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INTRODUCTINN

Work on this subject '"Non-Waveguide VMethods of Millimeter
Wave Transmissiorl'has been in proaress since Aporil 1, 1956 under
contract AF-18(603)-43 and under suhsequent cerants AF-AFOSR-61-53%,
AF-AFOSR-62-315, AF-AFOSR-3-63, and the just completed prant
AF-AFNSR-3-65, The list of reports, paners, and publications
occuring in this report includes those relevant to all of this

work




B ACKCGROIND INFNORMATION

The use of millimeter waves at frequencies from 30 gigahertz
to 150 gigahertz, and even higher, has hecome feasihle with the
develonment of souarces of power in these repions. These frequencies
serve as valuahle research tools and exnand the uscfulness of radio
apnlications in the consumer, military, and space endeavors., At
these frequencies it hecomes practicable to buitd physically small
hish-eain antennas, Relatively small antennas mayv egive the directivity
needed for high-resolution radar systems, and security in communications
and telemetry.

Yhile these hieher frequencies offer many advantases in addition
to the comactness of systems, the nrohlems of energy losses in wave-
cuides and other commonents bccome a serious deterrent when the con-
ventional tyne components are used. For exammle, at 35 to 40 gipahertz
the loss in a rectangular waveguide operating in the TEnl mode may
Tun nearly three dh ner meter. Circular cylindrical wave cuide operated
in a TE

N1

frequencies in this range frece space propagation techniques apnear to

mode reduces the losses very significantly hut at the hicher

offer some distinct advantagses over even the most efficient waveouide

techniques.

RESHLTS OBTAINED

Experimental results have indicated that transmission loss
helow that of rectansular dominant mode waveguide can be ohtained
hetween homs or parahbolic antennas located rclatively close torecther.

This work has noen carried out at a waveleneoth of 3.6 millimeters




for three different antenna sizes and preliminary work at 4.3
millimeters has been accomplished for two antenna sizes. These
results are Jescribed in the report AFOSR TN-57-18R, April 1957
and in AFOSR 11-72.

Fvaluation of transmission loss around comners using shaped
reflectors with single curvature has heen undertaken and lower
loss than that of straight line transmission has heen ohserved.
This is described i1n the report AFOSR TN-60-427, Anril 1960.
Further investigation utilizing reflectors with double curvature
has resulted in gains up to6 6,90 dbs over straight line trans-
mission for distances of about 25 meters. This has been rencrtcd
in a master's thesis entitled '"Reflector for Right Anglc Trans-
mission of Microwave Beams'" by C.E. Bowen (1963) and in the
final renort on grant AF-AFOSR-62-315,

The dielectric sheet duplexer has been constructed and
evaluated at 8.6 millimeters. This is described in the report
AFOSR TN-60-14, January, 1960, The application of this sheet to
an interferometer is also described. fxtension of the use of
this device to 4.3 ﬁillimeters has also been undertaken. Results
are described in the report on grant AF-AFOSR-61-53.

The circular polarization diplexer has been successrtully
operated at 8.6 millimeters and is described in a naper "A Circular
Polarization Nuplexer for Millimeter Waves" published in the AIEE
proceedinps "Communications and Electronics," January, 1960,

A pair of close'y spaced dielectric nrisms has heen successfully

used in a duniexer, a directional coupler, and in an adjustable




attenuatnr. This work is described in the report AFOSR-TN-59-687,
July 1959, for prisms with matching plates to eliminate reflections
at the external surfaccs. At shorter wavelenaths thc construction
of such matching platcs becomes difficult, and an analysis was wunder-
taken to analyze theoreticaliy the effect of intemal reflcctions on
performance. This work considering only first order reflections

was descrihed in a Master's thesis "An Fvaluation of the Internal
Reflcctions Inside Nielectric Prisms at Millimcter Wavelengths' hy
A. Chauvallon (1962). An extension of this analysis to include
miltiple reflections has been completed and puhlished under the
title "Internal Peflections in DNielectric Prisms" IEEE Trans. MTT-
12, November, 1064, by R.fi, Fellers and .John Taylor.

By makina use of prisms shamed so that thc angle of incidence
of the clectromaenetic wave on the prism is Rrewster's anule (the
angle of zero reflection), it is possible to eliminatc the reflecctions
at the external air-dielcctric interfaces of the nrism and at least
in nrinciple to eliminate the multiplc roflections which result in
degraded nerformance and lowered dircctivity. Preliminary results
were reyorted in a Master's thesis datcd June, 1965, entitled "The
Nesion of Dielectric Prisms with Minimum Internal Reflections at
Millimcter Wavelenaths' by 'lmang Kwang Ta.

Considerable work has hecn done on the commutation of near
zone (as close as nz/ax) antenna fields. An analysis has been carricd
out on the effcct of shiftine the feed of the antenna from the nominal
focus position. Tt is possible to realize almest infinity qain at

short distances by appropriate shift of the feed noint. Th's work




is descrihed in a Master's thesis "An Investigation of Nefocus Phase
Frrors in Paraboloidal Reflectors' by “William Marshall Leach (1964},

The thecretical analysis of the prism bi-directisnal coupler
using Brewster's angle to climinate reflections at exterior airdielec-
tric interfaces has been extended and refined. New prisms have heen
constructed and more accurate experimental work has been carried out.
The overation of this device is reviewed makine usc of ficure 1. The
incident wave strikes the exterior air-dielectric interface at Brewster's
angle and all of the energy is transmitted irnto the dielectric. This
same condition occurs at all exterior air-dielectric interfaces. The
angle of incidence on the dielectric air interface at the gap is greater
than the critical angle. In the ahsence of prism 2 all of the cneroy
in this wave is reflected, If prism 2 is in ceatact with nrism 1, the
air gap is eliminated and all energy is transmitted through hoth nrisms.
8y adjusting the gap width any desired division of eneracy between trans-
metted and reflected waves can he effected. Thus the device functions
as an adjustahle hi-directional coupler,

The encrgy transmitted and reflected can he computed theorctizally
as was described in thc report AFOSR-TN-57-627. FExpressions for tiic
ratios of transmittes power and rcficcted nower to incident power are

reproduced helow in convenient form makine use of figure 2.

S 5
(1) Transmitted Power _ 3 Anzcos‘o
Incident Power S, D

c 2
2) Reflected Power v _ 11}“h)2+cos“ﬂ
B Incident Power S] nl_ M

5
where Mz = nzsin"e-l

"
: ’
sinh’ (8 *d)
n

2 2
- (*n)"-cos™ 0

2
< 2 0 2
T sinhz(Ban)&dn“cos"ecosh”(Bon)
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FIGURE 2

AIR GAP USED IN THE ANALYSIS
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LIST OF SYMROLS

dielectric nermittivity

™
n

nrermittivity of frece snace

m
n

air gap

Q.
"

N
"

transmitted noynting Vector across air gap

w
]

incident pnoynting vector

D
]

angle of incidence

permeability of free snace

n =’cd/uo = index nf refraction

Mo = nzsin‘9-1

=
[]

8 e u
g Y “o0"0

S_ = reflected poynting vector
2

D= [QEQ;E£2§EZ]“ sinh2(Bon)+4n2coszecosh2(BoHd)

w = frequency in radians per second

In the analysis of the hi-directional counler, the microwave heam
is assumed to he a plane wave of finite cross-section and equations (1)
and (2) are assumed to hold. Obviously, this is a simplification of a
complex problem. As a result of the assumptions, power is not conserved.
Sé+s # 1. However, the theorectical curves cxhihit the
exnerimentai hehavior of the device.

That is,

Experimental measurements were carried out a frequency of 33,52
gigahertz using prisms with relative dielectric constant equal to 2.34
Results are plotted in figures 3 and 4. The most recent phase of this
work undertaken has been a preliminary studv to evaluate reflections in

terms of surface defects and structural deformations.

A detailed knowledge of the effects of surface errors unon the raine
and natterns of paraholoidal antennae is cxt-emely impartant in the

design and the manufacture of antennae havina verv hieh gains
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FIGURE 4

REFLECTION LOSS VERSUS AIR GAP
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and narrow beams. In general, when the diameter of a reflector
is made quite large relative to the operating wavelength random
and systematic surface deviations occur which cause significant
deteriorations in gains and radiation patterms. These surface
errors normally arise from several interrelated causes, and
frequently it is neither mechanically nor economically feasible
to reduce all of them to negligible magnitudes. Herein lies a
real need for more meaningful criteria than are presently avail-
able for effectively evaluating the relative importance of various
kinds of surface errors in predicting antenna performance and for
svecifying designs.

Systematic surface deviations may occur from environmental
conditions, DNeflections result from accelerations or ¢ravitational
forces, from wind nressures or viscous drags, from thecrmal gradients
and differential expansion, and from metal fatigue or relaxation
processes. Other systematic errors are often unintentionally built
into a structure and result from design features and manu€acturing
techniques. Sometimes, for exammle, it may be necessary after
fanricating and machining have heen completed to disassemble a
reflector and transpnrt it to another geographical or space site
vhere it must be reassembled for use.

A hetter knowledge of the relative importance of specific
types of surface errors and of their distributions or locations
on the reflector surfaces is needed for establishing more realistic
design and construction specifications than are possible at the

present time. Conceivahly this knowledee could open up additional
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possibilities of deliberately controlling spoilage of selected
surface reasions to achieve special antenna characteristics. To
cite a specific example, one mipht reduce the spill-over and the
consequent hack nick-up by bringing the higher-order side lobes
of the antenna feed into the paraboloidal reflector and then
deliberately, spoiling the surface regicns which reflect the
destructively interfering side lobes. Another example would bhe
the use of controlled spoilace to permit using a single reflector

simultaneously or alternately at two different frequencies.

ANALYSES

For a beginning phase of the current investieation a two zone
paraboloidal antenna has hbeen chescn in which the deviation from
a true paraboloid is a simple step in the surface. The main lobe
and first side lohe of the antenna feed are included within the
reflector with the step in the surface located approximately at
the null in the feed pattern between the main lohe and the first
side lobe. In these preliminary analyces it has heen assumed also
that the second null in the feed nattern falls at the outer edge

of the narabola. This model avoids compounding the commlexities

of analysis with too many tymes of surface deviations and yet
represents a useful application, If the step in the surface is
made one-quarter wavelength in marmitude the first side lobe from
the feed is reflected in nhase with the nrincipal lobe and zusments

the signal in the main lohe of the reflected pattern.

A solution of this tyre analvysis has been programmed for the




IBM 7040 computer. The program is sufficiently flexible to
permit using analytical functions to represent the feed pattemn
and to describe the reflector surface. Te date no nrovision is
made to account for law of reflection at the reflector surface.
For example, the coefficient of reflection at an element of
arca of surface denends upon the angle of polarization and umon
the angles of incidence and scatter and these factors are not
included.

A second program has heen written to read in the surface from
a matrix in which the pnosition of each element of the surface is
represanted by an element of the matrix. This program permits
entering noint-by-point measurements of a surface without considerine
a parabola or any specified reference surface. In the present state
of the program it does not include the effects of molarization or
angle of incidence at the individual elements. These factors may
be included in the abcve nrograms after the programs have hesn more

thoroughly tested and debugped.

PATTERN RANGE

A pattern rance and other instrumentation have heen further
developed to perform the expcrimental work related to this nroject.
An anterna pedestal has been moved from the roof of the three-story
Engineering Buildine to the roof of the nine-story Physical Science
Building. The control and recording equiprment are housed in a room
immediately below the antenna pedestal. No mecans has been incommor-
ated for onerating the system from the roof level near the base of
the pedestal hut this may he done if it annears necessarv.

At present the instrumentation at the other end of the rance is
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housed in the comner of a rosm which was once the press pallery

and 1s the hichest location at the lUniversity Stadium. The

ranee distance between the Physical Science Building and tnc 'hiver-
sity Stadium is anproximately 1.72 miles. Along the line of sight
are commercial huildings but these lie several degrees helow the
path of pronagation and it is not anticinated these will anpreciakly
affect the measurements. Other locations are available for the
transmitter end of the rangce when needed. These will afford rances
from a few thousand feet up to nossibly ten miies.

The nedestal is a Scientific Atlanta *fodel 5429-7 aximuth
positioner with a model 5230-7 elevation nositioner and it has a
train accuracy of + 6 seconds of arc within a sector of ahcut 1N
degrecs of the nronagation path. The recording equinment consists
of Scientific Atlanta Series 1520 rcctangular recorder fo~ making
x-v pnlots of antenna rain aeainst pointine anale measured in the
train nlane.

TRANSMITTER

An R-millimeter source is used at the Stadium end of the ranze.
A single wmit includine an R millimeter oscillator with calibrated
attenuator, a wavemeter, and a horn are mounted ontside the window
of the nress hox when the ranse is to he opecrated. At other times
this cauipment is stowed inside the nower supply and auxiliary
comonents, Vernier adjustments nrovide means of accurately aimine

the transmitted sipgnal at the receiving antenna.




TEST ANTENNA

The antenna pedestal will readily accommodate pa.aboloidal
reflectors up to twenty feet in diameter and will handle vertical
loads of approximately 30,000 pounds. With some divising, ohstruc-
tions could be removed and larger diameter antennae could be used
if this were necessary.

Taking advantage of scaling our antenna size and frequency
we have started with a main paraboloidal reflector five feet in
dismeter and have a three-foot diameter paraboloid which will be
cut for use as a center nortion and to he off set from the main
surface as described earlier. A frequency of anproximately 35
gigacycles is being used. The center portion of this antenna will
reflect the i:ain lohe from the feed nattern and the exposed portion
of the five-foot paraboloid one-quarter wave hehind the center sec-
tion will reflect the first side lohe of the feed nattern.

Although the shapes of the test reflectors deviate from true
paraboloids these have heen selected for close tolerances to sirmlify
the analysis, the intentions being to retain a high degree of axiai

syrmmetry, and to concentrate morc on the zonal study first.




SUMMARY

The feasibility of transmission between two clesely spaced
antennae has ieen established with transmission loss lower than
that of rectangular waveguide. Defocus of antenna feeds has
improved performance. Transmission around ccmers at no loss
has been demonstrated. The use of a diclectric sheet as a npower
divider has been proved effective. A circular polarization dunlexer
has been developed. A pair of dielectric prisms has been used
very effectively as an adjustahlc bhi-directional cownler, as
an attcnuator and as a dunlexer. The effect of reflectiorns at
prism surfaces has heen analyzed and an effective means of control-
ling them has bheen devised.

The effcct of surface distcrfions on antenna nerformance
has heen analyzed and a comuter nroeram has heen written to comnute
for zone field under these conditions. Anplication hias onlv heen
made to an jdealized symmetrical case. A hish nrecision anvenna
nattern range has heen set un to evaluate e:merimentally the natterns
from distorted antennac. Only preliminary measurements have heen

made.
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