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ABSTRACT

This thesis studies the inherent angular errors of a ]

phase «comparison mcpnopulse sSystem used for tracking a

complex targyet. The phase compensation equation is utilized :
in Jjustifying Howard's hypothesis on the relationship j
between the phase front distortion of the scattered wave « 1
from a complex target and angular tracking errors, in .i
extending this hypothesis to closer ranges to the target, i

and in determining the limitations of +this hypothesis.
Thruugh the phase compensation egquation, global errors are
demonstrated. A Local error bound is also determined for the ]
tracking of a two element target. These new results are not P

predicted by Howard's hypothesis.
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A. RADAR FOR TRACKING

A tracking-radar system measures the coordinates of a
target and provides data which may be used to determine the
target path and to predict its future position. All or only
part of the available radar data such as range ,elevation
angie, azimuth angle and doppler frequency sahift may be used
in predicting future target position; that is, a radar might
track in range, 1in &ngle, in dcppler, or with any comtina-
tion. Almost any radar can be considered a tracking radar
provided its output information is processed properly. But
it is the method by which angle tracking is accomplished
that distinguishes what is normally considered a tracking
radar froama any other radar. It is also necessary to distin-

guish between a continuous tracking radar and a track-while-

scan (TWS) radar. The former supplied continuous tracking
data on a particular target, while the track-while-scan
supplies sampled data on one or more targets. In general,

the <continuous tracking radar and the TWS radar eaploy
different types of equipment and serve different purfroses.

For TWS, the track of a target can be determined with a
surveillance radar from the cocordinates of the target as
neasured from scan tc scan. The gquality of such a track
will depend on the time between observations, the locating
accuracy of each observation, and the number of extraneous
targets that might be present in the vicinity of the tracked
target. All of these, including prediction and estimation,
are usually accomplished by usipng a specific computer.

For continuous tracking radars, a popular type is the

conical scan radar, as shown in figure 1.1 The angle between
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the axis of rotation (which is usually the axis of the
antenna reflector) and the axis of the antenna beam 1is
called the squint angle. Consider a target at position A.
The echo signal will be modulated at a freyueacy equal to
the rotation frequency of the beam. The amplitude of the
echo-signal modulation, called the angle error signal, will
depend upon the shape of the antenna pattern, the squint
angle, and the angle between the target line of sight ani
the rctation axis. The phase of the modulation depends on
the angle between the target and the rotation axis. The
conical scan modulation is extracted from the echo signal
and applied to a servo-control system which continually

positions the antenna on the target. Note that two servos

are required because the tracking problem is two-
dimensional. Both the rectangular and polar tracking coor-
dinates may be used. When the antenna is on target, and if

the target is located at B of figure 1.1, then the line of
signt to the target and the rotation axis coincide, and the
conical-scan amplitude modulaticn is zero. The conical-scan
tracking radar requires information from a number of pulses
in order to extract the angle-error signal. In the tinme
interval during which a <conical-scan measurement 1is made,
the train of echo pulses must contain no aaglitude-
modulation components other thaup the modulation produced by
scanning. If the echo pulse-train contains additioral modu-
lation components «caused, for example, by a fluctuating
target <cross section, the +tracking accuracy wmight be
degraded. This can ke especially severe if the spectral
content of the fluctuation is strong at or near the corical-
scan freguency or the sequential-lobing rate. The effect of
the fluctuating echo can be sufficiently serious in scme
applications to severely limit the accuracy of those
tracking radars which require many pulses to be processed

before the error signal can be extracted.
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The wmonopulse tracking techhnique is superior to the
conical-scan because all infcrmation necessary for the
determination of the angular error is obtained through a
singyle pulse. Since the target appears stationary for a
pulse duration, pulse to pulse variations of the echo signal
due to target motion, which 1limit the performance of a
conical-scan radar, have no effect on a monopulse radar.

The amplitude-comparison monopulse enploys two identical
but slightly offset antennas (figure 1.2 a) to provide the
angular error in cne coordinate. The two overlapping
antenrna beams mnay be generated with a single reflectcr or
with a lens antenna illuminated by two adjacent feeds. {A
cluster of four feeds may be used if both elevation and
azimuth error signals are desired.) The sum of the two
antenna patterns of figqgure 1.2 (a) is shown in figure 1.2
(b , and the difference in figure 1.2 (c). The sum pattern
is used for transmission, while both the sum pattern and the
difference pattern are used on reception. The signal
received with the difference pattern provides the magnitude
of the angle error. The sum signal provides the range meas-
urement and is also used as a reference to extract the sign
of the error signal. They are amplified separately and
combined in a phase-sensitive detector to produce the error
signal characteristic shown in fijure 1.2 (4), The useful
region is on the linear portion of the curve.

In a phase comparison moncpulse radar, the anjle of
arrival (in either the azimuth cr the elevation direction of
the radar) 1is determined by comparing the phase difrference
between the signals from two separate antennas. Unlike the
antennas of amplitude compariscn trackers, those used in
phase ccmparison systems are not offset from the axis. The
individual boresight axes of +the antennas are parallel,
causing the (far-field) radiation to iliuminate the sanme

volume in space. Tte amplitudes of the target echo sigmnal
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¢(r,6,9) = kr + T(r,8,9) (3)

and a phase front 1is a surface on which ¢(r,8,¢) is
constant. Thus D(r,6,¢) is the phase distortion which keeps
the phase front from being a sphere centered at the target.

For simplicity, <consider only the case when there is no
error in the elevation angle. Cnly the plane containing the
center of the target (i.e. origin of the spherical coordi-
nate) and the pair of effective centers of the antennas
measuring azimuth angle has tc be <considered. It can be
modeled as a system of only two antennas.

As shown in figure 3.1, the angle ¢c from the negative
radial direction -fr to the tracking axis pointing direction
t (the caps above the characters denote unit vectors) is the
angular tracking error. The antennas A and B, centered at (r,
,g,¢A) and (r3;¥,¢a) respectively, read the phases ¢Aand ¢B

according to equation (3) :
$a
e

Note that this statement is based on the assumption that

1"

o«
krg + D(rB'E'¢B)

the anyle extended by the target 1is neyligibly smail
compared to the beam width of each of the antennas.

An error signal is generated in the trackiny system if @,
differs from ¢B. The tracking axis 1s conditioned to foint
to a direction so as to null the error signal. Therefore the

tracking error is determined Dby the ejuation :
T “ ,
k(ra-rg) = D(rgegePp) - D(Ts.5.%a) (4)

The quantities Ly s Cao ¢A' ¢B can be expressed in terms

of £, ¢T, a, ¢c, through the followinyg equations :

T 2 _ ]

[,= Iyt £pd.sin ¢+ d/4 (5)

] 2 L

Tg= I;- Cpd.sin @e+d/u (6)
25
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between the phase front of the scattered field and the
angular trackinyg error of a phase comparison trackirnj systen
is examined carefully. The validity and restrictions of this
relatiornship are established for 1local tracking errors.
Global tracking errors are found to exist when tiue systen is
on a wrong track while no error signal is generated. Irn a
companion work the angular tracking error of an amplitude

comparison system are studied [Ref.8,9]}.

B. PHASE FRONT OF THE SCATTEREL FIELD FROM A TARGET AND THE
ANGULAR TRACKING ERROR.

From the three components of the scattered electric
field, an antenna will pick up only a linear combinaticn of
them. The received field of <ccncern for an antenna located

at (r,e,¢) can be written as :
F(r,e,9) {exp[iD(r,6,$)1} {exF(ikr)}/r (M

where X = 27M1/A is the wave number, X i35 the wavelenygth
and F(r,6,¢§) = 0. The origin of the spherical coordinate
system 1is located at the target. In the 1limit that r

approaches infinity,

F(r,e,9)—>f (8,90)
2(r,8,$)—4 (e,9) (2)

Assume the incident field to be of unit strength and
zero phase at the origin. Then uﬂfﬁe,¢) is the cross section
of the target and J(e,¢) is the phase shift of the target.

Note that

£(6,0) (explid(e, )1} (exp (ikr)}/r

is the far field expression for equation (1) and
F(r,6,$) and D (r,8,¢) are slowly varying functions in r. For

large r the phase of the scattered wave is :

24
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III.

A. RELATION BETWEEN ANGLE ERROE AND PHASE FRONT

1
The phase compensation equation is found to describe the ,
mechanism with which the direction of the tracking axis of a ]

phase <comparison tracking system is determined [Ref.7].

Howard's phase front distortion technique is shown to be
applicable to such a system and is an approximation to the
phase compensation equation. In what follows, global angular
tracking errors are demonstrated and an upper Dbourd to the

local tracking error is given. The antenna separation is

recognized to be the essential parameter in the determina-
tion of both kinds of errors.

Using the far field appreximation of the scattered
fields from a two-element target, Howard {[Ref.4] reasoned

B

that the angular error of a tracking radar is determined by
the distortion of the phase front of the scattered field
Zrom a target. The significance of this observation stems
from the fact that it relates the angle noise of a tracking f
radar directly to the scatterinyg characteristics of the ’
target. Hence the r[arameter c¢f the antenna system in a ]
tracking radar need not be considered and studies irn angle
noises are greatly simplified.

A recent investigation [Ref.6] revealed that for an

amplitude comparison system, the tracking radar can be right

bembetendendeediiidhdnasods

on target yet Howard's phase front distortion technicue

predicts an infinite error ([Ref.1). This brings altout the

T W

question of whether angle noise predictions based on
Howard's assumption have been exaggerated for some systen

while inapplicable to others. In this thesis, the relation

Y TR

23
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-jkrg
Eq 5 Sie| | Eif | e

o " i

Sy S| |Eiaj Ly
QoA = .
or, Eg = S(i,s) .E;.{exp. (-Jkrg)}/rs

The subscripts 1 and 2 represent polarizations for bota
the incident and the scattered fields.

For monostatic scattering, the scenario 1is shown in
figqure 2.2 Usually the same antenna is used for transmittiny
and receiving in a radar.

For the monostatic case, r; = rg= r.

21
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r; is the distance from the transmitter to the scat-

terer.

Q is the radial direction unit vector from the scatterer

to the receiver

Ego ﬁs, are the far fields of the scattered wave.
is the distance from the scatterer to the receiver.

The scatterer is a matallic object with induced surface

currents 35, which can be solved for example, by the

magnetic field integral equatior (MFIE).

Je(r) = Zﬁxﬁi (r) + ﬁx“ffs (F)x V6. ds
S

G

{exp. (—jkR)} /2TR

- - - .
R |T-T] , for T and T both points on surface

and k = 2T/2.

Scattered fields can be obtained from the surface

current. If

then

£(S) = Sfﬁs(iﬁ.{exp.(+jk253}.ds
S

=
wv
——
adl
w
~
!

[—jk}/ﬂﬁrs}.{exp.(-jkrs)}.{E—(f.%)g}

o]
w
—
H|
w
-~
t

(1/1,)§ Eg (Ts)

Linearity results in 35 being proportional to Ei' and a

"complex scattering amplitude function"™ can be defined as:

51,5 = {-jkwo/uﬂEi}.{f—(E.Q)Q}
then
Eg(Tg) = Ei5(i,s).{exp. (-jkrg)}/rs

where 5 (1i,8) is polarization dependent.

More generaly, polarization effects can be included in

the "scattering matrix"™ as:

20
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Other technijues involve various simplifying assumptions
to arrive at the basic formulation so that even if the math-
ematical analysis can be carried througl exactly, only an
approximate solution is obtained. A typical example of this
type is the physical optics technigue for which it is gener-
ally true that even 1if the required 1integration can be
performed exactly, only an approximate solution 1i1s obtained.
The definition of radar cross section is as follows:

¢ = lim 4TE|E</E; |
R—+co S !

where E. is the electric field intensity scattered fron
the target and observed at a distance R from the target, and
E; 1s the field intensity incident wupon tie target. The
incident field is assumed to be a uniform plane wave, and
the limit of Eg as R—w is taken to ensure that the true
far-field value of ¢ is measured. In practice, it is usually
considered sufficient if R is greater than about 2571, where
D is the larygest dimension of the target in any direction
transverse to the direction from which Eg is observed and A
is the radar wavelength. It shculd be noted, however, that
for some purposes the 257A.criterion is 1inadeguate and the
recommended far-field distance may be several times as
great.[kef.5]

Note that, the radar cross section also depends upor tne

frequency, shape and composition of the scattering object.

B. THE ELECTROMAGNETIC SCATTERING

In general, for bistatic radar the scenario is shown in
Figure 2.1
where

T is the direction of the propagation vector of the
incident plane wave.

E,, Hj, are the fields of the incident wave.

18
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A. RADAR CROSS SECTION

For most practical situaticns there is relative motion
between a radar and the target being tracked. The radar
"sees" a dynamic cross section. Considerable effort has been
expended in investigating the statistics of dynamic cross
sections, particularly in the case of aircraft. It can be
shown that Ior a target consisting essentially of a large
number of point scatterers in random relative motion, the
radar cross section will have an exponential probability
density. For a relatively complex target, such as an
aircraft at high frequencies, experimental results agree
well with this conclusion (see detail in Ref.4). That is we
can use the static cross secticn in our calculation instead
of using dynamic cross section.

However, for most of the calculations and analysis of
this thesis the target may be assumed to be stationary,
because a monopulse tracking radar is used. That is, the
radar cross section is a static cross section within a pulse
duration. There exists a wide variety of analytical tech-
niques for computing radar cross sections. Some of these
lead, in principle, to exact solutions, aithough approxima-
tions are usually required to cbtain numerical results even
from what was originally an exact formulation. A typical
example of this type of technigque 1is the formulation of a
scattering problem as a boundary-value problem with the
resultant formally exact solution appearing as an iniinite
series. To obtain numerical results, the sum of this series

must usually be approximated in some fashion.

17
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D. PURPCSE OF THE THESIS

In this thesis a detailed study is carried out to demon-
strate the true relationship between the phase of the scat-
tered field and the angular tracking error in a rfhase
comparison monopulse tracking radar.

16
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angle errors for each pulse. This may result in increased

pulse to pulse variations in predicted target locations ani
causes problems in the servo systen. This target noise
should be dealt with through froper choice of the servo-
bandwidth which determines the sensitivity of the servo

systen.

C. HOWARD'S ASSUMPTICN

The "slope" of the phase frcnt of the echo signal from a
complex target of finite size is claimed by Howard [Ref.d]
to be identical to the angular errors caused 1in a tracking
radar by angular scintillation or target angle noise. No
definition on "slope" was given, however, and no proof of
the statement was provided. Since phase comparison tracxking
systems are essentially phase front positioning devices, it
can be argued that the target angle noise 1is determined by
the echo signal due to the distortion of its phase front
from being a sphere. Howard and Dunn (Ref.5]) <further
proposed, by erroneously assuming that an antenna is a power
measuring device instead of a field streagth probe, that
deviations in the direction of the echo signal is given by
the Poynting vector. They arqued that the angular error
from a complex target can be so large that the apparent
source falls many target spans away from the actual target
location. Howard further claimed without proof that the
relationship between phase frcnt distortion and angular
tracking error also applies to the amplitude comparison
tracking of a target and to the search radars. These clainms
have been proved to be false. It has been found that angular
tracking error studies based c¢n Howard's assumption could

lead to exaggerated error estimates
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The noise sources which contribute to tracking noise may
be separated into four components, i.e.,

1. Servo noise 1is the errcr of the tracking servone-
chanism which results from backlash and compliance in
the gears, shafts, and structures of the mount. The
magnitude of this noise is essentially independent of
the target and will thus be independent of range.

2. HERecelver noise is the effect on the tracking accuracy
of the radar due to thermal noise generated 1in the
receiver and any spurious hum which may be picked up
by the circuitry.

3. Angle noise (angle scintillation or glint) is the
tracking error introduced into the radar by varia-
tions in the apparent angle of arrival of the echo
from a complex target of finite size. This effect is
caused by variations in the phase front of the ralia-
tion from a multiple-roint target as the target
changes its asrect. The magnitude of angle noise is
inversely proportional tc the range of the target.

4. Amplitude noise (amplitude scintillation) is the
effect on the radar accuracy of the <fluctuations in
the amplitude of the signal returned by the taryet.
These fluctuations are caused by any change in aspect
of the target and must Le taken to include propeller
rotation and skin vibration.

The first two (No.1,2) of these components originate in
the radar itself. The second two components (No.3,4) are
called target noise.

Angle noise is the most important error at aedium to
close ranyge. ({[kef.2]

Superiority of monopulse tracking radar over conical
scan tracking radar is based on the fact that a tarjet
appears stationary over a pulse Juration but varying from

pulse to pulse. Monopulse tracking radar still encounters

14
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t are essentially the same from each antenna beaa, but the
tf; phases are different. A tracking radar which operates with
h& phase information is similar to an active interferometer and
F -

might te called an "interierometer radar".In figure 1.3 two
antennas are shown serarated by a distance d. The distance
to the target is R and 1is assumed large compared with the
antenna separation d. The line of sight to the target makes
an angle 6 to the perrendicular bisector of the line joining
the two antennas.

The distance from antenna B to the target is
Rg = R + d.sine/2
and the distance from antemnna A to the target is
By, = R - d.sin6/2

The phase difference between the echo signals in the two
antennas is approximately
09 = 2TMd.sine/A

For small angles where SIN 6 = 8 , the phase difference
is a linear function of the angular error and may be used to

position the antenna via a servc-control loop. [Ref.1]

B. NOISE IN TRACKING RADARS

{ The target-noise or target-scintillation is due to the

; physical complexity and manuevers of the target. Because of

4

r. the size of the target compared to the wavelengths teiany

r used, the amplitudes of radar ecioes from moviny targets of

= . . . . .

S practical interest such as an aircraft will fluctuate widely

!

| and rapidly as target aspect chanyes. In general, there will

‘. be rapid fluctuation caused by pitching and yawing of the

§ airframe about the 1line of flight, and slow variations
caused by <change in the average aspect of the air frame
relative to the radar.
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L, -sin (¢, -0, +9,) r,.sin ¢+ ds2 (7)

Lg-Sin (Pe-Pr+Pg) = ry.sin Pe- d/2 (3)

Where d is the separation between the antennas and (r;
,2:¢T) is the midpoint T between the antennas A and B.
Together with equaticns (5) to (8), eguation (4) gives ¢ in
term of r , ¢, and @

With the assumption that r» 4, to the lowest order in
the ratio d/r, equations (5) and (6) lead to :

r,~ rg = d.sin @,

equations (7) and (8) lead to :

c ¢
2.sin (—;—B) .cos (¢c+¢ATB—¢T)

sin (@0 @,) -sin (G0 9g)

(04 -95) cos Pe

(1/QA—1/r3):fsin Qg(1/rA-1/:8)d/2

d.cosnge

or $a— P = d.cos Pg
. hi .
To the same order, and assuming that D(r,i,¢) saries
snoothly over the region between the antennas, the error

signal nulling condition as given by equation (4) reduces to

k(ra-rg) = kd.sin @

1]

D(rsl“gl¢8) - D(ry 'EI¢A)
T T
= (rﬁ—rA)a%D(rT'i"‘pT)+(¢B-¢A)§7D(rr'§'®T)

==d [sin¢e.§a’—‘D (J:T,g, $;) tcesd(1/1) Q-D (rTI1{I¢T) b} (9

o9
or
p T m
tand, =-{(1/kr)§;7n(rT vgebr) 1/ 01+ n/k)a-a;n (Cpegedp)) (10)
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Equation (10) reduces to Howard's expressior for a
complex target in the limit when r, approaches infinity so
that D(rT,g,¢T) is replaced with 5(g,¢r).

The above results can be extended to the case when
elevation error 1is present. Assume that <four coplanar
antennas A,B,C,D are utilized to form a tracking antenna
system. One pair of antennas, A at (r,,6a,9a) and B at (rg,6g
the target location rela-

H

,¢B), measure the azimuth angle o

tive to the tracker. The other pair of antennas, C at ub'ec

,Q:) and D at (r,,8p,f,), measure the elevation augle.
Assume that the antennas C and D are arranged along a
line perpendicular to and mutually bisecting with the line
connecting the antennas A and B, and the antenna systen
center T is located at the common aidpoint (ry,64,$y ) of
both pairs of antennas. Assume further that the taryet
azimuth angle is determined by phase comparison technigue.

The azimuth error signal nulling condition leads to :
k{ry- rg) = D(rg.€g,Pg) — D(rp,8a,Pa) (11

which is just an extension cf equation (4) from the 6 =
2 plane to a plane containing the target and the antenras A
and B. This plane and the direction of the tracking axis
cannot be determined until the mechanism for deteraining the
elevation angle is specified. 1If phase comparison technique
is also used to determine the target elevation angle, the

elevation error signal nulling condition leads to :
k(I.‘C"' rp) = D(rD 'eD’¢D) - D(rC'GC"DC) (12)

Note that equaticns (11) and (12) are obtained indepen-
dently and though @, = ¢Band ¢c = ¢p, there is no comnnection
between ﬁAand QC. Equations (11) and (12) together deter-

mine the pointing direction of the tracking axis.

28
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Figure 3.2 shows a shaded plane, surface 1, which
contains the antennas A,B,C,D and the antenna system center
T. The tracking axis t is normal to surface 1; a phase front
surface 2 passes through the antenna pairs A and B; ancther
phase front surface 3 passes through the antenna pairs C and
D. Both surface 2 and surface 3 are partically blocked by
surface 1, when one looks into the front of the antenna
system. If the blocked regions of surface 2 and surface 3
are smooth, the mean value theorem of calculus assures the
presence of a normal on each surface in the bLlocked region
which points 1in the direction cf t. sSince D{r.8.9) is 4
slowly varying function of r for large r, together with the
assumption that D{r,6,§) varies slowly over the solid angle
extended by the blocked region, the paricular normals on
surface 2 and surface 3 in the direction of T can be approx-

imated by the normal at T of the phase front passing through

T (not shown in figure 3.2), with this approximation, ;
A
t = ~Vf(r ,07,01) /1N (/64,07

~{T+ (1/K)VD (r,85,04) 1/ IT+ (1/K)VD (£r, 05,00 1 (13)

For a phase comrarison tracking systen, equation (13)

reduces to equation (10) when there 1is no error in the

elevation angle.

If amplitude comparison technique is used to determine
the elevation angle, eyuation (12) will have to be replaced
and equation (13) will not apply.

C. PHASE COBPENSATION EQUATION AND THE ANGULAR TRACKING
ERRORS

° If the rroblem of determining the target elevation and
] azimuth angles are set aside, equations (4), (11), and (12)
| carry the same message concerning the manner the tracking

axis is determined by a phase comparison tracking system.

30




Take eguation (11) as and example. The phase distortion
L(r,9,$) introduces different amounts of phase shift at the
twvo antennas. If the antennas are aligned so that the
tracking axis is pointing toward the target direction -?Tas
shown in figure 3.3 (a), the phases read by the antennas
will not be equal and an error signal is generated. The

tracking system has to move its axis off this direction to

0. EERA A s A ke A AAER N - v s o N ¢

create a difference in the distances traveled Ly the signals
arriving at antennas A and B. This difference in r, and rg
introduces into the signal a fhase difference of kr, - krg
which compensates the difference in pnase distortions at the
antennas as shown in figure 3.3 (b). Thus equation (11) will
be referred to as the phase comgensation equation.

Let ¢C be the angle from the target direction —?T tc ?a

MRS . . i e s M

which is in the direction of the projection of the tracking
axis t on the plane containing the target (origin) and the
antennas A and B. Since k({ra- ©rg) can always be approxi-

mated by kd.sin ¢e as long as r»»d, and the antenna system

can only measure phase difference to within 2T, the right-
hand side of equation (11) will always be a number between -T
and T . That is, for r»>d,

kd.sin §g= (D(r; ,85.,8g) - D(ry,64.,04)} modulo 21 (14)

without any assumption of the smoothness of the [hase
distortion over a region containing both antennas. For dy»a/2

equation (14) always has a solution and ¢e 1s bounded :
ifal = sin (A/2Q) (15)

Note that if 4 is increased,|¢e | can be limited to

within any desired value.

For d>A, k(r,-rg) may exceed the right-hand-side of
equation (11) by 2W. If the tracking axis is pointing along
this glotal error direction, there will be ro error signal

generated in the tracking system. Figure 3.4 (a) shows the
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situation when antennas A and B are on the same phase front.
The angular error in this situation will be called a local
error and is given by eguation (11) or (14). Figure 3.4 (b)
shows an example of the ylobal error when the antennas are
on different phase fronts with ¢A = ¢B + 21,

Error signals will be generated by the tracking systen

Al

to keep the antennas staying on separate phase fronts until
target track is lost. Since the angular separation between
the global error directions decreases with iacreasing 13,
efforts to reduce local error bcund will increase the possi-

tility of coamamitting a global error and should be examined

DY YO

carefully. :
Figure 3.5 shows the maximum local angular error of a 1
pkase comparison system (normalized by ) as a functicn of

antenna separation.
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IV. AZIMOTHA

ANGULAR ERROR FOR A THO-ELEMENT TARGET

One simple consideration of which the phase distortion
o(r,6,9) and the phase shift é(e,¢) possess a singularity
across which equations (10) and (13) do not apply is encoun-
tered 1in the phase comparison tracking of a two-element
target. The two reflecting elements appear to be two dipole
radiators with the same magnitude but 180 degrees out of
phase. Assume the tracking antennas are polarized in the
z-direction. The target can be modeled as two delta-function
current e€lements located on the y-axis. The current elenent
at y = 1/2 has a phase of zero degree while the one at y =
-1/2 has a phase of -180 degrees. As r approaches infinity,

the z-component of the electric field strength becones
2
E,(r,8,9) =(3m/2ﬂ3sine.sin(kl.sine.sin¢/2).{exp(ikr)}/r

Thus
0 04T
die. b =
-7 -‘n‘£¢1.o
Assume that the tracking system assiyns phases to the
interval (-TM,M). The phase fronts of the wave arnd a pair of
antennas with separation d = 2A are shown in figure 4.1
Figure 4.2 shows the maximal local error (curve 1), the
first global error when the two antennas are separated by 2T
(curve 2) and a higher order glcbal error (curve 3) when the
antennas are separated by 49 . It can be seen that as d/A
increases, although the local error Jdecreases, the serara-
tion between local and global errors also decreases. Thus it
is difficult to justify whether it is desirable to increase

artenna separation to redice the local error.
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V. CONCLUSION AND REMARKS

Howard's phase front distortion technigue 1is proved to
be applicable only to a phase ccmparison tracking system anil
only if the phase shift of the scattered field of the targyet
is smooth across the solid angle containing the antennas and
if the antennas are far from the target so that only the 1/r
term 1in the far field is retained. Eguations (10) and (13)
are extensions of Howard's technijues to closer ranges as
lony as the target still extends only a negligibly small
angle to each of the antennas ccmpared to their beam widths.
All these equations are approximations to the phase conmpen-
sation equation which describes the mechanism of determining
the direction of the tracking axis. The phase compensation
equation shows that the rate of <change of the phase distor-
tion across the finite separation between the antennas
governs the tracking axis direction. Rapid variations in the
pi.ase distortion between the antennas are averaged out.

Howard's tecnnigues and its extensions, equation (10)
and (13), approximate this rate of variation with one over
an inficitesimally <spall distarce at the nidpoint between
tiie antennas. Hence angular tracking errors will be exajgger-
ated 1if the ©phase distortion varies rapidly over the
antennas separation, which can happen with a complex tar jet
iar je ccmpared to the wavelength being used.

Through the phase compensation eyuatior, jlobal errors
are found to exist for a4 phase «comparison tracking systen.
for the local error an upper bound 1s obtained. The anterra
separation is an important parameter 1in all these findings.
Its effect on angular error 1n 4 phase comparison tracking

system should be investigated tthorouygily.
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