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ABSTRACT

A low profile, low cost, printed circuit, electronically steered, right hand circularly
polarized phased arrcy antenna system has been developed for the Mobile Satellite
Experiment (MSAT-X) Program. This work was conducted under contract with the Jet
Propulsion Laboratory (JPL), of Pasadena, California. The success of this antenna is based
upon the development of a crossed-slot element array and detailed trade-off analyses for
both the phased array and pointing system design. The optimized system provides higher
gain at low elevation angles (20 degrees above the horizon) and broader frequency
coverage (approximately 8 1/2% bandwidth) than is possible with a patch array. Detailed
analysis showed that optimum performance could be achieved with a 19 element array of a
triangular lattice geometry of 3.9 inch element spacing. This configuration has the effect of
minimizing grating lobes at large scan angles plus it improves the intersatellite isolation.
The array has an aperture 20 inches in diameter and is 0.75 inch thick overall, exclusive of
the RF and power connecter.

The pointing system employs a hybrid approach that operates with both an external rate
sensor and an internal error signal as a means of fine tuning the beam acquisition and
track. Steering the beam is done electronically via 18, 3-bit diode phase shifters. A
nineteenth phase shifter is not required as the center element serves as a reference only.

Measured patterns and gain show that the array meets the stipulated performance
specifications everywhere except at some low elevation angles. The measured acquisition
and track performance has met the required specifications including operation under weak
signal conditions and in the presence of high power interferring signals. Intersatellite
isolation, as measured, is well above the 20 dB level required by the spec. With respect to
price, the goal of $1500.00 per unit at manufacturer’s cost can be realized on a basis of
10,000 units per year over five consecutive years through a dedicated production plant
located outside the United States.






SECTION 1
INTRODUCTION

Research and development performed under Contract No. 957468, "Vehicle Antenna for
MSAT-X," by Teledyne Ryan Electronics (TRE) with Jet Propulsion Laboratory (JPL),
Pasedena, California, is summarized and analyzed in this final report. This section will
briefly review the program background and present a summary of the results achieved.

1.1 PROGRAM BACKGROUND REVIEW

The "Vehicle for MSAT-X" program is a two-phase program. The work performed and
reported here in only for Phase I - Breadboard Development. The major tasks for this

phase are:

«  Antenna performance analysis

. Breadboard design

. Breadboard test plan and procedures

. Cost analysis |

»  Breadboard antenna development
‘The goal of this phase of the program is to develop a low cost, low profile, electronically
steered phased array antenna system. In addition, a pointing system will be developed

which uses an external rate sensor and an internal error signal to search and track satellite
locations.

After a detailed antenna performance analysis, a 19-element crossed-slot phased array was
designed and fabricated. This antenna was tested according to the prepared breadboard
test plan and procedures (Reference 1). The measured data showed good results. In
addition, an extensive cost analysis was performed which showed the low cost goal can be
achieved. All results are summarized in the next subsection.

1 TRE Report, "Breadboard Test Plan/Procedure for MSAT-X Satellite Communications Antenna,” Report
No. TRE/SD105662-1B (September 2, 1987).
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1.2 SUMMARY OF RESULTS
1.2.1 Antenna Pattern and Gain Performance

Based on the results of an extensive trade-off analysis, a 19-element crossed-slot phased-
array with a triangular lattice element spacing at 3.9 inches was designed. The major
feature of this design is to minimize grating lobes and back lobes at large scan angles over
the entire frequency bandwidth. The choice of the crossed-slot over the patch for the array
element is mainly due to the following merits:

. A crossed-slot has broader frequency coverage and is thinner in thickness, and

«  a crossed-slot has better gain coverage at low elevation angles (20 degrees
above horizon).

In the beamforming network, there are 18 3-bit diode phase shifters that electronically
steer the array beam positions. The center element is used as the reference, hence it does
not need a phase shifter.

A total of two antenna systems were built, tested and delivered to JPL to fulfill the contract
requirement. The total array thickness was 0.68 and 0.75 inches for units #1 and #2,
respectively, exclusive of the input RF connector and beam control DC connector. For the
final production array, holes can be planned by the car manufacturers to accommodate
these comnectors, so the array can be flush-mounted right on the car top. The actual
thickness above the car roof should be less than one inch (0.75 inch). Figure 1-1 shows a
photo of the developed breadboard vehicle antenna delivered to JPL, and Figure 1-2 shows
the breadboard antenna mounted on the top of a car.

The measured antenna performance for both units #1 and #2 is summarized in Table 1-1.
It should be noted that the measured performance has met or is better than the design
specification in most areas, except for the gain coverage and backlobes. It is felt, however,
that the gain can be improved by minimizing the loss from the beamforming circuits and
from the isolation between the right hand and left hand circular polarization ports of a
crossed-slot element. In addition, the optimization in beam scan positions through
calibration will provide further gain improvement.
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Figure 1-1. Photo to Show the Breadboard Antenna Mounted on the Top of a Vehiclg

Figure 1-2. Photo to Show the Developed Breadboard Vehicle Antenna for MSAT-X
Program

1-3 ORIGINAL PAGE

BLACK AND WHITE PHOTOGRAPH



Table 1-1. Summary of Antenna Performance

Measured Measured
Design Designed  Unit #1 Unit #2

Performance Spec. Value Data Data Remarks
Antenna Gain (dBic)
F; at20° elev. 10.0 10.0 9.2* (avg.) 9.3 (avg.) Unit#2
(F_ = 1545 MHz) , : Fy: 9.9 highest
8.2 lowest
Fyy at 20° elev. 10 10 7.7** (avg.) 83 (avg.) Fy: 8.8 highest
(F_ = 1660 MHz) ' 7.2 lowest
Antenna Height (inches)
maximum 1.0 1.0 0.68°** 0.75***  Unit #2
used thicker

array substrates

Antenna Size (inches)

maximum diameter 24 22 22 22 Array aperture
size plus
mounting area
Multipath Rejection (dB)
minimum 6 >6 >6 >6
Backlobe (dB)
highest-at 20° elev. 12 12 212 212 95%
<12 <12 5%
Sidelobe
highest at broadside = none 19 >18 >18

9.2 is averaged over 360 degrees in azimuth. the worst value is 8.3; the highest
value is 9.9.

== 77is averaged over 360 degrees in azimuth. The worst value is 6.7 dB; the
highest is 8.3. :

=sx  Eyclusive of connectors underneath the antenna.

122 Pointing System Performance

The development of the pointing system has been completed. The major tasks in the
development were generating the pointing algorithm, building pointing hardware, and



coding the pointing software. The system uses an external rate sensor and internal error
signal to search and track satellite locations. The major features of the system are

summarized below.
. Beam pointing accuracy <2 degrees
«  Probability of signal detection for C/N > 40 dB-Hz is 99%
«  Azimuth tracking - sequential lobing
. Elevation tracking - maximum signal level
»  Angular rate sensor is used in aiding azimuth tracking

o  Tracking speed - 45 degrees/second

The system performance was measured during the acceptance test, results of which are
summarized in Table 1-2. Note that all requirements have been met, except the peak
amplitude and phase variations. There were cases, only about 5% of the time, that the
amplitude and phase variations were worse than the specified values. The measured search
and track performance, however, was very good, even under the fading and high power
conditions. It should be pointed out that the problem of peak amplitude and pﬁase
variations was corrected before the delivery of the complete antenna system to JPL. Note
that the measured minimum intersatellite isolation level was 26 dB.

1.2.3 Cost Analysis

The cost analysis for a phased array antenna system including the angular rate sensor cost,
has been completed. The results are summarized in Table 1-3. The goal of the cost
analysis is to determine how the $1500 or less per unit price for the manufacturer’s cost can
be achieved, and to identify high cost driver items.

It should be noted that two different manufacturing conditions were assumed in our cost
analysis for the 10,000 units per year for S year’s production. The first one is to use a
dedicated off-site operation (outside U.S.A.). The estimated TRE’s manufacturing unit
cost is $1363 which meets the ultimate goal of $1500. The second condition is using a local
plant (in U.S.A.). The estimated TRE's manufacturer’s unit cost is $1848 which is higher
than the targeted unit price of $1500. For yearly production quantities of S000 and 1000
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Table 1-2. Summary of Pointing System Performance

Design Designed Measured
Performance Spec. Value Data Remarks
Peak Amplitude 1 1 <1 95% time
Variation 1.5* 5%
(in dB)
Peak Phase 10 10 <10 95% time
Variation 15* 5%
(in degrees)
Acquisition Time 10 10 10 Search time
(in seconds) per pilot
for 4 pilot frequency is
frequencies 2.5 seconds
Fading Test, No impairment No impairment No impairment Tested at
using amplitude  of tracking of tracking of tracking 10 degrees
modulation to or acquisition  or acquisition  or acquisition  per second
simulate a 5 dB to simulate
fade at 40 Hz rate vehicle turn
' speed
High Power Test No impairment No impairment No impairment Tested with
(10 watts in system in system in system 20 watts power
transmitted operation operation operation transmitted
from the array) into the di-
plexer with
3 dB cable loss
C/N Range (dB) from 55 to 38 from S5 to 38 from 55 to 38 Two sources
(threshold)
Intersatellite 20 22 26 Two sources
Isolation (dB) were separated
minimum by 30 degrees

in azimuth and
10 degrees in
elevation

corrected before the delivery of hardware.
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Table 1-3. Cost Analysis Summary

Quantity Manufacturer’s Manufacturer’s Wholesale Retail
per year Cost (S) Selling Price (8) Price ($) Price (S)
10,000(A) 1363 1800 2215 2770
10,000(B) 1848 2595 3195 3995
5000 2060 2890 3560 4450
1000 2589 3635 4480 5595
11 4461 6260 7710 9640

NOTE: 10,000(A): Dedicated Offsite Operation (outside of U.S.A.); 10,000(B): Local
Plant (in U.S.A.).

units, the corresponding manufacturer’s unit cost is $2060 and $2589, respectively. For the
first 11 units, the manufacturer’s unit cost is $4461. For completeness, the estimated
manufacturer’s selling price, wholesale price, and retail price is also included in the table.

High cost driver items are identified and summarized in Table 1-4. It is noted that the
most costly item is the teflon fiberglass dielectric circuit board material.

Table 1-4. High Cost Driver Items for 10,000 Units Per Year

[tems Cost ‘Percent of Total Cost
Dielectric Circuit Boards $293 25.7%
Phase Shifters $259 22.7%
Electronics ’ $250 21.9%
Angular Rate Sensor $180 15.8%

In conclusion, the targeted manufacturer’s unit cost $1500 can be met, using a local plant
(outside the U.S.A.). The method of achieving the low cost goal is to lower circuit board
material cost, the overhead cost, and to advance the manufacturing technology.

1-7






SECTION 2
ARRAY DESIGN AND PERFORMANCE

The development of a low cost vehicular phased array for mobile satellite communications
has been a challenging task for the antenna designer. A broad spectrum of considerations
must be taken into account in the design phase so that the final product can meet the
challenging requirements listed below:

. Intersatellite [solation: > 20 dB
. Gain: minimum 10 dBic

+  Thickness : within 1 inch

. Manufacturing Cost: $1500.00

. Multipath Rejection Capability: > 6 dB (Pattern drop off from 20 to 0 degree
above the horizon)

. Backlobe Level : >12 dB
o  Frequency : (1545 to 1660) MHz
. Scan Coverage:
- Azimuth: 360 degrees
- Elevation: 20 to 60 degrees above the horizon
. Polarization: right hand circular polarization
. Size: within 24 inches in diameter
In order to ensure the success of the program, a sophisticated computer program was
developed for the purpose of the antenna element selection and array design. A brief
analytical development model is introduced in Section 2.1. The array design and analysis
will be discussed in Section 2.2 with the array assembly and the measured array

performance presented in Sections 2.3 and 24, respectively. Conclusions and
recommendations for future study will be discussed in Sections 2.5 and 2.6, respectively.



2.1 ANALYTICAL MODEL DEVELOPMENT

In order to predict an array performance close to the final realization, it is important to
include the following major factors in the analytical model:

«  scattering effect from the antenna mounting structure
«  mutual coupling between array elements
«  predictable component design errors

. random manufacture €rrors

Consider an N element array situated in an x-y plane as shown in Figure 2-1. The total
field of the array (which is scanning to the angle (4, ¢) at a distant point P(r, 4, ¢) in free
space) is given by

- N 'J@t(e 9¢) GBS B
E(6.9) = }:1 HORC AN * (0,006 R (2-1)
1=

where

1t (8, ¢, and #} (45, d;) = final total amplirude and phase excitations of the i-th
element as the array scans to the angle (d, ¢),

I-Zi (8, ¢) = i-th element’s radiating field which includes the finite ground plane
effect,

k = wavenumber

ol

is= position vector of the i-th element

>

R =7 sin (8) cos (9) + 7 sin (8) sin (§) +Z cos(#)

Note that the antenna array will be mounted on the center of the car top, with the latter
serving as a conducting ground plane. Hence, in order to account for the finite ground
plane effect on the array performance, the Uniform Geometrical Theory of Diffraction
(GTD) was applied to compute the radiating field Ei (8, ¢) of each element. The GTD



x>

N-ELEMENT ARRAY

N>

SCANNING
DIRECTION

P(r,©,9)

t-th ELEMENT

Figure 2-1. Coordinate System
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model will be presented in Section 2.1.1. Mutual coupling between elements, the potential
component errors and the phase shifter quantization error will affect the final total
amplitude (I?(Os, ¢;)) and phase (Q: (85, ) excitation of each element, which in turn will
impact the array performance. A bybrid technique based on the measured s-parameter and
analytical circuit model, is used to investigate the mutual coupling effect on the active
scanning impedance. The mutual coupling model will be discussed in Section 2.1.2. The
error model will be introduced in Section 2.13.

2.1.1 GTD Model

The Uniform Geometrical Theory of Diffraction was applied to compute the radiation field
of the antenna mounted on a finite ground plane. As shown in Figure 2.-2. the total far
field at any observation point (¢, ¢) is given by

- - 4 -
E}OT(9,¢) = £} (6.9) + 2 (E?‘fj (6,9) + E?‘jj 6.9) + E‘{‘fj (6,9))  (2-2)

where

Ejf (8,¢) = j-thelementsource field,

E?cf j8,¢) = j-th element edge diffracted field from the i-th edge of the ground plane
and is calculated through GTD solution (1},

E?% ; (8,¢) = j-th element slope diffracted field from the i-th edge of the ground plane

and is calculated through GTD solution (2],

Eii j (6, ) j-th element corner diffracted field from the i-th corner of the ground

plane and is calculated through GTD solution [3].

Then, the RHCP and LHCP field of the crossed-slot are given by

Equcp (609) = [‘ET?T(O,@) - jogT(e.cp)] Nz 03)
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Figure 2-2. Field Computation for the j-th Element on Top of Finite Ground Plane
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ELpcp (6:9) [ET?T(e.qs) + jETgT(e,gb)} 12 24)

Based on the field solution presented above, a computer simulation program was
developed. The computed radiation patterns (both RHCP and LHCP) for a single crossed-
slot mounted on top of a 40" x 50 " ground plane are shown Figure 2-3. Note that the §
angle stands for the elevation angle from the zenith and the ¢ angle is the azimuth angle
from the x-axis as shown in Figure 2-2. As shown in Figure 2-4, good agreement between
the computed and measued data was achieved.

212 ~ Mutual Coupling Model

The hybrid technique is used to evaluate the mutual coupling effect on the array
performance. The S-parameters of the array elements are measured and recorded by using
the HP 8510 Network Analyzer. These data are then used to establish the impedance
matrix (z].

The Kirchhoff's circuit relations are applied to the array and manipulated to obtain

(] - [2n0) ] (2-5)

where
It = 19 + I€ = total current
14 = driving current

I¢ = coupling current
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ZNOR = gormalized impedance matrix
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The active scanning impedance of the i-th element is given by

d
. N I (6,9)
sactive (0,9) = 4 7. . (6,9 *(2-6)

! e 1‘3 (,4) '

2.13 Error Model

In order to predict the array performance as close as possible to the final product, the
potential errors which could exist in all component levels need to be incorporated into the
model. The potential errors include the deterministic and random errors. The
deterministic errors are the predictable ones such as phase shifter performance across the
frequency band, unbalance in the antenna feed circuit and the power divider over the
frequency band, a single phase shifter setting for both receving and transmitting frequency,
etc. Random errors will take into account the real world manufacturing capability and the
nature of the material used in each component.

2.2 ARRAY DESIGN AND ANALYSIS

The major challenges of the vehiclular phased array for Mobile Satellite Communications
are the required gain (10 dBic) at low elevation angles, good intersatellite isolation (20
dB), low profile (within 1 inch), and low cost. To meet these challenges, a detailed array
analysis and design was performed and discussed in Section 2.2.1. The predicted array
performance is presented in Sections 2.2.2.
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2.2.1

Array Aperature Design

The first task in the aperture design was to select a proper radiating element. Since a low
profile was imperative to the antenna, the search was rapidly narrowed down to two
candidates . . ., the crossed-slot and the patch element. Of these two, the printed cavity
backed, stripline-fed crossed-slot was selected because of its superior features with respect

to the patch antenna.

Broader pattern coverage over the upper hemispherical space
Better gain at low elevation angles
Maintains a good axial ratio even at low elevation angles

Thinner for the same frequency bandwidth

Following the element selection, the aperture design was performed to meet the required
performance at the lowest cost. The major features of the design are listed below in the
order of the importance of the requirements: '

1.

w»ok wN

6.

Intersatellite isolation - 20 db
Array gain - 10 dBic

Array thickness - 1 inch
Manufacturing cost - $1500.00

Multipath rejection capability - > 6 dB pattern drop off from 20 to 0 degrees
above the horizon

Backlobe level - 12 dB

The design approach used by TRE was to minimize the number of elements while making
efficient use of the aperture and avoiding the grating lobe as much as possible. After a
detailed trade off analysis, the following design characteristics were arrived at.

a.

A 19 element crossed-slot array with a trian ular lattice arrangement and
proper amplitude taper was chosen, as shown in Figure 2-5.

The element spacing is 3.9 inches.
Array size is 22 inches including the mounting space.

A 3-bit diode phase shifter was selected.

2-11
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Note that the amplitude taper was used to reduce the sidelobe level in order to achieve the
required intersatellite isolation.

222 Predi m

A brief discussion of the predicted array performance is given in the following subsections
and summarized in Table 2-1.

22.2.1 Computed Array Patterns

Typical computed array patterns in the elevation and azimuth plane are shown in Figures
2-6 and 2-7 respectively. Note that 4 stands for the elevation scan angle from the array
broadside and 4y is the azimuth scan angle from the x-axis. @ and ¢ are pattern cut angles.
The random manufacturing errors of 0.5 dB and 10 degrees (standard deviation) are
assumed in the calculations. As noted from Figure 2-8, the sidelobe is coming up due to
the effects of the random errors.The finite ground plane effect is also included in the GTD
model. The following observations are made through the calculated resuits:

(1) Array scan patterns are well behaved.

(2) Very good polarization characteristics are achieved. The cross-polarization
level is maintained 10 dB below the co-polarization level up to 55 degrees from
the array boresight.

(3) 12 dB backlobe requirement is maintained until the array is scanned to very low
elevation angles ( such as 70 degrees from the array boresight).

(4) Itis not recommended to scan the array to 70 degrees from the array broadside.
%ow elevation angle area (60 degrees) will be covered by the 60 degrees scan
eam.

(5) + 0.5 dB gain fluctuation in the azimuth plane at the same elevation angfe was
observed.

2222 Mutual Coupling Effect Analysis

As shown in Figures 2-9 and 2-10, a seven element array, which is the central portion of the
whole array, was built and used to evaluate the mutual coupling effect. The measured
coupling between the element’s input port (with the other port terminated in 50 ohms) is
shown in Figure 2-11. Note that the true coupling value may be masked by the 90 degree
hybrid feed circuit. However, the measured data still provides the qualitative information
on whether or not there are blind spots. By applying equation (2-6), the computed active
scanning return loss versus frequency is shown in Figure 2-12. It is observed that the input

2-13



Table 2-1. Summary of Array Performance

Design Spec.
Array Geometry Triangular Lattice None
Number of Elements 19 None
Element spacing (inch) 39 None
Gain at 20° above horizon 10.0/9.7 10
(db): Average/Lowest
Intersatellite Isolation (dB) 22 20
Forward Sidelobe level, (dB) 19 None
Backlobe Level (dB) <relative 12 12
to main beam>
Multipath Rejection (dB) >6 6
(pattern drop off from 20° to
0° elevation)
Azimuth Beamwidth
at 30° above horizon 32
at 40°* above horizon 35 None
at S0°* above horizon 41
at 60° above horizon 52
Elevation Beamwidth
at 30°* above horizon 44
at 40* above horizon 38 None
at 50° above horizon 34
at 60° above horizon 30

match is slightly degraded at the higher frequencies as the array scans to 8= 60 degrees.
The measured active element patterns, given in Section 3, are also well behaved. Hence, it
is concluded that the effects of mutual coupling on the performance of the array is small.
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2223 Gain analysis

The computed gain is given by

Sence (600 o) = Dpycp (6,0 #,) - LOSS BUDGET (2-7)

where the directivity is given by

2
Dence (6,0 @,) = —5 PRENEE 12] s @9
RHCP *"o’ %o /; j;Znﬂ ERHCP (6,9) Iz + ELHCP(6’¢) I 2] SINBdfdo

The predicted loss budget and gain at an elevation angle of 20 degrees, when the array was
scanned to 85 = 60 degrees and various ¢ angles, is summarized in Table 2-2 and 2-3,
respectively. Note that a 2 degree increment in both @ and ¢ angles was used in the

directivity calculation. The average gain over an azimuth angle of 360 degrees at an
elevation angle of 20 degrees is 10 dBic.

2224 Intersatellite [solation Analysis

The analysis of intersatellite isolation involves the comparison of the power received by the
array from two satellites when the array is tracking the desired one. The satellites are in
geosynchronous orbit, one at 80 degrees west longitude and the other at 115 degrees west
longitude with opposite senses of circular polarization. The azimuth angle 8, and elevation
angle ¢, of a satellite relative to the earth station is given by

P, = tan~1 (‘%:—%%5-1} nm (2-9)

-1 [ cos (aQd) cos{fs) - 0-151) 5.
6 =t (2-10)
o - T (\/rcosz(w) cos? ()
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- Table 2-2. Loss Budget

Loss Budget Item Loss (dB)
Power Divider 0.5
Phase Shifter 1.1
Antenna Feed 0.3
Antenna Mismatch 0.2
Junction 0.1
Radiation Efficiency 0.5
Total 2.7

Table 2-3. Predicted Gain and Backlobe

Scan Angle Gain Backlobe
(65 95 ) (dBic) (dB)
(60°,0°) 10.0 12.0
(60°, 10°) 9.7 12.5
(60°, 20°) 10.1 18.0
(60°, 30°) 10.0 14.8
(60°,40°) 10.2 17.5
(60°, 50°) 10.0 15.5
(60°, 60°) 10.3 14.0
(60°,70°) 9.8 14.2
(60°, 80°) 10.0 185
(60°,90°%) - 9.8 15.5

Average Gain = 10 dBic

NOTE: Gain at 70 degrees from the zenith at 1545 MHz.
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where

a¢

satellite longitude (@) - earth station longitude (¢,)

b = earth station latitude

_ { 0 southern hemisphere
%= 11 northern hemisphere

Intersatellite isolation for six critical locations in the United States was analyzed as shown
in Figure 2-13. Note that the effects of beam pointing errors and beam lobing have been
included in the analysis. It was assumed that the two satellites transmit equal power, with
perfect but opposite sense of circular polarization. The array aperture amplitude tapering
and excellent polarization characteristics of the crossed-slot element ensure a satisfactory
intersatellite isolation level.

As an example, at Key West, Florida, the array was scanned to theta = 30 and phi = 182
degrees with satellite #1 assumed to be the desired satellite. The computed RHCP and
LHCP radiation patterns are plotted in Figures 2-14 and 2-15 respectively. Table 2-4 lists -
the reference power level. By overlaying Figures 2-13 with Figure 2-14 and 2-15, it can be
determined by comparing the relative power levels of the RHCP (-.6 dB) and LHCP
(< -34 dB) patterns that tk intersatellite isolation at Key West was greater than 28 dB.
From this type of detailed analysis, it is predicted that the required intersatellite isolation
of 20 dB can be satisfied anywhere within the contenental United States (CONUS).

2.2.2.5 Multipath Rejection Analysis

The predicted elevation pattern drop off from an elevation angle of 20 to 0 degrees, is
greater than 6 dB as summarized in Table 2-5. It is noted from the computed radiation
patterns that all co-polarized and cross-polarized radiation fields below 0 degrees elevation
angle is less than that of the co-polarized level at 0 degrees. The cross-polarized level is
less than the co-polarized level between elevation angles of 0 to 20 degrees, hence, it is
expected that the array can meet the required multipath rejection capability.
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Table 2-5. Summary of Results: Beam Angle vs. Pattern Roll-off

Scan Angle Pattern Roll-off
(85 ¢5) (dB)
(60°,0°) ‘ 6.5
(60°, 10°) 8
(60°, 20°) 8.4
(60°,30°) 7.8
(60°,40°) 8.1
(60°, 50°) 8.4
(60°, 60°) 8.4
(60°,70°%) 8.3
(60°, 80°) 8
(60°,90°) 7.8

NOTE: Pattern roll-off = dB difference between 20° and 0° above horizon.

2226 -  Beam Pointing Accuracy Analysis

The effects of the phase shifter quantization errors on the beam pointing accuracy was
analyzed. By using the systematic round off scheme for the phase shifter settings, a
pointing error of more than 3 degrees was observed. This error could be improved by
applying a random round off scheme which eliminates the accumulated bias error. The
beam pointing accuracy can further be improved by using a hybrid scheme which always
selects the best phase shifter setting at each angle from either a systematic or random
round off scheme. Typical results are shown in Figures 2-16 and 2-17. Note that a beam
pointing accuracy of two degrees is achieved through the random round off scheme.

2.3 ARRAY ASSEMBLY

A total of five layers of teflon board material was used to construct the phased array which
consists of an antenna module and a beamformer module. These two modules were
assembled separately to facilitate intermediate testing and glean valuable information for
further improvements to the antenna. Following is a brief description of the array
assembly. Detail discussions on the fabrication and assembly of the array will be given in
Section 6.

2-33



Fouce (upi

NN (] 7]

Fon

< - '. g
“ g;‘ ’-K \o: ‘?\ i \ P
»F y N AL A b A N, K
bl N ~ Y 7 0
t 21N N AL SN0 N XN
o b s s, N R RY \ R A
- . L v LA o . . l\f‘ LA AR “ 't ﬁi‘ l‘
1 /® A 1 A AN " AN
- ’ Jt 4 . 3 > I
- TR Y 24N \
_E 7 7 S S v Y35 \ ,
halF'Y Y 4 oy - - Y
s/ Fid A o\ A \/ \ \
- - 4 LI .' “ ok /}5 \ L
'V 4 7] ) [} I b \
\
1.2 E l/ 'I 4 ‘\_ (l ‘l/’ \; ’I \ %
- odf
’ ’ \ ; \ 1y
E / , A AN \ / \ \
P 1] i LRTY AR Y \ J \ 3
=j.dF !I ? A 7 \‘ S 1‘ "
I / / HAWERY ; \ \
-1.§ - - 3
] ] 7 ] 7 \ 1) v
N anrayal iy \ ]
“i a0 4 ”~ v \ QS . Iy
/ 4 A A §
3 7 B / VRN \1/ “« \, Y,
-2 6 Py g Far Y rayas ur U LSS L. Y a4 4 4 PRI e ot " PO Y
-] 3.8 8.9 %.% 1z.9 i5.9 iB.® 21.® 24.3 27.0 5.3

#naiveis of pointing error due to the quantization error

the 3=hi

in

ANCGLE

t chage shitter,

IDECREES)

(Rziauth plams with thetasiad deag. cut}

(a) Systematic Round-off

-
v ., d -, - - :ﬂq
:-,.‘ 4 \4 /x V/ NLIA }V ™~ iA\ f’ 3 ~ : [}
S X N d X - P
T2 ot “ N SN Y AR s
C . N/ NS TN 4 A S -
=y A 7N\ S rd \ 4N\ N [ ] o
halCL 2 - PARR I AW W4 9 = Y AN .
- I'd K4
L E Y N/ v/ X YR VY, \,
R~ F ,I \\ / Y ,I \ \\ A. D) ’/'.‘ ’l % N !
-z E_ A JIN AWV W AN AN PN A
T I T X AT T AT T
- A : 4 L 3 Y4 LR ¥ A 3\ S
s.C ¢ 7 WG VA \ x|
¥ e | foeNa NANE IR AV N
. L ¢ ‘I 4 - a4 ! \ ri \ l' / ¢ \ '
=1.s = ¥ 2 n TRy o " ™ \ 1
. I /R SN A AR |
- 4 1 TS \ A h 1N LIRS f.
S TS B b e s FAN I B
S BN AN AR LW VAR
e ) i Y7 1% A N —
£ f ] ¢ & >¢ a / d LI A k i
.. bt RN I =3 / G \ ]
. L » 1] Py ) i M KSR
¥ / 1/ JNT ANENTT \ i Voo
-2.,m S -/--ﬂ_L;.. A Y R L N S A
0 3.8 8.0 5.0 iZ.9 iF.8 iF.0 21.0 2Z4.0 2T.0 30.9
BNELE (DEGRFESD)

Br.alusse of Beintine srrar aus te *he auantiIraricn srrar

in the 5-oit Dhnase Snifter i1osterministic errors inciusec)

ican In aTiauth plans (rhetras™h Goes cutl WIth PhEsLd ascc.

(b) Random Round-off

Figure 2-16. Beam Pointing Study, 8, =60°, ¢ =70°

2-34

ORIGINAL wALL

[
iad

OF POOR QUALITY



IS
ALITY

sl
3
27
) D.mw "
\ v D T 77 »
e s 4 ™ MM oz Ql P yey . Y o { ™
- : = Q / - - 1
4 A i-Ne] \ / 7 P
g \\ 1 G P \ < -~
\ . "0 mm-r f ) P \\ .A\ [-
N e Jo1__ - O 7 - o j PR -
\x . ] (4] o " .M 7 e 7 "
\ e 4w .A \ e ¥ S * vi
3 s 1 . 4 - 1
/ Kol Y ) /.s\ \\ . ”
w\ \.m. n - A 7N J 1»
i - \“\1n —ﬂo “ ﬁ A ...\\ -Us
V" o B YR "] @ \ /. Pd BRY p P2 Y]
IW\ \.M.\ k [ 4 ] 9 Y -
N A 1 u 9 \ N\ = L) 1
/ A , \H..\ d 1 a m ) ST s 1
AY 4 4 el - (e} J B / . -
N, . ” - o oY, v / Y . ” w
"0 4 << w
LR 1% 4 ¢ v \| / \ 3¢ ]
Nl \ ‘ ] = © m N/ 1. 4 ? )
! L 1 ° ¢ & I ] -
\.. ~\ -~ [ \ '~ / 1
. N ~N, ] ’ Q 4 / 4 ‘* . L
\ S, s - o Vil L oby ~J 2
Y < » . > 1T < o
\ [ . ~J = , 72 f s 1 1 -
,./ %/ q £ —_ ' ,, A .. ]
) '\ f/ . ] pe M-\ S 7/ ,.// |
\. /L l// res / u \ //I
J it .
\A RS Y * AN S
AN 1: y w . ¥ K 0 J
% \ N o~ i ] § f I \. 3
N 15 IrL "“ x \ N /. ]
e ~ 1 \ w . -
di N, - l( 1 »” % / -,’ ; il :l ,L -
casslusdaduliacbian i wui . ot s atlavabasadiculGgedunuloucliss HE:?—PE .
) W W QM T w9 @ n_. D & ¢ W W o a0 @
. ' et et s = e M) a. t ' ] ' PR - et ee g
] ’ ] L] 0 ] [} [] ] ) ] 1
KL KIIDY] RO EIIDE]

(NESFREES?
Study, 8 = 30°, 8 = 30°

GNCLE
235

th scan with thetas3d degs. ana use random schese.
(b) Random Round-off
mnting

Figure 2-17. Beam Po

HIl1my



The antenna array module consists of four boards - a top crossed-slot board, a stripline
excitation feeder board, a hybrid/corporate feed network board and a bottom ground plane
board, as shown in Figures 2-18 thru 2-21. The top layer of the array (crossed-slot element
matrix) was etched on a single sided, copper clad, teflon fiberglass board. The thicknesses
of the boards are 0.09 inch and 0.125 inch for breadboard unit #1 and unit #2 arrays. The
thicker board was selected for unit #2 in order to increase the antenna’s bandwidth; this
will be discussed in Section 3. The next layer is the crossed-slot excitation feeders which
are etched on another copper clad teflon fiberglass board having the same thickness. A set
of plated through holes around the crossed-slots are required to form the cavity wall for the
crossed-slot element. The bottom two layers of the antenna array have thickness of 0.031
inches and constitute the stripline hybrid/corporate feed network boards used to form the
required right hand circular polarization pattern. As shown in Figure 2-22, these four
boards and a 0.125 inch stiffner plate of aluminum are held together by means of brass
screws inserted through the plated cavity holes. RF connectors are attached to both the
input and the isolated port of the hybrid circuit, via the bottom ground plane board.

As shown in Figure 2-23, the beamformer board consists of a radial nineteen way unequal
power divider and eighteen three-bit phase shifters. The beamformer board and a 0.125
inch stiffner plate are bonded together, with silver-loaded epoxy, to form the beamformer
test module. After independent, intermediate testing of these two modules, the 0.125 inch
stiffner plate for the antenna array was removed and all four boards were keyed together
with the beamformer module. As shown in Figure 2-24, they were bolted together with the
back cover leaving an air gap of 0.2 inch between the beamformer circuit and the cover. A
very thin (0.002 inch) painted polyurethane type radome (Laminar X-500 translucent gray
radome coating - product of Midland Division of Dexter Corporation) was employed to
provide protection against the enviroment. The total thickness of antenna array unit #1
and unit #2 are 0.68 inch and 0.75 inch, respectively. The thickness of the final production
array will be reduced to 0.625 inch when the stiffner plate between the antenna boards and
the beamformer board is removed.
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19 ELEMENT ARRAY
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Figure 2-18. Top Layer (Crossed-Slot Radiators) of the Array
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Figure 2-19. Second Layer (Feeder Arrangement) of the Array
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Figure 2-20. Third Layer (90° Hybrids/180°* Corporate) of the Array
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2-40

« ® e = s = a 5 8 o

o & & 8 o = o = & @ o



[PPOW [PIuaWLddX-UONRIIGE. WD) 61 "ZT-C 4N

ulll

S30V1d 822 = 61 X ¥ X €) ‘STIOH NUHL
Q31V7d VIA 301S #O1108 01
a 13983M1 0334
"$30Vd 9L
"HIGI0S 7 Nid HLIM T1OH
Q3LVId NYHL INM 0334 0L
403as
NO1106 NO CRHEAH
(sz1) = at
3lvid 3sve d SRR AL s T DN a)
e .s. ,///-r///////////////////////ﬁ,////// __W = //

.._,....}/// NI A /A
w.ﬁ l\\\-\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ %

lt Illlllljljlllll u

‘IN
30708
220

2-41



[ARNEE]

nl

-f
é‘ AR g

S |

ol
‘,‘;’Ag"' -

i I
M

T
iy

[2RRRRAT)

Plgn

LitH
i '

ytin '.‘
1S el "
TR L

‘ S
A
Ml fyae

. ekt

S oty
o e f |

ARTIITE A

Figure 2-23. Fifth Layer (Beamformer Board) of the Array

ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH




ORIGINAL PAGE
BLACK AND WHITE FHOTOGRAPH

Aeiry paseyd X-LVSI PRIQUIAssy [rulf “pz-g 21ndi|

2443



24 MEASURED ARRAY PERFORMANCE

Extensive measurements were performed at Teledyne Ryan’s outdoor antenna range
during acceptance testing. Details of the test setup will be discussed in Section 8.3. The
measured array performance is summarized in Table 2-6. Discussions on the measured
array pattern performance, array gain and intersatellite isolation will be presented in the
following subsections.

2.4.1 Measured Array Patterns

The array was mounted on a 40" x 50" ground plane which in turn was affixed to the
positioner using the orientation shown in Figure 2-25. Both spinning linear and circular
polarization patterns were measured. Typical array patterns are shown in Figures 2-26 thru
2-37. Additional measured patterns are given in Appendix A.

As shown in Figures 2-26 and 2-27, excellent broadside RHCP patterns were realized. The
sidelobe level reaches the design value which is 22 dB. Scanning patterns cut in both
azimuth and elevation planes are shown in Figures 2-28 thru 2-33. 64 and ¢ represent the
elevation scan angle from the array broadside and the azimuth scan angle from the x-axis,
respectively, as defined in Figure 2-1. 8 and ¢ are the pattern cut angles. An excellent axial
ratio (<5 dB) of the array patterns was achieved within 95% of the required space
coverage across the frequency band. The sidelobe level of the azimuth plane patterns
remains below -18 dB in most of the space except at very low elevation angle scans, as
shown in Figures 2-34 thru 2-37. The backlobe level comes up as expected when the array
scans to very low elevation angles. These high backlobe problems are mainly due to the
selected element spacing which is optimal for the array’s overall performance. Note that
the array is designed to scan up to 60 degrees from the array broadside. This will provide
sufficient gain at low elevation angle (> 60 degrees) areas.

As noted from the measured patterns, the pattern drop off from 20 to 0 degree elevation
angles is greater than 7 dB. All co-polarized and cross-polarized radiation fields below a 0
degree elevation angle is less than that of the co-polarized level at 0 degrees. The cross-
polarized level is less than the co-polarized level between the 0 1020 degree elevation

angles as shown in Figure 2-37, hence the multipath rejection capability requirement was
satisfied.
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Table 2-6. Summary of Measured Array Performance

of RF Connector)

Measured Value
Unit #1 Unit #2 Spec.
| Gain at 20° elevation 9.2 (average) 9.3 (average)
(dBic) 9.9 (highest) 9.9 (highest) >10
1545 MHz 8.3 (lowest) 8.2 (lowest)
7.7 (average) 8.3 (average
1600 MHz 8.3 (highest) 8.8 (average) >10
6.7 (lowest) 7.2 (lowest)
Intersatellite 26 26 >20
Isolation (dB)
Backlobe (dB) 212 (95%) >12(95%)
<12 (5%) <12 (5%) >12
Multipath Rejection (dB) >6 >6 >6
(pattern drop off from
20° to 0° elevation)
Azimuth Beamwidth (degs.)
at 20° above horizon 29 29
30° above horizon 32 32 None
40° above horizon 35 35
50° above horizon 44 44
60° above horizon 52 52
Elevation Beamwidth (degs.)
at 20° above horizon 45 45
30° above horizon 42 42
40° above horizon 39 39 None
50° above horizon 35 35
60° above horizon 31 31
Broadside Beamwidth 26 26 None
Antenna Thickness (Exclusive 0.68 0.75 <1
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One interesting observation from the measured array patterns is that the axial ratio of the
array patterns at low elevation angles is better than expected. This could be attributed to
the balanced four point feed in the crossed-slot design which eliminates potential higher
order moding inside the crossed-slot cavity. The cross-polarized fields of each antenna
element may cancel out each other at certain scan angles. In order to answer this
polarization phenomena, however, further theoretical understanding and analysis of the
crossed-slot array is needed, an area TRE is currently pursuing.

242 Measured Array Gain

The measured array gain for both unit #1 and unit #2 is given in Table 2-7. Note that the
array gain of the second antenna is improved by 0.6 dB at an elevation angle of 20 degrees
at 1660 MHz. This is because it has better calibration of the beamformer (especially so
with the phase shifter settings) and less dissipation loss at the isolation port of the hybnd.
As shown in Figures 2-38 to 2-40, the average gain of unit #2 at an elevation anglg of 20
degrees (above the horizon) is 9.3 dBic, 9.9 dBic and 8.3 dBic for frequencies of 1545 MHz,
1600 MHz and 1660 MHz, respectively.

In order to further improve the array gain (especially at 1660 MHz), the gain and loss
budget of the array was analyzed and summarized in Table 2-8. It is observed from the
gain analysis that (1) the dissipation loss at the isolation port of the hybrid, (2) the
radiation efficiency loss, and (3) the aperture loss (due to the aperture bias distribution by
the beamformer) must be reduced. Note that the array gain at the center frequency
(1600 MHz) reached the design goal (10 dBic), because all the component designs are
optimized to that frequency.

The dissipation loss at the isolation port of the hybrid is mainly due to mismatch at the four
excitation feeders of the crossed-slot. The location of the plated through ground holes of
the crossed-slot (Figure 2-19) is not right at the edge of the slot during the fabrication
stage. This could possibly affect the antenna matching at two extreme ends of the
optimizing frequency range, hence efforts to optimize the antenna matching is required for
future work. A possible gain improvement on this loss is estimated to be 0.6 dB and 0.8 dB
for frequencies of 1545 MHz and 1660 MHz respectively.

Proper design of the excitation feeder could be the key to improving the radiation
efficiency of the crossed-slot. The dog leg shape (bent stripline) of the excitation feeder in
the current design is not desirable because it can generate higher order moding inside the
cavity which in turn will degrade the radiation efficiency. An effort to optimize the feed
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Table 2-7. Summary of Measured Gain of the Array

Gain (dBic)

Beam Position 1545 MHz 1660 MHz
AZ EL (above horizon) Unit 1 Unit 2 Unit 1 Unit 2

Broadside 12.6 12.5 13.7 13.7
0° 60° 11.4 10.8 11.7 12.1
0° 50° 10.9 10.4 11.2 11.4
0° 40° 10.0 9.8 9.6 10.2
0° 30° 9.4 9.3 8.2 8.7
0° 20° 9.2 9.1 6.7 7.7
45° 20° 83 8.2 7.7 7.9
90° 20° 9.1 9.3 8.3 8.7
135° 20° 9.9 9.9 8.2 8.6
180* 20° 9.7 9.0 6.8 7.2
225° 20° 8.7 9.1 7.7 8.7
270° 20° 8.6 9.6 7.8 8.4
315° 20° 9.9 9.8 8.2 8.8
Average gain at 20 9.2 9.3 77 8.3

degrees above horizon

point of the stripline is also required in the quest to improve the radiation efficiency. Note
that balanced cavity excitation requires four perfectly symmetrical probe feeds located at
the four quadrants and along the diagonal of the crossed-slot. In addition, the bandwidth
of the crossed-slot must be increased. Thicker cavities and the use of a flared slot to
broaden the bandwidth are being pursued. Another area that can improve the gain
performance of array is to bond it together. As mentioned earlier in Section 2.3, the
multilayer boards of the array were bolted together. The potential uneven tightness of
each bolt could generate higher order modes inside the crossed-slot and also degrade the
stripline hybrid circuit performance. A possible gain improvement to the radiation

efficiency is estimated to be around 0.4 dBic and 0.8 dBic for frequencies of 1545 MHz and
1660 MHz respectively.

2-60




LOL =8 .m_m “L0LT ‘.STT ‘081 .SEL .06 WSP .0 = 5 ‘0L = o1 =_1C_M>ne
ZIIN SbST = Aouanbay,] {(u0zuop) 240qv) 9|duy uoneAd| s22132(1 ovm :m._ _”:m..m% Keiry wowzmnwv% ‘Q¢-¢ 21ndiy

VI i ) o s
AN ?: T osi R s i . s TS T : :
N vffuf_ " ..ij M redi | :_ _:5 _vcw._f:_ : _ _._q.,.a%.._ . _ﬁ _“ T _vvv_;. " T IMAM M . Jv _: _«__ 1l .@m __“ ::__ .._wa..: .
s +- NI O 1) _ . : i ' !
. s 4 - i .:?i}ful‘T ke T »11:131‘.:1[.?&31.,4‘} ) ‘l‘_fJ.J. i ﬁ
i D Av..l. Aﬂlflh R o uuiﬂi‘ ‘.LL.‘. e Lt m.Tw— .—.—__. Pt «E _ __ M.._.”._ ".A “d '
, SN FERTTY ERRETY KRR IR R S . N T TG A
IARRES I qi.j_ffj s [aand Ko Rad beno s A o - : N I SlRie ) :__u 3
. ._,_m ._.m,. .m‘ . _ .. L : .,.. I M L, - 4144 ‘_” +._.A N el =
.w‘_,_.q_ﬁ_tmrj e ! thual rare1 1 maa : ) IO T 1 AR H]
oo bl SN A1 | IR FORT) DR L e AT 1
U RSN FETH IOUORN LT HASTI SO ! ool - MR .
o I T P T et — . R O W et 1 e
' L ! S I AR M ERR . o RN BN . ' _
MJ_J_ i ’Q__j rwp_ti o 1IN O L 3 __ _“_: _“_ Al _“__. R
bo4e o] . . Al Ve
f e e L
H4 4 SIS . o mo N s
H _1 3 ____ - L N _ “:“_,_
' —P_ r': m ! 1 ..,m— . B E LR l)x‘l 1
44._ _ m w** : —.“ i m _ ! x__ E
SIS A 13 Thr I macs] e
T HHH 1 - il HIHEE
AU . i it
..lftr_ a»J_.N.. ili! ! ' . P (- ,__.:._ ; ' T,
RN T of? H U
: v | [} [ \ o1 hd T u T+ + - -
l ti::o:ﬂ n {RBHBRNE : ~ A : — H
__ | | m _.u.n._- .__w e I m ; 9 w : T h 1 hel il Rt
AN R s | TN AT
|k e A LRI AL
A T A 1 PR I VA \ W e I\
JLRHIN 1 TRk A ~rles :
AV DU O_._&ﬂ #__TP _,_ y L /m__.ﬂ_ﬂ_ \ “m/ e |2
N I | 1§ T o —_— O] e il ) . A4
17 / N
e lumetan 1. P IR B ” " Tl e - |
.1.1 . ‘”ll‘ ._Ot;.r;. T sred i e : . . .oh : e i 7 - !.,oi iy 2 & .;_nv_‘ _Tm o
I;.._. — q._M. L , o P TS E | ' I . M‘.ﬁ_.; T b 4?
sl ool s e 2 1 R T W
B ;‘_c: 1 S SO et I C U e yve 1 on NudLLve| . ,____— i T
.o " +ola w_ 1 —

ORIGINAL FAGE 13
OF POOR QUALITY

2-61




(AVA = $°.0L = § 1.SI€.0LT .STT 081 *.SET .06 *.Sb *.0 = 0 °.0L = *0) 219D 66
= uen a3esany ‘ZHW 0991 = Aouanbaig ‘9iduy uoneaspy $32139(] (7 1® wieD ARy pansespy  pe-g 21ndig

i - . e e e e e . . L
" o voE e e WIBBGOS VINVILY Jen vARY VLY WAANNIG 100 BN Juvmd 3 1UNY
_ AR0RE SAARN LLRAr+ YRARRE 208 B2 B B 1580 AR AR ARRAYT TRRANE 0| TTY T oo I T T
R At A 1 S |
R e R B L élq.*‘..;“ s ruv.JaIlJfT.rJ‘L_y'nT?YTr - o ; e Y p ir‘bl.;_.l!fw].ﬂi
. X - Y R S T : X - SR
N - ALY P «4.-,31.;.‘.2 “_._d.lwk,cilinv Il "] R T .
' L ] [ o . )
NS U U S—— b - . —_ _._ (X oY 53 PEUE ! L. ‘ . V! !
— ’dz.jﬂvul}j 4 __ .ﬁ—i .“__ I?olx_ﬂ 1.414 AR N1 Ranas 1A haad T T o‘:-’i.‘ﬂ.’wv BHE hbtniater ihadhl B
! Ly _?: o i ! SN NN T ’ ! _
T R Y A L L e e i e i
; el LA Wk I e —ot L
Ut IR S AR B | —_ T B T + T " T T T
._u" | ___.. __ ““ : o o f s !
- : N T “_: ™17 =1 T ~re e B . Y a1 ot Ronnal Entasl REES
] Y I I N T I | I e [ IR N
T E TETITTNET T
L i R E _v_ﬂﬁ _._ | ; ” i o Y Cohy _"_ _u_.__ L
TR T I R s ET TRt
i e s O R L OSSRt 11 v ]
RN ITH RN R Ll T I e ML et A Tt ol
REN] EERARE HAOL ML tio ] | [il ; I M AL __ ___.___T_.
oty _ - —1021% - e+ L, _u ~ 023 - — 1 ._2, .
ol ) i . o v ! . v ' ! i, o o
R IRAER (EFSH 1 A IE] oo v eyt e T _ B SRR LSS Y S e o et 101 | T L R
A ERE MR I NN L LR Y L I P O R S L i N i
_ SERl PHRH AT ITHHLN LT _ o LR A A O SO AT LR TRy 110 N KO
S R ___«\:: AN I T Nk I ;__ e ) Inaed P¥Rand b Rans  wamns Fas: SLEES FEUSAM ANERAN et
h N S . H . 1 . B . . . ' H i
- ATtk LA AR AN ISHT TR T 1 gt I i __ il U S
Ry e LT T ] Rt B A 2 11041 RN EETLN |V IR |
AR didigd Lp i v "\ ||y . rw® ra o]’ e e
T 7 X at T _ 1 T 17T ) R PRARS z T 4/.4_4_._._, AR U R
X { _ ! : Hijl / \ ol / .;\. / \ R I
o | T I __". T v + —\O : TR T S . -
AN e N P4 AN U
AN H 4+ IS EWA € § 4 L] s ———— |4 . Jo—
qﬁ ; _f : m«. T - —.“ — " A | ). A :__ s Y
MHURLT R IR M e eve [P} Leed | [Lisr2 N I ¢
i Bl Il I A 50 S O o
i A lidy | amasigy ooy suvvmae —n ” SIS DR SN (U N
: __v._ mu_ _m_ Hi : Y #8014 swwd| ! S I R “m N1 "
; N E A4 SRl i
. _ IUE w _“. .__1 % B A an AU ANET Y] el Rabans husa & pantll o et REECS ol - oS aad Raktt B
] “m THIHIR __ﬁ_: _:._H I1[*2h3va b on weanva| .__ R AR . .____ el 1

5

OF POOR QUALITY

ORIGINAL PAG

2-62



[3 < [} T. < A .
— Q0L =0 '.SIE 0LT .STT O8I LSEL .06 °.Sh *.0 = "9 0L = "0) NP €]
= uen) umE?Mw _MDZ %cc_: \lu .ch_m:o#_ ‘9iduy uoneadly seasdaq g e uleD Aeuy panseaN ‘OvC a1nd,]

Cie

to

Sen
A ai,

AL D

N . . e - - - - [ . N S N L N 3oNY .
T . v vivsane vimsiay s sousiis menes . SELL T S TR T TS T 1
ANED T :__ TR T __a%a._ ASAN _:.ﬂvu._ i) .ahv__ e _:.u._:ﬁ T : :4 _: _ﬂ.if - ,"Jr
ol B s 2o o B e = AT T
. . \ . .” . e ol m.. _ ' bn ' Y O B LR .o
e Raaiel I Rl ERSs by T N B __, h | '
v T _ ‘i Cul - .___ Al ; ! v |- - -
— | e - R AR B HUIBIED
o i:, Auldek a N F A e =
IUNIDUNEN [SIPU I SRS ..w .q_ L 4_ f ® Vi Vi : _ ' !
! # ik o ___ i i | _ i i
k ' - " . ot 1
[IRA UL ___ ___ Ll BRIk I |
L i N [ 1 B A o 4_
- L _ i_: +_ T LI \-VVW.QHI ' u_“ _
- N P : NHIRT _ L g 110NN Dottt |
] - ; 1 - f t BRRERE RARE Hr L ._
v annas e . _ _: i [ a1 =
< H _ !Q "_. i . R SN VLN
& R H R e LRI ohE
o 81 11 (RMILK IR I
L bty 8 AR + = T 1 : [
S g RRY S8 L SR SR TSR OO LRS-
o __w T 0751 - ] H R :~_.. M.d_d - _ o!
" T Tie A R R R CATL LS DAY AR IE00Y OO N
o) e et A T HY 3 N I T R T e
o il v E _ K vl Hl ::_.;l__huuﬂt
a 4 ber} o i<} __ . 4_ T 1 ; 1 _.ﬁa R j 8 .d
ﬂ?. /“, 1l | / fit \ vl iy ) L -
/ o r—} ml 1 ' aAnaL AW AN : RN Ak L B2 s
i T NN A
¥ gy P N.‘uou* —wﬁxil. by |t - —+ T .r.ll,.r 1 - . . 2
x_/__.r_\ e N e L \\ y
, S B ] E : . T T
. ,\‘_\ i N ‘N a-\..A._ ! /\\
B I 2 Y At T EURT it w ___ T w o [P I e % R |
JSUUUY [N HEINS POURES BUBIDY DS Y FY DUNN DRRLA L1 P — M
R Lo é,_.“_ ¥ _; SPUTY PUUNEY PUUETY 1) D0 Li_ 14 wALibg  pomwray SWaVRIS | A B 2 I.Ji__._ Tldm s
T ;__;___j_; RNl P 1T N L
FENEIN FUUEI A .‘ILQ e gee | Ht T Lw uvy  Hoapsw 12WOB[HTTIITT {W-TJ_.W __ I
.__:_ | J o ._ " . ._,_ __ : ____ oo/1/v3iva 3 com wiitavd| L 1
i ° L ' L L °



Table 2-8. Gain Analysis of Array Unit #2

Erequency (MHZ)
1545 1600 1660 Remarks
Directivity (dBic) 17.8 18.0 18.2
Loss Budget (dB):
1. Hybrid Insertion Loss -0.25 -0.25 -0.25
2. Beamformer Insertion Loss -1.85 -1.80 -1.75
Total Resistive Loss (dB) 2.1 2.05 2.0 LGm ortant for
S, between input and -6.64 -13.21 -6.04 Due to the
load port of hybrid mismatch at
the four feeders
3. Dissipation loss at -1.08 02 -125 g
hybrid load port
4. Polarization loss -0.5 -05 -0.6
S. Mismatch at RF input -0.2 -0.2 -0.2 VSWR 1.5:1
port
6. Scan loss at 70 degree 4.7 4.7 4.7
from the array broadside
Total Measurable Loss -8.55 -7.65 -8.75
Not Measurable Loss (dB): -4 +.4 -4 +4 1.2 +1 Due to the
(Radiation Efficiency improper
and Improper Scan Loss) excitation and
bias phase dis-
tribution of the
beamformer
Gain at 70° from the array 8.85+4 10+4 8.25 +1

broadside
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Aperture loss is due to a phase bias distribution across the antenna’s aperture which does
not allow the array to scan properly. The phase bias distribution could be due to the
unequalized length of the meander line to each element. The effects of the meander line
on the effective path length should be included in future designs. Since the coupling effect
between the components of the beamformer could also impact the aperture distribution.
As shown in Figure 2-41 (a) and (c), the measured and the calculated data showed that
the array is scanned properly at 1545 MHz. However, for the frequency of 1660 MHz, the
comparison between the measured and the calculated data (Figure 2-41(b) and 2-41(d))
showed that the array was not scanned properly. The measured aperture distribution of the
array, for the beam angle scanned to d; = 60 degrees and ¢ = 0 degrees, at 1660 MHz is
shown in Figure 2-42. Based on this set of measured values, the array pattern was
computed and plotted in Figure 2-43. It is obvious from this figure that the realized array
gain at 60 degrees is 0.8 dB less than the design value.

It is concluded from the gain data analysis that a 10 dBic array gain across the operating
frequency band is achievable in the future. However, a 9.5 dBic array gain can be realized
in the near future through the following improvements:

1. Improve the antenna matching at the four excitation feeders.
Optimize the crossed-slot excitation design.

Broaden the crossed-slot element bandwidth.

Bond the array assembly.

Optimize the beamformer aperture distribution.

AN S S

Carefully calibrate the phase shifter settings.

243 Measured Intersatellite [solation

The outdoor antenna range used for intersatellite isolation measurements is shown in
Figure 2-44. A twelve foot movable boom was rigged to the roof of the auxiliary tower on
the range. An LHCP helical antenna was attached to the end of the boom to serve as the
undesired signal source. An RHCP dish antenna was mounted on the secondary tower to
simulate the desired signal. Refer to Section 8.3.4 for a detailed description of the test
setup.

The measured results of four different cases are given in Table 2-9. Note that condiction [
is close to the location of the State of Washington . Condition IV is close to the location of
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the State of Minnesota . Conditions II and III are used to simulate the location of
Washington with beam pointing error factors. These results show that an isolation of
26 dB was achieved which is better than predicted (see Figure 2-13). The outstanding
polarization purity and low sidelobe level of the array patterns could be the key to the
excellent intersatellite isolation. It is noted from the measured array patterns that the
developed array will provide 10 dB of polarization isolation in 90% of the space coverage.
However, due to the importance of intersatellite isolation , more locations in the

continental United States (CONUS) must be simulated on the range test to ensure the
success of this program.
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2.5 CONCLUSIONS

An L-band car-top conformal phased array has been successfully developed for the Mobile
Satellite Communications experiment. The array consists of nineteen crossed-slot elements
in a triangular lattice arrangement. The element spacing is 3.9 inches. Proper amplitude
taper (see Figure 2-5) provides the sidelobe control needed to satisfy the intersatellite
isolation requirements. Eighteen three-bit diode phase shifters are used to steer the array.
The array size is 22 inches in diameter including the mounting space. Based on the
measured array performance, one can draw the following conclusions and achievements:

1. The printed, cavity backed, stripline fed crossed-slot element has been proved
to be the superior radiating element for the MSAT phased array.

2 The measured array gain at 70 degrees from array broadside is 9.3 dBic and 8.3
dBic for frequencies of 1545 MHz and 1660 MHz, respectively. A gain of
10 dBic across the frequency band is achievable in the future. However,
9.5 dBic array gain can be realized in the near future.

3. The measured intersatellite isolation level is 26 dB which is better than the
requirement (20 dB).

4. The total thickness of the developed array is 0.68 inch and 0.75 inch for units #1
and #2, respectively.

5. The multipath rejection requirement was satisfied.

6. The backlobe level is better than 12 dB in 95% of the space coverage. The
worst backlobe level is 6 dB when the array was scanned to 70 degrees trom the
array broadside (at certain azimuth angles).

2.6 RECOMMENDATIONS

In order to further improve the performance of the array, especially with respect to the
antenna’s gain at 1660 MHz, the following tasks are recommended for future development

work:

1. Improve the matching of the four excitation feeders to the antenna. Improper
location of the plated through ground holes of the crossed-slot (shown in Figure
2-19) must be corrected. Eliminate the dog leg shape of the feeder.

2. Theoretically and experimentally investigate and optimize the excitation
mechanism. The four probe excitation method is recommended because it
could reduce the unnecessary metal inside the cavity of the crossed-slot, which
in turn can improve the antenna’s radiation efficiency.

3. Investigate a broadbanding technique to improve the antenna’s gain across the
required frequency band. A slot witha flared shape is worth further study.
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4.  Bonding must be used to improve the radiation efficiency and the operating
stability.

5. Additional optimization of the beamformer is required in order to further
improve the aperture distribution. The meander lines in the beamformer must
be tuned to eliminate the phase bias distribution.

6. The developed array must go through a calibration process. Optimizing the

phase shifter settings is a very important task if the final array is to scan
properly.
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SECTION 3
ANTENNA ELEMENT FEED NETWORK

Among the low profile antenna candidates, the crossed-slot and patch element were
considered. The cavity-backed, printed, stripline fed crossed-slot was selected, however,
because it has (1) wider beamwidth, (2) better gain and axial ratio at low elevation angles,
and (3) is thinner for the same operating frequency band than that of a patch antenna. In
this section, the substrate material selection, the crossed-slot design parameters,
breadboard design and array element development will be presented. Conclusions and
recommendations will be discussed at the end of this section.

3.1 SUBSTRATE MATERIAL SELECTION

The choice of substrate material and its evaluation is an essential part of the antenna
design. Major substrate properties include: 1) dielectric constant and loss tangent and
their variation over frequency and temperature; 2) substrate thickness uniformity and; 3)
dimensional stability with processing, temperature, humidity, and aging. Also, chemical
resistance, bondability, machinability, etc., are quite important in fabrication. For the
commercial market, the substrate unit price is also very important since it is a major cost
item in the whole array. A list of major substrate manufacturers is given in Table 3-1.
Based on the considerations of cost and performance, the substrate material of 3M-250 GX
is recommended.

In an effort to reduce both manufacturing and raw material costs, further investigation was
conducted on other substrate materials that could possibly be used. The evaluation was
based on a performance/cost comparison, using Teflon-glass substrate as a reference. The
performance characteristics were based on transmission line losses in a stripline
configuration, where the total loss in db/inch is the combination of dielectric loss a4 and
conductor loss @.. The search rapidly narrowed to two substrate types, namely Polyimide,
and Epoxy-Glass. Table 3-2 summarizes the performance versus cost comparison for the
three types of materials that were evaluated.

As noted in Table 3-2, the cost reduction ratio of 8.5 for the type III material is very
attractive. However the theoretical line loss is almost four times that of the Teflon-glass
material. Therefore, an actual feed network was not fabricated with the epoxy-glass
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Table 3-1. Price of Cu-Clad Substrate, One Ounce Copper Two Sides, Per 100 Sheets or
More Per Sq. Ft.

Suppliers 0.062" 0.090" 0.125" Dielectric Constant Comments
1MHz 10GHz
3M 250 GX 34.00 4333 5697 2.45 2.55 Recommended
+.04 +0.04 3M250GX
250 LX 39.83 4949 66.35 2.40 2.55
+0.04 +0.04
ROGERS 2.33 2.35
RT/DUROID 5870  64.18 103.77 +0.02 +0.02
RT/DUROID 5880  70.59 114.14 2.20 2.20
+0.02 +0.02
OAK 602 31.67 44.17 59.58 2.45 2.65 :
' +0.05 +0.04
605 3825 S57.50 76.67 2.17 2.35
+0.05 +0.04
KEENE 522 2756 4275 50.73
527 29.63 45.96 54.53
TACONIC
"TAC-LAM-X 2832 4068 53.23

material. On the other hand, the Type I Polyimide Material does have potential.
Although the cost reduction ratio of 3.1 is not as high as the Type III Material, the
predicted network loss could possibly be tolerated. Due to schedule restraints, however,
the use of Type II Material for further development of the feed network was not pursued.



Table 3-2. Performance versus Cost Comparison for Several Different Types of Substrate

Material
Theorectical Predicted Measured Basic
Line Loss Network Network  Material Cost

Dielectric ac + ap Loss Loss Cost Reduction
Material  Constant dB/in dB dB $/ft? Ratio
Type |
Teflon- 2.5 0.025 0.29 db 0.24 db $20.80 1.0
Glass
Type I1
Polyimide 3.8 0.065 0.60 db NA $6.77 3.1
Type III
Epoxy- 4.8 0.195 1.13db NA §2.45 8.5
Glass
NOTES:

1.  Measured at center freq. of 1603 MHz

2.  Based on 1000 sheet quantity price 0.031 inch in thickness one ounce copper on
both sides.

3.2 -SL P

The major design parameters involved in the design of the stripline fed, cavity backed
crossed-slot, as shown in Figure 3-1, are delineated as follows.

1.  Slot width, length and shape controls the resonant frequency. Flared shapes
tend to have a wider frequency VSWR response.

2. Sltripline feed location along the slot governs the impedance variation of the
siot.

3.  Stripline width, length and shape are key parameters in impedance matching.

4.  Feed point for the strip-line controls impedance matching and internal moding;
it will affect radiation efficiency.

5. Cavity thickness governs bandwidth and radiation efficiency.

6.  Cavity size determines the resonant frequency.
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Figure 3-1. Crossed-Slot Design Parameters
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Note that stripline was used to feed the printed, cavity-backed, crossed-slot because it
provides additional degrees of freedom in terms of impedance matching. However, the
presence of the metal of the stripline feeders inside the cavity could generate extra higher
order modes which in turn may hurt the radiation efficiency.

There are two major excitation mechanisms involved in this kind of feeding configuration.
One is the "coupling excitation” mode from the stripline across the slot and the other is the
“cavity excitation” mode of the probe feed. The combination of these two excitation modes
will determine the impedance characteristics of the crossed-slot at the probe feed point.
The input impedance of the slot, measured at the feed point is a function of the length and

C - o



width of the slot and the location of the probe feed points. The optimal positions of the
excitation feeder and the probe feed point will be determined empirically.

The stripline running across the slot will excite the slot due to displacement current caused
by the interruption of the electric field by the slot. The coupling is controlled by the angle
of the stripline. The coupling excitation mode should avoid the cross-talk problems
between two orthogonal slots. This requires two symmetrical striplines feeding each of the

orthogonal slots, as shown in Figure 3-2.

| M

180°
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1 ]
[} i
b SLOT B
|
I rd
P!
| l #

| 1
I, +—T@out
éo : 270°

|
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1

@ SOLID ARROW LINE

WAS GENERATED BY
#2 PORT;

DASHED ARROW LINE
WAS GENERATED BY
#4 PORT WITH

180° PHASE RELATIVE
TO #2

Figure 3-2. Field Distribution with #2 & #4 Port Excited
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Port #2 and Port #4 are attached to feed lines that are positioned on opposite sides of the
slot. The two ports are energized with voltages having a 180 degree phase difference. This
will produce a field distribution across slot A as indicated by the solid and dashed lines.
This is the desired condition for proper radiation from the slot. However, as noted in the
figure, the solid and dashed lines representing the field distribution across Slot B, as a
result of the excitation of Slot A, are of opposite sense. This produces a net field
cancellation in Slot B, due to the excitation of Slot A, thereby effectively isolating Slot B
from the effects of Slot A :

In a similar manner, by applying a voltage to Ports #1 and #3, Slot B is excited. These two
ports also have a 180 degree phase difference between them. They are also in phase
quadrature to the #2 and #4 port voltages. This quadrature relationship is necessary to
produce the 0-90-180-270 degree phase sequence required to achieve circular polarization
of the radiated wave. The phase sequence has no effect on the crossed-slot isolation;
therefore, the same analogy may be used to explain the isolation of Slot A due to the
effects of Slot B, as was used to explain the isolation of slot B relative to Slot A.

Excitation of the proper c..ity mode requires additional design constraints, namely that
these four probe feed points should be symmetrically located at the four quadrants of the
crossed-slot cavity as shown in Figure 3-2. The optimal probe feed points are along the
diagonal of the crossed-slot. Note that the field distributions of the TE,,; mode in the
cavity at these feed points are perfectly symmetrical with respect to each other. These four
feed points must be excited in balanced amplitude and 0-90-180-270 degree phase rotation
so that higher order modes inside the cavity can be suppressed, and also to achieve the
required circular polarization.

In order to have good radiation efficiency of the crossed-slot, the antenna designer should
accomplish the following tasks:

1. Good impedance matching at the four feed points.
Balance the excitation between two orthogonal slots.

Even excitation between two feeds at each of the two orthogonal slots.

Minimum metal inside the cavity.

A e

Avoid any unnecessary bending of the stripline feed if possible.
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33 BREADBOARD DESIGN

The development of the newly invented, cavity-backed, printed crossed-slot element has
been a very challenging task for the antenna designer. In this subsection, discussions on the
experimental model and breadboard mode! developments are presented below.

33.1 nm M v

During the earlier phase of the breadboard design, a two feed point method (Figure 3-3)
was used. The required bandwidth was achieved, but the element would not radiate
efficiently. Through detailed analysis and measured results, it was observed that internal
moding and mutual loading of the orthogonal slots were the two major factors. In other
words, the two orthogonal slots were coupling to each other resulting in poor isolation
between the feed ports. In view of this, an experimental mode utilizing a four point feed
(as shown in Figure 3-4) was fabricated.

1T T TN

T
||
VI

] Y
“J X

o=
|

Figure 3-3. Earlier Model of the Element
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A variety of tests were performed on the experimental element model to verify design
objectives. For example, a plot of isolation measurement between the Slot A port and the
Slot B port of the crossed-slot (Figure 3-4) as a function of frequency is shown in Figure
3.5, As indicated, more than 30 db of isolation is achieved over a major portion of the
frequency band. This data proved the concept discussed previously regarding the method
to overcome the cross-talk problems between the two orthogonal slots.

The input impedance of the element under different test conditions is shown in Figure 3-6.
As noted, with the isolated port of the 90 degree hybrid terminated in 50 ohms, the input
VSWR is within 1.5:1 over the frequency of interest.

Radiation patterns of the experimental model were taken bcih with and without a 40 X 50
inch ground plane. These patterns are shown in Figures 3-7 thru 3-9. For the experimental
model, the patterns are considered to be reasonably good, with axial ratio and gain being
within expected limits. The measured gain is approximately 3.8 db with no ground plane,
and 2.2 db with a 40 X 50 inch ground plane. It should be noted that the losses of the feed
network used for the gain test were around 1.2 db.

332 Breadboard Model Development

During the early stages of the breadboard design, the antenna element was fabricated in
two separate sub-assemblies to facilitate testing. That is, the radiator consisting of a top
crossed-slot board and a bottom feed line board (Figure 3-10) became one sub-assembly.
The hybrid feed network board (Figure 3-11), and its associated ground plane board, was
the other sub-assembly. Each sub-assembly had RF Connectors attached to its signal ports.
The radiator sub-assembly had four connectors, and the hybrid feed sub-assembly had six
connectors. With this arrangement, each sub-assembly could be tested individually and the
data analyzed as a separate entity. In addition, the two sub-assemblies could be connected
together by means of connector adapters or very short sections of semi-rigid coax. This
allowed the element to be tested as an integrated unit. Typical test data of the hybrid feed
network subassembly is shown in Table 3-3. The results showed that reasonable good
performance was achieved; however, the unbalance in amplitude and phase between ports
can be further improved.
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Figure 3-7. Spinning Linear Pattern at 1545 MHz
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Table 3-3. Measured Hybrid Network Performance

Test Data Summary - Frequency (MHz)

Parameter 1545 1603 1660
INPUT VSWR 1.15 1.16 1.26
PORT-1S,,-DB 6.53 6.64 6.69
PORT-2S,,-DB 6.05 5.89 5.90
PORT-3S,,-DB 6.68 6.52 6.79
PORT-4 Szl-DB 5.90 5.70 5.79
UNBAL 1-3-DB 0.16 0.12 0.10
UNBAL 2-4-DB 0.15 0.19 0.18
1-3 (180°) 186 184 179
2-4 (180°) 175 174 180
1-2 (90°) 91 93 94
3-4 (90°) 87 87 84
1-4 (90°) 89 92 93
2-3(90°) 95 88 94

To implement the feed network for the crossed-slot element into a completely integrated
structure, two types of feed circuits were designed. Type-l, as shown in Figure 3-12,
consists of a 90 degree branch line hybrid with two 180 degree corporate feeds to drive the
four feed points, and provide the 0-90-180-270 degree phase sequence. Type-2, shown in
Figure 3-13, also has a 90 degree branch line hybrid. Instead of the 180 degree reactive
power divider, however, two 180 degree Wilkinson type power dividers are utilized. The
advantage of this design is that the Wilkinson Power Dividers provide isolation (on the
order of 20 db) between the feed points at opposite ends of the same slot. This could be
very beneficial for wide angle scanning. However, it is more difficult to implement
Wilkinson power dividers in stripline form, since for proper operation, isolation resistors
are required at locations A and B of Figure 3-11. As a result, there would be an impact on
both material and fabrication cost. Also, because of the more complex circuitry, the overall
network would have a higher insertion loss. In view of this, it was decided to use the Type-
1 feed network for the final design.

The integrated unit of the crossed-slot consists of four boards - a top crossed-slot board, a
stripline excitation feeder board, a hybrid/corporate feed network board, and a bottom
ground plane board. The top layer of crossed slot elements is etched on a single sided,
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l LOAD

Figure 3-12. 90 Degree Branch Line Hybrid with Two 180 Degree Corporate Feed Circuit

copper clad teflon fiberglass board. The thicknesses of the boards are 0.09 inches and
0.125 inchs for breadboard units #1 and #2. The thicker board was used for unit #2 to
~ increase the antenna’s bandwidth. The next layer is the crossed slot excitation feeders
which are etched on another copper clad teflon fiberglass board having the same thickness ,
as the slotted board. A set of plated through holes around the crossed slots is required to

form the cavity wall for the crossed slot element. The bottom two layers of the antenna
have thicknesses of 0.031 inch each and constitute the stripline hybrid/corporate feed
network boards used to form the required right hand circular polarization pattern. These
four boards were held together with the 0.125 inch stiffner aluminum plate by means of
brass screws inserted through the plated cavity holes. RF connectors were attached to both

the input and the isolated ports of the hybrid circuit, via the bottom ground plane board.
The unit is now ready for testing.
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Figure 3-13. 90 Degree Branch Line Hybrid with Two 180 Degree Wilkinson Power
Divider Feed Circuits

333 Measured Antenna Performance And Gain Analysis

The measured return losses for unit #1 and #2 elements are shown in Figures 3-14 and 3-
15, respectively. The results show that a good input VSWR was achieved. However, one
should be cautious at this point because these data still do not tell the whole story. The
hybrid could mask the mismatch information at the four feeders through the load port of
the branch line hybrid. As shown in Figures 3-16 and 3-17, poor isolation between the input
port and the load port was measured. These data indicate that the impedance matching at
the four feed points of the crossed-slot needs to be improved further. As can be seen from
Figure 3-18, dissipation losses at the load port of the unit #2 crossed-slot are 1.05 dB and
1.25 dB at frequencies 1545 MHz and 1660 MHz, respectively. This loss must be reduced to
improve the antenna gain. It is noted from Figures 3-16 and 3-17 that the thicker material
used in the second unit has increased the antenna bandwidth. The measured RHCP
patterns of the unit #2 crossed-slot along two principal cuts are shown in Figures 3-19 to 3-
22. The measured beamwidth is 140 degrees. The measured element gain (average) of the
unit #2 crossed-slot at 20 degrees elevation angle (above the horizon) are -0.1 dBic and
-0.8 dBic for frequencies of 1545 MHz and 1660 MHz, respectively,as shown in Figures 3-
23 and 3-24. Note that the element gain of unit #2 is 0.5 dB better than that of unit #1.
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In order to improve the elemeat gain, the loss budget and gain analysis was analyzed and
summarized in Table 34, The loss budget shows that (1) the dissipation loss at the
isolation port of the hybrid, and (2) the radiation efficiency loss must be reduced. The
dissipation loss at the isolation port of the hybrid is mainly due to mismatch at the four
excitation feeders of the crossed slot, hence efforts to optimize the antenna matching is
required for future work. Possible gain improvement on this loss is estimated to be 0.6 dB
and 0.8 dB for frequencies of 1545 MHz and 1660 MHz, respectively.

Table 3-4. Element Gain Analysis

Erequency (MHz)
1545 1660 _
Directivity (dB) 5.05 5.2 Remarks
Loss Budget:
Antenna Mismatch Loss (dB) at RF input port -0.2 -0.2
Hybrid loss -0.25 -0.25
Dissipation loss at hybrid load (dB) -1.05 -1.25  Mismatch at the
four feeders
Junction and radiation efficiency loss (dB) -0.4 -1.0  Excitation
feeder
Total Loss (dB) -1.8 2.7
Gain at Peak 3.05 25
Gain at 20 degrees elevation angle -0.1 -0.8

Proper excitation feeder design could be the key to improve the radiation efficiency of the
crossed slot. The dog leg shape (bent stripline) of the excitation feeder in the current
design is not desirable because it could generate additional higher order modes inside the
cavity which in turn will degrade the radiation efficiency. Efforts to optimize the feed point
of the stripline are also required to improve the radiation efficiency. Not that balanced
cavity excitation requires four perfectly symmetrical probe feeds located at the four
quadrants and along the diagonal of the crossed-slot. In addition, the bandwidth of the
crossed-slot must be increased. A thicker cavity and the use of a flared shape slot to
broaden the bandwidth are being pursued. Another area that will improve the gain
performance of the array is to bond it together. The potentially uneven tightness of each
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screw will generate higher order modes inside the crossed-siot and also degrade the
stripline hybrid circuit performance. Possible gain improvement on the radiation efficiency
is estimated to be around 0.4 dBic and 0.8 dBic for frequencies of 1545 MHz and
1660 MHz respectively.

3.34 Conclusious Derived from Breadboard Design Phase
As a result of the analysis of the test data obtained during the breadboard single element
design phase, the following conclusions were made:

1. A stripline fed crossed-slot, using the four point feed method would be the
radiating element used for the final design.

2. A 90 degree branch line hybrid with two 180 degree corporate feeds would be
the network configuration used to feed the radiating element.

Optimization of the four excitation feeders in the cavity, would be pursued.
The bandwidth of the crossed-slot element must be improved.

The antenna should be bonded together.

AN T

Optimization of the hybrid feed network, with respect to amplitude and phase
balance, would be undertaken.

34 BREADBOARD ARRAY ELEMENT DEVELOPMENT

Using the single element and feed network configuration established during the
breadboard design phase, an experimental seven element array was fabricated (Figures 2-9
and 2-10) to investigate the mutual coupling effects on the individual antenna’s
performance under an array environment. The measured VSWR of the center element of
the experimental array is shown in Figure 3-25. The data showed that the VSWR of the
element was under 1.5:1. The analysis of the active scanning impedance (Section 2)
showed that the mutual coupling effect was insignificant. The measured typical element
patterns embedded in the array environment are shown in Figures 3-26. The measurement
was taken on the center element, with the array mounted on a 40" x 50 " finite ground
plane. The data showed that the element was well behaved. The data taken on the other
elements in the array was very similar to that of the center element, signifying that the
mutual coupling effect was small.
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An experimental nineteen element array was also fabricated to facilitate the optimization
process of the antenna design under an array environment. The array assembly was
discussed in Section 2.3 and will not be repeated here. The optimization of the excitation
feeder and the hybrid network design are discussed in the following subsections.

34.1 timization of

With the assembly described previously, it was possible to obtain test data on the various
elements in an array environment. This data was then analyzed and used to optimize the
design of the feed network. For example, one optimization that was performed was on the
width of the feedlines. The effect of this parameter on element performance is depicted by
the curves shown in Figures 3-27. As noted, the line width effects the impedance, which in
turn translates to a mismatch between the feedline drive point and the hybrid network.
This match degradation is actually a measure of the isolation between the input port and
the isolated port of the hybrid network. As shown in Figure 3-18, when the load port
isolation increases, the element gain decreases from some optimum value.

As an illustration, some early test data taken prior to optimization is shown in Figure 3-28.
The upper curve is a measure of S,,, which represents the isolation between the input and
load port of the hybrid network. The lower curve is a measure of the input port VSWR
under the same test environment. The goal for optimization is for S,, to be not less than
10 dB over the antenna operating frequency, with a value of 12 to 15 db being very
desirable. With regard to input VSWR, the value should be as low as possible, however a
VSWR of not greater than 1.5 is set as an upper limit.

34.2 Qptimization of Hybrid Network

Optimization was also performed on the hybrid network with respect to amplitude and
phase balance. Since the axial ratio of the circular polarized wave (from the radiating
element) is dependent upon the balance in both amplitude and phase of the signals feeding
the two crossed slots, it is important to keep the error associated with these two parameters
as small as possible. Figure 3-29 depicts the relationship between axial ratio and amplitude
phase unbalance. For example, to limit the axial ratio to not greater than 1 db, the
amplitude unbalance cannot exceed 1 db. Likewise, the phase unbalance must be
somewhere between 0 and S degrees. The following equations were used to evaluate each
hybrid network’s performance.
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Figure 3-29. Axial Ratio versus Feed Amplitude /Phase Unbalance
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Insertion Loss:

I, =10Log[l + (1-(Py + Py))] dB
Slot Power Unbalance:

Py = 10 Log (Py/Py) dB
Quadrature Phase Error:

8 = 90 - [[(A91-2)? + (492:3)2 + (A43-4)% + (Ag4-1)7]/4]'/2

The performance of the hybrid network used in the final array assembly is summarized in
Table 3-5. Note that the phase performance was optimized. The amplitude unbalance,

however, can further be improved.

Table 3-S. Performance Summary of Typical Hybrid Network

Frequency (MHz)
Parameter 1545 1603 1660
IL-dB 0.25 0.21 0.24
Pgy - db 0.64 0.78 0.90
¢ - deg. 0.55 0.04 1.35
3.43 Modications Required of Hybrid Network

The development model of a 19-element array built was left hand circularly polarized. The
requirement is right hand circular polarization. Therefore, the modification of the hybrid
network is required and shown in Figure 3-30.

As shown in Figure 3-30B, originally points A and B were brought out parallel and |
perpendicular to the branch line of the quadrature coupler. Port-A is connected to the
beamformer board with a vertical pin, and Port-B is terminated with a surface mount chip
resistor on the hybrid network board. Ground for the resistor is provided by several plated-
through cavity holes. Clearance for the chip resistor is provided by a cut-out in the ground
plane board of the hybrid.
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3.5

CONCILUSIONS

A printed stripline-fed cavity-backed crossed-slot has been successfully developed. Based
on the development work, one can draw the following conclusions:

1.

3.6

Two excitation mechanisms are involved in this antenna: the “coupling
excitation” mode from the stripline across the slot and the ‘cavity excitation”
mode of the probe feed.

Four symmetrical excitation feeders located at the four quadrants and with
0-90-180-270 degrees phase rotation are required in the feed design. The
optimal positions of the four probe feed points are located along the diagonal of
the crossed-slot.

Good impedance matching at the four feed points, balanced excitation between
two orthogonal slots, and even excitation between the two feeds at each of the
two orthogonal slots are required to have good radiation efficiency of the
antenna.

Minimum metal should be used in the feed design.

Unnecessary bending of the stripline feed should be avoided.

RECOMMENDATIONS

In order to improve the antenna gain, the following tasks are recommended for the future

development work.

L.

w

has

w

Improve the antenna matching at the four excitation feeders of the current
design. Improper location of the plated through ground holes of the crossed-
s%lot f(sh(cl)wn in Figure 2-20) must be corrected. Eliminate the dog leg shape of
the feeder.

“Theoretical and experimental investigation of the optimal excitation mechanism

is needed. The four probe excitation method is recommended because it could
reduce the unnecessary metal inside the cavity of the crossed-slot, which in turn
can improve the antenna radiation efficiency.

Investigate the broadbanding technique to improve the antenna gain across the
required frequency band. The slot with a flared shape is worth further study.

Bonding techniques must be used to improve the radiation efficiency and the
operating stability.

Optimization of the hybrid feed network, with respect to amplitude and phase
balance, should be continued. '
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SECTION 4
BEAMFORMER NETWORK

After a brief synopsis of the work described in the interim report this section discusses
subsequent beamformer advances and results. Also to be discussed are certain problems
uncovered in testing the first two beamformer assemblies. The section ends with a listing
of the tasks to be done in the next segment of work, provided Teledyne Ryan Electronics is
chosen to perform the next phase. In essence the results of this phase prove the basic
beamformer concepts are valid and promising to economical production costs and to
improve performance further.

4.1 HIFTER
AND DIVIDER

In the following paragraphs the design and development of the 3 bit phase shifter and
nineteen way unequal divider are described. Optimization via Touchstone software was
applied to obtain the design. The prototype assemblies used this design with only a small
amount of phase correction on the phase shifter. The nineteen way divider is essentially as
originally designed with the exception of a change of resistor types as the first ones had very
poor microwave properties. |

The 3 bit phase shifter uses the switched line principle. This was selected to give the least
phase shift error over the entire band. Performance was compared with a hybrid coupled
phase shifter which did not project to be as accurate over frequency. The switched line
shifter projects an 11 degree error while the hybrid one projects a 19 degree error over the
same frequency band. The results of the calculations were the determining factor in
selecting the switched line shifter over the hybrid coupled unit.

The requirement is to provide two way low loss phase shifting with power handling of about
1 watt. This means a diode must be selected to have a breakdown voltage in excess of 100
volts. Since 18 phase shifters are required with 216 pin diodes, these diodes must be
inexpensive. A surface mount diode, Metelics MPN7484 on a ceramic carrier, was
selected. Vendor data showed this diode has low junction and case capacitances permitting
a series configuration to be used. However, results using this diode has led us to question
the exact value of the capacitances because of excessive loss in some modes. This will be

&1



described later. Future phases will devote a reasonable effort to understand and correct
the problem. Also reserved for the future is developing manufacturing assembly
techniques suitable for this rather new diode package.

Early in the program a breadboard 3 bit phase shifter was tested. Everything looked
reasonably well except that the switched phase shifts were approximately 10% lower than
desired. All this was corrected in the prototype units. The prototype design had to make
layout changes to avoid RF lines crossing other RF or control lines. Table 4-1 compares
the delta phase, loss, and VSWR for the original phase shifter, the prototype phase shifter,
and a self biased phase shifter developed as a potentially low cost circuit. It can be seen
that the #1 shifter misses the desired phase by about 10% while the prototype or array
shifter comes considerably closer to the desired values. However, an iteration on that
shifter, to further adjust phase, still appears desirable for the next contract.

As previously mentioned, there is a small loss problem with the array shifter. This is
probably due to the diode parasitics being higher than expected and possibly due to the
proximity of the biasing circuits. Figure 4-1 shows a sketch of the #1 microstrip phase
shifter. It can be seen that the bias circuits are brought from below the phase shifter to
move them out of the vicinity of the RF fields. In the array, this is not possible because all
circuits must be planar since the ground side is not accessible. A sketch of the first array
design is shown in Figure 4-2. This circuit had a very bad loss problem because the RF
energy was being sucked out by the bias circuits. To solve this problem additional
decoupling was added as shown in Figure 4-3. That particular shifter, with the addition of a
small stub to the 180° phase shift line performed as shown in Table 4-1. Loss still appears
somewhat high when the 90° section is activated. This loss appears' to be related to VSWR.

If we hypothesize that the junction and case capacitances equal .13 pf instead of .06 pf and
.07 pf, respectively, as claimed by the vendor, a loss of 1.5 db for a 315° shift is calculated
as shown in Figure 4-4. With smaller capacitances the loss calculates to be about 1 db.

In the overall array assembly it appears the losses are somewhat different as can be seen by
a later discussion of the data. This is not surprising because there are many more circuits
near the phase shifters in the entire array interacting with the RF path. All this points to
investigations needed for the next phase. Complicating our understanding of why the losses

4-2



-aunpd punosd a1 yirauaq wodj dn sAWOI SeIE] 1 # YIS STU JO YIRS "1-p 2and1y|

/AN

(LINN/ZL) 30010 «
(LIN/8) O INOHI <
(LINN/V L) HOLIDVdY) <

HI1JIHS ASVHI LI8-€

)
o/sz + 0/SZ +
ANNOYD g
dvo
dvd | czznmm DIOHD ANNOYD
AG +
dvd
INOHD . \ 240HD . dvd
dvd > 3aoia 3aoia<  dvd dvo > 3aoid '« 3NOHID
bt =] Igoia 3a01a Jaola
INOHD ot —]
avo
DOHD
aNNOYo dvd ANNOHD aNNOYD
X AG+

AS +

43



+ 58V

25/0V
0/25V 0/25v
+25/0V \
BIAS LINES '
ABSORB RF
ENERGY

ov/28Vv +25/0V

Ry

DRIVER
CIRCUITRY

™Mmwn —

H

Figure 4-2. First Design of Array Phase Shifter

4-4

i



"Saui| seiq a1 ul
131 10 nondiosqre o dois 01 pappre a1om siomoeded Fuipdnosap diyy -udisaqq 19114s aseyd Avaay pasiAdy ¢ andiyg

/N

0/NST,—N\SZ/0
A S30Vd 9
szIo—_H_ ASZ/0— SHOLIDVAYD
ﬂ\ DNITdN03a
£ j-oleT 0/9Z +

AS



Table 4-1. Summary of Mid Frequency Phase Shifter Data for Three Designs

Phase. Shifter
Setting

0°
-45°

-90°

-135°
-180°
-225°
-270°
-315°

0°
-45°

-90°

-135°
-180°
-225°
-270°

-315°

#1
i
0°
-38.1°
-81.5°
-118°
-166.9°
-204.7°
-246°

-283.3*

Loss (dB/VSWR)  Loss (dB/VSWR) Loss (dB/VSWR)

1.0/No VSWR Data

1.04/No VSWR Data
1.04/No VSWR Data
.95/No VSWR Data

1.07/No VSWR Data
1.15/No VSWR Data
1.12/No VSWR Data
1.03/No VSWR Data

4-6

Array
APhase

0°
42.9°

-81.4°

-1242°
-181.2°
-225.2°
-264.7;
-306.9°

1.1/1.14
1.18/1.25
1.48/1.79
1.29/1.27
1.2/13
1.24/1.16
1.4/1.49

1.3/1.19

Self Bia;ed
APhase

r

0"
46"

-88°

-133*
-177°
-223°
-268°
3120

1.1/1.14

1.45/1.42
1.82/1.82
1.44/1.38
1.21/1.21
1.26/1.24
1.74/1.89

1.47/1.37
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are somewhat higher than anticipated, was the discovery of wire bonding problems on one
lot of diodes and diode soldering problems for the entire assembly. We believe those
problems are now solved, but their effect contaminates some of the earlier data.

The self biased phase shifter experiment was made to determine if pairs of diodes can be
brought to a common junction (for future integration), and if only one switched voltage
form could be used. The "on" diodes provide "off” bias in each switched line shifter. We
found that in order to do this, the "on" arm voltage drop had to be increased by using
bypassed resistors. The assembly for this experiment is shown photographically in Figure
4-5. The results shown in Table 4-1 are encouraging enough to continue this line of
experimentation.

The nineteen way divider presented a challenge since tapering of power for the antennas
was desired for the circular geometry. Starting from the outside going towards the center,
three circular rings of relative power -6db, -5.2db, and -3db, respectively for each radiator
compared to 0 db reference at the center are provided. To do this most effectively, it was
decided to use a uniform one-to-seven way divider followed by six unequal one-to-three
dividers. These dividers were based on the Wilkinson divider principle. The Touchstone
program was used to determine the line impedances and balancing resistor values. Figure
4-6 shows a schematic diagram of the nineteen way divider with the line impedances and
balancing resistors given. The left hand network is an equal 7 way divider, anc the right
hand side is six unequal 3 way dividers. Figure 4-7 shows the layout of a test divider
without the resistors. |

Microwave evaluations were performed on both a separate 7 way divider and the 19 way
divider shown on Figure 4-7. Table 4-2 summarizes the results for the 7 way divider. The
loss performance is quite uniform and good. There are some small differences in phase
with the outside lines having less phase. This is no problem because a phase trim is done
on the final assembly. Table 4-3 summarizes the 19 way divider performance with no
resistors. No resistors were used because at the time of the evaluation, we had no
satisfactory resistors, as will be shown in the next paragraph, and it was hoped resistors
would not be needed. In later work this proved to be false; resistors are needed. As seen
in Table 4-3 amplitude results of the test divider are quite good. These are summarized by
using statistical analysis, the results of which are shown at the bottom of the table. Again
the phase data has some scatter, but as previously mentioned we do a phase trim on the
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Figure 4-5. Photograph of the self-biased PIN Diode Phase Shifter. With added dropping
resistors, results were close to those obtained by the switched bias scheme.
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50Q
INPUT

| 1250 s0° 50Q 409.9° | -O 0db

40/39 51.24Q 90° 35.36Q 90° }——o0 -3db
79.4Q
| 1252 90° 500 231° 500 98° -8db
45.65Q 90° -5.2db
40/39
M 35.360 90° -3db
125Q 90° 500 231 -6db
85.430 90° 45.65Q 90° -5.2db
3 40/39
51.24Q 90° 35.36Q 90° -3db
— 125Q 90° |—¢—{ 500 231° 50Q 90° |}——o -8ab
65.80
' | 85.432 90° 45.65Q 90° -5.2ab
S sore
51.24Q 90° 35.36Q 90° }——o0 -3db
79.42
125Q 90° }——{ 50Q 231° 101.5Q 90° -6db
| 85.43Q 90° 45.65Q 90° }——0 -5.20b
3 029
) 51.240 90° -35.36Q 90° }——0 -3db
79.4Q
1 1250 s0° |—e—] sog 231° 101.5Q 90° 500 90° }——oO -6db
65.82
| 85.43Q 90° 45.65Q 90° [———O -5.2db
40/39
51.242 90° 35.36Q 90° }——o0 -3ab
79.4Q
| 1252 90° 50Q 231° 101.5Q 90° 50Q 90* f——C -6db

65.8Q

45.65Q 90° }——0 -5.2db

85.43Q 90°

Figure 4-6. Schematic Diagram of MSAT-X 1:19 Unequal Power Divider
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Table 4-2. 7-Way Divider Data (No Resistors)

S,, dB S,, PHASE
1545 1600 1660 1545 1600 1660
Port# MHZ MHZ MHZ MHZ MHZ MHZ
1 93 92 93 48 67 88
2 93 92 9.4 50 70 90
3 93 92 92 52 72 91
4 93 92 9.1 52 72 91
5 93 92 9.1 53 2 07 91
6 9.0 90 90 52 7 90
7 9.0 89 9.0 48 68 -89
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Table 4-3. 19-Way Divider Data (No Resistors)

Des. Loss ‘ S,,(dB) S;, PHASE (DEG.)

DB 1540 1600 1660 1540 1600 1660
Port# (IDEAL) MHZ MHZ MHZ MHZ MHZ  MHZ
1 11.45 11.87 11.96 12.24 -26 -59 -92
2 14.45 15.12 15.07 15.07 -31 -65 -100
3 13.65 14.03 13.98 14.10 -24 -57 -93
4 11.45 12.69 12.50 12.54 -29 -62 -96
5 14.45 15.76 15.50 1541 -35 -69 -104
6 13.65 14.77 14.59 14.55 -29 -62 -98
7 11.45 12.74 12.72 12.98 -35 -68 -102
8 14.45 15.71 15.62 15.73 -39 -73 -108
9 13.65 15.02 14.99 15.23 -33 -66 -99
10 8.45 8.86 8.45 8.35 -28 -58 91
11 13.65 14.89 14.95 15.24 -32 -65 -99
12 14.45 15.81 15.78 15.91 -40 -73 -108
13 1145 12.24 12.30 12.74 -34 -67 -101
14 13.65 14.79 14.65 14.82 . -30 -64 -98
15 14.45 15.61 15.44 15.49 -36 -70 -105
16 1145 12.65 1265 1295 -31 -64 -97
17 13.65 13.99 14.06 14.37 27 -61 -95
18 1445 15.10 15.05 15.32 -33 -66 -101
19 11.45 11.89 12.02 12.47 27 -59 -93
Total Loss (dB) .66 56 73
-3dB MEAN 12.35 12.36 12.66
-3dB STD. DEV. 40 32 12.66
-5.2dB MEAN 14.58 14.54 14.72
-5.2dB STD.DEV 45 43 46
-6dB MEAN 15.52 15.41 15.49
-6dB STD.DEV. 32 29 30
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final assembly. Future versions of the final assembly will try to correct phase errors by
printed line length adjustments. In summation, the divider appeared to meet all
requirements, and the design was incorporated in the array design.

To close out the discussion of the divider development a sample of data taken on resistors
will be given. Figure 4-8 shows two HP8510 analyzer plots on 50 ohm resistors. The left
hand Smith chart display is for the IMS chip, and the right hand Smith chart is for the
Component General chip. At 1.6 Ghz the IMS 50 ohm chip measures 27.8-j26 ohms while
the Component General chip measures 58.5-j33.3 ohms. While neither result is as good as
we would like, the IMS resistor is clearly unacceptable. At least the Component General
chip has an acceptable resistance value. It also has some undesirable capacitance. It is
planned to take this subject up in the next phase.

The entire beamformer concept, shown conceptually in Figure 4-9, has not changed
significantly from what has originally been presented. The one change is the
rearrangement of the bias circuits allowing an easier full array assembly without cross-over
microwave paths. The next sections will further discuss the Beamformer layout and give
results for Beamformer Assemblies 1 and 2. -

4.2 DESCRIPTION OF THE BEAMFORMER ASSEMBLY

A photograph of the prototype beamformer assembly is shown in Figure 4-10 and a
drawing of the assembly in Figure 4-11. The microstrip assembly is built on .031" thick Oak
601 Teflon fiberglass material. This material has a dielectric constant of 2.55.

The RF input from the transceiver is approximately in the center of the microstrip
assembly. The signal immediately goes into the 7 way divider terminated by resistors R12,
R15, R18, R22, R25 and R28. Following the divider are meandering delay sections to
equalize the phase to each phase shifter, thus preventing large frequency dispersions. The
layout of these delay sections represented one of the most difficult tasks in the design of the
beamformer. Using a sophisticated CAD system the mechanical designer has managed to
achieve an equal phase distribution without a single RF cross-over of either other RF lines
or the bias lines. This enhances performance by keeping the signals isolated. Represented
in Figure 4-11 is the first attempt at achieving the equal phase. For the first two prototypes
some adjustment of phase has proven necessary. This has been accomplished by two ways,

4-14




‘10151823 iy WY S rI2UA0) auodwio)) pue ST JO URWIOL] ARMOII Jo uosuedwo) - Indiy

HOLSIS3Y 309 TVHINID ININOJWOI HOL1SIS3H 0SS SWI
ZHD 000000006°L d01S IHO 00000005S°C d01S
ZH9 00000000£°0 14viS ZH9 000000050°0 14v1S

ww gE6 68 ww €668
sd 0°'00€ . sd 0°'00€

AV13Q WVIIH1233 AV13d 1vIOIH123I1I

NVF €0 a7 HLIM WHO 0S TIVINS ¥ G8/Z/ZL NI Z81° HIAOD (Q3IHIAOD HOLSISIH AV

Xr+Y ZHD 9L IV DEEE- US'8S Xr+Y ZHD 9'L IV UZ66'SZ- UZLLLZ A

ISHINNW 000 A ISLINNW 0°00Z 1

SLINN O'L 434 31INAO'L I3

4-15



1S 3seyd Ng-¢€ pue JIUIqUIO)/I19M0 JO UONRIUISAIAY dNRWAYPS “6-p 2101,

HIMOd 8418

0191 SHILIMS
sV oL

AA

81 €1 BUILIMHS
—.. JSYH4 O

W

184 SNILINS YIAIZISNVHL
__ 3svH4 0L _mouso1

1733
(wes

62 SuILIME

(o _asvHd ot
| e s
.v

00 SUI1L IS

ISVH4 0L

osze

€8 SIS ﬁ
SV OL

4-16



ORIGINAL PAGE
BLACK AND WHITE PHOTOGRAPH

Wil TH e

'

X,

Figure 4-10. Photograph of Prototype #1
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One way was to cut and patch lines that were too long. The other, and preferred way, was
to cover the lines appropriately with dielectric to add phase. By using these techniques we
have managed to have all phases equal within +10 degrees with all phase shifters set at 0°.

Continue tracing the signal paths. Notice that at the end of each delay section, except the
center one (reference), is an unequal 3-way divider. Initially there was concern about
achieving a reasonable unequal divider, but measured performance of the entire 19-way
divider have been quite satisfactory. Following the unequal dividers are more delay
sections to even the phase going to each phase shifter. Each shifter feeds antenna elements
comprising the three rings around the center as shown in Figure 2-1. The outer ring is
supposed to have energy down 6 db below the center element. The middle ring has energy
down 5.3 db below the center element. Again the layout achieved this distribution without
any crossovers. Careful layout of the phase shifter bias circuits helped to achieve this
geometry.

In the phase shifters, the circuit is orientated so all +$5 volt lines face one way, and all lines
going to drivers, face the driver elements which are mounted in close proximity to their
respective phase shifters. This is shown in Figure 4-2 where the +5 volt line is on top and
the lines to the driver are on the bottom. Also shown are the driver circuits. As was
previously described in Section 4.2 extra decoupling capacitors had to be added.
Therefore, the phase shifter design used in the array is based on that shown in Figure 4-3.
Directly after the phase shifters the signals exit the- beamformer board via right angle
feedthroughs to the following hybrid board. To control moding, extra grounding screws
had to be added around each feedthrough. The test results of the first two prototypes, built
as described herein, are reasonably good for an initial attempt at this complicated board.
These results are discussed in the next section.

4.3 TEST RESULTS FOR THE FIRST TWO BEAMFORMERS

Both prototype beamformers have been evaluated using the HP 8510 network analyzer for
phase, amplitude, and match. The results are discussed in this section. Considerably more
time has been spent with beamformer #2 than #1 as will be evident by the volume of data
presented. In general the performance is reasonable for an assembly in this state of
development.
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A summary of Beamformer #1's data is given in Table 4-4. Loss and phase angle are
given for each port. The reference port number is 10. Ideal loss is also given on one of the
top rows. Below the port data, is the match and loss data along with a statistical analysis of
the loss data. All this data is for the beamformer phase shifters in the 0° position. The loss
data represents the total power exiting the beamformer divided by the input power.
However, these losses cannot be used for gain calculation because they do not account for
the required power distribution needed at each antenna element. Our antenna system
engineers, though, can take the specific powers going to each antenna element, couple it
with antenna element gain, and calculate antenna gain.

The next series of tables summarizes data for beamformer #2. In this case we took data
for many azimuth and elevation positions as well as having the phase shifters all in given
phase shift positions. A computer program was developed to put this data in summary
form. A complete data package is given in Table 4-7 in Appendix B. In the appendix, the
given data includes beam position, desired loss, desired angle, measured loss and angles,
total loss, statistical studies on power, VSWR (only taken for equal phase positions), mean
delta phase shift from desired, and standard deviation on that delta angle. Somewhat more
effort was spent trimming phase on beamformer #2 than #1 with the result that the gain is
a little better. A summary of loss data for all these positions is given in Tables 4-5 and 4-6
for three frequencies. It can be seen in Table 4-5 that total loss varies up to .3 db for
various positions of beam angle. This is probably caused by internal VSWR'’s phasing in
and out within the beamformer. The situation is even more pronounced with the phase
shifters set to the same angle. Graphical representation of this loss data versus beam
position or uniform phase shift settings is shown in Figure 4-12.

Table 4-6 and Figure 4-13 gives a summary of the mean phase delta for the various
positions. Ideally the 1545 Mhz data should be just as positive as the 1660 Mhz data is
negative. The mean phase delta needs to be increased a little at the low frequency and
decreased a little at the high frequency. Trimming the reference element by adding line
length should help this. When all phase shifters are set to the same phase angle, the effect
of growth of phase with frequency in the phase shifters can be seen. With the higher phase
shift settings, the difference between low frequency and high frequency phase separates, as
would be expected, since phase is proportional to frequency. The longer the path lengths,
(needed by the higher phase shift positions), the more the low and high frequency phases
separate.
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Table 4-6. Summary of Beamformer Mean Phase Errors for Various Beamformer

Configurations
1545 MHz 1600 MHz 1660 MHz

Mean Std. Mean Std. Mean Std.

Phase Dev. Phase Dev. Phase Dev.

Error For Error For Error For

for Mean for Mean for Mean

All Phase All Phase All Phase
Beamformer Ports Error Ports Error Ports Error

Status (Deg.) (Deg.). (Deg.) (Deg.) (Deg.) (Deg.)

All Shifters -315° +8.61 +5.02 -5.89 5.36 -16.89 6.36
All Shifters -270° +11.50 5.7 -3.89 4.79 -15.39 5.69
All Shifters -225° +11.44 5.5 -4.17 3.93 -14.89 479
All Shifters -180° +6.00 453 -3.94 4.40 -12.78 4.80
All Shifters -135° -.67 4,11 -9.28 492 -14.44 %67
All Shifters -90° +2.11 4,40 -8.50 4.54 -12.67 5.05
All Shifters -45° +2.50 395 -8.61 3.83 -11.50 4,14
All Shifters 0° -2.44 32 -8.39 37 -8.17 43
AZ =315, EL=20" +4.67 6.41 -5.50 443 -13.06 6.11
AZ =270, EL=20° +5.94 7.8 -5.44 5.43 -11.61 5.34
AZ =225, EL=20° +1.83 6.3 -5.94 5.96 -12.22 6.11
AZ=180°, EL=20° -50 7.83 -6.61 6.42 -11.22 4.89
AZ1=135°, EL=20" +6.06 791 -8.94 5.44 -14.94 6.28
AZ=90°, EL=20° +3.33 5.44 -7.44 4.67 -11.06 5.76
AZ=45°, EL=20° +6.39 725 -7.94 5.61 -16.39 5.57
AZ=0*, EL=20" +7.61 7.68 -6.94 6.12 -16.33 7.93
AZ=0*, EL=30° +7.94 6.71 -6.28 4,68 -16.06 7.60
AZ=0°*, EL=40" +6.61 5.75 -6.67 4.65 -15.17 7.49
AZ=0°*, EL=50° +6.67 5.31 S.17 0 418 -14.11 6.57
AZ=0°*, EL=60" +5.33 6.66 -5.61 4.54 -12.39 6.17
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44 FEATURES

The major feature or achievement is that the design works and works pretty much as
calculated the first time it was tried in its entirety. While there are some deficiencies as
will be discussed in the next section, these are relatively minor and will easily be corrected
in the hoped for follow on work.

Basically, the feasibility of an extremely large single beamforming board has been proven
along with the concept of unequal power dividers. Also proven is that potentially low cost,
large scale surface mount techniques, will work for this phased array application.

4.5 DEFICIENCIES AND WORK TO BE DONE IN THE NEXT PHASE

There are some apparent deficiencies in the beamformer which should be corrected in
future iterations. These include the fact that the meandering delay sections do not exactly
equalize the phases. Various lengths have to be changed in an appropriate manner.
Secondly, the exact power splits on the equal 7-way divider and on the unequal 3-way
divider needs to be individually confirmed. In addition a study should be conducted to pick
the best possible microwave resistor considering both microwave performance and cost.
The phase shifters have to be optimized so that mismatch and loss problems are
eliminated. A diode study needs to be conducted to pick a reliable, high performance, and
low cost part. Finally, a new mechanical design needs to be evolved to eliminate the
numerous screws that currently provide adequate grounding and mode suppression. All
this will be planned for the next phase.
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SECTION 5§
ANTENNA BEAM ANGLE STEERING CONTROL

The angle tracking servomechanism is designed to minimize angle tracking error over a
wide number of contingencies. Basically, the fast response operations are controlled by the
angle rate sensor while the radio link corrects the rate sensor errors. Because the rate
sensor bias error changes relatively slowly, the radio link data is averaged over a 30 second
period before correcting the rate sensor. This will filter out any attitude perturbations,
shadowing or fading (multipath) effects in the radio link. Future tests will indicate whether
this time constant needs to be modified.

When the rate sensor is disconnected, the rate sensor correction is eliminated and the radio
link loop gain is automatically increased. This allows somewhat less accurate but still
adequate satellite tracking on pilot signal alone; however, it will no longer be able to follow
vehicle turns during signal outages.

The sequential lobing dither of the radio link is held to plus and minus 1.5 degrees under
normal signal strength conditions in order to have maximum intersatellite isolation. The
dither magnitude is only increased if signal level drops. This is done automatically by
sensing the strength of the pilot signal. The dither frequency is a modifiable parameter
which can be adjusted between 10 and 200 Hz.

The elevation angle of the antenna beam is controlled by searching for maximum signal
strength. Because of the wide antenna beamwidth and the generally slow variation of
satellite elevation angle, this search is done at a rate of one incremental beam shift per
second from 20° through 60° in increments of 5°. The total number of incremental
elevation beams is nine. A tenth one (90°) is available in the manual mode. The low
search rate also separates the elevation servo information from the azimuth servo to
prevent cross-coupling.

5.1 mem

A block diagram of the Antenna Steering Control is shown in Figure 5-1. Each block has a
number identifying the paragraph below which explains the block.
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1. Transceiver

The receiver portion of the transceiver amplifies the pilot signal coming from the MSAT-X
antenna. It will have a bandwidth sufficient to accommodate the AM sidebands produced
by sequential lobing. A sequential lobing at a constant rate to the right and left of
boresight produces a square wave modulation which bas a large number of sidebands. The
first sideband pair at the lobing frequency has over 81% of the total sideband power. If we
include the next sideband pair (which is at the third harmonic) we get 9% more power, and
the fifth harmonic adds 3.2% additional. The signal processor following the receiver is a
matched filter to the lobing signal such that any loss in sideband energy reflects directly as
a loss in signal-to-noise ratio. For this reason, a lobing frequency just above the multipath
interference band would allow reception of most of the sideband energy with modest
bandwidth. At a minimum, at least the first sideband pair should be accepted giving a
sequential lobing signal-to-noise ratio loss of 0.9 dB.

The receiver C/N output which is fed to the steering control servomechanism represents
either the in phase coherent component (C) of the IF signal mixed to base band by the
phase locked loop, or a noncoherent detection output (N). The C signal is present when
the phase locked loop is locked duri: 10rmal angle tracking, while the N signal is present
during acquisition. In either case, the voltage is directly proportional to the IF envelope.
The average envelope magnitude is a measure of signal strength and the amplitude
modulation is a measure of the antenna pointing error. According to the interface signal
specification, this output will be a nominal -1 volt corresponding to a -137 dBW receiver
input level. At present, there are no plans to incorporate an automatic gain control on the
received signal so that the C/N voltage will change directly with the transceiver input signal
level. : SR

The Track Mode command from the transceiver to the antenna commands the antenna
into hybrid tracking mode when low and into open loop (inertial tracking only) mode when
high. Normally, the signal is low, allowing the antenna to determine the appropriate mix of
inertial and pilot signal steering based on the received signal power history. During
acquisition the Track Mode command is high which will force the antenna into a purely
inertial tracking mode. The C/N output is N (noncoherent) during acquisition. After the
signal has been acquired and the receiver C/N output is C (coherent), the Track Mode
command will go low (hybrid tracking mode).
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A Start Acquisition command from the transceiver to the antenna is a pulse of at least
10 msec and no more than 100 msec at TTL levels. The signal is negative true. As the
name implies, the signal commands the antenna to start its azimuth scanning sequence.

2. Carrier Amplitude Low Pass Filter

The C/N channel output is a measure of the IF signal instantaneous envelope. This
envelope contains an average value which represents the carrier level and an alternating
component which is proportional to the antenna steering error. The low pass filter
removes the alternating component so that only the average carrier level remains. This
output is used to determine whether or not the steering control loop has sufficient signal
strength to permit closed loop tracking. The low pass filter time constant is 0.12 second,

which matches the half power beamwidth time on signal during the search phase of
operation.

3. Analog-to-Digital Conversion
Analog-to-digital conversion is used in three places to separate the analog and digital
processing. Much of the processing can be done either in the analog or digital domain.

The dividing line was determined by engineering judgment. The A/D converters are 10 bit
and operate on DC signals from 0 to 5 volts.

4. Threshold Circuit

The threshold circuit determines whether or not the signal level is sufficient for closed loop
tracking. This is a Modifiable Operational Parameter (M3) for testing purposes. The
threshold circuit is not activated until the Track Mode Command is low. If the C/N signal
level is above threshold level, the steering control loop is immediately closed, otherwise it
is opened. The tracking status is sent to the outside world.

5. Signal Search Delay (Open Loop Time-Out)

If the signal fades, the steering control gets no information from the receiver. Angle
tracking is then accomplished solely from the angular rate sensor. Depending upon the
quality of the angular rate sensor, the antenna can remain pointed at the satellite within a
beamwidth for a considerable time while waiting for the signal to return. Eventually,
however, the pointing accuracy degrades to such an extent that the probability of pointing
at a satellite is sufficiently small to inform the transceiver by setting the ‘Acquisition
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Complete’ interface control signal low. This search delay is a Modifiable Operational
Parameter (M4) for use during testing. '

6. Logic for Acquisition Complete (AC) Signal

The ‘Acquisition Complete’ line is low when:
1. The antenna is in the search mode, or

2. The antenna has completed the search mode (or not started the search mode)
but has found no signal exceeding the threshold level determined by Modifiable
Parameter 2, or

3. The received signal has dropped below threshold determined by Modifiable
Parameter 43 for a time period exceeding that determined by Modifiable
Parameter 4.

The ‘Acquisition Complete’ line is high when:
1.  The antenna has completed the search mode, and

2. The searched for signal is above the threshold determined by Modifiable
Parameter 2, and

3, The present signal has not been below the threshold determined by Modifiable
Parameter 3 for a period exceeding that determined by Modifiable Parameter 4.

7. Inertial Search Angle Sequence

The antenna is scanned in azimuth and elevation whenever it receives a Start Acquisition
command. The scan in azimuth is done in inertial space because the vehicle carrying the
antenna may be in motion and turning during the search phase of operation. The inertial
coordinate search is only possible if the azimuth angular rate sensor is in operation,
otherwise, the search is done in vehicle coordinates. The elevation angle search is always
done in vehicle coordinates because: (1) there is no vertical rate sensor and, (2) the
vertical beamwidth is wide enough to span most expected vertical excursions of the vehicle.

The azimuth angles are scanned at a rate of 250 degrees/second at a 30 degree elevation,
and 338 degrees/second at a 50 degree elevation. This permits the search for one pilot
signal to be accomplished in 2.5 seconds with half power time on target of 0.12 sec. When
the search is complete, the ‘Track Status’ output is set high and the maximum signal level
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measured during the search is tested for tracking adequacy. If the maximum signal level
exceeds that determined by Modifiable Parameter 2, the ‘Acquisition Complete’ output is
also set high.

8. Maximum Signal Leve] Storage

During the signal search mode described for Block 7, the signal magnitude for each angle is
measured. If the signal level is stronger than that previously measured during the search,
its magnitude along with the corresponding antenna azimuth and elevation angels is stored.
Only one storage location is necessary because the stronger signal always replaces the
weaker.

9. Signal Strength Test

After all antenna positions have been sampled for signal availability during the antenna
scan, the search is stopped and the maximum signal level stored in Block 8 is tested for
sufficiency as determined by Modifiable Operational Parameter2. If the maximum
measured signal strength is sufficient, the ‘Acquisition Complete’ output is set high. The
antenna steering control is simultaneously set at the azimuth and elevation angles through
Block 10. The antenna steering loop is now ready to start closed loop tracking when the
Track Mode signal from the transceiver is set low.

Modifiable Operational Parameter 2 (Acquisition Minimum Signal Level) is called out
separately from Parameter 3 (Open Loop/Closed Loop Threshold Signal Level) in the
addendum to Exhibit 1, Antenna System Requirements. In all likelihood, these parameters
should be the same; any acquisition minimum signal level should also be an acceptable
closed loop signal level.

10. Angle Transfer

The azimuth and elevation angles stored in Block 8 give the antenna position where the
maximum signal strength was measured during antenna scan. The low pass filter in Block 2
effectively integrates the signal return for the time the satellite is within the antenna
beamwidth. Consequently, the full signal strength is not indicated until the antenna beam
has passed the peak gain position. The low pass filter output reaches a maximum
approximately 60 milliseconds after the antenna passes the satellite line of sight due to
capacitive storage. At the 30 degree elevation search angle, the scan rate is 250 degrees
per second (see Block 7) which causes the peak output to register 15 degrees after the
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beam passes line of sight. At 50 degrees elevation, the search rate is 338 degrees per
second, which causes the peak output to register 20 degrees after the beam passes the line
of sight. These offsets are subtracted in Block 10 from the stored azimuth before being
added to the azimuth angle integrator (Block 23). The elevation angle (either 30° or 50°)
is transferred without modification.

11. Error Signal Band Pass Filter

The error signal band pass filter separates the amplitude modulation component from the
DC carrier in the C/N channel. This reduces the dynamic range requirement for the
following analog-to-digital converter. Because the AM component is driven toward 0 volts
by the angle tracking loop, the band pass filter will also amplify the signal by a factor of 50
so as to fully utilize the analog-to-digital converter capability.

12. Demodulator

The closed loop steering information is carried in the amplitude of the square wave
modulation arriving at the demodulator. By multiplying its signal with a fixed amplitude
replica of the dither signal, the square wave modulation is converted to a dc voltage
prope -~ :nal to the antenna beam pointing error. ’

13. Antenna Error Angle Low Pass Filter

The low pass filter eliminates the excess noise and multipath interference passed by the
receiver because of its wide bandwidth to accommodate the dither sidebands discussed in
Block 1. The low pass bandwidth need only be wide enough to permit the dynamic passage
of pointing errors accumulated by the angular rate sensor control. This is in the order of
fractions of a Hertz. However, since the bandwidth of the closed loop will be controlled by
other parameters, it will not be necessary to reduce the bandwidth to less than a few Hertz.
The reduced bandwidth allows the digital processor to operate at a lower sampling rate
without suffering the effects of aliasing.

14. Track Status Logic

Track status is a signal from the antenna to the transceiver. During acquisition, this signal
is set low while the antenna is scanning and is set high at the completion of the scanning
sequence. In track mode, this signal indicates the type of antenna tracking. A low TTL
level indicates hybrid tracking and a high TTL level indicates open loop tracking.
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15. Closed Loop Gain Control

The closed loop gain of the antenna steering control is determined by the sum of all the
component gains in the closed loop path. The value of K shown in the block is merely a
convenient place to modify the loop gain for the two conditions of rate aided tracking and
non-rate aided tracking. The theory and computations for the value of K are given in
Appendix C. The value of K is 2 degrees per second per volt peak-to-peak error during
normal operation. However, for one second after initial signal acquisition, the gain is
increased by a factor of 20 to assure rapid antenna positioning to the satellite.

16. Integral Contro]

Without integral control, the pilot signal can only correct a constant angular rate sensor
error by having a corresponding offset error in the pointing angle. Increasing the loop gain
K reduces the offset error, but increases jitter from the noise accompanying the error
signal. In addition, if the signal fades,the antenna beam will move away from the satellite
at a rate proportional to the uncorrected angular rate sensor error.

The purpose of the integral control is to reduce the constant or slowly varying angular
offset error of the angular rate sensor to zero when the pilot signal is present. The output
of the integrator is then equal but opposite to the angular sensor error. If the signal fades,

the integrator holds its output at its last value, removing the angular rate sensor error
during open loop tracking.

17. Integral Control Delay

When the pilot signal exceeds the threshold as determined by Block 4, the direct control
loop through Block 15 is closed immediately, but the loop through the Integral Control
Block 16 is delayed. This is because prior to detecting the signal, the antenna will probably
have an offset, either due to antenna angle wander when under open loop control, or due
to the initial error in measuring the azimuth beam angle during search. It is necessary for
the direct control to remove these initial errors before the integral control is closed to
remove steady state errors. The delay is presently set for one second. The delay is used
only when inserting integral control: there is no delay when the integrator input is opened.
The integrator input is always open if there is no Angular Rate Sensor.
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18. Angular Rate Sensor

The angular rate sensor produces a DC voltage proportional to the antenna azimuth
rotation rate in vehicle coordinates. This signal is the major input to the antenna control in
that it enables removal of most of a beam pointing error caused by vehicle turns. The
primary task of the closed loop pilot signal channel is to correct for the errors in the
angular rate sensor.

19. Angular Rate Low Pass Filter

The purpose of the low pass filter is to ensure that there are no extraneous high frequency
noise voltages to cause aliasing effects on the output of the analog-to-digital converter.

20. Clock Frequency Generator

The clock determin=s the antenna lobing dither rate. The theory of closed loop operation
is independent of lobe frequency as long as the frequency is above the response function of
the servomechanism. It follows then that the dither frequency could be continuously
variable or random. In general, the dither waveform would be ideally selected for
maximum immunity to signal fades. The optimization of dither waveform will have to
await the results of field tests under actual operating conditions. For the present, the
dither rate is controlled by the Modifiable Operational Parameter 5 which is adjustable
from 10 Hz to 200 Hz.

21. Integral Control Gain

The integral control gain G determines the averaging time over which the angular rate
sensor drift error is determined. It is only effective after the pilot signal search phase has
been completed and all the transients have died out. The theory and computation for the
value of G are given in Appendix C. The value of G is (1/15) deg/sec/sec per volt peak to
peak.

The dither magnitude is controlled automatically by the signal amplitude. The dither
magnitude has a direct influence on the closed loop servomechanism gain, error channel
signal to noise ratio and second satellite signal rejection. In general, it is desired that the
dither be kept to a minimum to reject the second satellite signal; however, it is necessary
that the dither be sufficient to prevent angle track loss. Obviously then, the dither can only



be a minimum at high signal-to-noise ratio and must be increased as the signal level
decreases. This also keeps the angle tracking loop gain constant which is a desirable
feature.

23. Azimuth Angle Integrator
The azimuth angle integrator takes the sum of all input digits and when the output reaches
3 degrees, increments the azimuth angle by this amount. The initial starting angle is the

largest signal amplitude location determined during the antenna scan mode. The azimuth
angle is also an output at test point 1.

24. Elevation Algorithm

It was originally envisioned that elevation track would be accomplished by testing the signal
level periodically at 30 and 50 degrees and staying predominantly at the angle of greatest
signal strength. Further analysis indicated that the signal level could drop as much as 5 dB
when moving from a favorable to an unfavorable elevation angle. For this reason, it was
decided to move the elevation angle in smaller steps. The step size is small enough such
that the maximum antenna gain loss is less than 1 dB.

The elevation tracking loop utilizes the signal strength channel rather than the tracking
error channel. This separates the elevation tracking loop from the azimuth tracking loop.
The elevation angels are incremented in steps toward the strongest signal return. The
period between steps is on the order of one second.

Elevation control is initiated immediately after acquisition is complete and the transceiver

interface track mode signal indicates "Normal Tracking". The search algorithm operates as
follows:

1. Move the beam one resolution angle ug if the acquisition was accomplished on

the lower search beam, one down if the acquisition was accomplished on the
upper beam.

2. Determine the pilot signal strength averaged over one second in the new beam
position.

3. If the signal strength is larger than that measured in the previous position. move
an additional resolution angle step in the same direction; otherwise, move back
one resolution step. If the limits of elevation have been reached such that there

is no further resolution angle step in the same direction, move to the previous
angle step.
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4. Go to instruction 2.

25. Pointing Processor
The pointing processor converts the azimuth and elevation angles into the 18 equivalent
phase shifts which feed the radiating elements.

26. Phase Shifters

The phase shifters are located in the RF lines leading to the antenna eleﬁenm.

5.2 POINTING ELECTRONICS

The pointing electronics hardware provides the requisite analog and digital circuitry
needed to implement the pointing subsystem algorithm. It also provides an interface with
the transceiver, rate sensor, antenna, user, and test equipment. To provide these features,
the electronics is divided and placed at two different locales, namely the electronics box
and the antenna. All the circuits associated with power conditioning, input signal
processing, and test interfacing is housed in the electronics box. The shift registers, which
drive the phase shifters, are part of the beamformer assembly - a board constituting the
fifth layer of the antenna. A frontal view of the electronics box is shown in Figure 5-2 with
the main circuit boards comprising the box depicted in Figure 5-3. The reader is referred
to Figure 4-10 of Section 4 of this report for a view of that portion of the electronics located
on the beamformer board.

521 Hardware Description

It is altogether fitting to begin a discussion of the electronics hardware by referring to a
block diagram/cable interconnect of the overall system as shown in Figure 5-4. Four major
blocks are shown, namely an electronics assembly (box), the beamformer, an antenna
subassembly, and a receiver test set. The latter item is for system test purposes only and
would be replaced with a transceiver in an actual commercial installation. The two former
items are the subject of discussion in this Section with the majority of the pointing/control
electronics located in the electronics box. The advantages of have a separate electronic
box are as follows:

. It gives a chance to move the electronics away from harsh "open air" conditions.

«  The concentration of many low reliability, low cost components in one assembly
makes it possible to become a "throw away" item.
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. It does not affect the size of the antenna, and

. It is easy to maintain.
522 Ir iver In

A block diagram of the transceiver interface is shown in Figure 5-5. It also serves as a
signal flow description. The hardware supports two different modes of operation. With the
first mode, only the radio links signal serves as an input to the antenna’s steering servo-
loop. In the second mode, the radio link signal is inputted along with the vehicle’s turn rate
as measured by the angular rate sensor. Either of these modes is selected via the
"ANGULAR RATE SENSOR" switch on the front panel (see Figure 5-2). The operation
of this interface circuitry is as follows:

. The transceiver output signal is band-limited and is shifted in level thereby
adapting it to the microcontroller’s A/D converter.

. The aforementioned input signals are conditioned in bandwidth and level by
active filters prior to being inFutted at the A/D converter, the latter being part
of an intel 8097 microcontroller loop. One filter (bandpass) has a gain of 26
and a 3dB passband from 10Hz to 400Hz. The other filter is a low pass design
with a gain of 5 and a low frequency corner of 1.3Hz.

«  Two discrete inputs and two discrete outputs form a handshake mode of

_o[%eration by which the transceiver directs the operation of the pointing system.

e "START ACQUISITION" Yulse is buffered and accepted by the High

Speed Input of the microcontroller which then measures the direction of this

ulse, making sure it lasts 10 milliseconds, minimum. The "TRACKING
ODE" input is buffered and read by the microcontroller’s PORT 1.

. Discrete output signals, "TRACKING STATUS" and "ACQUISITION
COMPLETE", are entered in parallel at DATA BUS and stored in U16 (see
- Appendix D, Dwg. No. 1056C0(§)2) transparent latch.

5.2.3 User Interface

Two modes of operation are available - "MANUAL" and "AUTO". In the "AUTO" mode,
the pointing system exercises search or tracking algorithms which can be altered by four
modifiable parameters. These parameters are controlled by a set of thumbwheel switches.
In the "MANUAL" mode, the right half of the thumbwheel switch set is used to control or
steer the antenna’s beam to a desired position in azimuth and elevation.

The modifiable sets of parameters are entered into the system by depressing the "LOAD'
pushbutton. This event also initiates the sequence which allows these parameters to be
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recorded by the user’s test equipment. Figures 5-6 and 5-7 describes this interface which is
supported by the "HS INPUT" and "HS OUTPUT handshake pair of discrete signals.

5.2.3.1 Dither, Search, an

Regarding the modifiable parameters mentioned above, each one is preset by two digits.
For the search and track signal threshold, they represent a percentage of one volt (e.g. "99"
=> .99 volt). The open loop delay is in seconds (e.g. "20" => 20 seconds). The dither
frequency is in multiples of 10 Hertz (e.g. "20" => 200 Hz, "04" => 40 Hz), and is limited
by the software to range from 10 Hz to 200 Hz. :

5232 Elevation and Azimuth

Four thumbwheel switches located at the right, center (see Figure 5-2) of the front panel
are used for steering the antenna to a desired location when the system is in the
"MANUAL" mode. "AZIMUTH" is represented by three switches wWhereas
"ELEVATION" is set by one digit and is not direct reading, but is coded as shown in Table
5-1. The mean antenna position is displayed using the set of LEDS above the thumbwheel
switches (see Figure 5-2). A circuit synopsis of the events that occur at a particular
thumbwheel setting are as follows: '

. At "POWER ON", the thumbwheel switch S1 reset setting is latched into
Parallel In/Serial Out Shift Registers (U1, U2, U3, and U4), read through the
microcontroller’s Serial Bus, and stored in memory for future use.

« In the "MANUAL" mode, S1 is read by depressing the "LOAD" pushbutton.
The antenna is steered to a desired position according to the setting of S1.

. "ARS" switch (SW2) distinguishes between the operation with and without the
angular rate sensor.

. The "MALFUNCTION" LED (DSS) indicates the discovery of errors in the
wrap-around" self test (the first bit in the 144 bit word is remembered and
checked, thence updating the position of the antenna), or during the A/D self
test, when a set voltage is read at ACHO.
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Table 5-1. LED Reading versus Elevation Angle

LED Elevation Angle
Digital Reading (Degrees above Horizon)
0 20
1 25
2 30
3 35
4 40
S 45
6 S0
7 S5
8 60
9 90 .
524 Antenna Interface

Control of the phase shifters in the antenna’s beamforming network is by commands from

the electronics box transmitted to the antenna via a 15 conductor cable. This operation is
as follows:

. One 144 bit serial word is sent to the Antenna Phase Shift Latches every time

the portion of the antenna is updated. The microcontroller’s serial bus is used

for this function and requires minimum software control. The shift clock for
this operation will be set at 500 KHz.

. Bus Driver U17 is used to drive the control cable. This IC is also used as a bi-
directional buffer to allow the microcontroller’s serial bus to be shared between
sending the data into the antenna and reading the thumbwheel switch as
described above.

525 Power Supply

The power supply has been altered, during the system development, to accommodate
changing requirements. At this time, it doesn’t represent the best possible approach. The
performance is acceptable, however, for the broadboard level of the development phase.
Another scheme, recently developed and tested by TRE, will be recommended for follow-
on phases.
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As configured, the power supply consists of two-states: 1) a bucking regulator which
supplies a high current, § volt output for biasing the beamformer diodes; and 2) a DC-DC
converter used as a source to derive all the other voltages used by the MSAT-X antenna
system. Table 5-2 lists these voltages in the form of output versus input voltage. This same
table also shows the efficiency of the power supply.

Table 5-2 Output versus Input Voltage
(Efficiency at Vg = 12V is 68%)

Output Voltages
Input 5V bias 5V SV SP +15V -15v +28V
Voltage (3A) (.9A) (.08A) (.06A) (.02A) (.03A)
12V 5.27 4.98 4.80 14.44 -14.65 26.83
8V 5.17 4.75 4.82 14.72 -14.84 27.89
18V 5.35 4.91 4.51 14.62 -14.67 27.10

Reference is made to Appendix D for a comprehensive set of drawings of the electronics
box hardware. These drawings, in addition to being of general interest to the readers of
this Report, are included to serve as a guide during the installation and maintenance of this
system. In the case of inconsistencies between the electrical and mechanical sets of
drawings, the electrical schematics should be regarded as more accurate. Table 5-3 lists the
drawings, along with a synoptic description of the subject matter, included in the
aforementioned Appendix. '

5.3 POINTING SOFTWARE

The software for MSAT-X has been designed, coded, and tested. The code is written in
8096 assembly language and was developed on an IBM compatible personal computer.
The code and the system was debugged and integrated using an Intel VLSICE-96P (in circuit
emulator). The program is stored in 16 kilobytes of ROM, most of which is used to contain
the phased array position tables. The code is modular and well commented including
procedure headers and flowcharts of all of the main subroutines. Each of the main
routines is summarized below and a processor I/O diagram is shown in Figure 5-8 to
enhance the descriptions.
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Table S-3. List of Electronics Box Drawings and Context Matter

Item Drawing No. Description

L. 1056A0001 Electronics Box Assembly

2. 1056 A0002 Electronics Box Schematic Diagram

3. 1056B0005 Cable interface of Electronics Box with antenna and test receiver.

Refer to Drawing 1056B002S for details of W4 cable. Refer to
Drawing 1056A0132 for details of W3 cable.

4. 1056C0141, Components location on wirewrap and two terminal boards...
1056C0151, which are part of the electronics box.
1056C0161

531 MSAT-X Software Procedure Descriptions

MSATX-EXEC:

This is a real time loop which monitors the Start Acquisition (SA) input (shown in Figure
5.8) and the external interrupt input. Once a SA pulse is detected, the procedure
POSITION-SCAN is called to search for the antenna’s position. On returning from the
POSITION-SCAN procedure, if the Acquisition Completed (AC) condition is met, then a
second loop is entered for tracking. The tracking loop is discussed below. A detailed
flowchart is given in Figure 5-9, sheets 1 and 2.

POSITION_SCAN:

This procedure scans 120 positions of azimuth and two elevations (30 and SO degrees). At
each position an average signal strength reading is taken. The maximum signal strength
reading will be stored and if above a given threshold, the antenna position is set. A
subroutine "SET-POSITION" is called to shift out the correct position pattern for the
scanned azimuth and elevation. Due to filtering in the hardware, the actual antenna
azimuth will lag the azimuth found by the scan. For this reason an offset of either 15 or 20
degrees (depending on the elevation) will be subtracted from the scanned azimuth. The
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two interface lines (AC, TS) will be set or cleared depending on acquisition. These
interface lines are shown in Figure 5-8. The POSITION-SCAN procedure takes 2.5
seconds to execute. A detailed flowchart of POSITION-SCAN is given in Figure 5-10.

TRACK:

TRACK is another real time loop of the executive (control loop) which constantly monitors
the processor timer for preset time intervals. If a time interval has elapsed, the proper
procedure is called, otherwise the loop continually cycles. The interrupting procedures are
TRACK-DITHER, AZ-Update, Sample, Hybrid-Loop, and Elev-Dither. A detailed
flowchart of TRACK is given in Figure 5-9, Sheet 2 of 2. This cycle will track the signal
(found during the position scan) over 120 positions in azimuth and in 9 elevations. This
cycle takes 1.8 milliseconds at worst case before repeating. The azimuths start at 0 degrees
and increase to 357 degrees in increments of 3 degrees. The elevations begin at 20 degrees
and range to 60 degrees in increments of 5 degrees. Descriptions and flowcharts of each of
the interrupting procedures are given below.

TRACK-DITHER:

Low pass filtering (quantization) and dithering is accomplished in this procedure. The
procedure takes one last sample, loads the current antenna position, then shifts out the
next position. This sequence ensures that the samples will be taken when they are most
valid. The frequency of this procedure is determined by modifiable parameter five. Each
time it is called, a new position is calculated and set by adding the dither magnitude to the
current average position. All of the samples of the pointing error that were collected at the
current antenna position are summed and the dither count is incremented. It is this
averaged sum that is used to compute the increment of azimuth due to pointing error. The
TRACK-DITHER routine take 1.3 milliseconds to execute at worst case. A detailed
flowchart is given in Figure 5-11.

AZ UPDATE:

This procedure is called every 50 milliseconds and updates the current azimuth position
because of changes from the rate sensor and the pointing error signal. The antenna
position azimuth is stored by the processor as a 16 bit BAM (Binary Angular
Measurement). The calculation of the BAM increment is done in this procedure and
includes system gain (K) and the ARS DC offset, if any. The increment is also limited
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within 4 degrees to avoid losing track due to glitches. The 4 degrees will still allow a turn
rate of 75 degrees/second since this increment is done every 1/20 of a second. The signal
magnitude is also sampled at this time and then averaged later. The AZ-UPDATE
procedure takes 285 microseconds to execute at worst case. A detailed flowchart is given in
Figure 5-12, Sheets 1 and 2.

HYBRID_LOOP:

This procedure is called every 100 milliseconds and tests the TM (Track Mode) input for
OPEN or CLOSED loop tracking. If the transceiver selects open loop tracking, a delay is
implemented before the track mode exits. If closed loop tracking is selected, the filter and
dither routine will begin executing. The software flag IC (Integral Control) is tested in this
routine; IC is also tested during the first second of the "TRACK" mode if a wait condition is
entered. After 1 second, IC is set to go and the ARS DC biasing begins. The HYBRID-
LOOP procedure takes 30 microseconds to execute. A detailed flowchart is given in Figure
5-13, Sheets 1 and 2.

ELEV_DITHER:

Elevations from 20 degrees above the horizon to 60 degrees are scanned for the greatest
signal strength. This procedure will cause the antenna to dither about this elevation and
the two adjacent elevations. The signal magnitude used is an averaged value which was
sampled in the AZ-UPDATE routine. This procedure takes S5 microseconds to execute.
A detailed flowchart is given in Figure 5-14.

EXT-INTR:

This procedure is called when the "LOAD" push button is pressed. If the system is in the
automatic mode then the current modifiable parameters are sent out over the parallel port.
If it is in the manual mode, the current azimuth on the thumbwheel switches is sent to the
antenna. A detailed flowchart is given in Figure 5-15.

SAMPLE:

This routine reads the pointing error signal via an analog-to-digital converter. The sample
is summed and then averaged at a later time. The sample routine is called at a rate of 2000
Hz and takes 65 microseconds. A detailed flowchart is given in Figure 5-16.
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SECTION 6
MSAT-X MECHANICAL DESIGN

6.1 GENERAIL DESCRIPTION

Mechanically, the MSAT-X breadboard development antenna is a very thin multi-layer
wafer just 0.75 inch thick by 22 inches in diameter... exclusive of the R.F. and power
connector which exit from the bottom of the unit. Its overall weight is approximately 15
pounds. The antenna, shown in Figure 6-1, is an assembly of etched circuit boards joined
together with screws to allow disassembly for tuning adjustments. The majority of these
screws also serve the additional purpose of forming the walls of the 19 cavities.

The antenna also contains a supporting aluminum plate for the beamformer. This plate
provides the threaded holes for the screws, stiffness to support the beamformer.printed
circuit board, and provisions for the attachment of coaxial connectors used for testing prior
to the final assembly. Stripline and microstripline boards comprising the antenna are:
crossed-slots, feeders, hybrid couplers, and phase shifters. A bottom cover completes the
assembly. These boards and how they make up the composite antenna are depicted in
Figure 6-2. Figure 6-3 shows how a typical system might mount in a vehicle.

6.2 MECHANICAL DESIGN

It is worthwhile to include a brief description of the various boards that comprise the
antenna. The exact circuit detail of these boards is described elsewhere in this report. All
the circuit boards described herein are DI-CLAD woven PTFE (teflon) microwave
composite laminates of the 522 series by Keene Corporation of Bear, Delaware. This
material is quite stable, has a low loss tangent, a dielectric constant of approximately 25 a
thermal expansion coefficient of 10-12 ppm/*C (in the x-y direction), and is supplied with
one ounce copper on both sides. Its major disadvantage is cost which is discussed later in
this report. |

A brief description of the printed circuit boards that comprise the antenna is given in the
following paragraphs. One is encouraged to refer to Sections 2, 3, and 4 of this report for
photographs and/or drawings of each of the p-c boards or assemblies described below.
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6.2.1 Beamformer

The beamformer consists of an etched .031" thick teflon p-c board bonded to a sheet of
125" thick aluminum for stiffness. Originally, the stiffener plate was planned to be .1235
plated teflon but the integrity of threaded holes in this material was unsatisfactory, hence
this approach was rejected.

The parts count for this board numbers 1033 coils, diodes, capacitors, integrated circuits,
and transistors. All components‘are surface mounted using SN 63 solder except in the case
of the diodes which are affixed with Indalloy #2 solder.‘ Basically, the circuit board is
comprised of 18, 3-bit phase shifters, 6 3-way, and 1 7-way power divider. Each phase
shifter consists of three loops interconnected with PIN diodes and chip capacitors. DC
connections are made using choke coils and capacitors to the surface mounted 14 pin DIPS.
These parts are mounted by spreading and cutting the leads to solder flat on the
microstripline board.

6.2.2 Cover

The next layer up from the bottom of the antenna stack is a .031" teflon cover. It has slots
cut in it to recess the SO ohm chip resistors serving on terminations for the hybrids. Holes
in the board accommodate the pins linking the output of the beamformer phase shifters to
the hybrids. The sole function of this board is to serve as a ground plane cover for the
stripline hybrids.

6.2.3 Hybrid Layer

The hybrid p-c board is of .031" teflon material and serves as the polarization designator
(RHCP in this case) for the antenna along with its other major function of feeding the feed
circuits. Nineteen hybrids and load resistors make up this board.

6.2.4 Feeders

This board is of .090" and .125" teflon material for the first and second breadboard units
respectively. The feeders are tied to the hybrid layer via plated through holes and pins.
They are grounded to the antenna’s ground plane by plated through holes.
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6.2.5 Radiator Layver

The antenna consists of slots etched in the innermost metal layer and isolated from each
other by means of plated through holes spaced approximately .4" apart. This layer forms
the top half of the cavities and in .090" and .125" thick teflon respectively in units #1 and
#2.

6.2.6 Radome

Originally, it was intended to have a radome comprised of .005" PTFE bonded to the top of
the radiator layer, hence covering the slots and providing protection against the
environment. However, this did not materialize with these models since they were bolted
together. Instead, a radome was painted on using a white, translucent radome paint .002
thick. It seals the top of the antenna nicely and has losses of less than .2 dB at 1600 MHz.

6.2.7 Back Cover

The back cover serves as an EMI and environmental shield. The unit is bolted to the
beamformer baseplate leaving an air gap of .200" between it and the circuit board. This
provides adequate clearance for the components and is factored into the design of the
microstripline circuitry of the board. The present cover is anodized aluminum. However,
future covers could be made of thin film deposited metal, high impact plastic to conserve
weight and cost, yet perform its electrical and environmental protection functions
adequately.

6.2.8 Connectors
6.2.8.1 ~ RE

The design of the RF connector/launcher proved inadequate on the first deliverable unit
and subsequently needed strengthening to prevent mechanical breakage of the solder bond
between the center conductor of the connector and the beamformer board. For the
purpose of the development module, the aforementioned connector is really a short piece
of RG-141/U semi-rigid coax soldered to a collar and having an OSM connector on one
end. An additional supporting collar had to be machined to secure this assembly and
prevent damage to it. The unit is now very sturdy.
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6.2.8.2

Power And Signal

A 15 pin TRW "D" type subminiature connector brings the power and signal circuits to the
antenna from the electronics box. The connector is securely mounted to a bracket affixed
to the back cover with screws and nut plates. A bead of silicone RTV serves as a seal
where the wires pass through the cover. The entire assembly in quite sturdy.

6.3

EABRICATION

Fabrication of the antenna/beamformer array was done as follows. This will also give
same insight into the repair of the unit if the need arises. Refer to Figure 6-4.

1.
2.

Detail boards will be etched and holes drilled and plated through.

The beamformer board and the stiffness plate will be bonded together using
silver-loaded epoxy.

The hybrid, feeders, antenna, and cover board will be etched and 620 .094"
diameter holes drilled and plated through. Additional holes (per unit) will be
drilled and processed (again per print) as required per board.

The hybrid and feeder board will be pinned and soldered together. per
engineering direction.

Nineteen, SO ohm chip resistors will be attached to the hybrid board per print.
Slots will be cut in the cover sheet to recess the resistors. Pins will be soldered
to the input pads of the nineteen hybrids.

The crossed-slot, feeder, and hybrid boards are combined with threaded
fasteners for testing. The phase shifter board needs the cover along with an
aluminum plate for testing.

After testing, the aluminum assembly plate for the antenna will be removed and
all four boards will be keyed together along with the beamformer. They will be
bolted together using 620 brass 2x 56 binder head machine screws of the
appropriate length. Each screw is tightened to 1.7 in-oz of torque.

Teflon spacers are inserted over each pin and in the holes leading from the
phase shifter outputs to the hybrid board. A strap is attached from the output
of each phase shifter to the appropriate pin to each hybrid.

Atgach the shield or envirorimental cover. At the conclusion of testing, seal and
paint.

Many of the features that are needed for a development unit are not needed in a
production unit. Other ways of providing the same functional performance without the
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numerous screws that now hold the antenna together or the aluminum plates must be

designed.
6.4 MECHANICAL TECHNIOUES ASSOCIATED WITH MSAT-X
6.4.1 Bonding

The time required to optimize the antenna element design did not leave time to develop
tools and processes to bond the assembly or test the individual boards before bonding.
Since this antenna represents stripline and microstripline boards much larger than the
average microwave circuitry, the problems of differentiated expansion, and restraining
parts during high temperature bonding procedures are magnified. Add to this, the
requirement to make connections between boards without penetrating the antenna element
cavities and the problems become very apparent.

The two breadboard antennas delivered under contract were bolted together because TRE
could not successfully bond the four layers together in the exercise of this phase of the
program. More testing and study needs to be carried out in this area to determine the
correct temperatures, pressure, and adhesives required for the job. Bond tests were
conducted on specimen boards of the size used in these antennas; however, the results were
not satisfactory. Cooling differentials within the layers caused a buckling of the copper and
a shearing of some of the plated-through barrels, most noticeably at the interface between
layers where the lip would tear away from the body or central shaft. Also noticed was
bowing of the bonded specimen after it was removed from the autoclave.

6.4.2 Connectors

Another mechanically weak spot in the antenna is how the R.F. connector launches onto
the beamformer board. Presently, a piece of RG-141/U semi-rigid coax is affixed to a
mechanical collar (for mechanical support), its center conductor bent at right angles, and
the whole assembly soldered to the input of the microstripline 7-way power divider. This
serves as the input port of the beamformer circuit. Where the connector is soldered to the
board also constitutes a small area which is vulnerable to cracking and breakage.

When it was discovered this was a problem, steps were taken to alleviate it by "beefing-up"
the mechanical support anchoring the coaxial input line in place. This was done by
machining a special pyramidal shaped collar that clamps around the connector where it
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egresses from the cover. A three-point bolt arrangement at the base of the collar
(attaching it to the cover) further stabilizes this connector. '

A glance at Figure 6-1 shows that the R. F. and power connectors exit the antenna from the
bottom. It is desired of future models to have these connectors exit the antenna at the
edge. This would make a true low profile antenna approximately .75" thick overall. The
present models are indeed of this thickness, but this is exclusive of the connectors.

6.4.3 Plating

The boards on these antennas are tin plated, in the interest of economy. Unfortunately, tin
plating tends to oxidize badly. Additionally, the complex circuitry of the beamformer board
meant that its plating had to be of the "electro-less” type. This had the tendency to make
the plating on that particular board non-uniform and very thin. Future models must have a
different type of plating; something more stable (like gold, perhaps), yet easily soldered.

6.4.4 Soldering Technigues

Initially, all the components of the beamformer board were soldered in place using SN63
solder with a temperature controlled soldering iron at 600° F. Later, some diode failures
were noted. Reliability analysis plus discussions with the supplier of the diodes unearthed
the fact that the die/frit interface of these PIN diodes would rapidly deteriorate at
temperatures above 300°C since the gold would migrate into the solder leaving this
interface brittle. For these antennas, the problem was solved by using Indalloy #2 (melting
point, 150°C) solder and a low temperature, variac-controlled soldering iron. Future units

should employ vapor-phase soldering techniques or something similar to avoid these
problems.

6.4.5 Intra-Antenna Interconpects

Launching from the beamformer to the hybrid board is now done with pins and straps. The
heads of the pins are soldered to the stripline circuitry of the hybrid board, a delicate
process that can lead to lifted pads if one is not careful. Also, great care must be exercised
to center the pins. Following this action, the stripline cover is bolted in place, teflon inserts
placed over the pins in the holes, and the straps formed and soldered to the top of the pins.
Obviously, this can present quite an alignment problem with risk of damage to the circuit
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boards if care is not exercised More work is required in this area to simplify this process

and improve its reliability.

6.4.6 Sealing

As presently configured, the bottom cover of the antenna (over the beamformer) is held in
place with over 60 steel studs that screw into the aluminum support plate of the
beamformer. Spacers are screwed over the studs to maintain proper clearance (.20")
between the inner surface of the cover and the beamformer board. The studs are held
tightly in place by "torque-seal”. The cover is installed and tightened down at 1.7 in-oz. of
torque per stud. There is nothing wrong with this procedure, however, sometimes when the
cover is removed, an occasional stud may come off with the cover. A better arrangement
will be devised on future models to affix the cover.

6.5 CONCLUSION | i

The MSAT-X antenna represents a major advancement in the size and complexity of
combining digital and high frequency circuitry into a thin integrated package. The bolts
and aluminum threaded plate add to the complexity, but are adequate and do allow
development testing. Improvements can be made. The relatively expensive cover and
spacers can be injection molded in one piece, for instance, and metallized. The phase
shifter board can be held to a stiffener tool with vacuum during parts installation and
testing. Methods of mass producing very reliable solder connections must be considered,
such as vapor deposition. Surface mount robotics would improve the cost of fabrication.
Low temperature and pressure bonding materials must be developed. These are tasks that
will be addressed in later versions of this product.
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SECTION 7
MSAT-X PRODUCTION ANTENNA COST ANALYSIS

This section summarizes the material/labor cost breakdown for yearly production
quantities of 1000, 5000, and 10,000 MSAT-X phased array vehicle antennas over a five
year period beginning in 1990. Additionally, a one-time production quantity of 11 units is
also priced. Manufacturer’s selling price, wholesale price and retail price. The data
presented herein presents TRE'S realistic progression to reach the customer’s
manufacturers’ cost goal of $1500 or less per unit in yearly lots of 10,000. TRE is taking the
approach that this goal can be met with such labor cost reducing methods as automation
(robotics) and perhaps off-shore manufacturing facilities.

Table 7-1 shows a summary of the cost analysis. Note that the estimated manufacturer’s
unit cost is $1363 for 10,000 units per year for S years, using a dedicated offsite operation.
The confidence level (under our assumptions) of this estimated cost of $1363 is within 5%.
Therefore, the ultimate cost goal of $1500 or less has been met. For a local plant (inside
the U.S.A.), however, the unit cost is $1848 which is higher than the targeted value of
$1500.

Table 7-1. Cost Analysis Summary

Quantity - Manufacturer’s Manufacturer’s Wholesale Retail
per year Cost ($) Selling Price (§) Price (§) Price (§)
10,000 (A)* 1363 1800 2215 2770
10,000 (B)** 1848 2595 3195 3995
5000 2060 2890 3560 4450
1000 2589 3635 4480 5595
11 4461 6260 7710 9640

+  Antennas manufactured at a TRE dedicated offsite operation (commercial
profit center outside the U.S.A.).

s*  Antenna manufactured at a facility within the confines of the U.S.A.
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The high cost driver items have been identified and are summarized in Table 7-2. It is
noted that the most costly item is the dielectric circuit board material, which uses the teflon
fiberglass to minimize RF circuit losses. By using lower cost circuit board material,
reducing the overhead cost, and improving the manufacturing technique, the targeted unit
cost of $1500 will be met for the local plant (inside the USA).

Table 7-2. High Cost Driver Items for 10,000 Units per Year

Items Cost Percent of Total Parts Cost
Dielectric Circuit Boards $293 25.7%
Phase Shifters $259 22.7%
Electronics $250 21.9%
Angular Rate Sensor $180 15.8%
7.1 COST ANALYSIS

The method used for the cost analysis is to break the unit cost into six distinct groups as
suggested by Jet Propulsion Laboratory (JPL). These groups are:

Material and Parts
Assembly/Labor
Manufacturer’s Cost
Manufacturer’s Selling Price
Wholesale Price

Retail (User’s) Price

Each of the six groups will be discussed in the following subsections.

7.1.1

Material and Parts

A parts list has been generated for each antenna system. Based on the parts list; total

material cost has been determined for different quantities of production units per year.
Results are summarized below:
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N f Uni Material Cost

11 $1806
1000 $1290
5000 $1084

10,000 (A) $1018
10,000 (B) $1018

Based on the above results, the material cost is still somewhat high. Therefore, different
types of material should be explored to reduce the cost. In addition, the design concept
should be re-evaluated to reduce the required material. Note that the total material cost
includes the rate sensor. The total material cost for the phased array antenna is only $838
for the case of 10,000 units per year. Therefore, the cost of the rate sensor is a significant
factor.

7.1.2 ~ Assembly/Labor

The assembly/labor required to build the antenna system was analyzed.

Number of Units Assembly/Labor
1 $991
1000 $469
5000 - $348
10,000 (A) $122
10,000 (B) $292

Based on the above cost, it was concluded that the assembly/labor is not a cost driving
item.

7.1.3 Manufacturer’s Cost (MC)

The manufacturer’s cost is defined as follows:
MC = Material and Parts + Assembly/Labor + Overhead

For the MSAT-X production antennas, this illustrated as follows.
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Number of Units Materia] Cost

11 $4461
1000 $2589
5000 $2060

10,000 (A) $1363

10,000 (B) $1848

Note that the estimated manufacturer’s unit cost is $1363 for TRE's offsite operation for
10,000 units per year for five years. The estimated value of $1363 is lower than the
targeted unit cost value of $1500. For the local plant (inside the U.S.A.), however, the
estimated unit cost is $1848 which is higher than the targeted unit price. The major cost
difference between the offsite and local plan facilities is the assembly/labor and the
overhead cost.

7.14 Manufacturer’s Selling Price (MSP)

The manufacturer’s selling price is defined as:

MSP = MC + Gross Profit

The estimated MSP is summarized below:

Number of Units Materal Cost
11 $6260
1000 $3635
5000 $2890
10,000 (A) $2595
10,000 (B) $1800

7.15 Wholesale Price and Retail Price

Based on a limited survey of current cellular communications hardware, the cost of

distribution and retailing represent as markup of the manufacturer’s selling price of roughly
54% as follows:

Manufacturer’s Selling Price - $MSP
Distribution Selling Price (DSP) - 111% x MSP



Wholesaler Selling Price (WSP) - 111% x DSP
Retailer’s Selling Price (RSP) - 125% x WSP

This chain results in the Retailer’s Selling Price equaling 154% x the Manufacturer’s
Selling Price. It may be possible to reduce one of the distribution levels and thereby
reduce the price the customer ultimately has to pay.

The results are given below:

Num! ¢ Uni Wholesale Pri Retail Price
11 $7710 $9640
1000 $4480 $5595
5000 $3560 $4450
10,000 (A) $3195 $3995
10,000 (B) $2215 $2770
72 RESULTS

In order to provide an overall picture about the cost of a complete antenna system, all
component costs are summarized together in Tables 7-3, 7-4, 7-5, 7-6, and 7-7 for
production units of 11, 1000, 5000, and 10,000 per year, over 2 S-year period. The high cost
items are the teflon/fiberglass circuit board material, phase shifters, electronics circuits and
angular rate sensor. In addition, the overhead cost is also very significant. Using the offsite
operation, TRE’s estimated manufacturer’s unit cost is $1363 which meets the ultimate
goal of $1500. The error in cost estimate is about 5%.

It should be noted that the manufacturer’s unit cost comes down drastically from the first
11 units (34461) to the 10,000 units per year which is $1363.

7.3 CONCLUSIONS AND RECOMMENDATIONS

In view of the cost analysis results, TRE concludes that the $1500 manufacturer’s unit cost
goal can be met with the offsite operation. The estimated unit cost is $1363. For the local
plant (inside the U.S.A.), the unit cost goal could be met by using lower cost circuit board
material, reducing overhead cost and improving the manufacturing technology. at the
present time, the estimated unit cost is $1848. TRE is committed to the MSAT-X program
and will continue to investigate the methods of achieving lower cost for future MSAT-X
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Table 7-5. TRE Fab. and Assy. Complete, S000 Units/Yr - over a 5-year period
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program and will continue to investigate the methods of achieving lower cost for future
MSAT-X electronically steered antenna system. Therfore, TRE would like to recommend
a joint program, TRE and JPL, to explore the possible techniques to reduce the material
cost for the antenna system.
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SECTION 8
TEST PLAN/PROCEDURE

8.1 TEST PLAN
8.1.1 Introduction

This section summarizes Teledyne Ryan Electronics’ (TRE’s) breadboard test plan to
evaluate the MSAT-X satellite antenna during its development and prior to delivery to
JPL. This document was generated to satisfy Item 6 under Contract 957468.

8.1.2 Scope

The major scope of this test plan is to describe the proposed approach in verifying the
performance of the breadboard antenna system. It is here in its entirety as presented in
Part I of TRE Report No. TRE/SD105662-1B, entitled "Breadboard Test Plan/Procedure
for MSAT-X Satellite Communications Antennas.”

8.1.3 Differences Between Breadboard and Production Tests

This document covers the first phase of a continuing development leading to a
commercially affordable antenna that provides reliable mobile communications without
dependence on local fixed stations. Consequently, these tests will have different objectives
than the final production test. These breadboard tests are needed to prove a sound design
and to define areas of improvement that might be beneficial in the next phase. A
comparison matrix between the two test philosophies is shown below:

Breadboard Tests
Goals Characteristics
« Verify the design with intensive tests. « Labor intensive, manual tests are
typical.



Use existing equipment for best cost
affectivity.

Manufacturing errors or defective
parts have to be corrected but the
main effect is a small delay in
delivery.

Production Tests

Goals
Low recurring cost contribution.

» Requires low labor input and use
of non-skilled labor.

» Requires low cycle time for each

test.
Must be integrated into the
production test flow.

+ Must provide a high probability
of capturing defective com-
ponents and manufacturing
errors without filling the pipeline
with defects.

+ The test intensity must be
greatest at the lowest levels of
assembly.

» Must provide automatic fault
isolation with a paperless record
system.

»  Must provide quick feedback into
the manufacturing process.

8-2

Characteristics

Requires a high capital investment of
dedicated test facilities and
equipment.

Highly  automated
mandatory.

tests are

Higher test equipment reliability is
required than for breadboard tests
but the test equipment is also far
more complex, putting a premium on
intrinsic reliability and rapidity of
repair.

Each test must be designed for
maximum cost affectiviry.



8.14 ion of T nd Witnessi

8.14.1 Location
Testing will be performed at two locations:

Lower level tests will be performed at TRE’s engineering laboratories by TRE engineers
who designed the equipment. All tests will be witnessed by a TRE Quality Assurance
engineering.

The final system integration and acceptance tests will be performed at TRE’s outdoor
pattern range which is located at 5658 Kearney Mesa Road, about 3 miles from the TRE
plant.

8.14.2 Witnessing

JPL will be advised in advance of the System Acceptance Tests and Spike tests to allow
them the opportunity of witnessing these tests. This will also provide the opportunity for
informal comparison of data with the design and requirements and determining the
acceptability of the equipment prior to formal submission of the test report.

8.1.5 Description of the Test Range

TRE will perform antenna module pattern tests as well as final system acceptance tests on
an outdoor far field pattern range. The range length is 88 feet and the height above grade
is approximately 20 feet. The facility contains a small Scientific Atlanta Azimuth over
Elevation over azimuth antenna positioner with pattern recorder. The following range
modifications were performed by TRE to optimize the MSAT-X test results:

«  The microwave absorber lining on the primary tower anechoic walls was

replaced with longer pyramids. This was necessary to measure the sidelobes of
this lower frequency broader band antenna, when compared to the normal use.

« A dual polarization L band antenna was mounted in the secondary tower, along
with a tunable source as shown in Figure 8-1. This antenna v\?ﬂ provide four
transmission modes (Right Hand Circular, Left Hand Circular, Vertical Linear
and Horizontal Linear) to measure cross polarization isolation and ellipticity.
This antenna will have somewhat more directivity than the test item in order to
minimize ground reflection effects.

« A second LHC polarized antenna and source is placed on an adjacent structure
to approximate the average view angle to the second satellite.

8-3
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8.1.6 Test Plan Detail

8.1.6.1 - Test Flow

TRE will perform the following tests in the general order indicated below. Some of the
tests, which do not involve dependent constraints, may be performed in parallel.

. Beam Steering Electronics Subassembly Tests
«  Power Supply Functional Tests
«  Software/Hardware Integration Tests and Software Margin Tests
«  Search Mode Functional Tests
«  Track Mode Transfer Function Tests
«  Primary Power Margin Tests
. Antenna Assembly Tests
«  Tests of Individual Phase Shifters
o  Steering Coverage Tests
« 360 Degree Azimuth Pattern Tests at Selected Steering Angles
«  Polarization Isolation and Ellipticity Tests
«  TRE Receiver Tests
. Isolation Tests
«  Acquisition Sensitivity
«  Functional System Integration Tests
«  Acquisition Tests
+  Dynamic Tracking Tests
«  Dynamic Fading Simulation Tests

(The foregoing Functional system Tests will include an interfering cross polarized signal
from a simulated second satellite.)



8.1.6.2 Beam Steering Electronics Assembly Test
8.1.6.2.1 Power Supply Functional Tests

The breadboard Beam Steering Assembly does not contain a separate power supply
subassembly. The power supply is TRE’s design and is both functionally and mechanically
interrelated with the beam steering electronics. The power supply is not a commercial on
shelf item. This design approach was chosen for lowest producible cost. The power supply
uses the beam steering computer to regulate the power forms for the non logic loads. The
logic loads use a linear pass regulator. Consequently, the 5 V logic form will be initially
tested. Following this, the computer will be powered from the 5 V logic form on the power
supply under test and the other output forms will be dummy loaded. Finally, the other
forms will be connected to their loads. (These are used in the antenna and in the rate gyro
which is also contained in the Beam Steering Assembly.) The following tests will be
performed on each form:

*  With the input form at 8 V then at 18 V, the following parameters will be
measured:

*  Average input current
*  Input current waveform
*  Output voltages
»  Output ripple
*  Load regulation, 50 to 120% of design load, varied one at a time
. Each form will be sequentially short circuited and the primary power will be

applied. Input current will be recorded up to equilibrium. That short will be
removed prior to shorting the next output form.

Typical test data sheets are included in Appendix A of TRE Document No.
TRE/SD105662-1B.

8.1.6.2.2 mmmummmumﬂmmm

The breadboard is being constructed with some built in features (switches and monitor
LED:s) to facilitate the basic operational checkout. Appendix B of the aforementioned
report provides a basic guideline for the hardware /software integration test.

8-6



8.1.6.2.3 rchM jonal T

A logic analyzer will be connected to the serial data output of the the Electronics
Assembly. Start search will be commanded. The analyzer memory data contents will be
compared with the known stored search pattern. These data represents three bit phase
commands to the phase shifters that are wired to the single long shift register in the
Antenna Assembly.

Next, the sweep will again be started and during the sweep, the analog input will be
momentarily raised above the track threshold. The existence of only a partial pattern
capture will be verified.

8.1.6.2.4 Track Mode Transfer Function Tests

Referring to the Antenna Steering Control Block Diagram (Figure 8-2), an input ripple
signal will be summed in with a coherent ("C") state bias at the C/N analog input frdm the
receiver. The azimuth integrator output test point, T1, will be observed on an oscilloscope.
The input ripple frequency will be varied about the dither rate. The resulting beat
frequency provides a simple but thorough end-to-end analog transfer function test. The
open loop frequency response may be measured by varying this beat frequency and noting
the relative T1 amplitude.

Turning the module while observing T1 when temporarily in the non-coherent ("N") input
state, will test the rate sensor and its algorithm. Putting the input back at the "C" level
should reduce the T1 value back to zero after the delay period.

8.1.6.2.5 Power Form Margin and Noise Tests

The specification requires the use of filters and compliance with unspecified spike levels.
There is no other requirement for electromagnetic compatibility. Compliance is a cost
driver in a cost sensitive product. The design will comply with the specified voltage range
but not the environment described in Sections 4.9 through 4.11 of SAE Handbook J1211.
More hardening would be required for protection against external electromagnetics effects.
Finally, no requirement for compatibility with SAE J551, or FCC Part 15J emissions
requirements are described. Even these specifications will not necessarily assure
compatibility with broadcast AM or CB receivers on the same vehicle.

8-7
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In view of the above, TRE suggests the following tests:

«  Measure the item and frequency domain input current waveforms with MIL-
STD-462 10 f coaxial filter line impedance stabilization. The test report will
discuss the potential interference which is likely from this.

«  Perform the spike tests. TRE will apply increasing levels of input stimulus while
observing the secondary forms for pulse transfer. the level will not be increased
beyond the maximum safe value for the input protective avalanche diode or the
point where pulse transfer to the load is observed to approach the maximum
safe component rail voltage.

TRE recommends that these issues all be a part of the next two phases. The second phase
should provide cost studies in hardening to different scenarios described in the above
references. These would lead to an optimum degree of emissions and susceptibility control
The third phase would then test a pilot production model to these performance

requirements.

8.1.6.3 Antenna Assembly Tests

The antenna assembly will be subjected to bench and antenna range performance tests.
The antenna assembly receives steering commands by means of a serial data link from the
Electronics Assembly. It also receives secondary power forms for the shift register and
phase shifts from the Electronics Assembly. While the production version contains a single
coaxial rf connector for the transmit and receive signals, the breadboard has connector
separable interfaces between each phase shifter and each antenna element. The Antenna
Assembly will be powered from bench supplies. A word generator will provide steering
commands. The required data content will be predetermined by means of an external
computer which will generate standard beam pointing angle exercises to be used for
pattern tests.

8.1.6.3.1 Bench Tests

Prior to testing the actual beam pointing angles or patterns, it is necessary to independently
assure that each phase shifter creates the expected microwave phase shift in each of the
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cight states. Without doing this first, it would not be possible to evaluate or troubleshoot
range performance anomalies. As stated above, the breadboard antenna has a connector
separable interface between the phase shifter and antenna hybrid planes.

First each antenna element will be tested for VSWR (S11) and Isolation to the hybrid
termination (S71)-

Next, each of the 18 phase shifters will be tested in all 8 states using a HP 8510 network
analyzer. The results will be printed by the controlling computer. A word generator will
program the phase shifts with a precomputed pattern for each desired state.

Other tests will be current consumption from each power form and injected ripple
susceptibility on each power form.

Later, integrated antennas will receive the equivalent of the above tests using a near field
antenna range. This technique can detect individual phase shifter/element problems (but
not separate the phase shifter from the element. In an integrated antenna, only the phase
shifter diodes can be replaced.) At PDR, single element coupling probe tests were
proposed. In retrospect, this does not appear to be workable because the probe will disturb
the antenna and reflect power back into it in an uncontrolled manner.

8.1.6.3.2 Range Tests

The Antenna Assembly will be mounted on the antenna positioner described in paragraph
8.1.5 herein. The lower elevation motion will only be used for initial indexing of the
electronic steering angle and upper azimuth motion zero position. The elevation axis will
be tipped downward to allow the beam (which is steered to a finite elevation angle) to
point parallel to the earth at the secondary tower which contains the source antenna. Once
this is done, the azimuth pattern can now be obtained by rotating the upper azimuth
motion by 360 degrees. The high performance microwave absorber (18 inch pyramids) will
minimize scattered power from the main beam and provide accurate minor lobe structures,

Owing to the very large number of possible beam pointing angles, it is necessary to plan the
test so as to provide the most useful information to characterize expected performance in
operational deployment with the maximum amount of data to review. This can be done by
exploiting the symmetry of the antenna. The azimuth beam steering has 60 degree cyclic
redundancy. Within this it has 30 degree mirror symmetry. One electronic beam steering
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exercise set from zero to 30 degrees of azimuth would effectively characterize the antenna
behavior over the entire azimuth circle. However, the addition of the ground plane alters
the inherent 30 degree symmetry to 90 degrees. In view of these considerations, TRE will
perform the following tests at fi;n and fy54:

Steer the antenna to each of 30 beam pointing angles from 0 to 90 degrees azimuth.
Record a 360 degree azimuth pattern at each commanded beam position.

Steer the antenna to each of 10 azimuth positions from 0 to 90 degrees. Rotate the
lower azimuth positioner axis to point the beam at the source. Record an elevation
pattern from zero to 90 degrees.

The secondary tower will be equipped with a Tecom Industries Model 202019 36 inch
dual polarized parabolic antenna, or equivalent. This provides approximately 12 dB gain to
minimize ground reflection errors. The two ports of the antenna will be fed with a variable
phase shifter and attenuator in one branch so as to provide the ability to compensate for
differential VSWR effects at the test frequency. These items will be empirically adjusted to
equalize the response of a spinning linear receiver element. The two branches will be fed
from a common source via a power divider.

This antenna provides the ability to make both ellipticity measurements and cross
polarization isolation measurements with one source antenna.

8.1.6.3.3 Receiver Tests

TRE has purchased an ICOM IC-R7000 Receiver. However, it is not a complete ground
terminal receiver. Consequently, TRE, has designed and provided extra components as
shown in Figure 8-3. This assembly will then be tested. Tests will consist of acquisition
sensitivity and the isolation of the CFE diplexer plus preselector.

8.1.6.4 System Integration and Acceptance Tests

The Electronics and Antenna Modules will be connected together and tested on the same
range used for pattern tests. Meaningful tests require the use of the system receiver (which
TRE already has) and one CFE diplexer. The latter is required in order to simultaneously
transmit and receive. This is necessary to assure that the specified power does not cause
unexpected pin diode behavior. Possible effects might be parametric pumping of the [
(intrinsic) layer width from the high level transmitter carrier. This could effect the steering
performance and generate intermodulation terms, as well as radiate transmitter harmonics.

8-11



19A1903Y] RUUIIUY 20UIYAY WODI "€-8 21nd.|

O ZH 09
O A S
138 153!
H3IAI303Y AS *+ — = — —— -
AGIF ¢
A4S Umd 00 < 4%'
| v oyl
3gom sovuL | )- | b
0oV
oovuvis| > #I 1%
: OMLUYLS
o] |
aowaa] /7 | DOV LUVLS
‘ | T |
w | AS+ | . .
SNIVAS
novui
amoJ | i)
ONMIvHL ooV HoLvolaN 313140
f-—-———————_——————_—————— 0oy
. AS+
_ | . b memms T
| e e e e e e e - —
| |
any aa SNV THIN 004 04 |
< < anv
! indiL a1 |® 130 [¥ HMd PR 446 "
| AVME ux |
| |
| |
dL '
J aonw30/# !
L . —AJ
. — . . — — —  ———  — —— — —————— — —
llllllllllllllllllllllll A
N0 @oh“\%.. %OV/SYSL-OZIONS HIXI WO ! wap Zoi-
0))— 65515951
2] H43183ANOD 1INV
NMOOMADY 401337138 d )

<« _ wap or+
ZHOP A SH ~ YIS »|||.%A $'0991-2°9v91
lllllllllllllllllll Hinx

8-12



A far field antenna range provides the most accurate method of measuring the sensitivity of
a receiving system that includes an antenna aperture. A power meter and variable
attenuator at the source end will provide a means of accurately knowing the power to the
transmitting antenna. The latter’s gain will be initially measured at the two frequencies of
interest. Mismatch losses are automatically included in the gain value. By using the
communications equation, this will provide a known power density at the receiving
aperture.

A second source at the same frequency will be put on an adjacent secondary tower. The
position will approximate one point in the separation envelope between the two satellites.
A second source will be used here to avoid the multipath spatial beat patterns that a
coherent source would cause. This source will use a simple cross polarized (LHCP)
antenna and the power will be adjusted for approximately equal power densities at the test
aperture.

The test procedure (Part II of TRE Report No. TRE/SD105662-1B) is designed to
establish the following results.

The following tests will be performed with both satellites transmitting:

. Measure the signal/noise ratio for acquisition threshold at various elevation
angles, with and without the second satellite transmitting. This test will verify
that the antenna has adequate gain and the the closed loop design makes the
system relatively insensitive to variable signal-to-noise ratio.

«  Measure the ability to maintain pointing angle and recover during fades.

. Demonstrate that the rate sensor can maintain inertial track for at least ten
seconds after signal loss.

. Demonstrate the resumption of search after a modifiable period of signal loss.

. Demonstrate that the beam steering system does not cause more than 1 dB
geak-to-peak amplitude fluctuation and 10 degrees peak-to-peak phase
uctuation on the received signal.

. Demonstrate that the tracking system operates satisfactorily for all specified
antenna azimuth rates.

rotation. The required speed of the rate table is 75 degrees second. TRE is
planning to increase the rotating speed from 10 degrees/sec to about 45
degrees/sec by using a separate motor.

«  The existing antenna positioner is only capable of 10 degree7second azimuth
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8.2 ENGINEERING TEST PROCEDURE
8.2.1 Introduction

The Engineering Test Procedure (ETP) is a somewhat lengthy, self-contained document
applied to JPL under Report No. TRE/SD10£662-1B, entitled "Breadboard Test
Plan/Procedure for MSAT-X Satellite Communications Antenna," dated September 2,
1987. The procedure consists of an introductory section, functional tests, preliminary set-
up, and system tests. All the necessary data sheets, diagrams, phase shifter tables, and
instructions to perform a complete acceptance test on the MSAT-X phased array antenna
system. Preliminary conditions and test equipment are as follows.

8.2.2 Applicable Documents

The M1056 antenna system consists of a 19 element array, the electronic control box, and
the receiver test set. applicable documents include:

Assembly Drawing - 1056A0033
Schematic Drawing - 1056A0001
Test Data Sheet - 1056AS01

System Interconnect . 1056B000S

823 Test Requirements

the test conditions and test equipment needed to perform the ETP are as follows,

8.2.3.1 Test Conditions

Temperature : +25°C t15°C
Altitude : normal ground
Vibration : none

Humidity : up to 95% RH
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8.2.3.2

824

Reference is made to ETP #1056AS01 for further information regarding the tests.
However, it is worth noting that the procedure deliminates and explains the following tests.

Test Equipment

Network Analyzer
Test Cable

Signal Generator
Spinning Mount
Receiver

Position Controller
Pattern Controller
Standard Gain Horn
Three Axis Positioner
Signal Generator
Spectrum Analyzer
TWT Power Amplifier
Dual Polarized Antenna
LHCP Antenna
RHCP Antenna

List of ETP Tests

Preliminary Set-up

Antenna Patterns

Antennas Cross-Polarization
Intersatellite Isolation
Acquisition

Track

Signal Loss

Manual Steering Response
Carrier-to-Noise (C/No)
Dynamic Tracking and Fading
High Power Test

. HP8510 or equivalent

8 feet (2 required)
Adams-Russell #9199-0096
HP8663C

TRE

Scientific Atlanta, Model 1711
Scientific Atlanta

Scientific Atlanta

Polarad CA-L (2 required)
Scientific Atlanta
HP8642B (3 required)
HP8562A

Hughes 1177H09

Tecom 202019

Tecom 401020L

Tecom 401020R
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Appropriate illustrations, drawings, and details are covered to fully evaluate the MSAT-X
antenna system. ‘

8.3 SYNOPSIS OF ACCEPTANCE TESTS

This section is a review ol the acceptance tests performed on a typical MSAT-X
developmental antenna system. All the tests are described fully in Report
TRE/SD105662-1B entitled "Breadboard Test Plan/Procedure for MSAT-X Satellite
Communications Antenna", September?2, 1987, pages II-1 thorugh I-22. Consult
Appendices D and E for a condensation of the test results on units #1 and #2 respectively.

8.3.1 YSWR Tests

Prior to any range tests, the antenna in test must have the input VSWR (S,,) checked over
the frequency range of 1545 MHz to 1660 MHz. This is done using an HP-8510 Network
Analyzer and the arrangement shown in Figure 8-4. The 18 3-bit phase shifters are
exercised v-ing a manual beam steering controller. Maximum acceptable VSWR in 1.5:1.
In some cases, it was noted that the VSWR could run as high as 2.0:1 at either the high or
low frequencies for some settings of the phase shifters.

83.2 Antenna Patterns
8.3.2.1 General Description of Test Set-up

The far field range at TRE used for the RF performance tests has a length of 88 feet with a
height above grade of approximately 20 feet. The facility contains a Scientific Atlanta
Series 5100/5300 azimuth over elevation over azimuth antenna positioner with pattern
recorder. A diagram showing the essential elements of the range, as is was configured for
there acceptance tests, is given in Figure 8-5. A brief description of the test set-up follows.

A dual polarized, L band parabolic antenna (TECOM Model 202019) was mounted in the
secondary tower. This antenna is 36 inches in diameter and provides a gain of
approximatley 21 dB at 1600 MHz. Its relatively narrow beamwidth of 14° is a useful
factor in minimizing ground reflections for these tests. The two ports of the antenna are
fed with the quadraphase arms of a 90° hybrid. Axial ratio is maintained to within 0.25 dB
in the circular polarization (CP) mode by incorporating a variable phase shifter in
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one of the feed arms. As configured, the antenna provides four transmission modes (RCH,
LHC, vertical linear, and horizontal linear) to measure cross-polarization isolation, and
ellipticity. AN HP 8642 signal generator provides a source signal to the antenna.

A second antenna (TECOM Model 401020L, Helix, LHCP) was placed as an adjacent
tower to approximate an average view angle to the second satellite. This antenna was
likewise driven by an HP 8642 signal generator. The primary purpose of this set-up was to
measure intersatellite isolation. The gain of the helix is approximately 13 dBic at
1600 MHz with a beamwidth of approximately 36°.

Axial ratio measurements were conducted using a spinning linear standard gain horn
antenna (POLARAD Model CA-L) ona TRE mount in the secondary tower.

8.3.2.2 Broadside Antenna Patterns

Broadside antenna patterns were taken in both the horizontal (x-cut) and vertical (y-cut)
planes. The MSAT-X antenna was mounted to a 40" x 50" ground plane which in turn was
mounted on the positioner using the orientation of Figure 8-6. The equipment was
hooked-up as shown in Figure 8-7, and the system calibrated by using a TECOM model
401020R helix antenna affixed to the ground plane of the antenna under test (AUT).
Calibration is done with the positioner table at 90° elevation and 0° azimuth.

Once calibration is logged, the switches in the electronics box are set to steer the beam to
0° azimuth at 90° elevation. In this test, the y-axis of the antenna is vertical and the x-axis
is horizontal. A 360° rotation of the positioner about the y-axis (x-cut) will establish a
broadside pattern. Rotating the antenna 90° and repeating the above will generate a y-cut
broadside pattern. Broadside gain and sidelobe levels are readily available from these
patterns. This procedure was run at both 1545 MHz and 1660 MHz.

8.3.2.3 Azimuth And Elevation

Azimuth cuts were taken at 0° and over elevation angles of 20°, 30°, 40°, 50°,and 60°. A
typical test set-up was done as follows using a beam setting of 0° azimuth and 2 beam
elevation of 50°.
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8-20

I



SIS9L, WaNed RUUUY J0j dN-J00}H] yuawdinby Sunoidacy wesdei yooigl “L-8 2N

ZH 09 A SLL SO A8L-8 ZHO9 ASIL
4 . .
SM
3409S
zr N3O OIS
N
1NX
aowaa
H3ITIOHINOD 13NVd L
¥331S W3 L_ _ ASSV ..U_..w ;LM_H nww_wwwm -=
IVANVYIN trl SONoHLOI®W  fif T3
: . di-4
ire -/ g WN "
_”dll_ N
| O34 YI3AL HIZATVNY
l nvaa MNYLI3dS
_
|
| Y3OHOO3H . 130 UX
_ NY3llvd N
HITIOHUINOD
\ NOILISOd ¥ ar
\
T . T HINHO4 V38
WlarE=—————- It
ASSV-8NS INV
AONINDIYI ' @ " " T~ !
GaNNL H3IXIdIA NOdN
INIONI4IA 38 TUM a4 aNy A
N4 ADNINODIHS 1S3

SIION  WNIT-NMOG 4 YNIT-dN
Py A "3

8-21



The switches on the electronics controller were set to steer the beam to 0° azimuth and 50°
elevation. The antenna positioner was rotated to point the z-axis to 40* from zenith (50°
from horizontal) and repositioned slightly to peak the signal. Next, the positioner was
rotated about the z-axis to generate a pattern cut in azimuth at 50° elevation. Once the
Sets were generated, it was possible to determine gain, sidelobe and backlobe levels, and
low angle drop-off rate. Representative patterns are shown in Appendix A.

An area of primary interest was the gain at an elevation angle of 20° with the beam at
azimuth angles of 0° through 360° in 45° increments. A typical test set-up was done as
follows using a beam setting of 45* azimuth and 20° elevation as an example.

The switches on the electronics controller were set to steer the beam to 45° azimuth and
20° elevation. The settings were entered and the positioner rotated to place the antenna in
a vertical plane, then rotated about the vertical axis and z-axis of the antenna to position
the beam horizontally and pointing to the dish antenna in the secondary tower. The
positioner was then rotated about the vertical axis of the antenna to generate the required
pattern. Representative patterns are shown in Appendix A.

8.33 Cross-Polarization

Cross-polarization levels were determined by changing the dish antenna in the secondary
tower to the LHCP mode, running specific pattern plots as outlined in Paragraph 8.3.2, and
comparing the results with those obtained in the RHCP tests. Typical patterns exhibiting
LHCP plots superimposed over RHCP plots at selected azimuths and elevations are
displayed in appendix D.

8.3.4 Intersatellite Isolation

This phase of the acceptance tests was designed to measure the antenna system’s ability to
discriminate between wanted and unwanted reception. The requirements are for the
antenna to provide adequate gain to the desired satellite and also maintain a carrier-to-
interference ratio of at least 20 dB to the undesired satellite anywhere within the
continental United States (CONUS). Beam pointing error is included in this figure, but
not propagation shadowing or ground mutipath.

An idea of the range configuration can be gained by glancing at Figure 8-5. A twelve-foot
movable boom was rigged to the roof of the auxiliary tower on the range. An LHCP helical
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antenna was attached to the end of the boom to serve as the undesired signal source.
While this affair could not approximate all the possible geometries in the CONUS between
two satellite sources and the antenna test specimen, it did give some idea of what to expect.

A test frequency of 1545 MHz at +16 dBm was fed to the dish antenna in the RHCP mode.
A 1 MHz offset of this frequency was fed to the LHCP antenna at a level commensurate to
give equal power density with respect to the dish antenna. Effective intersatellite isolation
(1.S.) was measured by observing the received signals on a spectrum analyzer at the test
receiver output (see Figure 8-8). Table 2.8 of Section 2 of this report lists the measured .S
as 26 dB, a comfortable margin.

8.3.5 System Acquisition/Track/Steering
8.3.5.1 Set-Up

The acquisition, tracking, and steering portions of the acceptance tests were conducted
using the test set-up shown in Figure 8-5 and E-1 of this report. One of the requirements of
these tests was to observe the effects of amplitude and phase induced by the tracking
system on the received CW source carrier. As this wasn’t possible with the TRE receiver (it
had no "Q" or phase output), the JPL PIFEX transceiver was substituted. This is a
precision calibrated receiver with a known correspondence between the received C/Ng and
the DC output of the "I" signal.

It was noticed during the start of these tests that proper operation of the pointing
subsystem could only be achieved by inserting a DC amplifier between the "I" output of the
transceiver and the pointing subsystem’s detected signal input. This amplifier was adjusted
to a voltage gain of 10, which at a received C/N, of 55 dB, provided a DC level of 1.1 volts
to the detected signal. Likewise, it gave an output DC level of .11 volts to the detected
signal at a C/N; of 35 dB.

Data was taken on antenna system #1 only and is tabulated in Appendix E. No data was
taken on system #2 as time did not permit this to be done.
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8.3.5.2 Acquisition And Track

Acquisition measures the ability of the antenna beam to seek and acquire to the signal
source from turn-on and random azimuth and elevation angles of the antenna. In these
tests. the elevation angle of the antenna was 30°. Acquisition time was measured at C/N,
levels from S5 dB to threshold. At 55 dB, 45 dB, and 38 dB (threshold) acquisition was
timed at physical positions of the antenna of 0°, 45°, 90°, 135°, 180°, 270°, and 360°. In
every case, the acquisition time was roughly 2 1/2 seconds. In a 4-beam system this would
total 10 seconds, the specification limit.

During the acquisition and track tests, gain and phase transients were examined. The
C/N,, level for this observation was 70 dB to ensure that the received signal was elevated
well above the system noise temperature. It was noted that peak-to-peak gain variations
were 1.5 dB max., with a maximum phase variation of 15 degrees peak-to-peak. The spec
limit of 1 dB and 10°* for these items was not exceeded more than 95% of the®time,
according to best estimates.

8.3.53 Signal Loss Test

During this test, the system was placed in the track mode with the rate sensor turned on
and closed loop tracking initiated with the antenna rotating at 10°/second. The source
signal in the secondary tower was turned off for 10 seconds, then on again. No loss of
tracking was noted.

8.3.54 Manual Steering Response

This test merely confirmed that the antenna beam was peaked in accordance with the
settings entered and displayed on the front panel of the electronics box.

A specific elevation and azimuth for the antenna was loaded into the system which then
steered the beam to that location. The antenna is physically steered to note a peak
response. In all cases, the antenna system under test had the beam peaked in accordance
with the data entered in the system.



8.3.5.5 Dynamics Tracking And Fading

The dynamic tracking phase of this test involved verification that the system would track

the same signal in the auto-track mode. This meant rotating the antenna away from the
source and observing if the system tracked... which it did.

The fading test used an amplitude modulated test signal with a modulation index of .44 to

simulate a § dB fade at a 40 Hz rate. No impairment of acquisition or tracking was noted,
even when the antenna was spun at 10° /second.

83.5.6 High Power Test

The purpose of this test was to note if any cross-modulation or deleterious spurious
products were formed in the receiving system in the presence of a 20 watt signal fed into
the transmitter port of the transceiver at 1655 MHz when the receiver is tuned to 1554
MHz. Considering losses, it was estimated that 10 watts of power was transmitted from
the array. No impairment of operation was noted.
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SECTION 9
CONCLUSIONS AND RECOMMENDATIONS

9.1 CONCLUSIONS

An L-band electronically steered phased array antenna system has been successfully
developed for the mobile satellite experimentation under NASA contract through Jet
Propulsion Laboratory (JPL). The major features of the developed phased array are:

1. Low profile - Total array/antenna thickness is around 0.75 inch, which is less
than one inch as the contract specified, without the inclusion of connectors.

2. Small size - Total of 22 inches in diameter, including mounting areas, which is
well within the specified value of the 24 inches.

3. Low sidelobes - At broadside of array, the measured sidelobes are below 18 dB.

4. Good axial ratio - better than S dB was achieved within 95% of the required
space coverage across the frequency band.

5. Good Intersatellite Isolation (26 dB) was achieved.
6.  Satisfactory multipath rejection capability was realized.
7. Good Pointing Performance - The measured data showed fast acquisition time

(10 seconds) during search mode and good trackinﬁ performance over wide
signal to noise ratio ranges, even under fading and high power conditions.

The key factors in achieving the above performance are the result of the success of
developing the cavity-backed, stripline feed, printed-circuit crossed-slot array element and
the sound approach used in the design analysis of the array and pointing system. The
former provides good element gain coverage at the low elevation angle of 20 degrees above
the horizon. The latter forms the basis of selecting the right design of the array lattice,
element spacing, 3-bit diode phase shifter circuits, beamforming network, and the beam
pointing algorithm.

The only important performance that did not meet the design specification is the array gain
at the low elevation angle of 20 degrees. However, the gain can be improved in the near
future as discussed in Section 2.4.2. For comparison, the measured array gain (averaged
over a 360 degree azimuth scan in 45 degree steps) and the broadside array gain are given
in Table 9-1, together with the design specification.



Table 9-1. Array Gain Performance

Elevation ?es‘inﬁ geasured
Frequen Angle ecification ain
(Iv‘lil-lz)cy (Degrees) (DBIC) (DBIC)
90 10.0 12.6 (#1)
12.5 (#2)
1545 20 10.0 9.2 %#1;
' 9.3 (#2
90 10.0 13.7 (#1)
13.7 (#2)
1660 20 10.0 7.7 &# 1)
8.3 (#2)

The main reasons for not meeting the gain specification are due to:

9.2

The poor isolation between the right hand circular polarization (RHCP) and
left hand circular polarization (LHCP) ports of each crossed-slot array element.
The measured isolation is 6.64 dB and 6.04 dB for frequencies of 1545 and 1660
MHz respectively.

The lack of calibration to optimize array beam scan positions. That is, at some
azimuth angles, the beam did not scan far enough to the low elevation angles.
As a result, the gain loss is very significant.

The excessive loss in the beamforming network. The aperture amplitude and

phase distributions realized exceed the design goal. As a result, the scan loss
due to aperture distribution errors is very significant.

RECOMMENDATIONS

To further improve the array gain coverage at low elevation angles and to reduce
manufacturing costs, the following areas are recommended for future studies:

1.

The excitation of a cavity-backed, printed-circuit crossed slot element needs to
be reinvestigated to improve the isolation between the two Eolarization ports
(RHCP and LHCP). The suggested approach is to optimize the excitation feed
design; it is expected that an isolation factor of 10 dB should be realizable. The
anticipated result is an improvement in the element gain and low elevation
angle coverage of 0.6 dB and 1.2 dB at 1545 MHz and 1660 MHz respectively.

The amplitude and phase distributions of the beamforming network needs to be

improved, so the beam can be steered to the correct ¢ evation angle. As a
result, low elevation angle gain can be improved by about 0.6 dB.

9-2



The bonding of the array has to be studied. Presently, the whole array was
assembled together by screws. During the program we did some preliminary
experiments which showed promising results. Additional effort is required to

establish a bonding procedure and to evaluate bonding effects on array
performance.

The modular apgroach for future production should be investigated. The
modular approach may be defined as that each element forms a module which
includes a crossed-slot, excitation circuit, and a 90 degree hybrid. The
advantage of this approach is that the multi%;—layer bonding applies to a much
smaller area as compared to a whole array. This bonding process will be simpler
and more cost effective. It can be envisioned that each element will be
assembled by screws to a common ground plane to form the array aperture.
Each array port of the beam forming network will be connected to each array
element via a plug-in type connector. In addition, integrating a 3-bit diode
phase shifter onto each element module should also be investigated to lower the

manufacturing cost.
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APPENDIX A

TEST PATTERNS:
MSAT-X ANTENNA SYSTEMS #1 AND #2







.0 = S¢ ‘.0 = Sg D) sixy-K ) ZIN SHST 1R uIane Jeaur Fuinndg painsedy I-v aindig

\Rs‘q

-t

L w e v

Uikt

o vre-f

0=% ,0-=%

Cuyry 561 won
L8 es - Skinten
e i) ‘ODNeNYE

p Lie.
33805323000 uvnvucviuidenn e~

SNANOUNW PHLONIH

ey ﬁ.!!kv

JALLYTEY

11884

[N

']

GRAPH

winge 1s1viy

vt 00

ORIGINAL PAGE

BLACK AND WHITE PHOTO

A-2

L wwewBUWIS Lot

..JCu0en



- & NI I R N
_— —
A e oM
k J J
i F
4
§
-
L o)
H- 3 H1H P H
-
o=
H M 1™
M|~
ui
ﬁ H 2 14 13 H H
n H
H .
¢
NQQ\\. — oo y
VINSO N IVD ‘OB NS NVS
EHMNOI W BASNM
B .

e e e L .ovb0O803SCCdc . Lo _Jyudoaeene

ORIGINAL PAGE 1S
OF POOR QUALITY

A-3



(L0=0 UVA =8 .0="9 ‘.06 = Sg) ZFIN SPST 1 UIonR ] Avly paInseajy "¢-V 2undi

| .
....r «.ll.rty..."c.iw; ) \ic‘lltc.tl,. ..c.ill‘ol'c‘ - 1‘....'..\ »l..—l.lul..t;.|||ml BN ERENXEREENEEN
A A (T [ S N 10 1 e I v
i I I TR | il
1 I cn b|
o > | | H,
=
F&.—M | 4 4 HH 11 L
= !
o o
- . H - i
Am ] H 1 H S 1 4 HH | -
=8| ‘ i :
G a | , [ 1 | = |
oo - -
oo - . | | tHi X

L R

. . 1 v
- I 1] Nl
| i 1 . 1 ] . 1
o= 0G=°6
m\;\u-? | 1
X B USN vomee
N\\Q\\\& o v - waves
VRSOV ODIG MYE ﬁ ﬁ ﬁ
SHEINOIIIW INLG I i
N TV VISRV M MV A SR T L .ue-uwbaspeqy

A4



(UVA =0 .05 =0 .0 =5 .06 =

59) ZHW SHST 18 usaney Aenry painseapy bV 21ndi,)

- & 8 &

e

FIYTILIT)

>

&

311884

t 4}

iliibuy il
whA: ¢ L5 =@
O-"p PF.c
H Lo vase
k.ﬁt\s !.x.:nll”

S.S.OI'!(- -‘
AUNIDEIN IR

o

11884

b( 80 )

cesceda, .,

S L RN A

- -

A-5



OF POOR QUALITY

(=9 UVA =6 .0 = S ‘0L =

et -

S9) ZHIA Sbs1 e uidned Keiry paansean G-V aind|

i i i TR
Mi, | i
Mt - i . ,
LO=P wn=0 ! i
o=y OL="d (
Cyry 308
\.w\«\e!.. — g
1] Mz AT LN [N

o003 0se. L.

N




(.Sh =9 UVA =0 “.5b = “.0L = S0) ZHW SPs1 18 WanRy Aeiry PaunSEI "9~y 2ty

— ——— o e e . -——

.-n...vl.:u.ul .!lplm.n...u.l.:l«..u.-t.lt!..m m— e > TV * g rYeveVT) - " “4vvdoeqgeL . v e e
; i muiotan i ¢ 3
.r- ve I 3 i ’ THi - ﬁﬁ
xﬁ I v . | ] 1 d 1 » 4
ﬁ 4 i L { b 1 ] 1
! 1 !
4 HH $4 H 141 £1 b1 H H H |- HH o
1 H 1144 s HIH : : H
11t
,Ax L
1 H bt L4 H
) i |
1 H HiH H HH1t 11 1 H o)
-
1 ! i 1 -
-
. -
' 1 1 miun 1 N § bt 1
H H 14 ] 1 1 H EERE igns 1
H HH | 31 H w 1% H { 4
g i 1 Him HIHH H1H H !
>
oIt ‘' yyA =@ I | ]
oh.uv °°hlﬂ° -4 . i
G swsi . H ! ! ! Hil 1L |
———
ks\!bcl - —
S comus
HLIMOSIW MASNN
v003u4ao.. . . TEXEX N m
A . v e I PR e Y

]

OF POOR QUALITY

ORIGINAL PAGE I

A-7




ORIGINAL FAGE iS

OF POOR QUALITY

(.06 = ¢ “UVA = 8 .06 = 9 *.0L = 59) ZIIN SpSI 18 usaned Aenry painsea -V 2ndLj

“ e W e e Y W

v oo .
owr i Ve mnreBved ¢ Bias) B BITTE3

i

ﬁ

o ¥
re)

|

1 | | |
s - H LY ! m 18l 1
: [ H b H 1
442 M H H " 4 -
" .
JSb=P T WVA =@
o
IR ‘ol =g
Eyrvam st !
bo/vifg o by :
ooty wionn e | 1]
‘PI1| o

(GDUL&(FL ((((((

IV

A-8



(.0 = ms ‘0 =39 n) sixy-£ ) zHW 0991 1 usned Aeny opispeolq painseapy ‘g-y a1ndi,g

[ )
.u‘l.-..".lnhrnlu-"..hu‘o et HrL.t!olrlL.l.Joonce-o.Q‘.‘.‘Pocow.. ctccuu.l.ml ncmo-ouco:.“ob.ocw‘.-.0.‘0.4060.‘10004?....,
..~ : 7 ! ot 3 ¥ i} 5
b | i | v 2] A
! 1 i {
! i } i I {1 M 1 i
hay L
14§ ' HIH - H §$ 1 o
i ] 4 " e i fad 1
=) alas 481 H-44 e 444 - - 41
1 - -
ot vl
i i 1 ' - ' ¢ H H 1 4 4 4 H ni L L !
15 +HH 444 T H = e 14 144 |4 HI1H 144 ¢ - ¥
1 ! 5 » "y ' 1 1 H 1L [
14 -4 B HH -4 H - » lxl!J H 14 H H 4 H H - H 1
1l i ‘ HH Hinn IHIHHH UL o 1 !
Mo dmezA | I I i HHI | Il ! .
RER - PoIsCevyg /
B | | iy
; u.:....a.~\:..s¥v\....... HHLH " 1 L H e 4 u 1 4 n L
.-t.m . WWB\.\ .A .ll..l 1114 q i 1 11 H .A n 1 % 4
- yewoarw vonanvs -
SR J ! g _i
. ..:,w-........-.-.-o-.-..-......... noeaaaeaoon.-oo.aacon..ece...-c.-m-.mlmmlmm.u-.. vy
B - -- - o e v - - e - - g = -y LA B cw - - - - - — —— L
’ ! ' o _ w

ORIGINAL Fauc i3
OF POOR QUALITY

A-9




't

Uik

2

el

¢

%l
*

-

OF BUG

i

(UVA = ¢ “.0b = 8 *.0 = ¢ “.0F = "0) ZHI 0991 1¥ usanrg Aviy painsesiy 6V oundrg

- . - e v o — e

phl.t.«l.-ht(."-..".ff“-“:t R Lco.ltu.‘, ‘600..0.".!“( :&-l'll“,Q.cla.Jc :,I e ow (‘tt_ .)r. P .....“.400003(((&000:"
A 1 [ [ xﬂ 1 oy ﬂ )] V] uﬁ #”ﬂ
! ! v 4
H * | 4 - -4 agupy H " L - 1 #
4 - b
11 141 H H ns 1 ' H
1 H -4 $-4 : 4 e s
H : H HH H 11 1] H i HH H .
4 144 H i HH ' UL
1 : H HHH KT H S HHHHHH ! ! ;
"
HAH L L ' It 11
- 4
| - | |
_ y e 1
i _ | ] 1 1 ..__.
-4 - ’ N 1 1 1 H L s .
R |
h | U N | Hiy L !
e e e - ) !
: s
L wenep O=9 (I ! M HHH i i I e
LI .‘uﬂi,g.@ |
R YA T T i H 1 i ,
L Ns\.ﬂ\;. e i | | I | _w_
|1 ymvonva ‘comamvs .m
Ty BNMHOEIW L0 &
XILL

S000000000UVULUUULUUUOUJYUDDO00000UUUYDOS

e PP B e B - o e

90000000000000190000000V .:._......._.._a,“.,~

B i

A-10



(.0 = ¢ “YVA =

3

=59 ‘.06 =

v v e uweee

» )

59) ZHW 0991 18 uidney Aeary painsesapy -y 21nd1,j

rt...\e"((rc(ca.(:ck(..I'

| B asw

1 B

e ieg”

; 2. ..
FE {\‘ -

. - . -l T ——
YO NIV ol.lxd-

yiage

)

A1

TOUBIOSING LN

43004

m——( ¢}

11

..-.....eecccerghpz_...cgc

S

£

0
+

ORIGINAL PAG

OF POOR QuALITY

A-11



R
7

b
L

(CINAL PAG

4

(UVA = ¢ .05 = 8 .0 = 9 .05 = 50) ZHIN 0991 1® uIINEJ ARa1y PAUNSEIN ' |-V 2103y

v e e @ e 09 9@ 0 4. .400. 1 9 ® & ..o‘d_-‘uluouoc:cnoQoncoo‘oqctnoaoooccoooooo
- - or

e Lt R i B Radiey » % onl srevn j you . l..o
h = TGk LT 4 N .
f ] T Il i “ i i I
3 - s 4 - i - 1 - H H HH 4— .
. | _ I _
\ x , L | , _
AL It
|
\ : il | 1 .,
[ i J [ [ —” 4— 1
_r L ! i 1LY ST L | it
bod | R} h
i . § _ LELEL | M m 1 i i i im ') ‘ 7 # 1 ] ) RN
—J 4 .Ml 1 | 1 H | Hi-I1HH
E HIirH 1Y . bl o) 1 4+ HiH 4144 H 111 HH H LA v'_ [HIHHL 1 P 4 H -1 |~.,
3 H - g
M~ M 1™ | 1 v‘
: |- 1! |- ! .
! M 4 M HH | -
N 2y
N Ml H I H _—..
] i A ] . | N ! m 111 JHH 4«
.l i | N, Ly
o ' ;3_, ot I i
! .&v:..m..eQm @ I 1 T i .*._
. ¥ ..Qw..awﬁ ] | _
A ?.Q“‘\q b 2 H E _.‘
N ;.
. = —— % e
[ e eont M i
(4000080 80UuUDV0008000000UJUUL.Y







APPENDIX B

TABLES OF BEAMFORMER CALCULATIONS
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Table B-1. Beamformer Calculations

HEAMFORMER CALCULATIONS 10/16/87

MmSAT,BFM2, TRIM3, COVERED, ALL PHASESHIFTERS SET AT 0=

NUMBER OF OQUTFUT PORTS = 193

LOW FREQUENCY IN MHZ s 1548
MID FREQUENCY IN MHZ = 1600
“IGH FREQUENCY IN MHZ = 1660

REAMFORMER ANALYSIS
SORT DES. DES., F1=154%5 MHZ F2=1600 MHZ F3=1€60 MHZ
NO. -DBR ANG. mSl2 ASi2 mSi2 AS12 nsiz2 AS1e
Z -DE DEG. -DH DEG. -DB DEG.

13.8 +0 16.1 =93 15.8 -133 15.7 -a2a

1.8 +0 13.4 =33 13.5 -152 13.2 -a17

l14.¢ +0 16.6 =90 16.6 -131 16.5 -216

13.8 +0 16.0 -89 16.0 =150 15.8 -216
10 8.6 +0 10.1 -7 3.7 =145 3.4 =212
11 11.6 «Q0 13.1 =78 13.3 ~-1353 13.3 -229
12 13.8 «0 16.2 -87 1€.2 =148 16.1 -214
13 14.6 +0 1é6.6 =91 16.6 -1351 16.5 -218
14 11.6 +0 (3.2 -9% 13.5 -154 13.6 -218
1S 14.6 «0 16.4 -38 16€.7 -158 16.9 -223
e 13.8 +0 1%.8 ~9% . 16.1 -154 1€.2 -220
17 11.¢& +0 13.5 =32 13.5 -1351 13.5 -217
18 14.6 +0 16.5 -9% 16.5 -154 16.2 -221
13 13.8 «0 15.7 =30 15.7 -149 15.6 -216

L0SS DB = -1.86 -1.86 -1.72
-3DBLUSS MEAN = 13.4 13. 4 13.4
-3Dk STD. DEV. = 0.18 o.12 O.14
-5.2DBLOSS MEANS 16.0 15.9 15.9
-%.2DK STD. DEV. = 0.17 o.18 0.20
-6DBLOSS MEAM = 16.8 16.8 16. 8
-6D8 STD. DEV. = Q.41 0.27 Q.42
INRPUT USWR = 1.585 1,48 1.17

BEAMFORMER ANGLE ANRLYSIS
PORT DES. F1=1%45 MHZ F2=1600 MHZ F3=1660 MHZ
NQ. ANG. MANG. DELTA MANG., DELTA MANG. DELTA
Z DEG. FL1DA DFIDA F2DA DF2DA F3IDA DF3DA

1 +0 -7 -7 -13 -13 -14 -14
2 +0 -3 -3 -9 -9 -11 -11
k +0 -1 -1 -7 -7 -7 -7
4 +0 -3 -5 =11 -11 -14 -14
S +0 -5 -5 -12 -i2 -14 -14
6 «0 -2 -2 -8 -8 -10 -10
7 +0 -2 -2 -7 -7 -5 -5
8 +0 +1 +1 -6 - -4 -4
3 +0 -2 +2 -3 -5 -4 -
10 +0 +0 +0 +0 +0 +0 +0
11 +0 -7 -7 =14 -14 -13 -13
12 +0 4 *4 -3 -3 -2 -2
L3 +Q +0 +0 -6 -6 -6 -6
14 +0 -4 -4 -3 -3 -6 -6
15 +0 -7 -7 -13 -13 -11 -11
16 +9Q -4 -4 -9 -3 -8 -8
17 +Q -1 -1 -6 -6 -5 -9
18 +0 -4 -4 -9 -9 -9 -9
13 +0 -l +1 -4 -4 -4 -4
mEAN DELTA ANG.= -2,44 -8.33 -8.17
5TD.DEV.FOR DEL.= +3.20 +3.70 +4,30



Table B-1. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10716/87

mMSAT, BFM2, TRIM3,COVERED, ALL PHASESHIFTERS SET AT -4%5~

NUMBER OF OUTPUT PORTS = 19

LOW FREQUENCY IN MHZ = 1545
MID FREQUENCY IN MHZ = 1600
HIGH FREGUENCY IN MHZ = 1660

BEAMFORMER RANALYSIS
PORT DES. DES. F1=154% MHZ F2=1600 MKZ F3=1660 MHZ
NO. =-DB ANG. MS12 AB12 MSi2 ASi2 mMS12 AS12
4 -DB DEG. -DB DEG. -DB DEG.

11.6 =43 14.1 -140 13.6 =201 13.6 =270
2 13.8 <~4% 16.6 -138 16.2 ~-199 16.4 -269
3 14,6 -45 17.5 -136 17.2 =196 17.2 -26%
4 11.6 =-45 13.9 -138 13.3 -200 13.6 =271
S 1l4.6 =-45 18.2 -140 17.7 =202 18.1 =272
€ 13.8 -~45 16.6 ~-134 15.9 ~197 16.2 -2€7
7 11.6 -45 13.9 -13% 13.2 -199 13.9 -267
8 14.6 -4% 17.2 -132 16.5 -197 17.3 =268
? 13.8 =45 16.4 -129 15.7 ~-194 16.4 -265
10 8.6 +0 10.3 =93 10.0 =144 9.1 -210
11 11.6 =43 13.9 =140 13.2 =203 14,0 =272
12 13.8 =~-45 16.4 -127 15.7 ~-198 16.6 -262
13 14.6 =495 17,1 =130 1€.3 -194 17.0 -264
14 11.6 =-4%5 13.7 =137 13.6 ~-198 13.9 -264
15 14,6 <-43 17,0 -140 16.9 =-202 17.4 -268
16 13.8 =45 16.3 -137 16.2 -199 16.8 -266
17 (1.6 =45 14,1 =137 13.8 -135 13.8 -263
18 l14.6 =43 17.1 -137 1£.7 =197 1€.7 =265
19 13.8 -4% 16.2 -132 15.9 -192 13.9 -2é2

LOSS DB = . -2.34 ~-2. 34 -2.035
-3DBLOSS MEARN = 13.9 13.5 13.8
-3DF STD. DEV. = 0.14 0.23 0.1S
-5.2DBLOSS MEAN= 16. 4 15.9 16. 4
-5.2Dk STD. DEV. = 0.1% Q.21 0.29
-€DHLOSS MEAM = 17. 4 16.9 17.3
~6DE STD. DEV. = 0.41 0. 46 0.43
INPUT VSWR - 1.99 1.26 1.54

BEAMFORMER ANGLE ANALYSIS
PORT DES. F1w1545 MHZ F2%1600 MHZ F3=1660 MHMZ
NO. ANG. MANG. DELTA MANG. DELTAR MANG. DELTR
z DEG. FiIDAR DFIDA F2DR DF2DA F3DR DF3DA

1 ~45 -47 -2 -3 -12 -60 -15
2 -45 -49 +0 -3 -10 -353 -14
3 -4% -43 +2 =52 -7 -33 -10
4 -45 -4% +0 -5& -11 -61 ~-1€
b -45 -47 -2 -58 -13 -62 -17
[ =43 -41 -4 -%3 -8 -57 -12
7 -4% ~42 +-3 -33 -10 -7 -12
8 -45 -39 *€ -33 -8 11 -10
k] -45 -3¢ +3 =50 -3 -3 ~10
10 +0 +0 +0 +0 +0 +0 «0
11 -4% -47 -2 -353 -14 -62 -17
1e -45 -34 +11 -48 -3 -52 -7
13 -4% -37 +8 -50 -1 ~54 -3
14 -4% —d& +1 -S54 -3 -S4 -3
-1 -45 -47 -2 -58 -13 -58 -13
1€ -45 -bk +1 -5s -10 -5& -11
17 -45 -bh4 -1 -51 -€ -23 -8
18 -45 —hd4 +1 -53 -8 -85 ~-10
13 -45 -39 +€ -48 -3 -%2 -7
MEAN DELTR ANG.= +2.50 -8,€1 -11.50
3TD.DEV.FOR DEL.= +3.9% +3.83 4,14



Table B-1. Beamformer Calculations (Continued)

HEAMFORMER CALCULATIONS 10/16/87

mMSAT, BFM2, TRIM3, COVERED, ALL FHASESHIFTERS SET TQ -30%

NUMBER OF OUTPUT F£ORTS = 19

LOW FREGUENCY IN MHZ = 1545
mMID FREQUENCY IN MHZ = 1600
41GH FREQUENCY IN MHZ = 1660

BEAMFORMER AMNALYSIS
#ORT DES. DES. FlalS545 MHZ F2=1600 MHZ F3=1660 MHZ
NO. -DB  ANG., MS12 AS12 MS§12 AS12 mSi2 AsSiz
z -DB DEG. -DE DEG. -DB DEG.

11.6 =90 13.4 -177 13.1 =242 13.2 =310

14.6 =30 16.7% =177 16.7 =241 16.7 -309
3 13.8 =30 16.3 -177 16.0 -242 16.0 -311
10 8.6 +0 10.2 =932 3.8 -143 3.2 =21l
11 1i.6 =20 13.& -182 13.1 ~248 13.5 -3148
12 13.8 =90 16.1 -172 15.7 -238 16.1 -309
13 14.6 =30 17.1 -176 16.5 -241 16.6 -311
14 11.6 =90 13.3 =-182 13.3 -246 13.% -314
T 14.6 =30 16.6 ~-185 16.6 -249 17.0 -318
1¢ 13.8 -390 16.0 -182 16.1 =246 ti.4 =314
17 11.6 =30 13.8 ~-180 13.4 -242 Ls.4 =312
18 14.6 =30 16.3 -180 16.6 -243 16.6 ~314
19 13.8 -390 6.1 -170 15.6 -233 1%.7 -30%

LOSS Db = -2.07 -2.07 -1.72
-3DBLOSS MEAN = 13.6 13.3 13.4
-3DB STD. DEV. = 0.19 o.18 0.13
-%5.2DHLOSS MEAN= 16.2 15.9 16.0
-5.2Dk STD. DEV. = 0.14 0.22 ¢.22
-6&DEHLOSS MEAM = 17.0 16.7 16.8
-6DB STD. DEV. = 0.23 0.20 0.22
INFUT VUSWR = 1.87 1. 30 1.24

BEAMFORMER ANGLE ANALYSIS
PFORT DES. Flal1%4S MHZ F2=1600 MHZI F3=1660 MHZ
NO. ANG. MANG. DELTA MANG. DELTA MANG. DELTA
Z DEG. F1DA DFiDR FaDA DF2DA F3IDR DF3DA

1 -390 -93 -5 -103 -13 -107 -17
2 =30 -91 -1 -100 -10 -10S -13
3 -390 -87 +3 -3% -5 -101 -11
4 -390 -93 -3 -103 -13 -110 -20
] =30 -32 -2 -103 -13 ~-108 -18
6 -390 -88 +2 -98 -8 -104 -14
7 -390 - +S -37 -7 -93 -9
8 -390 -8% +S -96 -6 -98 -8
-30 -8% +S -97 -7 -100 -19

10 +0Q +0 +0 +0 +0 +0 +Q
11! =30 -390 +0 =103 -13 -107 -17?
12 -390 -80 +10 -33 -3 -98 -8
13 -2Q -84 +6 -36é -6 -100 -10
14 -390 -30 +0 ~101 -11 -103 -13
19 -390 -33 -3 ~104 -14 -107 -17
16 -30 -30 +0 -101 -11 -103 -13
17 -30 -a8 +2 -37 -7 -101 -11
18 =30 -a8 +2 -38 -8 -103 -13
19 -30 -78 +12 -88 +a -4 -4
~EAN DELTA ANG.» +2.11 -8.50 -12.867
3TD.DEV.FOR DEL.= +4.40 *4,54 +5.09
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Table B-1. Beamformer Calculations (Continued)

BEAMFORMER CRALCULATIONS

10/16/87

MSAT, BFM2, TRIM3,COVERED, ALL PHASESHIFTERS SET AT -13%5%

NUMEER OF OUTPUT PORTS = 19
LOW FREGQUENCY IN MHZ = 1545
MID FREQUENCY IN MHWZ = 1600
HIGH FREQUENCY IN MHZ = 16&0
HEAMFORMER ANALYSIS
£OKT DES. DES. F1=1%4%5 MHZ F2=1600 MHZ F3=1660 MHZ
NU. -DE ANG. MS12 ASl2 mMSi2 ASl2 MSi2 AS12
Z -DF DEG. -D& DEG. -DE DEG.
1 1.8 -13%5 13.8 -232 14,0 =295 14.1 -36¢€
2 13.8 =135 16.5% -2287 16.5 -292 16. 4 =364
5 14.8 =13% 17.4 -223 17.3 -288 17.4 =362
4 11.6 -13% 13.8 -230 13.8 -29% 13.8 =369
5 14,6 =135 17.4 -228 17.2 =297 17.2 -368
& 13.8 -13% 16.2 -22% 16.2 -289 16.1 =363
7 11.6 -13% 13.4 -22% 14,0 -287 13.5 -3€4
8 14,6 -13% 1€.8 -22S 17.4 -2893 16.8 -3€3
% 13.8 -13% 1&.3 -223 1.9 -287 16.3 -364
10 8.6 +0 10,0 =30 9.5 -146 3.5 -213
11 11i.6 =13% 13.1 -230 13.7 =-23S 13.4 -365 -
12 13.8 -13% 1%.7 -217 16.1 ~282 15.8 -332
13 14.6 -13% 16.9 -223 17.2 -287 16,7 =357
14 11.6 -135 13.4 -228 13.9 -232 13.9 -360
1S 14.6& -13% 16.& -230 17.0 =295 17.1 -36¢&
1¢ 13.8 =135 16.0 -227 1£.5 ~-291 16.7 -362
17 11.6 =-13% 13.9 =227 13.7 -2%92 14.0 ~364
18 14.& -135 16.8 -22¢ 17.0 =290 17.1 -363
1% 13.8 -13% 16.2 -21¢ 16.3 -280 16.2 -352
.0SS Dk = -1.97 ~1.37 -2.04
-3DELOSS MEAN = 13.5 13.9 13.8
~3DF STD. DEV. = 0.24 0.13 0.2%5
-%.2DEBLOSS MEAN= 16.2 16. 4 16.3
-%.2DF STD. DEV. = 0.2%5 0.2¢ 0.28
-4DELOSS MEAM = 17.0 17.2 17.0
-6DF 3TD. DEV. = 0.31 0.135 0. 24
INFUT VSWR = 1.49 1.64 1.2¢€
BEAMFORMER ANGLE ANALYSIS
EDRT DES. F1=1%4% MHZ F2=1600 MHZ F3=1660 MHZ
NO. ANG. MANG. DELTAR MANG. DELTA MANG. DELTR
Z DEG. F1DA DFIDA F2DA DF2DAR F3DA DF3DA
b -13% -142 -7 -143 =14 -153 -18
g =13% -137 -2 -146 -11 -1%1 -1€
3 =-13% -133 +2 ~142 -7 -149 -14
4 =135 <~140 -3 ~-149 -14 -15¢& -21
s =135 -138 -3 -151 -16 L §-11 ~-20
€ =135 -13%° +0 -143 -8 -13%0 -13
7 =-13% -13% +0 -143 -8 -151 -16
8 =~-13%T -13% +0 -143 -8 -150 -1%
7 =13% -133 +2 -141 -6 -13 -1€
10 +0 «0 +0 +0 +0 +0 +0
11 ~-135 =140 -5 -1493 ~-14 -152 -17
12 =-13% =-127 +8 -13¢ -1 -133 -4
13 =-13% -133 +2 -1s3 -£ ~lad -2
14 -13% -138 -3 -1 4€ -11 -147 -1
S ~-13% -140 -3 -1473 -14 -153 -18
1¢ =-13% -137 -2 =145 -10 -1473 -14
17 -13C -137 -2 -1l4¢ -11 -1% -1¢&
18 =139 -13¢ -1 -144 -9 -1%0 -18
13 =133 ~-12¢ +3 -134 +1 -137 -4
MEAN DELTA ANG.= -0.&7 ~-3.28 -14, 44
SJTL.DEV.FOR DEiLL.= +4. 11 4,32 +3.67
B-S ORIGINAL PAGE 1S
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Table B-1. Beamformer Calculations (Continued)

HEAMFORMER CALCULATIONS 10716787

MSAT, BFMa, TRIM3, COVERED,ALL PHASESHIFTERS SET AT -180+

NUMBER OF QUTPUT PORTS = 13

LOWw FREQUENCY IN MHZ = 13548
MID FREQUENCY IN MHZ = 1600
HIGH FREQUENCY IN MHZ = 16£0

HEAMFORMER ANALYSIS
“ORT DES. DES. F1=1%4%5 MHZ F2%1600 MHZ F3=1660 MHZ
MO, ~DR  ANG. MS12 RS12 ms12 AS12 MSi2 RSi2
Z -DBR DEG. -DB DEG. -DE DEG.

L0SS DE = -1.37 -1.97 -1.84
-3DBLOSS MEAN = 13.5 13.7 13.6
-3DE STD. DEV. = .18 0.28 0.20
-5.2DBLOSS MEAN= 1€.2 16.1 16.0
-%.2DF STD. DEV. = 0.19 .18 0.28
-6DBLOSS MEAM = 16.73 16.9 1€.8
-6DB STD. DEV., = 0.30 0.22 0.27
INFUT VSWR = 1.53 1.48 1.22

BEAMFORMER ANGLE ANALYSIS
FORT DES. Fi1=1545 MHZ F2=1600 MHZ F3=1660 MHZ
NO. ANG. MANG. DELTA MANG. DELTA MANG. DELTA
Z DEG. FI1DA DF1DA F2DA DF2DA F3DA DF3DA

1 -180 =179 +1 -188 -8 -178 -18
2 =180 -~174 +6 -184 -4 -195 -15
3 -~-180 -i728 +8 -181 -1 -130 -1Q
4 =180 -1786 -4 -187 -7 -197 -17
S =180 -176 -4 -187 -7 -198 -18
6 =180 -174 +6 -184 -4 -1393 -13
7 =-180 -173 +7 -182 -2 -130 -10
8 -180 =-172 +8 -182 -2 -189 -9
7 =180 -~-16&73 +11 -179 *1 -188 -8
10 +0 +0 +0 +0 +Q +0 +0
11 -180 ~-183 -3 -193 -13 -199 -13
12 ~180 -163 .17 -174 L) -186 -6
13 ~-180 ~-~173 *?7 -183 -3 -133 -13
14 =180 =176 +4 -18% -3 -130 -10
1% =180 -180 +0 -131 -11 -137 -17
16 -180 -~-176 +4 -186 -& -193 -13
17 -180 -172 +8 -182 -2 -131 -11
18 ~-180 =-174 +6 -183 -3 -133 -13
19 -180 -170 +10 -180 +Q -130 -10
MEAN DELTA ANG.= +€.00 -3.34 -12.78
STD.DEV.FOR DEL.= +4.53 .4, 40 *4,80
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Table B-1. Beamformer Calculations (Continued)

HEAMFORMER CALCULATIONS 10716787

MSAT, BFM2, TRIM3, COVERED,ALL PHASESHIFTERS SET AT -22%°

NUMEER OF QUTPUT PORTS = 13

LOW FREQUENCY IN mMHZ -1 1
MID FREQUENCY IN MHZ = 1600
HIGH FREQUENCY IN MHWZ = 1660

BEAMFORMER ANALYSIS
FORT DES. DES. F1=154% MHZ F2=1600 MMZ F3=1660 MHZ
NO. -DB ANG. MS12 AS12 MS12 AS12 Msi2 Asi2
z - -DP DEG. -DB DEG. <DB DEG.
1 11.6 -22% 14.4 =311 13.9 =377 13.7 -4%3
2 13.8 -22% 16.7 -309 16.4 ~37% 16.6 -451
3 14,6 -22% 17.4 =305 17.3 =370 17.2 =445
4 11.6 -22% 13.8 -309 13.4 -376 13. 6 -a4%52
S 14,6 -22% 17.8 -309 17.5 =377 17.6 ~4%52
€
7
8

13.8 =225 16.6 -30% 16.3 -373 16.5 -449

11.6 -22% 14.0 -30% 13.% -373 14,1 =449

14.€ -28S 17.3 =304 16.6 -373 17.3 -449
? 13.8 -22% 16.€& -293 15.8 -368 16.3 -44¢
10 8.6 +0 10.2 -92 10.0 -144 9.1 -209
11 11.€ -Q2% 14.4 -313 13.5 -379 14.3 -45¢
12 13.8 -22% 16.1 -293 15.1 =365 16. 4 ~4b4
13 14.6 -22% 17.2 -301 1€.2 -372 17.0 =450
l4 11.6 -22% 1%.1 -30¢ 14.9 -372 15,0 -444
15 14.6 -22% 16.9 -312 17.0 -380 17.4 -451
1€ 13.8 -225 1&.0 -308 16.4 -37% 17.2 -450
17 11.6 =22% - 14.1 -30% 13.6 -372 13.7 -447
18 .14.6 -22% 17.3 -30% 16.8 -372 17.0 -447
19 13.8 -22%5 16.4 -301 15.7 -3¢8 15.9 -445

LOSS Dk = ~2. 485 -2.45 -2.17
-3DBLOSS MEAN = 14,3 13.8 14,1
-3DE STD. DEV, = 0. 42 0.352 Q.47
~5.2DBLOSS MEAN= 16. 4 16.0 16.5
-S.2Dk STD. DEV. = 0.2¢ 0. 47 0.39
-e6DELOSS MEARM = 17.3 16.9 17.3
-6Dk STD. DEV. = 0.27 Q.43 0.21
INFUT VSUWR = 2.02 1,34 1.57

BEAMFORMER ANGLE ANALYSIS
FORT DES. F1w1S4% MHZ F2=1600 MHZ F3=1660 MHZ
NO. ANG. MANG. DELTA MANG. DELTA MANG. DELTA
Z DEG. F1DA DFIDA F2DA DF2DA F3DA DFaDA

1 =223 =219 +€ -233 -8 -244 -13
2 -22%5 -217 +8 -231 -6 -242 -17
3 -22% -213 +12 -226 -1 ~-236 -11
4 ~-225 =217 +8 -232 -7 -243 -18
S -22% -217 +8 -233 -8 -243 -18
& =-22% -213 +12 -229 -4 ~-240 -15
7?7 =-22% -213 +12 -229 -4 -240 -1%
84 =229 -212 +13 -229 -4 =240 -15
3 =-22% =207 +18 -224 +1 -237 -12
10 +Q -0 +0 +0 +0 +0 +0
11 -22% -221 >4 -235% -10 -247 -22
12 -22% -201 +24 -221 +4 -23% -10
13 =223 -209 +1€ -228 -3 -241 -1&
14 -225 -214 «1l -228 -3 -23% -10
13 -28% -220 *5 -23¢ -11 -242 -17
1€ -22% -21¢ +3 ~231 -€ ~241 -1€
17 -228% =213 +12 -228 -3 -238 -13
18 =225 =213 +i2 -228 -3 -238 -13
13 -22% -209 +16 ~-224 -1 -23¢ -11
MEAN DELTAR ANG.= +11, 44 -4,17 -14,873
STD.DEV.FOR DEL.= +5,50 +3.93 *4.793
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Table B-1. Beamformer Calculations (Continued)

cERMFOAMER CALCULATIONS

RN LTIE T S B TP

'

[T

YA Y-Y2-Y4

mee FAaagSHIFTERS 387 7O -2V v

SLTEUT FORTS
IN M
Ioy M2
N M=

mMS1E RSt
-D& DEG

& MS1
. -DE

{i.6 13.
ti. 8 i6. % =Z%3 18,
LR 17, e =347 17,
1.8 = 1Z. 7 =388 13.
Lo =3 6.3 =354 15.
13,8 =170 16,0 =I50 18,
1.3 =377 13.5 =348 13.
ta, s -oTw 16. 3 =348 16.
5.H8 27 18.3 =347 18.
e 1, 1 =3& 3.
3 3.8 -3%8 135,
E 16,0 =338 19,
& 7.0 ~Za7 18,
) 13.» =35& 13.
) 18,7 =357 18,
a 1%, 0 =3%3 16.
[ 13.8 -3382 13.
=) T.0 =38& 16.
3 34

REAMFORMER ANG|

2IRT D&S5. Fl=154Z mH

. oe-

-

e T T T

O, ANG.  mANG. DELT
DEG. FIDA DFLD

Vi tzesT T s
T =270 =2el 3
3 =av7a =2i7 ~13
w =270 =263 -7
3 =270 =262 -8
& =70 -2T8 -1z
T =@70 =356 -lh
a ~z70 -2%56 14
3 -&7 =335 15
e - ) +) -0
i =370 =25 8
& =ET70 —Zue LT
T A0 =2NE -5
o —-ZE0 1O
= -2ed 3
ES -=EL +*3
T =E&Te -260 10
D =ETC =20 -1
"3 =T -24 3 L
DELT M iR, = 1L, DO

TS LELLw «30T0

LE ANAL
2 SsZmy
A  mMANG
A  FZDA

-273
-276
-271
-279
-277
-274
-271
-272
-271

-
-3
—Zg-
-373
-z7%
-8
-277
-Z7
-274

~Inld

B-8

EEAUMFORMER ANRLYSIS
Fi=1%e% MR FZal1doq

& RStz
DEG.

¥YSIS

800 MHZ

. DELTA
DF DA

Mz

= .3

= 15ug
= {1 6Q0
= 1660

Fim1660 mMHZ
mMSi: AS1E
-DBE  DEG.

& =6ezS 13,3 -503
& -a2s 16,2 =500
O =617 16.8 =-S0Q
4 —acl 13. 4 -S04
7 —=e&3 16.48 -S01
3 =420 16.1 =-438
3 =el? 13.3 =430
7 =418 16,3 =434
3 =417 16,0 =435
7 =146 9.3 -21&
5 -6 13.3 -Sog
E =410 15,3 =-w89
2 =413 16. 4 =478
S —e21 13.56 =496
7 =036 17.1 -%01
3 =623 16. 6 =437
5 ~e20 13.% =437
7 —e20 16,7 =-a37
8 -au3 1. S -4A7

F3=168860 mMHZ
MANG. DELTAR
F3DA DF3DA

-3
-6
-1
-3
-7
-4
-1
-1
-
=10
-6
-3
-]
-1
-7
-5
~l
.7
-z.8%

e, 73

-231 -1
-268 -18
-288 -8
-29& -22
-283 -193
-286 -16

-282 -2
-282 -1
-283 -13

-0 -
-230 20

-277 -7
-¢85  -16

284 ~14
-289 -13
-263 -13
-28% -1S
-285 -1S
-275 -3
-1%9. 33
.83
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Table B-1. Beamformer Calculations (Continued)

Ci\ =) BERMFORMER CALCULATIONS 107186787
MSAT, BFMZ, TRIM3, COVERED, ALLSHIFTERS SET TO -31%5~
NUMEER OF OUTEUT FPORTS = 13
LOwWw FREQUENCY IN rw2 = 1545
»iD FREQUENCY IN MHZ = 1600
~IGh FREGUENCY IN mHZ = 1660

BEAMFORMER A
Fi1s1%54% MHZ FE&=1600 MHZ F3=1660 MHZ
mS1e
-DB

~ORT DES. DES.
~NO. =DB  ANG. MS1E RS1Z mSi1& RAS1E
4 -DE  DEG. -DB DEG.
1 [
3 8
! [}
e 11.86 =31% 13,8 —wO 13.9 =472
Z 14.8 =315 16.% =337 17.0 =463
& 13.8 =-31% 16.2 -39S 16. 5 —467
7 11.6 =31% 13.% -396 14,1 —-486
& 4.6 -31% 16.8 =396 17,4 —666
» 13.8 =315 16.¢& -332 16.7 =462
10 3.6 + 3.3 =30 9.5 =146
1t 11.6 =315 3.9 -402 14,1 =47%
W& 33,8 =315 16.0 =383 18.9 ~4%a
13 le.8 =-31% 18.7 =337 17.3 ~466
L4 11.8 =31% 13.6& =329 14.3 =468
12 1.6 =31% 16.6 =402 17.1 =472
6 13.8 =315 16.1 =400 16.8 =463
tT O 11.86 =31% 1.6 =378 13.8 =487
18 14.6 =3:% 16.8 =3%€ 17.0 =467
13 13,8 =31%  16.2& =330 16.& =-4%6
usd Db = -2. 03 -2, 03
=IDRLOSS ™MEAN = 12,7 14,1
-3DF 3TC. DEV. = O,z V.17
-%. SDE.0SS MEAN= 16. & 16.%5
-3.30g S5TC. DEV. = O, &2 0. 3&
-eDELOSS MERM = 16. 8 17. &
-5Dp 37L. DEv. = Q.1 U. 17
INEUT VSWR - 1.6} 1.67
BEAMFCRMER ANGLE ANALYSIS
PORT DES. Fl=1%54S MMHZI FE=1600 MHZ
NC. ANG. ManG. DELT& mMANG. DELTA
z DEG. F1DA DF1DAR FEDR DFIDA
1 =31% =311t -l -3&7 -1&
z =218 -306 +*5 -321 -6
3 =315 =30« -11 -3¢0 -
4 =31%  =34¢ +5 -3256 -1
€ =315 =307 +8 -3&3 -8
& =315 =308 -1 Q ~-321 -6
7 =315 =306 -9 =320 -3
8 =315 =30& -3 -320 -5
3 =318 =303 -13 ~-316 -1
10 -ty *( +Q -
il =318 .2 -3&3 -1ld
i =Z1t -3z ~-308 -7
| S L) =320 -S
ta  =3.% -5 -3&z -7
. =310 . -3&6 -1
o =3iE -5 -323 -8
1T =318 -7 -3&2 -8
1a =15 -3 -331 -6
& =315 -1y =310 +3
~l0d DELTR ANG. = -8, Cl -€.83
[, DEv.SOR DEL.= «I.0Z +£. 36

B-9

NALYSIS

AS1Z
DEG.

-550
-548
-S4
-85%3
-S50
-546
-S541
-S4z
-S54
-213
~551
-53%
-Sa
=Dha
-Z43
546
-S67
-S546

-
-S38

-2, 14
14.0
0. 21
16. 3
0. 5S4
17.1%
O. 32
1.8

F3=1660 MHZ
MANG. DELTR
F3DA DF3DA

-337 -2
-33% -2
-3&3 -14
=340 -z5
-337 -=2
-333 -18
-3z8 -13
-329 ~-14
-3&8 -3
- -
-3386 -23
: -7
-14&

-1ic

-18

-17

-18

2 -7
-16.8%
5. 386
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Table B-1. Beamformer Calculations (Continued)

= =
= 1Sel
= S
- e T P YRR = leer

ZEmECRMER ANALYSIE

2 TEs. LES. 4% el FrXm gl MR Flis
R N A1t =3l »31& =31& ™MSia=
z DE.Z. -oRE v e -0

. i 2 L) 13,
Z .E -nd ~u Tl HIPERREY e
Tl =113 . ~a7 19. e
- 1e& =0T i -“7s 1a.8 )
- Le, st =132 1 TS 17.3 -
= Jded =25 N 1 —-wE&5 17.1 “E
tted =2+ lzows ' =331 1.2 -«
= R 1. 7 1 -2X5 1. 2 A
- TS - “ . -3 fe. 7
EPRS . pe e 1 -1 3.1
. Viem ~2i2 = « 13.8 =373 14,3
Z . Z 15, @ =Z2&% FECPS
N (4. S - t7.1 =373 16.3
B PO 3 =Zi. 13.% =371 13. s
= “w.o & =317 CTLd =lav 15, 9
H g =313 8.7 =I7& 1€, @
a -3%  13.:We1es 1203
. 3 17.= =123 16, D
I.e 18,5 =13 13.2
- TR R
13. ¢
Teozy
= ‘e
u
-
3

AMTORMES ANGLE ANALYSIS
TomlTeZ MHI  TEmi300 M FIsiodu mRZ
MaNG, DELTA mMANG, LE_TA =manG, DELTA
. oEG. =1Dw DFLID® FiDA  OFZDR  F3DW oF DA

. -2
2 B -173
[ -8
3 =3 -6
. =3 -t
-1 -13
& i -1
- -1 I
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Table B-1. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10716787

MSAT, BFM2, TRIM3, COVERED, AZ=45", EL=20°

NUMBER OF QUTPUT PORTS = 19

LOW FREQUENCY IN MHZ = 1545
MID FREGUENCY IN MMZ = 1600
HIGH FREGUENCY IN MHZ = 1660

BEAMFORMER ANALYSIS
FPORT DES. DES. F1=154%5 MHZ F2=1600 MHZ FI=1660 MHZ
NO. -DE ANG. mMS12 ASi2 MS12 AS12 MSi2 ASi2

Z -DB DEG. -DB DEG. -DB DEG.
1 11.6 +«0 13.7 -~101 13.7 -158 13.0 -22%
2 13.8 -390 16.7 -183 16.4 =242 15.3 =315
3 l4.6 =317 17.3 -398 17.6 ~46S 17.2 -S44
4 11.6 =285 13.9 -309 13.1 =376 13.6 -454
S 14.& =30 17.5 -183 16.7 ~248 17.5 =323
&€ 13.8 -22% 17.0 -306 16.0 ~371 16.3 ~4%52
7 11.6 -4% 13.6 -139 13.8 -199 13.6 -26S
8 14.&6 -31% 16.9 -397 17.4 =468 17.35 -J44
9 13.8 -270 16.5 -343 15.8 -413 1S5.1 -433

10 8.6 +0 10.1 =92 9.9 ~143 9.2 -210
11 11.6 -180 13.8 =267 13.1 -33¢ 13.€ -411
i2 13.8 -%0 15.9 =173 15.6 ~240 16.% -311
13 14.6 ~-2235 17.0 -30¢ 16.8 -37¢ 17.3 ~4493
14 11.& =313 13.5 =400 14,3 -479 14,2 -344
1% 14.&6 -30 16.% -183 16.7 -248 16.6 -31¢
16 13.8 -315 15.8 =401 16.9 =473 17.4 -545
17 11.6 -13% 13.8 ~-224 13.3 -292 14.28 -36¢
18 14.€6 -225 16.9 -30% 16€.6 ~374 17.0 =450
12 13.8 -270 15.8 -343 15.9 =419 1€.7 -488

L0OSS DE = ~-2.12 -2.12 ~1.9%
~3DKLOSS MEAN = 13.7 13.6 13.7
-3DF STD. DEV. = 0.13 0.43 0.41
-S.2DHELOSS MEAN= 1€.3 16.1 1€.2
-5.28PK STD. DEV. = 0.47 0. 43 0.80
~€DELOSS MEAN = 17.0 17.0 17.2
-¢DB STD. DEV. = 0.32 0.39 0.31
INFUT VSUWR = 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS
FPORT DES. F1=154% MHZ F2=1600 MHZ F3=1660 MHZ
NO. ANG. MANG. DELTR MANG. DELTA MANG. DELTA
Z DEG. FLDAR DF1DA F2DA DF2DA F3DA DF3DA

1 +0 -3 -3 -13 -13 -15 -15
2 -30 -31 -1 -37 -7 -10% -15
3 =315 -30¢& +9 -320 =5 ~-334 -19
4 -22% -217 +8 -231 -6 -g244 -193
S -390 -91 -1 -103 -13 ~-113 -23
& -22% -214 +11 ~-286¢ -1 -242 -1?
7 -4% -47 -2 -%54 -9 =11 -10
8 =315 -30% +10 -323 -8 ~-334 -19
3 =270 =2%1 *13 -268 +2 -283 -13
10 +0 +0 *0 +0 +0 +0 +0
14 =180 =-17% +35 ~-19% -11 -201 -21
12 -30 -81 +3 -3% -S -101 -11
13 ~22T ~-214 +11 -231 -€ -233 -14
1l =31% =306 .7 -334 -13 -334 -13
15 -30 -31 -1 ~103 -13 ~108& ~-1€
1¢ =315 =309 +€ -328 -13 -33% -20
17 =135 =132 «3 -147 -12 -15¢ -21
18 -22% =213 +12 -229 -4 -240 -1£
19 =270 =-2%1 +13 -270 +0 -278 -8
MEAN DELTA ANG.= +¢&,.33 -7.9%4 -1£.39
sTD.DEY.FOR DEL.= +7.2% +3.61 +5.57
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Table B-1. Beamformer Calculations (Continued)

BEAMFORMER CALCULATIONS 10/16/87

HSQT,BFHE,TRIM3,CUUERED,QZ=90°.EL=EO°

NUMEER OF OUTRUT PORTS = 19

LOW FREGUENCY IN MHZ a 15485
MID FREQUENCY IN MHZ = 1600
AIGH FREQUENCY IN MHZ N = 1860

HEAMFORMER ANALYSIS
FORT DES. DES. F1=1%A5 MHZ F2=1600 MHZ F3=1660 MmHZ
NO. -DF  ANG., MSi2 RAS12 ms12 AS12 mMSi2 Asle
4 -DB DEG. -DB DEG. -DB DEG.

LOSS Dk = -1.98 -1.78 -1.79

-3DBLOSS MEAN = 13.4 13.4 13.5
-3D8 STD. DEV, = 0.26 0.13 B 0.22
-%.2DBLOSS MEAN= 16.2 16.0 16.0
-$.2DB STD. DEV. = 0.21 0.18 Q.21
-6DELOSS MEAM = 17.0 16.9 16.3
-6DR STD. DEV. = 0. 46 0.28 0.16
INFUT VSWR - 0.00 0.00 0.00

BEAMFORMER ANGLE ANALYSIS
PORT DES. Fl=1545 MHZ F2=1600 MHZI F3=1660 MHZ
NO. ANG. MANG, DELTA MANG. DELTA MANG. DELTA
4 DEG. F1DA DFLDA F2DA DF2DA F3DA DF3DA

1 -270 =265 +3 -280 -10 -291 -21
2 -30 -390 +0 -99 -9 -10S -15
3 -~-180 ~173 7 -181 -1 -189 -3
4 -390 -34 -4 ~10S -19 -108 -18
% =180 =175 +35 -188 -8 -196 -16
[ +0 +2 +2 -6 -6 -9 -9
7 +0 -1 -1 -7 -7 -5 -5
a -180 ~-173 *? -186 -6 -188 -8
9 -390 -86 4 -37 -7 -100 -10
10 +Q +Q +0 +0 +0 +0 +0
11 =270 =262 +8 -281 -11 -290 -20
12 -30 -79 +11 -92 -2 -3¢ -6
13 +0 +1 +1 -6 -6 -3 -5
14 -390 -393 -3 -103 -13 -102 -12
19 +0 -6 -6 -14 ~-14 -12 -12
16 =180 -171 +9 -186 -6 -132 -12
17 =180 -170 +10 -183 -3 -130 -10
18 +0 -3 -5 -11 -11 -9 -3
13 -390 -80 «10 -89 L3¢ -32 -2
mMEAN DELTA ANG.= +3.33 7. 44 -11.06
STD.DEV.FOR DEL.= +5,.44 +4.67 +%5.76
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Table B-1. Beamformer Calculations (Continued)

EEAMFORMER CALCULATIONS

10/16/87

HSQ?,BFHE,TRIHS.COVERED,AZ-ISS*.EL-EO°

NUMBER OF OUTPUT PORTS
LOW FREGUENCY IN MH:

MID FREQUENCY IN MHZ

HIGH FREGUENCY IN MHZ
BEAMFORMER ANALYSIS
PORT DES. DES. Fim1%4% MHZ F2=1600 MHZ F3=y
NO. -DB RNG. M§12 AS12

=1
=1
= 1
=1

3

T4%
600
660

660 MHZ

m§12 AS12 MmMS12 Aasi2

z -DB DEG. -DB  DEG. =-DR DEG.
1 11.6 =135 14.3 -229 13.7 -293 13.8 -36¢c
2 13.8 -270 16.4 =351 16.0 -422 16.5 -501
3 14.6 -270 16.8 -348 16.7 -42% 17.6 -438
4 11.6 +0 13.% =937 13.3 -1%7 13.6 -226
S 14.6 -4% 18.2 -138 17.6 ~199 17.4 =270
€ 13.8 -13% 16.3 -22¢ 16.3 =290 16.5 =363
7 11.6 -45 13.6 -13¢ 13.4 =199 13.9 -267
8 14.6 -315 17.0 -39¢ 17.1 =469 17.8 -%45%
9 13.8 =90 16.4 =172 15.6 -238 1.4 =311
10 8.6 +0 10.2 -93 10.1 -144 3.0 -210
11 11,6 =45 13.7 -141 13.4 =204 14,0 -271
12 13.8 -270 16.2 -342 15.7 -414 16.3 -492
13 14,6 =270 17.1 -34¢ 16.3 -413 1€6.5 -497
14 11.6 -180 13.¢ -264 13.7 -329 13.3 ~400
15 14.6 ~13%5 16.5 -234 17.3 -300 17.9 -367
16 13.8 =45 15,7 -140 16.% -201 16.6 ~263
17 11.6 -13% 13.9 -z22% 13.6 -289 13.7 -363
18 14.8 -22% 17.1 -307 16.9 -372 16.%5 -448
19 13.8 =90 1%5.8 -173 16.3 -237 16.5 =301
LOSS DB = -2.13 -2.13 -1.97
-3DKHLOSS MEAN = 13.8 13.5 13.7
-3DB STD. DEV. .= 0.27 0.16 0.23
-%.2DBLOSS MEAN= 16.1 16.1 16.3
-%.2DF STD. DEV. = o.28 0.33 0.41
-6DBLOSS MEAM = 17.1 17.0 17.3
-6DE STD. DEV, = 0.53 0. 42 0.58
INFUT VSWR = 0.00 0.00 0.00
BERMFORMER ANGLE ANALYSIS
PORT DES. F1®1545 MHZ F2=1600 MHZ F3=1660 MHZ
NO. ANG. MANG. DELTA MANG. DELTA MANG. DELTA
b4 DEG. F1DA DFiIDA F2DA DF2DA F3DA DF3DA
1 -13% -13¢ -1 -143 14 -1%¢ -21
2 =270 -2%8 +12 -278 -8 -291 -21
3 <270 -~-2S% 15 -277