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PREFACE

The design and fabrication of an eight-element phased array
antenna was conducted as part of the international ATS-6 L-Band
Experiment. The antenna provided conformal mounting to the
exterior surface of a FAA KC-135 aircraft. The radiation pattern
of the antenna was nominally 15-degree elevation by 80-degree
azjmuth. The radiation pattern could be electronically steered
in elevation through nine beam positions. The angle of the
radiation (beam position) is controlled by a control box inside
the aircraft. The controller can be programed for a fixed beam
or for time scanning of the antenna to track the satellite.

" Final flight testing of the antenna was accomplished on an FAA
KC-135 under coordination of Federal Aviation Administration/
National Aviation Facilities Experimental Center (NAFEC).

This antenna program was conducted by DOT/Transpertation Systems
Center supported by Ball Brothers Research Corporation under
contract DOT-TSC-763.

The principal DOT/TSC contributing personnel are L. Klein and
R. Bland.

The antenna was installed at the FAA Center Oklahoma City with
the assistance provided by FAA supervisors Jerry Searcy and
Bob Greybill.

The KC-135 flight operations were managed by Mr. Francis W.
Jefferson who also provided auxiliary support at the FAA/National
Aviation Facilities Experimental Center, Atlantic City, New
Jersey.
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SUMMARY

The successful development of an L-band microstrip phased array
for aircraft-satellite communications is described. The array has

the following characteristics:

Electronically steerable in elevation.
Conformal to the surface of an aircraft.
0.20-inch thick.

Inherently low-cost fabrication method.

Installed without cutting large holes in the air-
craft.

Capable of 12 dB gain relative to right-hand circu-
lar isotrope.

The phased array system actually includes three components: the
antenna unit, a separate control unit and the connecting cables.
The antenna is an etched circuit on Teflon fiberglass with a thin
dielectric cover. The control unit selects the desired beam posi-
tions according to a predetermined schedule and applies the
appropriate vepltage or current to each PIN diede in the array.

Primarily as a result of multipath considerations, the array was
designed in a 1 by 8 configuration mounting circumferentially on
the aircraft, Nine different beam positions could be chosen.
Microstrip elements were selected for the radiating structures.

A dual microstrip feed was designed for each element to provide
circular polarization, The array design was considered in rela-
tion to ground plane curvature, grating lobes, side lpbes, beam
shape and gain. A technique for obtaining 30-degree phase

resolution from 3-bit phase shifters was developed. Loaded line



and switched line phase shifters were designed with special

emphasis on reducing insertion 1loss.

The control unit was designed for rack mounting in the aircraft.
It includes all the logic circuits, timer circuits and drivers to
operate the system automatically from take-off to completion of

test.

The performance of the array was measured before, during and after
environmental testing. A complete set of radiation patterns and
impedance data was recorded for all beam positions. Environmental
tests included vibration, thermal and rain tests. Tenth scale
model tests of selected beam positions were also made using scale

models of the array and of a Convair 880 aircraft.

The antenna was installed on the aircraft without difficulty.
Minor problems discovered in the control unit after installation
were corrected. After installation the array operated over a
wide, rapidly changing temperature range during the KC-135

test program which extended over an eight-month period,

with no indication of failure or degradation in electrical
performance or mechanical integrity.

Figure S-1 shows the project schedule.

Xi
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1. GENERAL SYSTEM DESCRIPTION

1.1 SYSTEM FUNCTION

One of the primary experiments planned for the ATS-6 satellite
was an aircraft location and communication experiment. This

was part of an extensive engineering and development effort for

a system of geostationary communication satellites to be used

by transoceanic commercial aircraft. The system, called Aerosat,
will provide reliable high quality communication channels

capahle of voice, data and independent surveillance transmissions
between aircraft and ground.

The U. S. Aeronautical Experiment Program using the ATS-6
Satellite included ¢hannel multipath measurements, modem
evaluations and antenna tests utilizing aircraft and ships of
several countries. Two different antennas were tested and com-
pared. One was a low-gain, wide beam antenna, and the other was
a medium-gain, steerable beam phased array. The antennas were
mounted on an FAA owned XKC135 for the test flights. The antenna
tests compared performance in terms of antenna gain, measured

by the received carrier to noise density ratio (C/No), and
multipath rejection, measured by the received signal to
interference ratio (S/I).

The development of an electronically scanned phased array was
undertaken for the purposes of the test and to demonstrate the
use of advanced technology in making a phased array practical for
a commercial application. A single phased array mounted on one
side of.the aircraft, as shown in Figure 1-1, was determined to
be sufficient for the test. A further simplification was the
decision to use the antenna in the receive mode only. Therefore,

there was no power handling requirement, although it was recognized



between the two surfaces of the antenna. Microstrip technology
is well suited to the development of phased arrays, and the
inherent features of the thin, single-piece, lightweight, struc-
turally self-sufficient conformal design are particularly bene-
ficial in aircraft applications. Although the radiating aperture
of the array is about 3 inches by 31 inches, the complete printed
circuit board is 14 inches in width by 35 inches in length. This
allows sufficient board area for all variations in phase shifter
design and distribution network layout that have been required
during the development. This also increases the border area
around the connectors required to achieve better structural design
of the antenna. Figure 1-2 illustrates the basic design approach
and the mechanical configuration. Figure 1-3 shows how the
éntenna is installed on the aircraft.

AMNTENNA-TO-AIRCRAET ATTACH NOLE ((6) —--—

PTFE COATED GLASS CLOTN PROTECTIVE COVER —

OUTBOARD 1-02 COPRER FACE, EICHED

TO ANTENNA AND CIRCUIF BATTERNS
DC-CONTROL CONNECTOR (3)

PTEE COATED GLASS-CLOTH CORE ——
IHBOARD [-0Z COFPPER FACE ——

RE CONNECTOR — -

\\ Figure 1-3 Phased Array
L Installation on
HOTE: /64 -INCH THICKNESS GREATLY EXAGGERATED A ircra f t

Figure 1-2 Phased-Array
Mechanical Design



Because of the difficulty of replacing faulty diodes in the array
assembly, it was determined that it wouyld be prudent to fabricate,
and have available, a spare array assembly to use in case of failure

in the prime unit.

The control unit, Figure 1-4, selects predetermined beam positions
at appropriate times according to the flight test plan, The beam
position information is translated into a set of diode states for
that particular beam position. This controls the diode drivers
which operate the phase shifters on the antenna.

— - m
F_W DoO000000 o fol_L 1 e i
||| TR - -
| BEAM PQBITION
e Wl'[ [ le
! 0 nl“:#l -.?.'.’}'l‘;.. BicToR TimE DL on |
'IM:"BELIV 'T';;-l:eﬁ COMMAND ENTRY B Q I
D I p—r—— ARRAY STATUS =——— mnm:nl.:-n": i @, :" I'C
sy O Q| ey ||

Figure 1-4 Steerable Beam Antenna Control Unit

In an alternative system concept considered during the preliminary
design phase, the diode drivers and some of the logic circuits
were located on the antenna circuit board. The reason for this



was that it minimized the number of control wires between the con-
trol unit and the antenna. Control information would be sequen-
tially transmitted to the antenna where it would be decoded to
operate the driver circuits. The problem that developed with

this arrangement was the packaging of the driver components. A
removable cover over these components was suggested to simplify
the packaging and to enable removal and repair. However, the
initial layout indicated that printed circuit subassemblies

would be required to accommodate the driver transistors and
associated passive elements because of the complexity of intex-
connecting printed circuit wiring. This increased complexity in
the array design exceeded that originally contemplated, wherein
the components would be imbedded directly in the laminated printed
circuit board. There was no way to reduce the complexity of this
circuitry using readily available components, and the only alterna-
tive was to locate the drivers in the control unit, and run a
single conductor for each of the 48 pairs of diodes to the antenna
assembly. This would also reduce the risk of damaging the logic
components during the cover lamination process. The alternative
was approved during a design review meeting with TSC. It was
recognized during the meeting that the alternative had the addi-
tional advantage of providing convenient checkout and replacement
of all active components except the PIN diodes on the array itself.

The cabling between the control unit and the array thus consisted
of one law loss coaxial transmission line, 48 dc control wires
and 6 dc ground return wires. Approximately 70 feet of cable was’
required to connect the antenna at station 450 to the equipment
mounted near the aft end of the aircraft. A preliminary cabling
layout was made indicating a tentative choice of RG-217/U coaxial
cable for the RF circuits. This layout was subsequently reviewed
and the cable was changed to a low-loss Andrews Cable type HJ5-50.
This is a low loss air articulated cable with outside diameter of
about 1-1/16-inch. A short length of standard coaxial cable was



used at the antenna end to enable connection of the antenna to

the relatively stiff low-loss cable.
1.3 SYSTEM ANALYSIS

System parameters such as aperture configuration and beam steering
angles were determined as a result of computer analysis. The com-
puter was programed to find the complex sum of the radiated ampli-
tudes of each element. The data was plotted in one degree incre-
ments from +90° te -90° with respect to the antenna boresight.

The program was designed to permit location of elements anywhere
in the plane of the pattern being calculated. This feature allows
the curvature of the aircraft surface (ground plane) to be in-

cluded in the simulation.

The derived pattern data was used to predict multipath rejection
for the array. If the array center is mounted at an angle § above
the horizon as in Figure 1-5, then 6 becomes the beresight angle
for the array. With the satellite at angle o above the horizon,
the direction of the multipath signal is -a. The antenna 'sees"
the satellite at an angle 6-o from its boresight and '"sees'" the
multipath signal at an angle 6+o from its boresight. The ratio

of the calculated antenna directivities in these two directions is
then plotted to indicate multipath rejection. This, of course,
does not include the additional attenuation of the multipath
signal due to the surface reflection coefficient and the polariza-
tion reversal at the ocean surface.

The analysis showed that eight elementé arrayed linearly provided
superior multipath rejection compared to a two-by-four array.
Nine beam positions were determined to be sufficient and the
angle 6 in Figure 1-5 was set at 41 degrees. The implementation
of the analysis is discussed in the section on Array Design and



Fabrication. Figure 1-6 shows the nine beam center positions in
the airplane coordinates and Figure 1-7 shows the final multipath
rejection plot for the one-by-eight array.

Figure 1-5 Antenna Boresight Orientation on Aircraft




( +/ e

Figure 1-6 Elevation Beam Positions
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2. MICROSTRIP RADIATING ELEMENT

.

A primary consideration in designing a low cost array 1s the choice
of the basic radiating element. The microstrip element should be
compared with crossed dipoles, crossed slots and slot dipoles. The
microstrip element is simply a resonant patch of metal etched on a
Teflon-fiberglass substrate. It is an efficient low profile
radiator with a broad radiation pattern. Since it is manufactured
with the same techniques used to produce printed circuit boards,

it is a very reliable, low cost device. In its simplest form it

is a narrow-band device, but bandwidth is sufficient for the present
feceive—only application which requires about a 1 percent band-
width.

Crossed dipoles can also be etched from metal foil on dielectric
substrate, but the dipoles must be supported at one quarter wave-
length above the ground plane with baluns carefully positioned
between the dipole and the feed line on the ground plane. This
is expensive to manufacture and can be rather fragile. Crossed
slots can be made more rugged, but the cavity behind the slots

is expensive to manufacture and is large compared to a microstrip
radiator, The slot dipole has the same disadvantages as the slot
and the dipole with the additional complexity of having to adjust
the dipole and the slot to obtain circular polarization.

At this point it is useful to explain the basis of operation
(See Table of References, p. 7-1) of a microstrip radiating
element. First, consider the linearly-polarized microstrip
element which is basically a two-slot radiator, Figure 2-1.
The two slots are separated by a length of very low impedance
transmission line. The length of this line can be made just
short of a half wavelength so that the complex admittance Gs
of Slot A is transformed to G, at Slot B where it is added in

2-1



parallel with the admittance Gy of Slot B. The result is a real
admittance corresponding to the radiation admittance of the antenna
plus a small loss component. Losses depend on the loss tangent

and thickness of the dielectric material and the conductivity of
the conducting surfaces. In practice, efficiencies as high as

95 percent have been obtained; 80 percent is common.

FEED PONT

SLOTS FORMED
WITH RESPECT

TO GROUND PLANE COPPER GROUND PLANE

DIELECTRIC

Figure 2-1 Linearly Polarized Microstrip Element

Figure 2-2 is a sectional representation of the electric field

in the vicinity of a microstrip radiator. Since the element is
about a half wavelength long in the dielectric, the field at one
end of the microstrip cavity is reversed from that at the other

end of the cavity. However, the radiated fields are in phase and
tend to add in the broadside direction. Figure 2-3 shows a typical
E-plane pattern attributable to these fields.

To obtain circular polarization from the microstrip element it
must be made resonant in two orthogonal dimensions. The two
orthogonal modes must be excited equally, in phase quadrature.



This may be done simply by dividing the input power and inserting
a 90-degree phase shift in one feed line as shown in Figure 2-4,

A quadrature hybrid (Figure 2-5) can be used to provide the phase
shift and power division. Impedance mismatch reflection would be
absorbed in the loaded post. The system impedance bandwidth

would be increased; however, this would be caused by the increased
loss in the loaded post. Another way to feed a circularly polarized
microstrip element is shown in Figure 2-6. Here the impedance of
one orthogonal mode is made slightly capacitive, and the impedance
of the other slightly inductive. Equal power division and phase
quadrature result when the element is fed at the corner. The
radiated power is circularly polarized over a limited bandwidth.
Although this technique has several advantages, it seems to be
sbmewhat more difficult to etch repeatably, and the Figure 2-4

technique was chosen.

e T
FEED LINE % %ﬁ RADIATING ELEMENT/\?\\
B A

\
COPPER GROUND PLANE

Figure 2-2 Electric Field in Figure 2-3 E-Plane Radiation
Vicinity of Pattern of Linearly
Microstrip Element Polarized Microstrip
Element



SQUARE PATCH RESONANT
AT DESIGN FREQUENCY

POWER DIVIDER
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COPPER
GROUND
PLANE

DIELECTRIC

Figure 2-4 Circularly Polarized Element With
Two-Point Feed

Figure 2-5 Circularly Polarized Patch Antenna With
Quadrature Hybrid Feed
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0= RESONANT LENGTH

FEED POINT

COPPER
GROUND PLANE

IELECTRIC

Figure 2-6 Circularly Polarized Element With Single-
Point Feed

During the development a question was raised as to whether it
would be an advantage to use the hybrid feed, in view of a future
need to operate on both transmit and receive frequencies simul-
taneously. Since the frequencies would be quite wide-spread more
modification would be required to the patch to make it resonant
at two frequencies than just the addition of a hybrid, and since
this was divergent from the original intent of this development,
the decision was made to stay with the two-point feed with 90-
degree offset as shown schematically in Figure 2-4.
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3. ARRAY DESIGN AND FABRICATION

3.1 PHYSICAL DESCRIPTION

The basic array, as distinguished from other components of the
phased array system, is a 1/8-inch Teflon fiberglass pripted
circuit board 14-inches by 35-inches. The first delivered array
unit had a pure Teflon adhesive-backed cover with an aluminum
frame around the border (Figure 3-1). The frame was riveted to
the assembly to prevent the moving air from catching the cover and
pulling it off. The second delivered unit (Figure 3-2) had a
laminated Teflon fiberglass cover. No additionpal frame was re-
quired since the laminating bond on the Teflon fiberglass had
sufficient adhesion to hold it in place.

The printed cir:uit under the cover, shown in Figure 3-3, includes
the radiating elements, element feed networks, matching trans-
formers, phase shifters, power dividers and dc bias lines. PIN
diodes for the phase shifters are recessed into the circuit board,
but the solder connections to the printed circuit stand high enough
to make small lumps in the cover. The d¢ bias lines and ground
are brought together in three groups where they are fed to three
connectors, each having 18 terminals. Three connectors were

used, instead of one large connector, to minimize the size of the
holes required in the skin of the aircraft, The maximum diameter
of the connector with its extension is one inch. A Type N coaxial

connector is used for the RF connection.



Figure 3-1 First Delivered Phased Array

Figure 3-2 Second Delivered Phased Array
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3.2 ELECTRICAL DESIGN

3.2.1 Element and Feed

As previously explained, the element chosen for the array is a
square microstrip element fed on two adjacent sides as shown
schematically in Figure 2-4. The input impedance at each of the
two feed points is on the order of 200 ohms; this impedance 1is
transformed through a quarter wavelength of 140 ohm microstrip
line to 100 ohms. The design impedance of the 90-degree differen-
tial phase line is 100 ohms so that the impedance looking into the
differential phase line is the same as the impedance looking into
the line without the differential phase. This ensures that the
power will be split equally when the two lines are connected and
fed together. It is important to correctly locate the line with
the differential phase shift relative to the other line. The
configuration sketched in Figure 2-4 is correct for right-hand
circular polarization and the mirror image would radiate left-
hand circular polarization. When the two lines are connected the
two 100 ohm impedances are combined in parallel to yield 50 ohms.
Since all the phase shifters and distribution network are designed
for 100 ohms, the 50 ohm combined feed is transformed through a

70 ohm line to 100 ohms. In order to minimize feed line losses
and assure repeatable feed line impedances when etched, the feed
line impedances used are normally 50 to 150 ohms.

3.2.2 Array Design

The radiating elements must be arrayed and phased to provide the
desired beam shape and gain. In addition, the curvature of the
ground plane must be considered. Each element is pointed in a
slightly different direction and has an inherent phase error

relative to the two center elements. A digital computer was used

3-4



to determine how the design parameters actually affect the per-

formance of the array.

Normally the design of a phased array would include an extensive
analysis of the mutual coupling problem. However, microstrip

elements have relatively little mutual coupling. The array has
some minor beam shape distortions that might be attributable to

mutual coupling, but they are insignificant.

Spacing of the array elements must be greater than 0.32 wavelength
(in free space) because the physical size of the radiating element
on Teflon fiberglass requires this space. As the spacing is in-
creased from 0.32 wavelength, the total array aperture for a given
number of elements is also increased. This reduces the beamwidth
and increases the gain. However, a limit is reached when grating
lobes begin to form. The spacing required to prevent the forma-
tion of grating lobes is given by:

D < A/(1 + sin 6) (1)
where

D is the separation
A is the wavelength

8 is the maximum heam steering angle.

For a 50-degree maximum steering angle the spacing must be less
than 0.57 wavelength. A spacing slightly less than this, 0.52
wavelength, was chosen for the array.

The required number of elements is a function of the desired gain
and the element spacing. The desired peak gain is at least 12 dBi
right-hand circular, but an additional 2 dB must be allowed for



phase shifter losses and array losses. Thus, 14 dB gain is used

to determine the required aperture area.

G = 10 log;, 4mA (2)
where

G 1s the gain of the array in dB
and

A is the area of the array in square wavelengths.
Therefore

14 = 10 1og10 4mA
and

A = 2 square wavelengths.

Since each element occupies an effective area of about (0.5 wave-
1ength)2, eight elements are required for the array. Eight is a
good number because experience in designing microstrip arrays has
shown that RF power division can be controlled more precisely
when the number of elements is an integer power of two,

The elements can be arranged in 2 by 4 array (55-degree by
30-degree beam) or a 1 by 8 array (80-degree by 15-degree beam).
The former would be steered in the plane of the four elements as
well as the plane of the two elements. The latter would be
steered in the plane of the eight elements only, Ultimately the
choice of the 1 by 8 configuration was based on the requirement
for multipath rejection. Figures 3-4, 3-5 and 3-6 show three of
the calculated patterns for the 1 by 8 array.

3-6



db BELOW PEAK

HORIZON

T T T } S E—— T T v T 1
-30° ~Io® 10° 30° 50° 70° 90°
ANGLE FROM BROADSIDE DIRECTION

1
20 «° 60°  80° 100° | 1208
ANGLE ABOVE HORIZON

Figure 3-4 Beam Position Number 1, Calculated
Antenna Response
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Figure 3-5 Beam Position Number 5, Calculated
Antenna Response
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Figure 3-6 Beam Position Number 9, Calculated
Antenna Respanse

3.2.3 Multipath Rejection

Multipath rejection was defined by the equation:

where

R is multipath rejection in dB

G 1is antenna gain on the aircraft in dB at an angle

oo from the horizon

G is antenna gain on the aircraft in dB at an angle
-o from the horizon

o 1is the elevation angle of the satellite above the

horizon



Computer plots of the elevation beam patterns were calculated for
both the 1 by 8 and the 2 by 4 configurations to determine Ga and
G_, - The multipath rejection of the 1 by 8 array was at least
10 dB better at critical angles of a (10 degrees to 30 degrees
above horizon of wing) than the rejection of the 2 by 4 array.

With the nominal 15-degree beamwidths specified by the choigce of
the 1 by 8 array, it was determined that there should be nine beam
positions. The beams would be centered at intervals of 9-1/2
degrees in the elevation plane to allow a 5-1/2-degree overlap.

Further multipath improvement was accomplished in two ways. First
it was noted that the offending side lobes were better controlled
for smaller scan angles. It was reasoned that the maximum scan
toward the horizon could be reduced by moving the array down on
the aircraft and increasing the maximum scan toward the zenith.

In this way the side lobes for beams near the horizon could be
improved at the expense of the non-critical beams near the zenith.
Figure 1-6 shows the position of the antenna on the aircraft

relative to the nine beam positions.

In addition to adjusting the antenna position to improve multipath
rejection, the use of non-linear element phase tapers was also
considered. It is possible to reduce side lobes on one side of

the main beam while increasing them on the other side by imposing
certain phase distortions. A simple distortion that accomplishes
this advantageously for a scanned beam is the phase error resulting
from the ground plane curvature. Therefore, the array was designed
with only a small compensation for the curvature. The calculated
multipath rejection for the final array design is plotted in

Figure 1-7 as a function of a, the elevation angle of the satellite
above the horizon.
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3.2.4 Phase Shifter Design

To maintain good control of the beam shape in a small phased array
it is desirable to phase the array aperture with a constant phase
progression, overlooking the phase distortion of the curved ground
plane. Constant phase progression with 9-1/2-degree steering
increments and 0.52 wavelength spacing between elements requires
phase shifter resolution of 30 degrees or less. Normally, four-
bit phase shifters would be required to do this; however, with

the eight-element array it is possible to select three bits for
each element that will provide the desired phase progression.

The phase shifter for each element has three of the following
bits: 30 degrees, 60 degrees, 120 degrees and 180 degrees. The
arrangement of these bits and the resulting phase progression for
each beam position are shown in Table 3-1. The reason that this
technique works is because in general there is always one element
in a phased array which need not be phased at all. Since all the
elements in this array have controlled phases, the extra logic
capability may be used to obtain the 30-degree resolution.

Digital phase shifters can be designed with either series PIN
diodes or shunt diodes. The advantage of the series configuration
is that two or more bits can be combined without having to use dc
blocks. The advantages of the shunt configuration include better
heat sinking for high power applications and easier compensation
for the capacitance of the back-biased diode. Since dc blocks
seemed to add unnecessary complexity to this array, phase shifters

with series diodes were used.

The phase shifter circuits were designed with a 100-ohm charac-
teristic impedance for three reasons. It reduced insertion loss
of the phase shifters by reducing the ratio of diode resistance
to characteristic impedance. It was convenient for the design of
the power divider network. Also it kept the transmission line

widths at a reasonable dimension.
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Considerations in selecting phase shifter circuits included
simplicity, compactness and insertion loss. For the 30-degree
bit a loaded line phase shifter was chosen. This circuit, shown
in Figure 3-7 consists of two switchable stubs spaced a quarter
wavelength apart. The effective length of the stubs determines
the phase shift, and the spacing between the stubs allows the
impedance effects of the stubs to cancel. The additional phase
shift due to the capacitance of the back biased diodes was com-
pensated by adjusting the stub lengths empirically.

]

| e— - |
t EFFECTIVE t
|| LENGTHOFSTUBTY o EFFECTIVE R.F. GROUND
(0.C. BIAS POINT)

M4
1 _l__.. L) «—— oPEN CIRCUIT

Figure 3-7 Loaded Line Phase Shifter

The stubs of the loaded line phase shifter may be lengthened to
make a 60-degree bit. However, it is difficult to avoid locating
the diodes at a high current point in the standing wave pattern.
The result is a much larger I2R loss for the diodes in their for-
ward bias state. To avoid this problem and maintain the simpligity
of the design, switched line phase shifters were used for the
60-degree, 120-degree and 180-degree bits. This circuit requires
two SPDT switches (four diodes) for switching between two different

lengths of transmission line as shown in Figure 3-8. The phase



shift then is proportional to the difference between Lj and Lj.

Although the operation of this circuit is straightforward, the

capacitance of the back-biased diodes precludes the possibility

of either L; or Ly being completely
result, the wrong choice of Lp will
high insertion losses. The problem

for the transmission S parameter of

analysis was performed using a digital computer.

out of the circuit. As a
introduce phase errors and

is analyzed using an expression
The

Phase shift and

this two path network.

insertion loss for the 60-degree, 120-degree and 180-degree bits

were calculated as functions of diode forward bias resistance,

diode reverse bias capacitance and length Lj.

The computed data

suggested that Ly should be as short as possible for the 60-degree

and 120-degree bits. Length L; for

the 180-degree bit is less

critical, but it was found that the mismatch due to the diode

capacitance could be more easily corrected if L] was about 0.2

wavelength.

Stubs were used to correct the capacitive mismatches.

«—SHORT T0

GROUND

D C.BIAS POINT

D C BI1AS POINT

T ]

A

Figure 3-8
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Unitrode IN5767 diodes were initially selected for the phase
shifters because of their low resistance and mechanical strength,
Several iterations were made on the phase shifter layouts. The
principal efforts were directed toward lowering the insertion

loss and improving the impedance characteristic of the shifter.
The distance between the junctions of the phase shifter switches
was adjusted as suggested by the computer analysis and the total
insertion loss for the three bits was lowered to 2.0 dB. The
analysis also showed that if the diode resistance could be further
reduced without increasing the shunt capacitance, the losses could
be further minimized. Because of this analysis, Microwave Asso-
ciates Type MA 47054 diodes which have lower diode resistance

than the Unitrode IN5767 were selected and the measured insertion
loss was reduced to 1.0 dB. The Unitrode IN5767 diodes were re-
placed with Microwave Associates Type MA 47054 diodes and the

measured insertion loss was decreased to 1.0 dB.

Further adjustments on the phase shifter were made using a simu-
lated lamination cover consisting of plastic tape, which afforded
an expedient way of performing developmental testing without pro-

ducing a completely laminated phase shifter.

3.3 FABRICATION AND ASSEMBLY

The original assembly concept was quite simple and considerable
effort was required to retain this simplicity in the flight antenna.
Originally, the antenna including phase shifter and logic circuits
was to be etched, the active components were to be soldered in

place in recesses in the circuit board and then the cover was to

be bonded in place under high pressure and temperature. Preliminary
information from the manufacturers of the active components indi-
cated that the components would survive the lamination process.
However, several lamination tests were performed which introduced

serious doubts into the fabrication process.



The first change that was made as a result of this problem and

the problem of circuit complexity was moving all logic circuits
back into the control unit. This increased the number of wires

in the control cable from 10 to 54 which was considered acceptable
in view of the potential reliability risk. The decision was made
with the understanding that, in the future, as confidence in-
creases in the assembly of microstrip phased arrays, it will be

important to reconsider the location of the logic circuits.

The PIN diodes for the phase shifters could not be removed from
the array surface, and therefore a fabrication problem still
existed. Three alternatives were proposed for solving the problem.

a. Provide openings in the lamination cover in the
vicinity of the diodes through which the diodes
could be installed after lamination, and potted
with a weather-proof material. An antenna was
actually built using this approach, but there were
doubts remaining about the sealant and integrity of
the laminate near the diode cut-outs., A small leak
could cause a failure that would invalidate data from
an expensive one-time-only flight test.

b, A radome standing 1/4-inch to 3/4-inch off the antenna
was considered. This radome would have mechanical
fasteners around its border and standoff fasteners
located as required across the surface of the an-
tenna. The radome concept provided convenient
access to active components on the antenna, but the
added complexity of the radome design problem was
significant. Standoff height sufficient to preclude
any effect on the antenna would have to be determined,
There was no knowledge of how much movement in the
radome could be tolerated. The relationship of



radome flexure to radome material, thickness and
number of standoffs was not known. Furthermore, the
whole concept seemed to add excessive complexity to

an antenna that was intended to be simple.

. A room-temperature adhesive turned out to be the

best alternative. Candidate adhesives were (a) low
dielectric constant polyurethane, (b) high dielectric
constant polyurethane, (c) epoxy, and (d) Teflon
adhesive sheet. The first three adhesives would be
used to bond Teflon fiberglass to the antenna, whereas
the Teflon adhesive sheet provided its own Teflon
cover layer. Sample phase shifter circuits were
assembled including covers bonded with the candidate
adhesives. Both electrical and mechanical tests of
each sample were made to determine the best adhesive.
The low dielectric constant polyurethane and the
Teflon adhesive sheet were determined to be most
acceptable. The latter was used on the first delivered
unit. As a precaution against the air stream catching
a corner of the sheet and pulling it completely off,
an aluminum border frame was riveted to the antenna.
Although this proved to be quite satisfactory in
actual flight tests, it was decided to use the poly-
urethane on the second antenna because its higher

peel strength eliminated the need for a border frame.

While the flexibility of the 1/8-inch Teflon fiberglass eased the

curving of the antenna to the aircraft radius, it made problems

for some of the diodes. All diodes were mounted with a strain
relief bend in the leads, but even so the MA 47054 diodes showed
a tendency to crack when the antenna was flexed. This was the

primary reason for using the higher loss IN5767 diodes on the

first delivered antenna. The IN5767 diodes are manufactured in

3-16



a way that makes them virtually indestructible in this application.
The second antenna did use the MA 47054 diodes, but a special
fixture was attached to the antenna to ensure that it would not
be flexed when it was off the ground plane. The problem could
have been further alleviated by arranging all diodes parallel
with the axis of the airplane since there is no flexure of the
antenna along these lines.
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4., ARRAY CONTROLLER DESIGN AND CONSTRUCTION

4.1 PHYSICAL DESCRIPTION

The control unit is contained in a box 5.25 inches high by 19.0
inches wide by 11.25 inches deep. It is designed for rack mounting
in the aircraft and requires somewhat more than 11.25 inches of
rack depth to allow room for cable connections. Figure 4-1 is a
reduced drawing of the control unit. The assembly consists
principally of a wire wrap circuit board into which welded sub-
modules and integrated circuit components plug. There are 24
welded modular assemblies each containing two diode drivers. The
interconnecting Wiring to the control panel and power supplies is
conventional harness wiring. A Jones test strip across the chassis
provides access to each of the diode driver lines running to the
antenna. This access is for troubleshooting or confirmation

checks on the functioning of the control unit and the health of
each pair of diodes.

The power supplies for the beam steering control unit are self-
contained and through the driver logic supply about 35 milliamperes
to each of the diodes in the array in the on-state.

4.2 FUNCTIONAL DESCRIPTION

The initial concept of the control unit was modified from that
presented in the original proposal to simplify the setup of the
beam steering positions by the operator. The modified design
enables the operator to select a beam position by setting a single
beam position switch rather than a sequence of commands for each
programmable beam position. The control unit was also modified

to enable locating the control unit at some distance from the

antenna array.
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The function of each circuit in the control unit is shown in a
block diagram, Figure 4-2. The actual circuitry is drawn in

schematic diagrams, Figures 4-3 and 4-4.
4.3 CONTROLLER OPERATING PROCEDURE

The controller has three operating modes -- load, operate and
manual. The manual mode is used to obtain a fixed beam position.
The beam position can be manually switched to any of the nine
positions. When the flight path of the satellite in relation to
the aircraft is known, the controller can be programed to switch
through four beam positions hesitating the specified time in each
beam positions such as to track the satellite. The beam positions
and time intervals are programed into the controller during the
load mode. An ihitial time delay may also be programed into the
controller. The time delay would allow the controller to be
actuated on the ground before the aircraft starts and the con-
troller will automatically start sequencing at a later time.
After the beam positions and times have been programed into the
controller, the controller is switched to operate for automatic

sequencing,

The scanning of four beam positions provides a scan field of view

of approximately 49 degrees. This capability is entirely sufficient
for normal flight operation and therefore it was not necessary to
expand the controller cost and size for the capability of a nine

position scan.
The operation procedure for the three modes is as follows.

1) LOAD

Place the MODE SWITCH in the LOAD position,



I3TT0I3U0) EBUUSUY %NHH,JNIENOM OHDNHOOPW -1 O.Hﬂﬂm.mm
Ne
AN (1ML
Wil NOLLYINQ
ao;93s  WALesE)
® e )
Jeary OIEEeL)
| 2] e
Jun
(YmmgwmiL) AT ST
>u5$uN _!—uﬂ. Jwil
o)
AJOWIN J
. ] 201235 [r
90T
_&_...H NOLLISOd WGR _!|
WRINGD ©
WARYIA
33am
——=o 3004
| = | =
= ;.
3 ANIZO
Yark M v F31knod L Tr I 4L
Fo1935 |
L
= ﬁ {vaLLn@usnd )
13537
iy _
| sxvae-c |
TLNNOD
Ixamq Avia 901 BAUNNR)
v 319uN3 IawoIa-£
Linn
ﬁ 3 ~ H A0AINTD - |
o 1130 °3) 'l.Dl (MOLLTGHSRA )
ABOWIN avo1
NOLLIS0d
Wy3g
|||||||||||| 1
I
| saInag ons &
a0l ONY S— L [0
samrr 88 < = o, ] ovazais XTI (133Hm Bunme)
! / azung FU-ES 3 Wvig NOILISOd
! - 2]
|
! I
a2 Alddns
1 33Imod 2N 0ok
| 2w /av no TN i S0 g0
f— it ———
POVITILNG Am
SNTIOV? 4s0

ks +

4-4



TOEEOOW >

IYRRNE 18
BEAM 2 ST
POSITION S ear3
(umBwALEL)| 21 XL
2 2
o 4TS
l-,-
Jeooode o Jao __ff_ _ff_ e _ X _..|8
it T oKk % oK ok % 6K PYAE Py FI E R A I
- -+,
I
Ve ! | :E. ;Et “ ;:5
A | Vee
| II 12 10 3 4 wle |7 |«
! N De D1 Dt O 5 55 ';'\h -
BEAM POSITION MEMORY
=2 SN71489N 3.3 L
WEp o mE A B |
3 L] :l ! [ =
LOAD -
(pusuBuTTON) | ©
Ne
+5vDe o—-—-—(j}.ﬂgc
t1 pecovPung
Ird ERLH B
GND o_—_l' b o
s
{}\it
oK K
2-23 2-23 $ 2 q £ L
WL L N g & \j2 SHra1BT
220 ¥ g e
ot
RESET 4-25.10
(rususuTrON)| ¢ 2 T |+
vo 425l
5|24 )t
s M
LOAD 7
343 N
#2508
OPERATE  p—— £\ ki
MODE 24 $-7 r P
MANLAL )4"”"‘ A,
3 4 A
common 2L 2o oK .___LW-@
L T223 | Je-ey 4}

6K oK ! ] s
2-23 2-23 | 4 |7 2 iz |is et L3
.. T4 r | CLEAR T3
TimE P 256 |5 L . o & | E2 P 2z 8 He rez I
SECTor ) . )_f-ef.f al.a 2 5 i s F-F 't
(THUMBWHEEL a-24,2 MULTIPLEXER i g y o7 ©
3 I8 SN7arsTN il o\ veswamom , e SNraioT .
an Py s 25 KL —2la K AL
[

&

4,

24

T IR

|_'z' 2°  Vac  GND BLANKING ML |
ﬂH_E SECTOR PISPLAY
= 13 [ ‘ 1» t

#ﬁd

Figure 4-3 Schematic Steerable-Beam Array Antenna Controller
4-5



11 10
A A
B+ B
f— AR,
f D
E E
¥ F
G— G
H H
. Vee
Wl |s |2 [ jele |z t |23 |# |5]|e 7 |®
AN SA 2A 1A 48 3B 28 18 O s 0; 9 c 4 07 0 |
_L——‘!— sTeo8E Ve & Vel
5 MULTIPLEXER BEAM STEERING PROM M2
é-—* seeeer SN}‘E'ZSJN sl TE Y IM56;‘_72C';PE avo!
4y 3y 2Y | Ay Az As A As l
B IEEE - e 3] 12| 1
J
K
L
N
J
P
Vee
£ Jé
e
zla, 5|4
a[“— N |
1, e | Q
" 1 .
DECODER | 4 %
K o320P¢ E
s
—tly, o
T | *:"'u ;:';:' + 2-18 _‘;;_
ol % %2 e a 2 i
»OIpF 1aK LOlpF — A, i
i i s b
SomSEC Q L L—“ﬂ" SOuSEC Q 12 6ND s
ONE SHOT ONE SHOT G
4l yescoere gl | e seozpe 512
/-20 | 1-20
3 3 3
HL
/9 2
M
N WL b s
3 Yediow tw ul’m,
s | [T
3 & oy __t1p pECADE G F
ere. &
£-2 2-2 P ‘A 4'_'1 ¢ supioan o
A I o——18 210 garton
y Al i =2
Q ¢ |5
R 2 el coap PN 4 4
S o -6 &
iz |r3 DECADE "
g T T 0 | TR At
Y o ! ap
| 7] =D pwenew woony A ALH
! K | By ik
8! PPl "
lex Pra 1 4
| W] b s itd, ¢ ‘s
[— ! Gx! e L P £
T el L s (|, vzeape & A B
A e W oK o, T PE—EnT b <
¢
we e NO 2-23 : S w192 @, |- A P Ed BB
SEETOE  INCEEMENT L= & r g CC
(PUSH BUTTON) + i ——DD
I
EE
o [omeszz [ [ ]|
1 ]| 10

Figure 4-3 Schematic Steerable-Beam Array Antenna Controller (Con't)

4-6



9 [ 8 ¥
A
B DiGIT 8 DIGIT 7 DIGIT &
g [ee e 28 2 221 [vee a0 22 2 221 [ve a0 22 28 2° |
p-2eY ) sty 4 L) #-25Y 42 LAREARE
% Igl IZ?I “’ ; " /Z z‘I‘;q ‘:’s ; 517‘1 :
G = &
H .
1|2 |3 |4 1s5le 7 |9 é 3 o |5 |4
Y Op Oy 0, Of Oy O7 Og B, ¢ Ba A, 1 D, G B, I
(-} o
16 _ Zl % B 124
BEAM STEERING PROM#/ L= Yee 319 L I e 3-8 op 5]
IM5610¢PE @D 4-BIT LATeH 'OF0 4- BT tATeH P
1-20 4| omaessiN Lt vy o omessiN P
0E Au MM A As —i Cp eLEAREE er SLLAN
8 i I
2 I N O
Dw Oy B Aw + Dy G B Aw 4
J n 2 14 n 12 3 L]
K
L
N
P
R
S M
Hoo 2-17 Vee P Z-18 vee P/ i P e vee /N
Llop 4 BIT TRI- STATE LATEH & g, oo 4 BIT TRI-STATE tATeH e P\ tlop  4-BIT TRI-STATE 1aTed o FZ— A\
1] DM B55IN [0 16 DM BESIN P o DM 8SS5/N e
O0p D, & By A Dy Cw Bw hw SO} i naa.A.n.c.a..a_mq 10 o e B A Ot Bu Ae e
z |5 [4 |3 [» :zl»;im. ‘B IEBENG [nl.ulu C T[4 57 = uln = N
e P
} Q
T R
U
v
w 1& 11 i e
Ll Py 2-1¢ Ve A Lioo 243 Ke -—&m o0 2-12 vee ofNe
60 4-BT TEI-STATE (aTeW  trli—d\ oo 48T TRI-STATE LATCH  dp F—f\ o 4-BIT TEI-STATC LATCH bL——ﬁ;
10 PMASSIN ferag # *lio DM 855IN teane L 210 DM 855N dirde|
10 0 8 B A O Do M Ae ) Blp o M K B e Bu A B Do o e 8, 4 By e o
e |+ [4 [x [u ]2 ulu e [ 1F |3 [» .rx‘{ulu e |£ 4 |1 |w ::Iuias S
1 4 T
X A
Y
Z
13
£ -2 o A oo =0 Vi Fif\we  iN—e-{or R e Pfi\ee
oo 48T TRRSTATE LATeH e\ 4300 4-BIT TRI-STATE ATen G\ oo 4-Br TRI-STATE LaTeH  CrfL
o DMESEIN i b 1o DMES5IN el L o L DM8SSIN suea
DBt B Ay D Co B ke S5 10 D, ¢, B, Ao Do G Bu du €A LEND o ¢ A A D O ﬂum%
3 G2 G2 G G 0 A src:':'fu|u‘~ & |5 |4 1 [ x W
[ l [ L4 X
- Y
&e ‘
Db
EE

Figure 4-3

4-7

¥

Schematic Steerable-Beam Array Antenna Controller

=}

Sl lolele)

s



7 6 | 5
DIGIT S DIGIT 4 DGIT 3 DIsIT 2 Dl&iT |
e o0 22 20 2 | [vee oo 22 2 22| [we o 22 22 2o) [vec e 22 20 22] Twee oo 22 28 2*]
423Y g 22y ¢4 4-22Y 12 422 422 Fmy 4 q-22Y 4-22) sy 4
l I 3‘ ‘ ?‘| e ’/T z rl;T‘?‘ ! l I Z| 'u-l/tI‘f' g
5
A o B A |, e, . ¢ ,
- op . £ ey J-15 3-14 o0
oo | e £ Vee op -4
2
4-BIT LATCH 10 4-BIT LATCH ‘D'rg-' 4-BIT LATCH ’f 5 4-B1T taTey 121
DM 855N o I pMmessin B DM855IN P DM B5SIN 10 'f;“
fLeae /¢ CLear [
| ] g i
B tw_ Bor A - Diw v 8w A + o B Aw | L -
2 e M 1" 2 13 |4 u 12 i3 e
C
E
g
3
L
M
e f—? 7, st7s
7 %]
a0 s i
i
&
_uly rowsec 3y
ONE SHOT
12 7602 PC 3
7. -8
.{53’.'— j—l =+
s =
#e
0
| 2 3 4
=) ==l L BT = R | S
, 26k 6K T GeK 36Kk
: [ e W
! T 31 YPJoow & D
: ; &ch DECADE  Qoywree
5 L
I > oK 2=/0 | LSl nockon SH79r928 sl
Ml or o o B i — v i - — D 3 F
13 » ] ’ "
S .
I I .
e
9 | e |
5 I3 7 ] 0t !
r‘_--- e __‘_“__-_—_'I . l‘; r
1 |8ex GK (74 ex | 1 |
| 1 [ AL — |
| 201 I ex |
| | |
| l, 2 x L]
) (14 GK (13 Gk : Gk ox!
Lifemm i[= == [ = === ==< IR
§ 2 0 " 12 { ETETEST
» 420 | +20| 420 m&:{
Y = 0% 3 § 5 i = ':\ 5 AIL P g
ol ] Dl B IR
2= LIL o | - uL o ef 4 21 2 20 2
4;2/’ A 4-72/' A 8 " A f.;a’ A , 2’ A A A A A A A TIME DELAY
2 24 2! 2 © 2% 2t 2tz 23 oy a0k oN TENS DT
TENS DieIT ONES DIGIT ONE TENTHS DiiT (LED) 1 (THUMBWHIEL)
l (THUMBWNEEL ) (THUMBWHEEL) (THerBwhEEL) | G
SECTOR  DURATION [_SKA 6522 I | |
7 [ 1 5

Figure 4-3 Schematic Steerable-Beam Array Antenna Controller (Con't)

4-8



TR Pr-A 8 ¢ D E F 6 H T K L M N P R S T U V W X V¥
! o1 D2 DS D4 DS Db DI DB D9-DI0 DI Di2 DIS Di# DIS D6 D7 DB D19 Do D2l 022
Y a2 Y-, 4o N iV N 4 4 gl ey d- sy 40 13y 42 48y 52 12 42 4.2y 42 ady a2 2N
¢ A"W ’ AR (Sl IRl (=l Il I 1 B B A (el (i Bl Il - (R -3 v d ' d I B 4
Ao e
WA | |
TIP DRIVER| MODULE[R) 1=/ 2 £ z-2 EZT 32 3 =] 53 33 £
5 7] i
IRIE L 3 5|0 3 3 ﬁ 1[§
A 3 1| |4 i) |£ 1 LN E :
LWt 47K
e |
DeVEl 3 - 8 &0 {0 2 4 & a "
sz‘;ﬂ 3 I 7 i 7 7 3 ¥ 7 T
22 e
75K 2 hek
8. IC LOCATIONS
/ 2
i
w3 A 1 |oRigEn mon|oswver mon.
~/6vOC 2 DRIVER MOD.
3 SN7404N
¢ SN T404N
5 SNT404N
6 031vER MOD
=
8
- 9 |oRIVER MOB|DRIVER MOD.
i 0 |sn720en  |3sAc024kes)
4-9 be it |oMassIN | DMBESIN
[ - 12 | DMBsSIN
3 3 |9324pC
l," | SNT4192N
15| 9324 PC
A 1 3 16 | Snrs92H
> 7| 9324Pc  |DmBSsIN
[ 18 |snTaeen | 9321 AC
A 19 (cARRIER #1 | SN 74107
5 20 |7802PC | SN7400N
BEANKING [> 2 |sursioIn | sKTs00N

2 |SNT9/07TN |SN740EN
2T |SHTHISTN |SHALD2HEN)
24 |5SNT408N |SNT90ON
25 (SNT4OON |SNTHOON

aw
5]

i 2 "

oE Qn QC q; o HieAE
D f;‘j;y o) Doww ok S
DECADE  QOUNTER 1”2 - C
E Laoeeow SHMIZZN Sblt 13 Juserows SN7U92N A ]d 1
o [ 8 A D ¢ 5 A Yex
14 10 I T3 4 " ’ [ty ZS
1 Wit
g ——— T ) —
F Y T ST !
ot : T er | 3 Boyy Buey 4-12
1 I
St St 0 e £l
| 23 ! " L3 1 ONE SHOT SNraSaN D
L ' PRI | 1o 9602 PC
I ok : I ex 1 jia -8 i
| ! | Hl
o, | 4
TViE | T v I " [i3 = e
) | ey ! 1000pF
Vow LA, A R5 30K | €&
) ) RN A
+-24 Lme 424 4 +2 L ez| sa| 24| 90y
9 A IOAN A 2 ITA BA EA ) S
2' 28 2! 2° 23 FAEN 4 Fig [
ONES Digir ONE TENTHS DeT
(THUMBWHEEL) (THUMBWHEEL) |
G
TIME DELAY
: T 3 ¥ 3

Figure 4-3 Schematic Steerable-Beam Array Antenna Controller (Con't)

4-9



¥

L -
== =
Z a b ¢ d € f g A i i K& m o+~ e $ r & v 4 w4 w4 & B P/AA
D23 D24 D25 D2b D27 D28 D29 D30 D3/ D32 D33 DI+ DIF 036 D37 038 DI D10 D4 D42 D43 D#+ D5 Dt6 D47 D48
. VI -3 4 N a3\ $\ a0 gl N a N A E G a1 s N 4N S 4 e 2 NS 4
2 'JJ" -3 ) A (e / £ s B Rl G fd'v s PR YA /P B i Bk s e
D
LR 3 -7 B 27 3% 37 8 Gt} B 21 X 37
. o N -
ﬂ ; E 1IE 1B E HIH 3 IE E | [3
A ¥ || | & FARE x| |
2 2 + (3 (] n 12 2 s & 4 0 2
43 ! 3 ¥ " [ i 3 £ T ¥
A J 4 NOTES UNLESS OTHERWISE SPECIFIED
DRIyER MEOY DIP FLUG |, PULL UP BESISTOES (GK) AEE IN
DIPS , 34AG024
2, BYFPASS ALl INTEGERTED (Q/&CU/TS
DIP PLUG WITH .OQ/uF CAPAG/TOES
— 3, All BESISTOLS AEE ijaw 5% c
-7502PC ALl DRIVER MODULES ARE DENTICAL,
4 ~10V 1S APPLIED TO EACH MOOVLE
?;!;E;;;;/ & ;,777:1072’:’ SEPARATELY THROUGH DIP-PLUG
SNT492N  |semsoaa(nes) PINS #1,3,4,9,12,15
SN7e04N  |SNT#TIN 42,2581, 1%
SN740ON | SNT49IN 43,00, 110,13 16
DMBSSIN  |NESSEY PeER s
CARRIER #2 5, 2,5, )
AR ERTS 5 LEFT OVER PUlL UP RESISTORS
2~0 PINI3, 2-23 PINS 7/0,1,12,13
-1t PIN 13 4|
. & LEFT OVER WIRE(OIP FLUGS)
fﬂ;ﬁzﬁz Qeisene 4-5 PINS 7 THRUIG
i 449 PINS 2 THRU 16
i % CARRIER ASSYS.
#t 3 4
SNTHBIN i il # -
SNTHOSN &1 =y P )
34AL02HRES]| DIP PLUG i rasy; ol
B L2l adedr FE
F s . B
B S A E
B
Vee .
C
RS |8
100K -k
4 8 e %| —
o) Ever 14 e |z
4-13 42,7 Hz2 ez
4-mIT BIvARY ose o ]
D NE 555V 7 'Wﬁ’ (<
ang Mg o
] o
v o5 |8 3
e 1F = 95 -+
Jof T,
PoLyveneSomverc A
bt T | nm [ o e i | =
== T L o e s S e
e e T~ e Tan AL B RESEANCH
- L T e LTS Fam } T, @ ) w‘ CIRARD
3 - "
= am wr SCHEMATIC DIAGBAM g
I
T STEEEABLE BEAM ARRAY
ke . - ANTENNA CONTROLLER l
| A1 —— p—— — - o)
--r-l | e 1 J | 13993 | SK46522 §
A =1z L]
| 2 4 : 1 FRiDe fezad
Figure 4-3 Schematic Steerable-Beam Array Antenna Controller (Con't)

4-10



AVIIT 3N e NOLLYANG  J0LIIS INIWTIDN 3QLTIS 201235 il
[oa suinas ano uoid S0 m@ svaL | ay130 3wir [ umawniiag liea sana voo sias | [ 1 | L
HILMS HuLtM S HAIMs HALIMS HILIMS HALIMS aN N
duxnwum__: w olasgt e:un_L TS Exx“”\.%m._ﬁ .E:ﬂmﬂ:n:.» ._uux}M_:Q:H i AVidSia DATWAN aTT
2oLt A3s 3
NY3tioiq NE2LIId NYaL®ig QMl._u._Qt Nv 1910 Nvaioiq NYa L191a :u._u_n)m P 41 S3N33
iz =23 ] 3 2 20 1z e @7 L E » E My g My fm ospmmmeaymove dr
L an : = 277-4 G I I O ) O O
‘_ _, @ ,— [ * ,_‘ ,— T s T T
VWYY VWY 4 VN VNV Y v v W
L2 E P2 oZ T ZsZ P M 2z a2 22222 2242 D o 2w oz iz R v ™
ININNYT
NOLLISOS WHIF 13s3a ECET %  3orvas awu
1 I 1 T [ L
2 HaLMS
HILME o o TTBWBHML
TIARMFHIHL 2 1-Gilof)
{sea ™} 1-FL2E8 HALMS e
NYaumia w4y - .
LZre? avz-L Lz @
F TlRAZAD ‘_\ 1_\ ._\
h & % ,P v
-
L322 C - M s 3 22 P
s °® £
= 3
) = 5
Vs ¥ -Sason
AV §AIWON AT AySIa ITWN aIT AVIISIG IITWAN 3T AVISIa 2AIWON  dF7 PR —— 7 .
%Ll $31a3s I3 2041 SHAIS I 901 s3FIS 331 2041 SIFIS AT v san
acisTSHvaL
MM v ummry ] |TTR R s e e *¥ ™ M "a B2 4 g7z W Y ..c._.-r..@-_ﬁao.-n&i:-.n_ D91 >—— Loeaav
HE R EEEE DL KEE P 2| 2| a] v o o] wf e oo W ICE CELE o4 D — —_
| | { vanziw | oo | Aol
ot SINT T H v IY NZFH9
* agnnoxg (a4
> ! Ve
bl I 74 [aeise3)
YV 1 h 4 v v y A, FEd I
SEZ BF 7 ”» =™ x 12 2% an hOFEF = ui <
L J 1 ] ] 1 | 7
[T -9 2 19ia £ Lsia v Luzia ss08 0K .
24 COF
vs-Fach ity
: sav
. AQISISHYAL
AYUSIT VITNON @7 AVI4SI MAINAN a7 AvIdS1g PIININ aIT AVIASIA JTINAN a3 L1098V (o)
© 904l syaIS I 70L) s3a3s I 90L1 $31335 33 20Ul $3i33s 33 S§8 P0AS S Gt BT
. Tl soas0L L
.._..ru..u....__&.«.!.-..nﬁﬂi A R B B ek oY~ e Sy Ay ) A2 giT 43 O ST 3 3N I *E =) Ao omo Y aemk o M 2Hoov |7 ./.I...\'ln
MR EEEDEERG slal of 2 2| of | i #l ol =] 4 OEGEE K CiG | P N F
L L L z y3mad
L]
¥ vV Y R h vy v WOV A LA A 4
oI 72 a2 R @ LU 25 aw M oF R an A optwm
L ] L J i ] 1 I 3
"5 uva 2 liota £ 1voa 8 Lo w

Schematic Diagram Steerable Ream Array Antenna
4-11

Control Panel and Power Supply

Figure 4-4




Set the TIME SECTOR thumb wheel to 0.

Set the BEAM POSITION switch to the position corres-
ponding to the first desired steering angle.

Set the SECTOR DURATION switches to the desired
sector time (0.2 minute minimum) .

Depress and release the LOAD pushbutton.

Set the TIME SECTOR thumb wheel to 1.

Set the BEAM POSITION switch to the number correspond-
ing to the second desired steering angle.,

*Set the SECTOR DURATION switches to the desired sector
time.

Depress and release the LOAD pushbutton,

Set the TIME SECTOR thumb wheel to 2.

Set the BEAM POSITION switch to the number correspond-
ing to the third desired steering angle.

#Set the SECTOR DURATION switches to the desired sector
time.

Depress and release the LOAD pushbutton.

Set the TIME SECTOR thumb wheel to 3,

'Set the BEAM POSITION switch to the number correspond-
ing to the fourth desired steering angle.

*These sector durations are referenced to the heginning of
sector 0 (see time line, Figure 4-5).
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2)

3)

Depress and release the LOAD pushbutton.

A TIME DURATION is not required since this beam posi-

tion is held until reset is activated.

Set the TIME DELAY switches to the desired time delay.

OPERATE
Place the MODE SWITCH in the OPERATE position.

Depress and release the RESET pushbutton.

The time delay will begin when the RESET pushbutton
is released. The TIME DELAY on lamp will be on and
the TIME SECTOR display will be off. At the end of
the time delay the TIME DELAY on lamp will turn off
and TIME SECTOR display will indicate sector zero.

The readouts will display beam steering and sector
as time progresses, as shown in Table 4-1. The
array antenna will be steered to the indicated

position.

MANUAL

Place the MODE SWITCH in the MANUAL position.

Set the BEAM POSITION switch to the number corres-
ponding to the desired steering angle.

Depress and release the LOAD pushbutton., The selected
beam position will be displayed and the array antenna
will be steered to the indicated position.
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SELECTABLE

BEAM POSITIONS Po Py P2 P3
_ SESTOR SE?TOR FFEE%TOR SEgTOR
lt—— DELAY — atg—— To —J
- T,
T2
< Ta
TIME RESOLUTION ACCURACY MAXIMUM TIME
DELAY O.IMIN + 2% 99.9 MIN
To O.IMIN ) + 2% 99.9 MIN
T, Q.IMIN * 2% 99.9 MIN
T 0. | MIN + 2% 99.9 MIN
T3 PPN ——— O
Figure 4-5 Controller Program Time Line
Table 4-1
CONTROLLER READOUT FOR BEAM POSITIONS
BEAM
POSITION DISPLAY
1 2 6 0 5 5 4 2 6
2 2 0 3 0 2 3 3 3
3 5 5 0 6 2 7 5 5
4 0 3 4 2 2 1 1 0
5 0 7 0 4 0 4 0 7
6 5 0 ] 1 2 2 4 3
7 0 5 5 7 2 6 0 5
8 2 3 3 3 2 0 3 0
9 ‘0 6 2 4 5 5 0 6
CHECK
POSITIONS
14 0 0 0 0 0 0 0 0
15 7 7 7 7 7 7 7 7
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If the controller was in the operate mode before the manual mode

was selected, returning

to the operate mode will cause the con-

troller to pick up at the next time sector and continue with the

automatic sequence.
selected position until
the antenna to the time
automatic sequences run
are short more than one

The beam position will remain in the manually

a pulse from the time sequencer switches
Note, that since the
continuously, when the time durations

sector beam position.

sector may be crossed while in the manual

mode. This sequencing is illustrated in Figure 4-6.
AUTOMATIC
BEAM
r;:):lsnou Py R P, Py Py P P, Py b P P Py PR
Moy . o T % 3 To T T T T T T3
| T — Y T T T ¥ T T M T T
i | : ! I I | [ ! I | - ;
b R R B R B
Lo A B oo !
1 I L o1 | RETURN T I |
MANUAL ACTUATION | AUTOMATIC ~ ——»
1' I TO POSITION |Pg , Iseoluznce | [ | I L : | :
1 | | | I
I | ! oo b | | ' REMAIN IN |
t } : L : Lo | I—"l :‘—Posmou Pe |
I 1 |
| I ! [ !
' : I | R | ' _-— 1
et b b fe te bhad n dn rn et e
|
posion ! Po P iR 1P P RRI P P Pg PP P Py ) |
L L) i I L) I 1 1
Figure 4-6 Switching Between Automatic Sequencing and Manual

Position

If the controller was 'in the operate mode before the manual mode

was selected, returning

to the operate mode will cause the con-

troller to pick up at the next time sector and continue with the

automatic sequence.

Note, when the time durations are short more

than one sector may be crossed while in the manual mode.
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5. LABORATORY SYSTEMS TESTS

The series of tests described below were conducted on the array
assembly and control console to verify their electrical performance
and capability to survive the environment to be encountered during
flight operations of the KC-135A.

Scale model antenna tests were also conducted using a one-tenth
scale model of the Convair 880 which approximates the structure of
the KC-135A. The results of these scale model tests can he used
to evaluate effects of the presence of aircraft structure on the
patterns of the full scale antennas when mounted on the aircraft.

5.1 PERFORMANCE TESTS - FULL SCALE ARRAY

5.1.1 Patterns

Performance of the steerable array assembly was verified prior to
the commencement of environmental testing by running pattern tests
as shown in Table 5-1. The principal plane patterns were taken
on the antenna mounted on a 4 by 4 foot ground plane, as shown in
Figure 5-1. As each beam position was selected, the ground plane
was adjusted so that the principal cut orthogonal to the elevation
cut passed through the peak of the main lobe of the selected

beam position. Elevation cuts were taken to show the side lobe
structure as well as the characteristics of the main beam. Data
was recorded in polar form and is included in this report as in-
dicated in the table.

Three beam positions were selected for comparison with the tenth

scale antenna models, The conical patterns taken for these positions
are shown in the second part of Table 5-1. Patterns were taken
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Table 5-1
FULL SCALE PATTERN TESTS

PRINCIPAL-PLANE CUTS -- Full Scale (Flight) Antennas --
4-Foot by 4-Foot Ground Plane:

' Coordinates
Beam Aircraft Elevation S/N S/N
Position Azimuth (Degrees) 001 002

1 0 Var Figure 5-2 Figure 5-20
Var 9.7 Figure 5-3

2 0 Var Figure 5-4 Figure 5-21
Var 19.2 Figure 5-5

3 0 Var Figure 5-6 Figure 5-22
Var 28.6 Figure 5-7

4 0 Var Figure 5-8 Figure 5-23
Var 38.1 Figure 5-9

5 0 Var Figure 5-10 Figure 5-24
Var 47.5 Figure 5-11

6 0 Var Figure 5-12 Figure 5-25
Var 56.9 Figure 5-13

7 0 Var Figure 5-14 Figure 5-26
Var 66.4 Figure 5-15

8 0 Var Figure 5-16 Figure 5-27
Var 75.8 Figure 5-17

9 0 Var Figure 5-18 Figure 5-28
Var 85.3 Figure 5-19

CONICAL CUTS -- Full Scale Antenna -- 4-Foot by 4-Foot Ground

Plane:
Beam Elevation S/N
Position Azimuth (Degrees) 002
1 Var -10 to 20 Figure 5-29 to 5-34
2 Var 6 to 35 Figure 5-35 to 5-39
4 Var 20 to 55 Figure 5-40 to 5-46
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with the ground plane adaptor set at an angle which brought the
coordinate system of the antenna coincident with that existing
after installation on the aircraft. The table may again be used
as a guide to data included in this report.

HORIZONTAL
TOWER
AXIS
' |I1|"”/
9~
‘/

GROUND
PLANE -
(4%4' FULL SCALE) Q
Ruonprer
ANGLE
STEERABLE
BEAM
ARRAY

Figure 5-1 Antenna Mounted on 4- x 4-Foot Ground Plane
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REPORT NO.
MODEL SCALE
MODEL FREQUENCY

PROGRAM
VEHICLE TYPE

FULL SCALE FREQUENCY —bOT¥] MYYZ

RANGE LOCATION

ANTENNA M_EAM_BEA\a_
SHEET oF

£ 1557, 0 Hhe Rs % )

350" 6 10
340° 10° . 350° 20"
= Tre. Vikbration
40
DB.CPI

PATTERN IN_DB

& 50"

7

* AZIMUTH  0°
ELEVATION Var
150’
210°

REMARKS __F /e Jation 0Tiern POLARIZAggg 80 E¢0D u'ﬂc m/ILC a
Dearm das,tion ©7 = s
OPER. WITNESSED DATE
| SO e
% 0BsS3 -6
. 3-70
Figure 5 -2 Elevation Pattern Beam Position 1 S/N 001
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REPQRT NO. PROGRAM
MODEL SCALE VEHICLE TYPE
MODEL FREQUENCY

FULL SCALE FREQUENCY ) .5/ /M H=x ANTENNA #AI_DAI_ELAALA:_LW_
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5.1.2 Impedance

Impedance of the phased array was measured on a network analyzer
using a frequency sweep from 1543.5 to 1558.5 MHz. Data for all
beam positions were recorded. Figure 5-47 is a composite impedance
plot for the nine beam positions of the flight antenna (S/N 001).
Figure 5-48 is a similar plot for the flight spare antenna (S/N
002). The differences between the two plots are primarily due to
the differences in cover material and diodes.
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3 2 ENVIRONMENTAL TEST PROGRAM

A flow chart of the environmental tests for the array assembly

and controller is shown in Figure 5-49. Because of the different
environments for the controller and the array, the units were sub-
jected to separate tests. However, insofar as possible the units
were operated as a system with the interconnecting cable in place

and the units energized to simulate operational conditions.

The vibration levels for the steerable array and controller unit
are given in Tables 5-2 and 5-3 and plotted in Figures 5-50 and
5-51. These levels were derived from information given in Boeing
Document #D-16046, Vibration Test Requirements for Equipment In-
stalled in Model KC-135 Airplanes. Other environmental limits
and durations of the exposure are indicated on the test plan flow
chart of Figure 5-46. Vibration fixtures were fabricated for the
phased array and the controller. Connector sleeves and cables
were also prepared. These components were checked for assembly

fit prior to starting the test sequence.

Subsequent to exposure of environmental tests, the steerable
array assembly was subjected to final VSWR and elevation pattern
measurements while instailed on the 4-foot by 4-foot ground
plane. At no point during or after the environmental test was a
significant change in performance observed. Rather than showing
all the post-environmental test results which would simply dupli-
cate the pre-environmental data, Figure 5-52 may be compared with
Figure 5-2 to illustrate the minor variations in the radiation

pattern.
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Table 5-2
VIBRATION TEST FOR STEERABLE ARRAY ANTENNA

Test Frequency Level Time Axis
Frequency Scan 5- 30 Hz .02 in. (p-p)|l5-minute sweep | All Three
30 - 200 Hz lg
200 - 350 Hz | .0005 in. (p-p)
350 - 1000 Hz 3g
Cycling Same as Above | Same as Above |15-minute cycle | All Three
5-1000-5 Hz for
total time of
1 hour

Table 5-3
VIBRATION TEST FOR STEERABLE ARRAY CONTROLLER

Test Frequency Level Time Axis
Frequency Scan 5 - 30 Hz .1 in. (p-p) 15-minute sweep | All Three
30 - 60 Hz lg
60 - 1000 Hz Sg
Resonance Same as Above | Same as Above |50,000 cycles All Three
Endurance or 30 minutes

whichever first
occurs for the
principal
resonance

Cycling Same as Above | Same as Above |[15-minute cycle | All Three
5-1000-5 Hz for
total time of

1 hour
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Figure 5-50 Vibration Levels - Steerable Array Antenna
(Group 8, Category A, D-16046)
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5.3 SCALE-MODEL-TESTING

One-tenth scale antenna units were designed for beam positions 1,
2 and 4. Beam positions 1 and 2 were selected since they are most
likely to be affected by the presence of the aircraft wings. Beam
position 4 is representative of the higher steering angles and
allows comparison of the patterns from the full scale model with
those from the tenth scale model for a position not likely to be
seriously affected by the presence of the aircraft structure.

Antennas for the tenth scale model were made using etched micro-
strip circuit board techniques. The radiating elements were

scaled directly from the full-sized elements. The feed lines were
too narrow to scale and therefore a modified feed circuit was
designed and tested for use on the tenth scale model. The elements
were combined in a 1 by 8 array with appropriate phasing for the
beam position being modeled. The completed model antennas are

shown in Figure 5-53.

The scale model antennas were mounted on a tenth scale ground
plane using the same coordinates as the full scale ground plane.
Elevation and conical patterns were taken for comparison with
full scale patterns.

A tenth scale Convair 880 was used to model the aircraft. TSC
supplied the model along with a document describing the model and
rotator mount. Slight damage occurred to the model during ship-
ment; however, the damage was repaired without impact on the scale
model test program. After installation of the antennas on the
tenth scale aircraft model, the previously recorded patterns were
repeated. The coordinate systems for the tenth scale model air-

craft pattern tests is shown in Figure 5-54.
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Figure 5-53 Completed Model Antennas
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Figure 5-54 Coordinate System - 1/10 Scale Model Aircraft -
Pattern Tests
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The patterns of the tenth scale antenna on the tenth scale ground
plane were not closely matched to the full scale patterns. Time
did not permit a good examination of the problem and the results
of the scale model work were not conclusive. Figure 5-55 through
5-58 show patterns on the tenth scale airplane compared to the
full scale patterns. Since losses at 15 GHz do not scale, the
level of the tenth scale aircraft patterns was adjusted for an
acceptable comparison level.
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Figure 5-56 Tenth-Scale Model on Model Aircraft and Eight-Element
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6. FIELD INSTALLATION

All work involving the FAA test aircraft was coordinated with
NAFEC. This included antenna mounting at Oklahoma City and con-

troller installation and final system checkout at NAFEC.

A trip was made to the FAA Aeronautical Center at Oklahoma City,
to examine the proposed locations for the antenna and control

unit in the aircraft, and confirﬁ the feasibility of the installa-
tion. The original location for the steerable array was to have
been at Station 390, forward of the cargo door area. This loca-
tion on the aircraft is at the transition from the constant cross-
section to one which has a compound curvature, and it was sub-
sequently decided to move the dantenna to Station 410, immediately
in front of the cargc door where the cross-section of the aircraft
is a constant. ‘Inspection of the aircraft revealed that this
location was not practical because of the hydraulic equipment,

structural reinforcement, and vent ducts located in that vicinity.

Two other locations were examined which were also not practical,
The first was on the opposite side of the airplane at Station 410;
this tentative location was eliminated because of the interference
with the pressure relief opening in the fuselage. Station at 430
on the right side of the airplane was eliminated because of the
presence of fuel tank vent conduits. The most promising location
was at Station 450 on the right side of the aircraft.

To enable attachment of the steerable array to the aircraft with-
out the fastening screws interfering with the aircraft stringers,
the array angular position was increased from 41 degrees to 41-1/2

degrees above the horizon. The installation drawing for the



antennas was revised and redrawn to reflect the exact location of
the aircraft structural elements and confirm the connector loca-

tions.

Preparation of the cabling and installation arrangements was
accelerated to enable preliminary installation of the antenna
cabling and mounting hardware during the second week in June, 1974,
Drill templates were prepared for both antennas which enabled
positioning the holes accurately, and a cover patch was supplied
to simulate the antenna until its actual installation at a later
date.

During the period of August 24-28, 1974, antenna installation was
conducted in Qklahoma City. The antenna and all its related
clamps and cables were put in place on the aircraft. In addition,
the antenna electronics control box was set up temporarily and
operated. Cabling for the control box was already complete but
the equipment racks were not yet mounted. Testing of the con-
troller was conducted in the approximate area in which it would

be permanently mounted.

Using the controller to step the antenna through its nine beam
positions, preliminary checks were made. A network analyzer was
borrowed from the Boeing test crew and the impedances for all

beam positions were verified.

During the period of time that the controller was being operated,
it persistently blew the fuse in the power line input. It would
occur about 50 percent of the time during turn-on only. Since
final installation was still two weeks away, the controller was
returned to BBRC for further checkout.



After returning the controller to BBRC and performing tests to
simulate the failure, it was decided that the fuse was blowing
because of a transient or noisy power source at Oklahoma City.
The power supply manufacturer recommended a 'slow-blow' fuse
which was then installed.

During the period of September 8-19, 1974, final installation at
NAFEC, Atlantic City, N.J., was performed. During installation
and checkout, the fuse-blowing problem did not exist, but a
problem in the programed sequencing developed. It was traced

to a faulty integrated circuit and was corrected. Ventilation
in the area provided for the controller was less than expected

so a small fan was mounted on the controller itself.

Once the repairs and problems had been corrected, the system was
checked from a location outside of the hangar. The aircraft was
oriented in such a way that the phased array antenna faced the
general direction of the satellite. The received signal strength
indicated that the antenna was performing as expected. All signal
level data was compared to the Boeing Quad Helix Antenna, since

it has a well-known gain level.

A five-hour check flight was flown about 150 miles off the coast
of New Jersey. During this flight, the phased array antenna was
again compared to the Quad Helix and satisfactory results were
obtained. Due to a problem in the Boeing equipment it was not
possible during this flight to put the received signal on tape
for further analysis.
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APPENDIX A
CONFORMAI, MICROSTRIP AIRBORNE PHASED-ARRAY TEST

This appendix is an excerpt from "Development and Test of a
Conformal Microstrip Airborne Phased Array for Use with the
ATS-6 Satellite" G. Sanford and L. Klein, presented at the
International Conference for Aircraft and Spacecraft,

June 3-5, 1975, in London, England. This paper presents
flight test results which were obtained with the antenna

mounted on a KC-135 aircraft.

FLIGHT TEST RESULTS

Antenna Configuration on Test Aircraft

Several antenna types were installed aboard the FAA KC-135
aircraft and were tested by the test support contractor,
Boeing Commercial Airplane Company, as part of a comprehensive
experimental program conducted for the FAA under direction of
the Transportation Systems Center. The following antennas

were installed and are shown in Figure A-1.

Steerable Quad Helix Array. This mechanically steerable

antenna is mounted in the fairings at the junction of the
fuselage and vertical stabilizer. The Quad-Helix gain is
15.5 dB at the L-band test frequency, and over much of its
range of motion the antenna has negligible interaction with
the aircraft structure. It is used as a gain reference for

comparison purposes.

Single Element Slot-Dipoles. These elements are mounted in the

right and left wing-root fairings and on the zenith line.

Single Element Microstrip Element. This is mounted on the

zenith line towards the cockpit, approximately at Station 270,
and is used for forward coverage fill.
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Eight Element Microstrip Array. The phased array was mounted on

the starboard side of the aircraft at approximately Station 420,
well forward of the wing. This location minimized antenna inter-

action with the aircraft structure.

The single elements were tested to gain experience appropriate
to experimentation with developmental satellite systems. The
microstrip array was tested to gather data about gain, multipath
performance and ability of an advanced experimental design to
withstand the rigorous environment of the aircraft surface loca-

tion.

Test Flight Parameters

Test flights took place over the Atlantic in the vicinity

of Atlantic City, New Jersey, the Azores and on ferry flights.
Data was acquired at elevation angles to the satellite of
approximately 10 degrees, 15 degrees and 40 degrees. A summary
of planned and completed January 1975 antenna flight tests is
shown in Table 1. Weather conditions were responsible for
several flight cancellations but data was collected on the runway
for one of these by taxiing the aircraft so that the aircraft
axis/satellite angle was varied in accordance with the original

experiment plan.

Table A-1
JANUARY 1975 ANTENNA FLIGHT TEST SUMMARY

Satellite Test Time (Hours)
Date Elevation Angle Planned Completed

I-21 40° 1.9 2.1
I-22 9° 0.5 0.5

1-27 15° to 18° 1.53 1.53
1-29 (1) 11° to 15° 1.53 Zero
I11-1 (2) g° 0.5 Zero

5.96 4.13

(1) Flight cancelled due to bad weather.
(2) Test cancelled due to fuel reserve consideration.



For a typical flight profile, the aircraft flew seven straight
line segments, the seventh segment parallel to the first but in
the reverse direction. This flight path was an alternative to a
circular path which was found to present difficulties because of
aircraft roll during the turn. The substantial roll encountered
in fact invalidated some phased array data.

RF Test Configuration

A simplified, typical RF test configuration is shown in Figure A-1.
The conformal phased array is connected through a calibrated
variable RF attenuator and preamplifier to an L-band receiver
designated as the FAA receiver. The Quad Helix and Right Wing
Slot Dipole (RWSD) are switch-selectable and connected through a
calibrated variable RF attenuator and preamplifier to the NASA
PLACE receiver. An additional 10 dB IF pad is used when the Quad
Helix is selected, because of its higher gain. Thus, by adjust-
ment of the attenuators, approximately constant signals are fed
to the carrier detector unit. A multiplexer switches between the
two receiver chains with a three-second switching period. The
gains and noise figures of the RF preamplifiers have been cali-
brated, and the cable losses between antenna inputs and preampli-

fier inputs have also been accurately determined.

SINGLE

PATCH camv‘
FAA o DET TAPE
o RX UNIT [ ™| RECORDER

(s%) RECORDER
QUAD
HELIX INTERFACE

|, ICHART
PLACE IF RECORDER
RY 1048 o—{TunING
L |uNiT t A/C
i PARAMETERS

TIME CODE
RWSD

Figure A-2 Simplified Typical R-F Test Configuration
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Real Time Measurement Data

Since the gain of the Quad Helix has previously been measured
accurately, determination of the gain of the phased array and RWSD
antennas 1s made simply by comparison of received power levels at
the carrier detector unit and measurement of the noise spectral
density. These are referred to as real-time, manual measurements,
as distinguished from computer-analyzed test data. A series of
such manual measurements, in addition to automatic large scale
data collection for later computer reduction, was taken by the
KC-135 experiment crew. A summary of the available data pertinent
to the microstrip array, all obtained from the January 1975 test
flights, is shown in Table A-2. The data of 21 January was taken
by positioning the aircraft on the runway at different headings

to the satellite. The aircraft was unable to take off on this
date due to weather conditions at Atlantic City. To determine the
maximum gain beam position, the antenna beam was switched manually,
and the beam with the highest signal strength was used for the

measurement. The selected PHA beam is indicated in parenthesis.

The Preliminary results show that the array gain is well maintained
at low elevation angles, and also indicate that the azimuth gain
(perpendicular to the array axis) falls off faster than the

slot-dipole gain.

Computer Analyzed Antenna Data

The real-time, manual measurements described above give no infor-
mation about side-lobe behavior of the antennas as tested on the
aircraft. The side lobe structure of the antenna is important for
this application since, along with placement of the antenna on

the aircraft, it determines the rejection of oceanic multipath

achievable with a given design.



Table A-2
ANTENNA TEST DATA DERIVED FROM REAL-TIME MEASUREMENTS

Satellite Bearing
EL | AZ Antenna | Normalized ATS-6 | Antenna Gain (dB)
Date (Degrees) Tested Signal (-dBW) QH RWSD | PHA
I-21-75 40 16 QH 139.5 15.5
RWSD 148.9 6.1
Rurway PHA (7) 149.6 5.4
30 QH 138.9 15.5
RWSD 147.6 6.8
PHA (6) 147 .4 7.0
60 RWSD 147.7 6.7
PHA (5) 145.3 9.1
89 RWSD 145.5 8.9
PHA (4) 144.5 9.9
124 RWSD 145.5 8.9
PHA (5) 144.6 9.8
150 RWSD 148.3 6.1
PHA (6) 148.0 6.4
164 RWSD 149.7 4.7
PHA (7) 150.4 4.0
1-22-75 9 90 QH 138.0
RWSD 150.2 3.3
PHA (1) 142.0 11.5
45 QH 140.3
RWSD 155.0 0.8
PHA (2) 145.5 10.3
135 RWSD 148.0 7.8
PHA (3) 148.7 7.1
1-27-75 17 44 QH 143.9 15.5
RWSD 152.2 7.2
PHA (2) 149.5 9.9
18 78 QH 136.8 15.5
RWSD 148.6 30, 7
PHA (2) 142.5 9.8
17 111 RWSD 144.8 7.5
PHA (2) 140.7 11.6
16 145 RWSD 144 .8 7.5
PHA (3) 144.6 7.7




A measure of this rejection is the signal-to-interference (S/I)
ratio. The S/I for a given antenna can be determined by computer
analysis of the carrier detector unit output. The method 1is

based on an examination of the spectrum of the received signal.
Because the multipath signal is Doppler shifted with respect to
the direct path, it is possible to separate their two signals

spectrally and estimate the power in each component. The noise

density may also be inferred by this method.

Computer-reduced data for the flights of [-22 and 27, 1975, are
shown in Table A-3. The data show that the S/I achieved for the
phased array and the right wing-root slot dipole is greater than
20 dB for the satellite elevation and bearing angles considered.
The gains calculated by the computer method are in good agreement
with the real-time measurements for the same test segments,
Excellent multipath rejection has been achieved by the phased
array without use of the structure of the aircraft for shadowing,
and the phased array gain is well maintained at low angles.

A complete presentation of data from the ATS-6 flight tests is
found in the ATS-6 Final Report (Reference 7-1 Section 7)

Table A-3
COMPUTER ANALYZED ANTENNA TEST DATA

Bearing to ATS-6
EL | AZ Anterna | Normalized ATS-6 | Gain
Date (Degrees) Tested Signal (dBW) (dB) | S/T 4B

1-27-75 18 78 RWSD -148.8 4.0 > 22
PHA (2) -143.5 9.3 | >24

QH -137.3 15.5
17 44 RWSD -152.7 7.1 > 20
PHA (2) -149.8 10.0 > 20

QU -144.3 15.5
1-22-75 9 45 RWSD -155.8 Zero > 20
PHA (2) -146.0 9.8 | > 20

QH -140.3 15.5
9 90 RWSD -149.7 4.2 > 20
PHA (1) -141.7 12.2 | > 20

QH -138.4 15.5

A-7




Conclusions

A conformal airborne phased array has been developed which has

been successfully tested during the current ATS-6 test series

and which has potential as a practical antenna for use in future
operational systems. Antenna gain and side lobe performance have
been verified by measurements taken on board the test aircraft.
Gain and multipath rejection capability are both well maintained

at low elevation angles for the side-mounted array. The array

has operated over a wide, rapidly changing temperature range during
the extensive KC-135 test program with no indication of failure or
degradation in electrical performance or mechanical integrity.

The practicality of the array antenna for commercial aircraft
application is attributed to the use of advanced, low-cost
microstrip technology, in which all critical RF components are
etched in a single manufacturing step. The microstrip approach

to phased array design should prove advantageous in other
applications where cost or conformality are important considerations.



APPENDIX B
REPORT OF INVENTIONS
Work performed under this contract has significantly
advanced the state-of-the-art in conformal antenna design.

A list of accomplishments would include the following:

first microstrip phased array to fly
on an aircraft

largest microstrip phased array to date

active circuits designed to function
outside of the aircraft skin

completely integrated phased array design.
Nevertheless, a diligent review of the work has revealed no

innovation, discovery, improvement or invention, other than
those previously patented.

B-1/B-2
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