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ARSTRACT

The scanning characteristics of a near~field Cassegrainian antenna
excited with a relatively small planar array are investigated theo-
retically and experimentally. The analysis uses both geometrical
optics and scalar diffraction theory. The technique {8 a viable ap-
proach to the problem of modifying an existing high-resolution dish
radar for limited scan capability. Feed requirements can be sat~
isfled by virtually any planar-array concept, i.e., phase scanning,
frequency scanning, multiple-beam-forming networks, etc. The
scan range is roughly approximated by a fixed angular field of view;
hence, the number of beamwidths scanned with electrically large
apertures can be very high. Further, the system is free from the
"coma" lobes usually associated with off-axie beams from a parab-
oloid. Design curves are presented from which one can determine
the secondary characteristics — gain, scan loss, sidelobes, etc.—
for a given/reflector configuration.
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LIMITED ELECTRONIC SCANNING WITH A NEAR-FIELD
CASSEGRAINIAN SYSTEM

I. INTRODUCTION

A ty»ical phased-array antenna with electronic scan coverage encompassing a large fraction
of a hemisphere can satiafy virtually any antenna system requirements, The obvious disadvan-
tage of such systems is their high cost and complexity. On the other hand, fixed-beam antennas
such as the steerable paraboloid have limited capabilities. Hybrid antenna systems, which com=-
bine mechanical and electronic beam steering, have application in systems which require rapid
scan only over a limited angular region about the mechanical axis. A successful hybrid design
would satisfy a radar's modest scan requirements by taking maximum advaniage of the low cost
and simplicity of a fimed—beam antenna and avoiding, to a large extent, the expense and complex-
ity of a complete phased array. Instrumentation radars which must acquire and track a number
of targets within a small angular sector are candidates for a hybrid system.

The measurements program for the BMD problem at the Western Test Range gave rise to
the present study. A test mission generally involves a multipla-tnrget complex restricted to an
angular region much greeater than the beamwidth of a system with sufficient sensitivity for meas-
urements. Typically, the angular extent of the more interesting target complexes is 5° to 10°.
The limitations of the fixed-beam radars exclude many interesting field experiments, A limited-
scan hybrid system would simulate a complete high-resolution phased array over the angular
region of interest. This would permit a wider range of more realistic field ex'perﬁnema for
studying these "threat clouds" and associated data-processing problems,

A number of methods for providing a limited field of view have been investigated. Two
basic approaches which use paraboloids are: (a) clusters of feed elements in either a focal
point“z or a Cassegrainian feed configuration.s"‘ and (b) array feeds — either conventionally fed
or reflect arrays — which generally replace the subreflector in a Cassegrainian feed system.s'
The first approach has difficulties with "coma lobes, and for a high-power radar the switching
matrix is a formidable problem, The latter has potentially a large field of view, but requires
a large nurmnber of elements with a complex phase distribution. Complete arrays which use elec~
trically large elements to reduce the number required have also been investigated for limited~
scan applicntiom.7'° These approaches use a random element separation to avoid the formation
of grating lobes.

The limited field of view (LFOV) described here uses a near-field Cassegrainian antenna,
which is excited by a smalil planar array operating in the near-field condition. The phase aber-
rations for off-axis beams are less with this system than with other paraboloidal feed configura~-
tions. When used with a high-resolution radar, this hybrid system has some attractive features
in such areas as power-handling capability, freedom from "coma/ efficiency, simplified beam




steering, reduced number of elements, etc, Our purpose is to present the performance charac-
teristics of this system as determined by an anaiysis based on ray-tracing techniques and scalar
diffraction theory, and to describe an experiment which was performed to verify the tachnique,

II. THE NEAR-FIELD CASSEGRAINIAN

Mercenne, a seventeenth=-century friar, was the first to propose a reflecting telescope9
which has become known to microwave antenna engineers as the near-field Casaegrainian (NFC)
antenna.1 0,41 5 double~reflector system is used in which the main reflector and the subreflector
are confocal paraboloids, The subreflector is {lluminated with a linear phase front by placing
it well into the near~field of a uniform phase feed aperture. For our purposes, the feed is a
small electronically scanned planar array, The secornidary beam is scannéd simply by generating
a linear phase front on the feed array. The optical 2 -.log is called an afocal telescope, which
has collimated input and output wavefronts, the diameters of which differ by the magnification
of the system, Liynt‘oot12 has shown that this system is free from third-order phase aberration.
The coma lobe, usually encountered when one scans the pencil beam of a paraboloid off~axis,
is caused principally by this third-order aberration term,

According to the laws of geometrical optics, maximum efficiency is achieved when the feed
‘aperture has the same diameter as the subreflector and when the f/D (focal-length~to-diameter)
ratios of the two reflectors are equal. When these conditions are satisfied, the main aperture
is completely illuminated {except blockage, of course) without spillover. The feed array and
subreflector have equal blocking when the outer edge of the array is in contact with the main
reflector surface, i.e., when d = deft‘ in Fig. 1. This will be referred to as the minimum block-
age condition, As the array is moved forward from the vertex toward the subreflector, the
projection of the feed on the main aperture plane (or the effective blockage diameter) is increased
as indicated in Fig,1. The output wavefronts are collimated irrespective of the axial position
of the array, i.e., the depth of focus is infinite., Also, it can readily be shown that there is no
space attenuation with the NFC, A uniform distribution on the feed aperture yields a uniform
distribution on the main apebture.

One can get a first impression of the mechanism‘ involved in off-axis scanning by considering
the near-field device to be the limiting case of a conventional Cassegrainian as the magnification
_becomes infinite, Figure 2 shows a conventional Cassegrainian system of large magnification,

‘15-5-13459~1!
|1l-3-15400 -II
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Fig. 1. Projected aperture-blocking Fig. 2. Conventional Cassegrainian of high
characteristics with INFC geometry. magnification.
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in which the feed is laterally displaced by an amount A, which causes the secondary veam to be
scanned off-boresight by the angle 6, From the geometry, the angles © and B are related by
tan g = (D/d) tan ©, As 1 —%, the magnification becomes infinite and the hyperbaloidal subre«
flector becomes a paraboloid, The feedhorn at I = = car be replaced with a feed aperture (e.g.,
an array) of diameter d with a linear phase distribution, and positioned at or near the vertex
of the main dish, To scan the secondary beam to an angle ©, the array is required to generate
a linear phase tilt 8, where for amall angles,

p= (/e . ‘ (1)

The simple astronomical telescope has similar characteristics, The lateral magnification (the
ratio of focal lengths or D/d) is the reciprocal of the angular magnification /8, Detailed anal-
yais shows that Eq. (1) is accurate to within a negligibly small fraction of a beamwidth for all
angles of scan within the system's capability.

In the near-zone region of a planar aperture, the fields are determined principally by geo-
metrical propagation along the ray system, The radiated energy is contained within a column
tilted from the array axis by the angle of scan . Clearly, the spillover losses and the associated
reduction in effective aperture will be a principal cause of scan loss,

III. ANALYSIS

Referring to Fig, 3, the ray-traéing analysis follows the path of a general ray from the plane
of the array, through the dual-reflactor system, to the main aperture plane. The coordinate
points which describe the course of this ray through the reflector system are all normalized to
unity,i.e., _the coordinates describing the ari'ay and subreflector are normalized to d/2, and the
coordinates of the main reflector and the main aperture"plane are normalized to D/2. The
é.rigle’ ] is the linear phase tilt agsumed for the array, ' The x~z plane is taken as the plane of
scan without loss in generality because of the circular symmetry of the system. Thc equation
of the two reflectors (confocal paraboloids with the same £/d ratios) and Snell's Law at points
of reflection are used to compute all the coordinate points required. The optical path length,

L = |AB| + |{BC| + |CD|, follows directly with all the coordinate points known. This ray-tracing
analysis is deseribed in detail in the Appendix,

For numerical analysis, the feed aperture is treated as a series of mesh points, as shown
in Fig. 4, The coordinates X = m/M and Yp = m/M define a point on the array where - M g
m<&Mand -Mgng M, Coordinate points and optical path lengths are computed for all rays
which originate on the feed aperture, i.e,, for a given X Yn agaumes a set of values such that

Y M2 - m2 £ng+N M2 ~m  (closest integer). As Xm takes on all values between +1 and —1,

all mesh points in the circular feed aperture are included.
The pattern P(6,¢) is computed using scalar diffraction theory, Thus,
= ¥ ' T ‘
P(o,¢) E L Ax;rn,nbym,nE'(xm,n'ym,n)
m n
— X : .
X exp [ j('(x;n'n,ym‘n) + jk (D/2) sin® (Xp, pCOB @ + Yin,n Sinell {2)

where © and ¢ are the spherical coordinates of a point in the far-field (see Fig. 5) and ko =
27/A, This expression is based on the assumption that a continuous aperture can be represented
by an array of "sampling" points, with the appropriate weighting factor. Each term of the sum-
mation represents one of these points and may also be viewed as tne contribution from the "patch"
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of aperture shown cross-hatched in IFig, 5 which is given by Ax! Ay

)
m,n" m.n
3 DL ] . \.'
over this elemental area is I& h‘m,n" m.n)'

The held strength

The distribution E'(x;n n;_v' ) 18 related to the assumed amplitude distribution on the arrvay

m,n
by power-flow considerations. A basic assumption in rdav opties is that power flows ulong ray

paths, hence the total energy flow within a tube hounded by a group of rayvs is constant even after
successive reflections, This is written

-Z . 2 1] A -"2\ QU VL
A"‘mAynE (xm"\n) (/) Axm,nA‘\ m.nl" ("m.n"vm‘n)

or

E'(Xy piVin,n) (/1) ——

m,nA>

- I'Axm,yn) (1)
m,n

where E(xm.yn) is the electric-field distribution over the-array aperture and &x__ - Ay 1/M,

This expreasion asgumes that the system is free from distortion, i.e., that an e;:ment ?)l‘ area
on the main aperture, corresponding to a square element on the array aperture, is also square
with the area given by Axm,nA'ym,n' This assumption was investigated numerically, and we

found’ that for a large amount of secondary-beam scan (5"}, errors of 1 to {1} percent occur at
points in the vicinity of the diagonal planes. The integrated effect of this amount of diagonal-

plane digtortion may therefore be neglected.

The phase factor ® in Eq, (2} is simply the sum of the electrical path length and the linear
phase front assumed for the array .

L
. = mn 1 . d .
s ayn ) kD [BE v Ly xsing] (4)

By combining Eqgs. (2), (3) and (4) and omitting unnecessary constants,

L.
.. D
[P(o,¢)| = Z Z Ax;“’nAy'rn‘n E(xmayn) exp ‘—' i = [Z ____,_’an
m n

+ (QD—) Xm sinp ~ sin®© (x;n'n cosy + _y'm'!,1 gin ¢)” . (5)

The plane of scan is the plane ¢ = 0, This expression must be evaluated in order to (a) exclude
rays which are "gpilled over” the subdish or the main dish and (b) take account of the aperture
blockage caused by the subreflector and feed. These requirements are satisfied if the summation
is taken over values of m and n for which

The quantity deff is the projected blockage diameter as indicated in Fig, 1.

To compute the patterns over a large angular sector, the point separation would have to
approach A/2, This presents an exc?ssive computational load when dealing with apertures which
are hundreds of wavelengths in extent. The number of required points, however, is dramaticaily
reduced if we restrict the region of interest to the principal lobe and the first few sidelobes ad-
jacent to the principal lobe. (The off-axis patterns correspond to an approximate linear phase
constant across the points, and hence are of little significance in determining the number of

Y
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pointg required,) Allonn has shown that the accuracy of thege computationa over the angular
sector 0 is detormined by the factor (Omu.\'/M) (1/x). We found that for M = 20 {approxi~
madely 1200 points in the aperture) the maximum errvor ovei the first three sidelobes was less
than 1.0dH,  Although not optimum from the point of view of computer economy, the value M = 20
wan used in Bq. (8) smee it represents a manageable computational load with negligible quantiza-
tion errors.
The aperture efficieney of the boresight beam is given by

vox KLy |2

mn
x By )2

n
MZ

=1 oA

1

where the numerator is summed over values of m and n for which

d 2
(5 s end <
2

and the denominator is summed over values of m and n for which 0 g x; + Yp € 1. The com-~
puted efficiency includes blockage loss and the amplitude taper efficiency, There are no spill-
over losses for the boresight beam in the ray-optics description of the system,

Equationg (5) and (6) are sufficient for evaluation of all the secondary characteristics of
interest. Aperture efficiency is computed for g = 0, and patterns are computed for six values
of B from £ - 0° to 15° in 3® increments. The peak values of the off-axis patterns are normal-
ized to the boresight values. There are five input parameters to the computer program:

a/D the ratio of subreflector diameter to main-reflector
diameter

/D the focal-length-to-diameter ratio; this parameter is the
same for both reflectors

D/A the diameter of the main reflector in wavelengths

!/1‘1 the distance from the array aperture to the vertex of the

main reflector normalized to the focal length of the
main reflector

E(xm, yn) the assumed electric-field distribution on the array aperture.

The computations are performed with the array diameter always equal to the subreflector
diameter. This corresponds to the optimum illumination condition mentioned earlier.

IV, COMPUTED RESULTS

If cach of the five input parameters is varied over its interesting range, the number of com-
puted patterns quickly runs into the thousands., Our problem is to reduce this large quantity of
data into useful design curves from which one can determine scan loss, efficiency, sidelobes,
beamwidth, ete., for a given set of input parameters.

We congider first the significance of the parameter f/f. The distance from the array face
to the vertex of the main reflector for the minimum blocking condition (d = deff) is designated

t ¢ . where
min

,
min (/)"

e e . (8)

fy (4f/1)%
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If we increase f and decrease d so as to keep deff constant, then for a given f8 the form of the
patterns {scan loss, beamwidth, sidelobes, etc.]is invariant.. The angle of scan, however, is
reduced by the factor d/deﬁ" Figure 6 shows the relationship between deff/D and the quantit:r
(D/d) (1 -- (l/f’)]. The computed patterns of Figs, 7(a~b) and 8 illustrate the effect of maintaining
a constant effective blockage diameter. For both sets of patterns, deff/D = 0,3, For the patterns
of Fig.7(a), d ., = d, hence d/D = 0.3. The patterns of Fig. 7(b) are for the case 4/D = 0.2 and
d/deff = 0.6467. For any value of 8, the corresponding pangrns of Figs. 7(a) and (b) are identical,
but the angle of scan in Fig. 7(b)k is redured by the factor d/deff' Mathematically, if the pattern
in the plane of scan (¢ = 0) for d = deff is given by P(@ — 90; ¢), then

P(o ‘°o5°’=P(°‘a§;f‘°o5°) (9)
providing deff is constant. The beam position eo is given by En. (4). With the curves of Fig. 6
and Eq. (9), the secondary characteristics can be completely determined for any £ from calcula~
tions ior the case £ = ‘min only. This "elimination" of one of the five input parameiers sim-
plifies the probhlem of data reduction. Subsgequent curves describing performance characteristics
do not explicity involve /f 4

A. Boresight Characteristics

TFigure 8 shows the aperture efficiency and the sidelcbe characteristics as a function of the
effective blocking ratio for the boresight beam. The amplitude distributions used with Egs. (5}
and (6) are

2 2

K
m*n

E(x,,v ' =1 -(x nose (10)

The constants K and C control, respectively, the form of the taper and the edge illumination.
We will be principally cocerned with two sets of constants: K = {1 and C = 0, which is the familiar
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(1 - pz) distribution; and with K = 0 and C = 0, the uniform distribution. Figure 8 also includes
8 tapered distribution with a 10-dB edge illumination. The high aperture efficiencies for the
uniform illumination reflect the fact that the RFC geometry does not have space attenuation. The
curves show the penalty paid in terms of reduced efficiency and increased sidelobe levels when
large effective blockage ratios are used. Unfortunately, a large field of view is accompanied
by a large blockage ratio. The sidelobes are computed for the boresight condition, but because
of the absence of coma, the levels shown represent ifor all practical purposes) the maximum
levels encountered for any off-axis beam,

The curves of Fig. 8 apply generally to a circular aperture with central blockage given by
d elf/ D and with the distributions as indicated,

B. Off-Axis Characteristics

As mentioned earlier, the scan range which can be achieved with this system is limited prin-
cipally by spillover (in both forward and reverse directions) and the accompanying reduction in
effective aperture, If this were the only cause of scan loss, the system would have a fixed angu-
lar field of view, independent of frequency, Scan loss, of course, is also caused by phase aber-
rations and, to a lesser extent, by amplitude dispersion,

Figures 9 and 10 show typical normalized path-length errors across a central strip of the
main aperture in the plane of scan. A small linear component, which represents the error in
Eq. (1), has been removed, Thig error is a negligibly small fraction of a beamwidth for all cases
of interest. The dashed line is indicative of the amount by which the effective aperture is reduced
in this central strip. Deeper dishes and larger subreflectors (Fig. 10) have less aperture reduc-
tion but greater path-~length errors. The aperture sizes for which the path-length errors repre-
sent a maximum phase error (A¢) of n/2 are as indicated. The value of 7/2 is somewhat arbi-
trarily chosen as the amount of error which produces noticeable degradation of the patterns, The
amplitude variation, i,e,, the dispersion or space attenuation for off-axis beams, across this
central strip was not found to be of great significance, For example, by using the parameters
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of Fig. 9, the amplitude variation across the effective aperture for 8 = 15° is approximately lin-

ear and less than 2dB.

Figure 11 shows the computed patterns with the geometrical parameters of Fig. 9 and with
In this example, A¢ is approximately 7/2 for the beam which
The sidelobes are maximum on boresight
The patterns

an aperture of 400 wavelengths.
corresponds to 8 = 15°, Note the absence of coma,
and the beam ia well-defined and usable well beyond the -3~dB scan-loss point,.
corresponding to the path-length errors of Fig. 10 with an aperture diameter of 400 wavelengths

are shown in Fig. 12 which is a more extreme example in which phase errors play a substantial

role in limiting scan range and degrading patterns. The maximum phase error is /2 at approx-

imately the 2~dB scan-loss point. A larger f/D in this example would markedly improve
performance.

We found that the large amount of data can be reduced to useful curves which summarize
scanning characteristics if the appropriate quantities are plotted. These curves are shown in
Figs. 13 and 14 for the two distributions considered. The guantity NB in these curves is the num-
ber of half~power beamwidths scanned from boresight to the —3-dB scan~loss point. The total
field of view as defined by the ~3~dB scan-loss criterion is then ZNB bheamwidths, The range
of parameters used in computing these curves ig: 0.1 deﬁ./Ds 0.35, and 68 € D/A < 400, with
the f/D's ag indicated. Note that the curves are based on the effective blocking ratio d eff/ D.
Figure 6 and Eq, (9) can be used to include the more general case where d # deﬁ" This is useful
if one wishes to trade off scan range for reduced array size (a linear trade),

Some observations on these summary curves and on the secondary characteristics in gen-

eral follow:

These curves would be linear if the system had a fixed angular field of view
as predicted by the simple model whicn neglectis phase errors. Note that
the linear approximation is quite good over an appreciable range for the

larger £/1)s,
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Fig. 15, Computed patterns with uniform distribution,
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There is no problem with coma lobes, IFor any set of design parameters
of interest, the off-axis sidelubes are approximately equal to, or less
than, the boresight sidelobes, ¥Figures 7(a) and (b) and 11 are typical
examples,

The beam broadening with -3-dB scan loss is approxibmtely 50 percent
for both distributions,

Deeper dishes are to be preferred for low-to-moderate values of NB.
This is perhaps the most interesting range of application.

Figures 15 and 16 show the computed patterns for a large blockage ratio
dege/D = 0.35, with f/D = 0.4 and D/A = 250, Note that the difference in
boresignt efficiency between the uniform (Fig.15) and the tapered (Fig. 16)
distributions is 2,4 dB. The sidelobes are not appreciably different. Based
on the average gain over a given scan range, the uniform illumination is
clearly superior.

For a fixed D/A and a fixed array size, scan range is increased as the
array is brought cloger to the subreflector, This is accompanied by the
reduced efficiency and the higher sidelobes associated with the larger

deff/D'

Hogg and Semplak’ 0 measured good patterns and efficiencies with a near-
field Cassegrainian antenna in which the subreflector was as far as 1/15
(2d2/A) from the feed, This separation is equivalent to NB ® 2 on our
curves, Hence, if NB = 2, the near-field condition is satisfied.

e Ny ® 16.5 (4.50°) ——————]
°‘
Beo*
- — — i ARV G S — —— d—
-10 r—
{1- pR) DISTRIBUTION
O/x = 280
1”0 » 0.4
D = 0.38
e * []
n * 452 PERCENT
~20 b=
-30 1 1 L
D 1 L] 14 3

8(deq)

Fig. 16. Computed patterns with ( 1 = ¢) distribution.




Fig. 17. Photograph of equipment
used in experiment.
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Fig. 18. Measured principal-plane boresight patterns.
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V. EXPERIMENTAL DEMONSTRATION

An experiment was performed with the equipment shown in Fig. 17. For convenience, the
array is simulated by a paraboloid with a point source feed which was designed to enable the feed
dish to be rotated about an axis in its aperture plane. ‘I'he main reflector ig a precision 6=foot
paraboloid, and the frequency used in the experiment was 22,0GHz. Figure 18 shows the meas-
ured boresight patterns in the principal planes, and Fig. 19(a~b) shows a comparison between
measured and computed scan characteristics, The agreement between theory and experiment
is good. The slight differences observed are the result of:

(a) The effective aperture of an electronically scanned array decreases
with cos 8, Consequently, a mechanically rotated aperture would in-
volve less spillover and therefore a slight increase in secondary scan,

(b) The fact that the feed-dish aperture has a more pronounced taper than
. the (4 ~ p2) distribution used in the calculations.

Patterns were also measured in the plane orthogonal to the plane of scan to demonstrate
that the effects of astigmatism are negligible, For the beam with -3-dB scan loss, the orthog-
onal plane patterns have a negligible change in beamwidth (<5 percent) and the increase in side-

lobes is <1 dB.

o e 8.8 BEAMWIDTHS
- -+
34
4 — THECRETICAL
s L ‘ {1-pT)DISTRIBUTION
/) * 134
10 » 0.4
] 4/0 « 0.28
1o} dett/0 * 0.30
18 r
(e)
0 }
1 i |
poree 4 7.0 BEAMW IDTHS
0 f—
EXPERIMENTAL
- D/% - 134
(13 /0 s 04
d/0 v 0.28
dgye/D » 0.30
de
10
(1153
(b)
20—
1 1 | |
-1 [) | 3 3 4 [) [}

8(deg)

Fig. 19. Comparison of (a) theoretical and (b) experimental scan characteristics.
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] V1. FEED CONSIDERATIONS

The feed requirements for this LI'OV system can be satisfied by any conventional planar
arrvay.  Phase scannng, trequency scanning, and even multiple~beum-forming techniques are
applicable. A Batler matrix, for example, which forms N independent simultaneous bean\i\ﬂ
with nommat crossover levels of 3di, will form the same number of secondary heams with \&p-f\‘;

proximately the same crossover levels, except at the extremes of scan where the levels are ,
reduced somewhat due to beam broadening, The constant angular magnification qu. {1)) preserves ;
the relative positiong of primary and secondary beams, k o
" The number of elements required by the array can be reduced substantially by viriue cf the Co "}
‘limited scan required, and by the inherent suppression of grating lobes with‘tﬁe‘ near~field Cas-
segrainian geometry. ‘This occurs because the grating lobes appear at large mjigles from the
array voresight, As a result, the grating-lobe energy is not intercepted by the subreflector,
whereas the energy associated with the main beam is magniﬁed ‘h,v the optics of the system; i.e,,
approximately (l)/d)z. If the elements are electrically large (area-type elements with the area \
‘*AZ), the additional scan loss incurred follows the form of the element factor. For example,

1 Cf Bmax - 42°% a square element 1.25A o1: a side results in an increased scan lossv at ﬂmax of
: less than 1,013, This assumes a aniform distribution over the array eiement; The grating-

lebe level in\ the séc‘ondary depends on the parameters of the reflector syster, but it is typically
| -—?0«113‘ For most applications; the number of elements car be reduced by a faector of 4 to 6 as

compared with the case where the element separation is A/%. Note that this is accompliched

with periodic spacing of the etements, Hence, the desirable row=-column beam-steering technique

is still applicable. ‘ : ‘ ‘ \
" An obvious approach to the design 'of an array for this application would use contiguous
square-horn radiators. Unfortunately, a simplé horn with an a/A > 1.0 has an aperture efficieccy

of only 81 percent. A technique was develuped14 to control the field distribution in the aperture
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Fig. 20. Scanned error patterns for full=wave sine-difference distribution.
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of this simple horn with the use of dielectric wedges, and thereby inercase its efficieney,
has been demonstrated that efficiencies of 93 to 96 percent can be realized with bandwidths of
approximately 15 percent. An array constructed with these more efficient horns reduces the
1.0-dB loss (which is the energy lost in the H-plane grating lobes) to approximately 0,25 (i3,
Figure 20 is an example of the behavior of the scanned difference patterns,  The distribution
chosen is a full-wave sinusoid, i.e., E(xm,yn) - ginn X The scan loss is greater than that of
the sum patterns with the same parameters [Fig, 7(a)}, and the null depth is appreciably reduced
at the extremes of scan, This is not surprising, considerving that we have a substantial amount
of spillover on only one side of an odd aperture distribution, The situation can be improved by
using only a portion of the array aperture to generate the error patterns, This would, in effect,
trade off boresight-tracking efficiency for improved off-axis performance, A multiple-beam-

forming matrix which forms synthetic difference patterns would avoid this problem,

VII, CONCLUSIONS

The dual-reflector system described is a very practical approach to the design of an LIFQV
gystem, If the system requirements are compatible with the limited range of electronic scan
afforded, the LFQV system combines the high resolution and (to a large degree) the low cost of
s reflector antenna with the versatility and flexibility of continuous electronic scanning., Design
curves are presented which enable the determination of the performance levels and tradeoffs
between scan range, array size, efficiency, sidelobesg, etc., for all interesting ranges of system
parameters. Some advantages of this LFOV technique worthy of mention are:

The feed array utilizes linear phase scanning. Hence, virtually any

planar array concept — phase scanning, frequency scanning, multiple-
beam-forming networks, etc, ~ is suitable for use as a feed.

The restricted range through which the array is required to scan

and the inherent grating-lobe discrimination of the optical system permit
the number of elements (and consequently the cost) to be considerably
reduced while maintaining uniform element separation.

The "coma" lobes, characteristic of off~axis beams from a paraboloid,
are avoided with this system.

The scan range can be roughly approximated by a fixed angular field
of view, Consequently, the number of beamwidths scanned for electri-
cally large apertures can be very high,
The main disadvantage of the system is the deleterious effects on efficiency and sidelobes
resulting from the relatively large amounts of blockage required for good scan range.
The diffraction effects introduced by both the near-field assumption and the edge effects

associated with the reflectors have not beer considered. The analysis is subject to this limitation.
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APPENDIX
RAY-TRACING ANALYSIS

Referring to Fig, 3, we compute the path length of a.general ray from a point (x, y) on the
array aperture through the two-reflector systom to a point in the anerture plane (x', 35, The
origin coiicides with the focal point of both paraboloids and the array is scanned only in the x-z

plane. A point on the subrefiector is denoted by (xz,ya, '/.2). Similarly, (.\-1 DY q zf) defines a point

on the main reflector.
The general ray emercging from the array uperture is perpendicular to the assumed linceur

phase front # and hence is parallel to

;-E:Esin[3+ﬁcnsﬁ (A-1)

Lower-case letters denote uni. ~ctors, and i, j, k are the unit vectors aleng the coordinate

axes. 'The unit vector along the component path length AB is

e I\x —x)+§(z +f, -1
_ 2 2 1 i (A=2)
2

B
|AB] -

2
N/(xz -x) t (z2 + t‘1 - 1)
Equating components of Eqs. (A-1) and (A-2) yields a single independent equation:

X, = X
tang = ;—;—F; (A-3)

which, when combined with the equation of tiie subreflector

x2 4 y2
s B2 g (A-4)
2T TART T2
gives the coordinates of the first point of reflection B:
2f 2 1/2
-2 _ e (2 —f. -
X, = tang ~ 2 [‘fz/ta"ﬂ) £ (tanﬂ * gfg -6 ‘)]
Yo=Y (A-5)
~ Snell's law of reflection applied to this point on the subreflector is expressed as
be = ab ~ 2ii, (@, « ab) (A-6)
where bc is along the reflected ray, and ?1"2 is the outward-directed unit normal given by
i,%, +jy, — k(2f,)
_ 472 2 2 ) (A-T)

=
T3 2
«ﬁ‘z ty, +26)

By using Egs. (A-1) and (A-7) in Eq. (A~6),
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be = i(be), + 'j(bc)y + k(be),

2 2

- [sinp _ 2x2(xz sing - 21, coaﬂ] [ Zyz(xz sing - 2, cosﬁ)]
xz ty, + 41'

+yz +4fz

(A-8)

_ 4f2(x2 sing — Zfz cos B)
+ k Jcosg + 3 3 7
Xy +Y, + 4{2

Proceeding as before, the unit vector bc is expressed in terms of the coordinates of the points B
and C
0o, BC 10y mxp) iy~ yp) + Kizg 7 2p)
Isel J(’ --x)2+( - )z+(z —z)z
* 7% Y= Y2 17~ %
Equating components of Eqgs. (A-8) and (A-9), we have three equations which describe a line
in space. Only two of these equations are independent, Thus,

(A-9)

(bc)x Y=Y,

(bc)y Xy~ X,

:—-—EC)Z e _—_zz (A-10)
¢y Yy~Y

All quantities except the coordinates of point C (xi, Yy zi) are taken as constants. Combining

Eqs. (A-10) with the equation of the main reflector
2 2
Xty

z, = —gF——
1 4,

- f1 (A-11)

yields the coordinates of the second point of reflection C:

_ —FN¥2_4EG

1 ZE
(bc)x
X =%+ oy g —2) (A-12)
where
{bec) 12
E=1+ x]
(bc)y
(bc)x (bC) (bc)
F = Z'(bc)y X, — 2 (bc) Yz’ fy (bc)
f (be) 32 f
1\ .2 1| 2
G=4f(f—f)+(1——)x +[——-*. g
172 4 t‘z 2 (bc)y fz 2
(be), (bc)
+ 4L (bc) -2 H:T:)y X5Y2
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cd = be — Zni(n1 .+ be)
The unit normal on the main reflector is
. —ixy - jy, + k(2f,)
) =
2 2 2
/xi + Yy 4fi

By using Eqs. (A-8) and (A-14) in Eq. (A-13),

cd

"

ilcd), + J*(cd)y + E(cd)z

"

T ,(bc) . Zx’ [_xl(bC)x --yi(bc)y + Zfi(bc)z]:
x xf + yiZ + 4!‘12

3 _ 2y, [-x,(be), — y,(bc)  +2f,(bc) ]

g ‘] '(bc)y Pt ey zx 21 Y, 1'bc),

v Xy + Y4 + 4f1

: - 4f, |~x,(bc)_~y,(bc) +2f,(bc) ]
+Kftbe), - L1 x Ay 17 l

2 2 2
Xty 4 4}‘2
Equating the components of Eq. (A-15) with

Ux' = x,) +ly' = y,) + k(2! - 2,)

CD _
D] ~

J(x' -xi)z + (y' -yi)Z + (z' - zi)z
again yields two independent equations:
(cd)x x' - X,

(ed), = ¥y -,

(cd)x x' - Xy

((:d)z P AN zy

The aperture plane is defined by

T .
N
i
-
=
1
e
-
.

{cd) 2
x'= x4 ), (T&j fy ’1)

(cd)y
iRyt )

21
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Again, using Snell's law at the point of reflection on the main reflector

(A-13)

(A-14)

(A-15)

(A-16)

(A=-17)

(A-18)

Combining Eqs. (A-17) and (A-18) gives the coordinates of the point in the aperture plane D;

(A-19)
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The total path length of the general ray is

L= JAB] + |BC] + |CD]

{
S0 0% gy 4y = 0Pk ey~ %08 4 (yy = 3% + (2, = 2,)°

+ ~/(x‘ - xj)2 + (y' - yi)2 + (2' — 21)2 . (A-20)
For use with the computer program, all coordinates are normalized as follows:

X,y box,, Yy %y — d/2
. [ ' e
Xpo Y 7y XL ¥ 2 n/2

The "constant” inputs to the ray-tracing portion of the program are {/D, d/D, l/'f1, and the
angle of scan g. For an assumed pair of feed aperture coordinates (x, y), the coordinates of all
points of reflection which define the passage of the ray through the system are computed and then

used to compute the optical path length given by Eq. (A-20).
It is of interest to note that the basic properties of the NFC can readily be shown with these

equations, For the case 8 = 0, Eq.(A-20) reduces to
L/D = (26/D) (4 = S = /D) W/t + b

which is independent of the coordinates defining the array or the main aperture. This proves the
collimating propeity of the NFC. Also, for the case g = 0, Eq. (A-19) reduces to
x' = (D/d) x

y' = (D/d) y
Hence, dx'/dx - dy'/dy = constant., This proves that the NFC does not have space attenuation,
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