.789 0.772
6 0.857 0.708
7 0.877 0. 637
8 0.852 0.565
9 0.789 0,487
10 0.697 0,412
11 0.588 0. 340
12 0.471 0.271
13 0.356 0. 207
14 0.252 0.155
15 0.167 0.120
16 0.124 0.102

A, 2 Sliding Window Azimuth Error

The sliding angle estimate is based on azimuth splitting the sum beam
channel output; the target position is given by

Azimuth Azimuth

1/2 | of leading + of trailing
edge edge

where azimuth of leading (trailing) edge is the boresight azimuth, as the antenna

sweeps by the aircraft, where the sum channel first {last) attains a power
within THR (dB) from the peak power received on the sum channel {see Fig. A-3).
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APPENDIX B

SHADOW CAST BY OBSTACLES FOR AIRCRAFT AT CLOSE RANGE

In Appendix A, the method for computing azimuth error is discussed
for an aircraft at long range irom the sensor, When the aircraft is at close
range, i, e, , RA{M}, the range of the aircraft is comparable to the range of

obstacle, R, Then ineguation A, 1 from [Ref. 3], the values of a; anda, become

X

a1=\,@[—]§- *tanOA—i—%\;(-_—-x}/ Re/A
{(B. 1)
a2=\f2[-% * tan OA - %—}V--}i] /\/Re/?\

where

Re = Rx[RA -~ R]
and

Ra > R

Consider the normalized shadow strength, FSHADOW cast by the
obstacle with respect to the downlink field strength, then

FSHADOW = 1 - FA(x)

:\[-—Z;lj-_[c(ag) - clay) + jlsla,) - s(al))] . (B.2)
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=

f the obstacle width << Re. a situation corresponding to a weak

FSHADOW| s CONSTANT * ——ome {B. 3)

Combining equations B. 1 and B. 3 and considering the obstacle shadow a func-
tion of its range, we have

[a Anf‘\'url / RA % )\ : Ty Ay
DHALUW | ~ \j R* (KA - R) (bB. 4}

Equation B. 4 implies:

(1) Aircrait at close range (RA close to R) experience
a larger azimuth error than at long range because

the ahatacrla cacts
AR A=

a etraoncer chadnwr
brhlbs LT T o e d Y L

O SLaUiigT LI LU WY

(2) For a particular obstacle, aircraft with a range greater than
10 times that of the obstacle have the same azimuth error because

| FSHADOW | ~ \/%

a1
<



APPENDIX C

METHOD OF COMPUTING MONOPULSE AZIMUTH ERROR
FOR A REFLECTING DISH ANTENNA

In Appendix A, the antenna was assumed to be a planar array. The
method of computation is readily adpated to a reflected dish antenna, The
equivalent illumination pattern for the reflecting dish is obtained from the
receive azimuth pattern of the feed and the position of the feed with respect
to the reflector. Figure C-1 shows the received sum and difference feed
patterns for the Modified ASR-7 antenna, which is a 17, 5~ft wide reflecting
dish antenna (17.5 A at DABS frequency) [Ref, 4], The feed is 58 inches away
from the surface of the antenna, The antenna illumination is represented by a
planar array with 32 elements, equally spaced across the surface, for each of
the sum and difference patterns, The gain of the element (sum or difference)

is obtained from Fig, C-1. The azimuth of the element with respect to the
feed, AZF, is given by

_ -1 [distance of element from antenna center
AZF = tan .
Jistance of feed from antenna surface
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