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Abstract

Microwave printed circuit techniques
are rsadily adapted to the construction of
compact antennas ideal for flush mounting
on high speed aircraft. Thls paper de-
scribss the development of a two-dimen-
sional X-band array consisting of 16 slots
fed by photoetched Tri-plate transmission
line. The design of a unity coupled ser-
ies slot and the reaulting mode purity
problems are discussed. Several power
divider configurations are 1llustrated and
data on the performance of some of these
devices is presented. The construction of
a 4 slot E-plane, a 4 slot H-plane and the
combination 4x4 E-, H-plane array utiliz-
ingz these power dividers is shown. Radl-
ation patterns of each of these arrays
were measured and a comparison of the
individual and combination array patterns
is made.

Introduction

A paper presented to you by Mr.Wild
earlier in this symposium has acqualnted
you with Tri-plate, the shielded strip
transmission line developed by Sanders
Associates, Inc., of Nashua, N. H, You
will recall that such a line is simply
photoetched on the inside faces of two
dielectric sheets which have copper folil
bonded to both surfaces. The advantages
of Tri-plate from the standpoints of
light weight, compactness and economy of
construction are quite obvious. But
other advantages sre equally important.

For example, I am going to describe
and discuss the development of an X-band
antenna which consists of a 4x4 array of
slots etched in one of the two outer
faces of a Tri-plate transmission line.
The convenience of installation inherent
in such antenna arrays enables them to be
readily flush-mounted on the skin of a
high speed aircraft. The 4x4 X-band slot
array shown in Fig. 1 illustrates this
very nicely. Here is a compdsite antenna
array having a 4" square aperture and a
total thickness of only 1/8". Such a
device could be mounted simply by drilling
a smgll hole in the alrcraft's skin, a
hole just large enough to allow the pas-
sage of a coaxial fitting or, in the case
of this particular X-band array, a wave-
gulde flange. It is, therefore, conceiv-
able that any plane, whether already in
operstion or still in the design stage,
could have a Tri-plate slot antenna in-
stalled without major structural change.
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General Considerations

The possible applications of these
flush-mounted sntenna arrays are, in fact,
8o extensive that Sanders Associates,Inc.,
has investigated them at some length in
conjunction with its study of the Tril-
plate transmission line. Our principal
objective in this work has been the devel-
opment of a 4x4 slot array with in-phase
signals of equal power fed to each slot.
The 4x4 array was selected primarily
because its size is about the minimum with
which pattern asymmetry is distinguish-
able, and secondly becsause power splitters
whose arms were in even numbers could be
used. Power splitters having an odd num-
ber of arms are, of course, less conven-
ient to use because the arms are not of
equal length, which upsets the in~phase
excitation of the slots they feed. This
can, however, be remedied, as will be ex-
plained later.

Teflon fiberglas laminate was chosen
as the dielectric material to be used in
this development first because 1t was the
only commercially available copper~clad
dielectric with suitable electriceal pro-
perties at microwave frequencies, &nd
second becasuse of its dlelectric constant.
The question of this dielectric constant
merits some elaborstion. Analysis of the
problem shows that the ideal antenna for
optimum broadside signal and mimimum "end-
fire" would have its slots spaced 1/2
wavelength apart in air and fed from a
power divider whose arms &are one wave-
length apart in the dielectric being used.
Unfortunately this ideal condition cannot
be realized unless the dielectric constent
of the material equals 4, because, since
the principal mode of operation in Tri-
plate is TEM, the wavelength varies as the
square root of the dielectric constant.
The dielectric constant of teflon fiber-
glas laminate - approximately 2.40 - was
considered satisfactory for maintaining
the proper phase relationship both in air
and in the dielectric.

Finally a frequency of 9375 megacy-
cles per second was selected for the
study, primarily because of the avallabil-
ity of test equipment at that freguency.

Slot Design

The first step in the development of
the 4x4 array was to deslign a satisfactory
radisting element. A series slot, such as



the one shown in Fig. 2, appeared to be
the simplest and most natural type to ex-
cite from Tri-plate. It was not suffi-
cient, however, Just to etch the slot in
one of the outside faces of a Tri-plate
line. It was obvious that excitation
could be accomplished in this manner be-
cause of the interruption of currents in
the outer plate, but at the same time
undesirable modes were set up as & result
of the voltage unbalance introduced be-
tween ths two outer plates by this asym-
metrical device. Tests substantiated
this. The first slot used in experiments ~
1/2 Jdolong and 1/20 Aoin width - showed
appreclable lateral leakage from between
the outer plates. It was evident that the
parallel plate mode was present, and sup-
pression of this mode was obviocusly essen=-
tisl to the proper operation of the radi-
ating element. From previcus experlence
with mode suppression techniques, it was
determined that shorting pins-along the
center strip in the regions of the slot's
input and output would maintaln the proper
voltage balance between the outer plates.
Fig. 2 shows & typlcal shorting pattern.

While these pins effectively sup-
pressed undesirable modes present in the
line, they had considerable effect on the
impedance of the slot around which they
were installed. Because of the tims in-
volved in separating the true slot imped-
ance from the parameters which affect it,
it was decided to match this unity
coupled slot solely by experimental means.
{A study of slot impedance and the effect
of these shorting elements is now in pro-
gress at Sanders Assocliates.) The final
radiating element designed was s slot
3/5 Aolong and 1/20 Agwide, in series with
8 80 ohm Tri-plate line which terminated
in an open circuit at a distance of
1/10 A from the slot center, Agbeing the
wavelength in air and  Aythe wavelength
in the transmission line.

The small tab in the center of each
slot of the 4x4 array of Fig. 1 adds
capacity to the slot. Tuning is conven-
iently accomplished by trimming i% to its
proper length.

It is interesting to note the cor-
relation between & series slot when
eoupled to air end the samp readiator wheh
coupled to waveguide. Fig. 3 illustrates
a Tri-plate-to-waveguide transition using
a gseries slot as the transformer. A slot
matched under 1.1 VSWR to air at 9375
me gacycles per second has a VSWR of 1.6
when coupled to & section of 1" x 1-1/2"
waveguide with a matched termination.
This is just about the same as the ratio
of their characteristic impedances: 377
ohms for air and 235 ohms for waveguide
at 9375 megacycles per second. Slot
transitions of this sort have been used

experimentally by Sanders Assoclates,Inc.,
with considerable success.

E- arid H-plane Feed Systems

Having developed & suitable radiat-
ing element, it was then necessary to
determine the best method for delivering
energy of the correct magnitude and phase
to an array of these elements. Because
of its convenient form factor, Tri-plate
can be shaped into an almost endless
variety of power splitters. Those 1llus-
trated are merely suggestive of the multi-
plicity of designs which can be made.

The simplest power divider iz a
junction at which a line of characteris-
tic impedance Zo divides into two
parallel lines each having a characteris-
tic impedance of 2Zo. Two possible con-
figurations of this type are shown in
Figs. 4(A) end 4(B). Fig. 4(A) is a Tee
junction which is the Tri-plate counter-
part of the coaxial "T", Pig. 4(B) illus-
trates an In-line junction which is more
unique to strip type transmission lines.
Comparing the shapes of these two junc-
tions, it would seem that the In-line
type would afford & much smocther transi-
tion than the Tee. This is borne out by
the curves of Fig. 5, which are plots of
VSWR vs Frequency over a 124 band cen-
tered at 9375 megacycles per second. The
match of the In-line divider is under
1.10 over a 5% band, snd under 1.18 over
the entire 12% band, while the best match
obtained with the Tee is only 1.22. It
should be noted that the dips in the cen-
ter of both curves are due, at least par-
tially, to the fact that the loads are
best matched in the center frequency re-
gion. However, the load VSWR's were less
than 1.12 over the range covered.

A combination of three of t hese
simple, two-way In-~line junctions can be
used to feed equal amounts of in-phase
power to four separate lines. Fig. 6(A)
shows such a device. Further steps in
this power-splitting pattern should be
made in multiples of two in order to pre-
serve the power divider's equi-phase
characteristic.

Considering the form factor of Tri-
plate, it is obvious that a three-way
equel power split can be accomplished
easily by splitting a line of character-
istic impedance Z, into three lines each
having a cheracteristic impedance of 3%Z,.
It is spparent from the three-way power di-

vider shown in F1§. 6(B) that the center
arm in such a configuration is shorter

than the outer two. This asymmetry, which
upsets the equi-phase characteristic of
the junction, can be overcome very simply
by curving the center arm to make its
length equal to that of the others. The
power splitter shown in Fig. 6(B) has less
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then 0.3 db variation in power between the
arms when measured over a 10% frequency
band centered at 9375 megacycles per
second.,

Logically the next step in develop-
ing methods for feeding slot arrays was to
make & power splitter which could divide
power in any desired proportion. Such a
device, which we shall refer to as a pro-
gressive power splitter, is illustrated on
the left of Flg. 7 alongside the slotted
array which it was designed to feed. This

"particular unit has been used successfully
as an H-plane feed system for both the
four-element H-plane array and the com-
posite 4x4 array shown in Fig. 1. The in-
put line to this system has a characteris-
tic impedance of 22.5 ohms and feeds,
through a three-to-one power division, two
lines whose characteristic impedances are
30 ohms and 90 ohms. This 30 ohm line
divides, in turn, into a 45 ohm line and a
second 90 ohm line, giving in this case a
two-to-one power split. Finally the powser
in the 45 ohm line divides equally into
two more 90 ohm lines. All junctions
of this power divider were designed to
satlsfy the fundamental parallel circuit
equation; 1/21 = 1/Zy + 1/Z3. Measure-
ments taken on a progressive power divider
of this type showed & maximum deviation of
only 0.6 db over a 10% frequency band
centered at 9375 megacycles per second.

You will recall that our objective
has been to develop & 4x4' array whose
slots, in the E-plane as well as the H-
plane, were fed with signals which were
not only of equal power but alsc in phase.
The power divider shown on the left of
Filg. 8 1s a non-frequency sensitive device
which excltes all slots of the E-plane
array beside 1t with in-phase signals.This
is accomplished by virtue of the fact that
all signals ‘must travel along paths of
equal length from the Junction of the
power divider to the slots which they
feed. Equl-phase excitation in the H-
plane, using the power divider of Fig. 7,
will ceccur only at the frequency where
equals the distance between the 90 ohm
arms. Therefore, this distance was con-
structed to equalA  at 9375 megacycles per
second, the design frequency.

The power divider system used to
feed the final 4x4 slot array is shown in
Fig. 9. Observe that this is a combina-
tion of the power dividers shown in Figs.
7 and 8. Here we have an assembly of four
progressive power dividers, each of which
feeds four H-plane coupled slots. Each of
these progressive power dividers is
coupled in phase to an arm of & four-way
power splitter.

Radiation Patterns

Radiation patterns of the three an-
tennae shown in Figs. 7, 8 and 9 were
measured at the design frequency and are
plotted in Figs. 10-13. The individual
4-slot H-plane and‘4-slot k-plane arrays,
each of which comprises a side of the two-
dimensional array, were first constructed
and individually tested in order to make a
more complete analysis of the composite 4x4
array. lhe half-power beamwidth values
for both of the four-slot linear arrays
are very close to the predicted values.
The H-plane array, with 1.92/\ospacing
between outside slot centers, has a 20°
beamwidth, and the E-plane sarray, with
1.8 Aospacing between slot centers, has a
23.5° beamwidth. The lower side lobes in
the H-plane can be attributed to the
voltage tapers at the end of the array.

Now, comparing the E~ and H-plane
patterns of the 4x4 array (Figs.l2 and 13)
with the corresponding individual arrsay
patterns (Figs. 10 and 11), we can see
that the main lobes of both plots are 1-
dentical., However, the side lobes in both
planes of the 4x4 array are appreclably
larger. The E-plane side lobe increased
from approximately ~-12.5 db to -9.0 db,
while the H-plane side lobe increased fram
approximately -15.2 db to -13.3 db. These
higher side lobe intensities are due pri-
marily to mutual coupling between dlagon-
al slots. Diagonal slots are not, of
course, present in the individual errays.

This study of slot antenna arrays is
beling continued by Sanders Assoclates,Inc,
to supplement the developments highlighted
in this paper. Much work remains tc be

< done. Yet even at this early stage, it is
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apparent that workable slot antennae and
feed systems can be made easily and eco-
nomically from Tri-plate transmission
lines.
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Fig. 6 = Four-way power divider (left), three~way
power divider (right).

divider feed.

Fig. 7 = L=slot H-plane array with progressive
power divider feed.

Fig. 9 - Composite LxL array with feed system.
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Fig. 8 = L-slot H-plane array with

four«way power
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Fig. 10 - H-plane radiation pattern of L-slot
H~plane array in Fig. 7.
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Fig. 11 - E-plane radiatlon pattern of L-slot
E-plane srray in Fig. 8.
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Fig. 13 - E-plane radistion patterns of Lxl
array in Fig. 9.



