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FOREWORD

Ball Aerospace Systems Division (BASD;, Boulder, CO submits this final report
to JPL Pasadena, California in fulfillment of JPL Contract Number 956686, Mod.

No. 2.

This report is a
dividuals;

H.A.
R.E.
B.V.
AM,
T.A.
D.B.

summary

Haddad
Brown
Pieper
Muckle
Pett
McKenna

of the work that was performed by the followiny in-

System Engineer and Program Marager

Large Volume cost Estimater
Antenna Pointing System

Mechanical Steering and Control System

RF Antenna Performance
RF Antenna Performance

We would like to acknowledge the helpful comments made by the JPL staff during
the course of this study, specifically Dr. John Huang, Mr. Dave Bell, Dr. Ken
Woo, Dr. Y. Rahmat-Samii, Dr. Firuz Naderi and Dr. Farmaz Davarian.
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SUMMARY

This report summarizes the work performed during the second phase of a study
proyram on concepts developnent of Land Mobile Vehicle (LMV) Antennas for
Satellite Mobile Communications. Three types of antennas have been investi-
yated as to their RF vperformance, size, pointiny system and cost, The three
concepts are:

(1) The mechanically steered 1 x 4 tilted microstrip array

(2) The mechanically steered fixed-beam conformal array

(3) The electronically steered conformal phased array

A summary of their expected cost and system performance is summarized in Table
S-l.

Depending on the type of design, the antenna height can be 2" to 7.5", the
yain may vary from 9 to 11 dB and the elevation pattern rolloffs from 70° to
horizon can be 5 to 6 dB. The two satellite isolations are estimated for sat-
ellites located at 80°W and 113°W and with the assumption of haviny amplitude
taper in the LMV antenna.

The breadboard (B.B.) and prototype costs include the costs for designing,
fabricating, essential testing and detail drawings of the functioning antenna
system. The per unit costs for quantities of 100, 10,000 and 100,000 units
are based on concept's parts and material breakdown with a complexity factor
assigned to each design. It is very difficult at this phase of the proyram to
determine the cost with high degree of accuracy. A more accurate prices can
be established once the breadboard and prototype units are made, Then a rig-
orous learning curve method would be used to determine the prices in large
quantities.
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SECTIUN 1.0
INTRODUCTION

We have investigated three types of antenna systems with two types of steeriny
mechanisms. The 1 x 4 t: ted microstrip array and the conformal fixed-beam
array are two of the antennas that are mechanically steered. The 19-element
conformal array with solid state phase shifter is steerzd electronically.
Figure 1-1 shows their configurations on the roof of a car. Some preliminary
RF and system study was previovn<' .ade and documented in a separate report.1
Table 1-1 summarizes the basic performances for each of the three antenna
concep.s.

In this report, the emphasis of the study is on the RF performance of the
tilted 1 x 4 antenpa array and on the methods for pointing the various an-
tennas to a geosynchronous satellite, The results of this study are detailed
in Sections 2 and 3. We also present in Section 2 an updated version of sat-
ellite isolations in two-satellite system.

Finally, cost estimates for the various antenna concepts in duantities of
10,000 and 100,000 units are summarized in Section 4.

1"CONCEPT AND COST TRADE-OFFS FOR LAND VEHICLE ANTENNAS IN STATELLITE
MOBILE COMMUNICATIONS." Final Report F84-10, Ball Aerospace Systems Division,
July 1984.
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Mechanically Steered Fixed-Beam Conformal Array

Electronically Steered Conformal Array

Figure 1-1. The three LMV Concepts Shown Configured atop a Car Roof
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Table 1-1
SUMMARY OF ANTENNA CONCEPT PERFURMANCE

1 x4 Conformal Phased

Tilted _Hech. Array
Transmit Frequency 821-825 MHz YES YES YES
Receive Frequency 866-870 MHz YES YES YES
CONUS Gain (dB) {Minimum) 11 9 10
# Elev. Positiuns - CONUS 1 l 2
VSWR (<2:1) YES YES YES
HPBW - Azimuth (Degrees) 18 26 26
HPBW - Elevation (Degrees) 65 50 26
Axial Ratio - COUNUS (dB) 4 9 9
Pattern Roll Off -

from 70° t2 Horizon 5 6 6

Size - Base Diameter (Inches) 36 36 36
Size - Heiyht (Inches) 7.5 3.5 2
Peak Power (100W) YES YES YES
Averaye Power (5W) YES YES 'zS
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SECTION 2.0

LAND MOBILE VEHICLE ANTENNAS

2.1 MECHANICALLY STEERED ANTENNA ARRAYS

Since submitting our first report, we have made a significant improvement to
the mechanically steered antenna systems which has substantially relieved the
requirements on the pointing system. Simply stated, we've rediscovered the
basic law of physics that a body at rest tends to stay at rest. If the an-
tenna steering mechanism is designed such that it acts like a "pivot-point,”
then, as the host vehicle turns corners and in general chanyes its orienta-
tion, the inertia in the antenna will tend to keep it pointed in the same di-
rection, The only pointing errors are those ccused by friction which tend to
make the antenra follow the motion of the nost vehicle,

Yhis is the same vasic concept used to point antennas on dual spin communica-
tion spacecraft and its benefits are obvious. First of all, the reaction time
of the pointing system can be substantially reduced. The pointing system no
lonyer has to try tc maintain lock during 45°/second turns. Instead, the
pointing system only needs to compensate for the slow varying drifts caused by
friction (roughly 5°/second). This means the problems of high speeds, high
torques and over-shooting the target when makiny a correction are all but
eliminated. Finally, this approach adds a measure of open-loop tracking al-
lowing rapid reacquisition after short drop-outs in the signal, In the fol-
lowing, we will describe the details of how this new steering mechanism works.

Steering Mechanism Concept Description

The steering mechanism has essentially two modes of operation, i.e., an acqui-
sition mode and a trackinyg mode. In the acquisition mode, the antenna is ro-
tated at a constant rate until a signal, indicating a near taryet condition,
is received from the AGC. At this time the velocity is rapidiy reduced, and
the system switches to the trackiny mode., The reader is referred to Section 3
for a complete description of the acquisition and trackiny methods,

2-1



We will restate the requirements so they will be handy for the reader., When
the system is tracking, the tracking error will be held to 1° or less, This
will keep the antenna gain high and the phase shift in the received signal
low. When the vehicle, on which the antenna is mounted, is turning rapidly at
45°/second, the pointing error will increase. But we still expect to point to
within about 5° ov boresite. The increase in error during turn is a direct
result of the requirement that the tracking error can only be updated at a 10
Hz rate.

The acquisition inode has two aspects: initial acquisition and reacquisition.
Initial acquisition starts by rotating the antenna at a constant rate in one
direction. ‘#hen a signal is obtained from the receiver, indicating a near
taryet condition, the system yoes into the tracking mode, Should the siynal
strength dro, below the threshold for more than 4 seconds when the system is
in the track 'y mode, reacquisition will be initiated. Here a small raster
scan will be used so that reacquisition time will be short,

There is one major constraint reiated to the steering system, which is due to
the 10 Hz limit on signal modulation. This means the tracking error signal
can only be updated at a 10 Hz rate. Thus we have a sampled-data servo sys-
tem, which is sampled at the above rate. We prefer not to develop a full
blown sampled-data servo with its attendant complexity and cost, We can avoid
this by limiting the bandwidth of the tracking loop to less than one hertz,
which is what we propose to do.

The functional block diagram, shown below, gives the configuration.

SCAN INPUT
LOOP X:MOD
PHASE ERROR SAMPLE | oe
AND “"°/I' MOTOR ANTENNA -
HOLD }
PHASE i
SWITCHING CLK t o
FROM AGC ...} TACH A/N 5090

The system is comprised of a velocity control servo with either a trackiny
error or a search input. The electro-mechanical part of the system is yuite
simple; it consists of:
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the antenna

a DC motor

a DC tachcmeter

a two channel coaxial rotary joint
and a pair of bearings

All these components rotate around a common axis, without years, belts or
cables. The motor i tachometer have center holes which will accommodate the
rotary joint. Figure 2-1 shows a4 cut-away view of the drive assembly and Fiy=-
ures 2-2 and 2-3 show conceptual concepts of how the antenna could be at-

tached, The system can be described by the servo block diagram yiven below.

SCAN [NPUT D \

- € v K 6 1 1.3 1]-
Ki ----q/ A K3 A _RI 3'5- - -s— e il

% T
1
A/N 5090
where:
Ki, K2, K3 = Gains to Be Chosen

Kg = Motor Beck EMF Constant

K1 = Motor Torque Constant
= Motor Re<istance

Assembly Moment of Inertia
Antenna Position

R
J
¢
¢y = Vehicle Position
Tp = Friction

E = Tracking crror

Parameters Definition

To get started we need to choose a reasonable motor and tachometer.

Motors shows the following information.

2-3
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ROTARY JOINT

BEARING

TACHOMETER
mmww 3 /
Aththy v | AL/ 11
/ :
ﬁ‘ \ MOTOR

A/N 5090

Figure 2-1 Cut-Away View of Antenna Drive Assembly
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Motor T-3912 R = 3.2 Uhms
KT = 0.46 1b-ft/amp
Kg = 0.36 V/rad/sec
Friction = .05 1b=-ft
Ib = 2,937 in,
0D = 4,562 in.
Weight = 1.5 1bs,

Tachometer TG-4413 Kg = 8.58 Volts/rad/sec
Friction = 0,04 tb-ft.
ID = 3.5 in,
0D = 5,12 fin,
Weight = 2.2 1bs.

To complete the drive mechanism we need parameters for the rotary joint and

bearings.
Rotary Joint Friction = 0,02 lh-ft,
Weight = 2.2 lbs,
Bearings Friction = 0.03 1b-ft.

The total friction Ty = 0,14 1b-ft,

The weiyght of the antenna should be around 12 pounds so the total should be

around
Weight = 20 lbs.
exluding the radome,
The moment of inertia of the rotating assembly is estimated to be

J = 0.6 slug-ft2
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Now we have all the essential parameters except for the yain on the trackiny
error channel,

The tracking error is a sinusoidal function.

109

€ — ANGLE OFF

20 BORESITE

-0V A/N 5090

In the linear region the gain is
K = 96 volts/rad

Analysis

Now we need to choose reasonable values for the parameters K1, K2, and K3.
Because we wish to keep the error due to friction disturbance torques to 1.0
deyree or less we have the following relationship, '

Thus KiK3 » =7 —557%
K1K3 » 55.8

To get reasonable damping the bandwidth of velocity servo needs to be around
4,0 rad/sec. This means that
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RJ
KoKy = 4 - K8
T

KoKz = 16.3

When the vehicle is turning at 25°/sec we want to keep the error to 3°.

. KB
by [KoK3 + 7= ] = EK)
3
- 3
S0 |(1 = 136 - K—-
3
Let K1K3 = 111.6
Thus Ky = .84
K2 = 19.4
Ky = 133

Usiny these numbers we yet the diagram below,

b 133

@]
v

A/N 5090

The closed loop transfer function is

6 26.6

%

S2 + 4S5 + 26,6

2-9
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The bandwidth tis

W= 4,75 rad/sec

and the damping factor is ¢z = 0.4

This damping is reasonable and the frequency (f = .76 Hz) is less than 1.0 Hz

as desired,

Note that
where
K = Tracking Siynal Gain
Ka = Amplifier
S0
.4
£
——i Q& V/RAD 1.38 w/v
%
-
Ky
Also
Ko = Ké Ka
where
K& = Tach Gain
Ka = Amplifier
2-10
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S0

. K'D K.
¥
—— 8.58 V/RAD/SEC 2.26 ViV

Conclusions

The steering servo system fs simple and straightforward. It will point to
within about 0.5° most of the time while tracking. In the worst case, while
the vehicle is cornering rapidly, the error will be around 3° for a few sec-
onds, The servo can tolerate the low sampling rate of 10 Hz in the error
channel. Taryet acquisition will not be a problem,

2.1.1 1 x 4 Tilted Microstrip Array

The mechanically steered 1 x 4 tilted array is an excellent choice for meetiny
the required specifications. The elevation coverage is nearly optimal for
CONUS operation. The gain is achieved by effective use of the aperture in the
azimuth direction which also achieves an excellent axial ratio, The design
features a simple antenna and a low loss feed network.

The tilted panel contains the following components: antenna elements, polari-
zation hybrid, and power divider. The microstrip patch antenna is constructed
on a heneycommb substrate for low cost and weight while maintaining near op-
timal elevation pattern coverage. In addition, this substrate yields low di-
electric lusses and wider antenna bandwidth.

A major benefit of this type of antenna is the excellent beam shape for
achieving isolation between desired and undesired satellites. Plus, the cost
cf the mechanically steered tilted array is the lowest of all concepts
studied. The only real disadvantayge is the 7.5" vertical dimension resulting
in a non-conformal confiyuration. An antenna width of 10.5 inches, when
tilted'qt 35 degrees, will have a vertical heiyght of 6 inches. Clearances
above and below the mechanically rotated antenna, toyether with radome thick-
ness, will increase the overall height to 7.5 inches,
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2.1.1.1 Experimental and Analytical Evaluation of Antenna Performance

Single microstrip patch development

Ihitially, only single patches were desiyned and tested, The substrate thick-
ness was varied from 3/8" to 3/4" to determine effects on patch bandwidth, It
was confirmed experimentally that a 3/8" substrate yields a bandwidth of 9
percent. The antenna feed evolved from a single pin feed, which required a
matchiny network to cancel pin inductance, to a 3/8" piece of semi-rigid co-
axial cable inserted into the honeycomb substrate.

A single square patch constructed on a honeycomb substrate can dchieve a gain
of approximately 9 dB, This gain corresponds to an aperture area of 11 by 11
inches. ODue to the overlap between the effective apertures in an array envi-
roment, the directivity for the 1 x 4 array is expected to be lower than 4
separate patches with each having 9 dB of gain., As we will see later, the di-
rectivity of the 1 x 4 array is lower than 14.0 dB.

A 3 dB polarization hybrid was developed on 1/8" honeycomb and at 845.5 MHz
performed as follows: .1 dB power split imbalance, 2.1 degree phase error,
and a measured efficiency of 98.5%.

Stmilarly, a four-way microstrip power divider was constructed on an 1/8"
honeycomb, The measured efficiency at 845.5 mHz is 95.7%.

Microstrip Array Development

Fiyure 2-4 shows the complete front and rear views of the full scale 1 x 4 an-
tenna array. A spherical radiation pattern was performed on this antenna
using a computer-controlled anechoic chamber. This system measures and re-
cords radiated amplitudes at user selected locations, For the LMV 1 x 4 array
Radiation Distribution Plots (RDP's), data points were taken at every 2 x 3
deyree matrix position: 91 scans (1 to 91) in theta by 181 data points (1 to
181) in phi. This corresponds to 16,200 data points which are recorded on
magnetic tape and transferred to the VAX computer for analysis: contour

2-12
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Figure 2-4.

1x4 Antenna Array Showing the Front Radiating Patches and the
Rear Quadrature Hybrids
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selection, pattern rotatiun, directivity calculation and output plottinyg rou-
tines,

Two RDP's (Radiation Distribution Plots) were performed: the first with a uni-
formly illuminated aperture tilted 35 deyrees over a finite ground plane (sim-
ulating actual installation), the second with a tapered array haviny .707
amplitude (i.e., .5 power split) on the outer two elements. Both RUP's were
measured with a circularly polarized source horn. Antenna performance 1is
therefore referenced to this right-hand circulariy polarized so.rce (RHCP).

Uniformiy Illuminated Array

The uniformly illuminated array utilized a microstrip power divider feeding
four (4) quadrature hybrids in phase, These hybrids, in turn, individually
feed one patch at two orthoyonal points, 0 and 90 degrees, in order to develop
RHCP,

Test data from the uniformiy illuminated array indicates a close correspon-
dence to the computer-predicted performance. Azimuth and elevation patterns
were taken with the array flat as well as tilted at 35 deyrees, When tilted,
*he antenna performance did exhibit some changes. These are an increase in
the axial ratio of the main lobe from 1 to 3 dB and minor increase in sidelobe
levels and axial ratio. However, note that overall performance, as evidenced
py yain and adjacent satellite isolation data, generally remains unaffected.

Sinyle azimuth cuts were performed with a rotating linearily polarized source
to generate spinning linear patterns. Polarization loss is observed by a
level drop in the sidelobes relative to the optimum computer model. This con-
dition, although valtuable for isolation with similariy volarized satellites,
will reduce the isolation of an opposite polarization sense satellite located
at or near a sidelobe,

Azimuth and elevation cuts for the flat array can be seen in Figures 2-5 and
2-6, respectively. Their corresponding spinning linear plots can be seen as



Figure 2-5,

Narrow Beam Pattern of the 1x4 Array, Fiat on Finite
Ground Plane, f=.845 GHz
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Figure 2-6. Wide Beam Pattern of the 1x4 Array, Flat on Finite
Ground Plane, f=.845 GHz
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weli, Note that the spinning linears more accurately reflect antenna perform-
ance since the source horn is rotatiny., Elevation cuts for the tilted array
on a finite yround plane can be seen in Fiyure 2-7.

The antenna input impedance Smith chart can be seen in Figure 2-8. The antenna
is matched better than 1.5:1 YSWR.

Table 2-1 shows the directivity, system losses, and antenna gain. These re-
sults agree very well with measured data. The measured beamwidths in azimuth
and elevation and the elevation pattern rolloff (from 70° to horizon) are
shown in Table 2.2,

Tapered Amplitude Array

Tradeoffs exist in choosing the taper level to be used. The use of amplitude
taperiny causes a decrease in gain; therefore, only the minimum taper level
should be used to reduce the sidelobes. In addition, beam broadening occurs
which can cause undesirable satellite posrtions to end up on the skirts of the
main beam., Ffor undesired satellite locations in the sidelobe reyion, ampli-
tude taperiny can be employed, but the level of taperiny should be only that
required to achieve the proper isolation.

The second breadboard is a 1 x 4 array with the followin) amplitude taper:
.707, 1.0, 1.0, .707. The primary purpose of this array was to further inves-
tigate improving multiple-satellite isolation without significantly affecting
the beamwidth or reducing overall gain, As in the first antenna, the tapered
array used coaxial feeds from hybrid-to-patch, but differed by using an exter-
nal power splitter to develop the tape~. The matched coaxial power divider
was quickly assembled and tested. The input arm is split three ways, two of
which are fed to *he center two patches, and the third arm is split equally to
feed the outer two elements. Therefore, what is needed is a 3-way power di-
vider at the input port and a 2-way power divider for the outer elements.

Test data for the tapered array depicts a slight overall reduction in direc-
tivity (.4 dB) and peamwidth chanyes of a degree or less., Figure 2-9 shows a
typical pattern at f = 840 mHz, Figure 2-10 chows the input impedance on a
Smith chart, '

2=17



Figure 2-7,

Elevation Pattern Cut of the 1x4 Array Tilted 35
Over Finite Ground Plane, f=,845 GHz
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Figure 2-8.
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Table 2-1

GAIN OF A UNIFORMLY FED 1 x 4 ARRAY

dB

Measured Directivity 13.8
(Computer Predicted = 13.8 dB)
Microstrip Radiating Element -.1
Hybr“ld '11
Power Divider -2
Axial Ratio -.25
2:1 Mismatch at Input -.5

Peak Gain 12.7

Worse Pattern Rolloff -1.0

(30° to 70° from Broadside)
Gain over Full Coverage Reygion 11.7
Table 2-2

BEAMWIDTHS AND PATTERN ROLLOFF

FOR A UNIFORMLY FED 1 x 4 ARRAY
Azimuth Beamwidth 18 degrees
Elevation Beamwidth 66 degrees
Elevation Rolloff 5 dB (from 70 degrezs to horizon)



CROSS
POLARIZATION
(LHCP)

Figure 2-9. Narrow-Beam Pattern of Tapered 1x4 Array with Cross-
Polarization Pattern, f = .840 GHz
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Figure 2-10. Impedance Plot of Tapered 1x4 Array: Power Divider, Hybrids,
and Patches. F=.820-.870 GHz
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In Table 2-3 we show the directivity, system losses, and antenna yain. Note
that these results exemplify a worst-case condition in terms of rolloff and
VSWR, Table 2-4 shows the measured beamwidths and pattern rolloffs (from 70°
to horizon).

2.1.2 Reduction of Low-Angle Radiation

Corruyated surfaces wiil support a lonyitudina. electric field. When the d-
irection of free-space propagation is normal to the corruyation alignment,
energy 1s coupled and a TM propayating mode exists, For the TM mode to be
supnorted, the height "d" of the corrugations must be o<d<)/4 or A/2<d<3/4.x.
These fin height regions correspond to an inductive surface impedance and, in
general, tne following criteria must be satisfied: W=t and W+t<)/5, where W
is the fin-fin spacing and t is the fin thickness.

Corrugation models were designed and constructed for scaled C-band tests which
were followed by full scale UHF corrugation tests. In each case, aluminum
fins were attached to a planar piece of aluminum. Parameters such as fin
height, fin separation, and number of fins were varied in order to determine
the optimum configuration for maximum horizon rolloff, The best case physical
criteria from the C-band studies were exactly emulated for the UHF tests (di-
mensions relative to wavelenyth),

(-8and Corrugation Studies

Frequency scaliny was used to conduct initial corruyation tests at C-band,
Model dimensions may be observed in Figures 2-11 and 2-12. As shown, only one
patch was used in the center of a square corrugation region. Note that this
single patch is “seeing"” a large corrugation surface area. The following is a
summary of the C-band corrugation results:

. Two of the corrugation depths tested, D=,20)x and .25\, showed in-
creases in the horizon rolloff rate (Theta=80° to horizon) relativa
to a ground plane alone.
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Table 2-3

GAIN OF A TAPERED 1 x 4 ARRAY

dB
Measured Directivity 13.4
(Computer Predicted = 13,7 dB)
Microstrip Radiating Element -1
Hbed "-1
Power Divider -
Axial Ratio -.25
2:1 Mismatch at Input -.5
Peak Gain 12.3
Worse Pattern Rolloff -1.0
(30° to 70° from Broadside)
Gain over Full Coverage 11.3
Table 2-4

BEAMWIDTHS AND PATTERN ROLLOFF
FOR A TAPERED 1 x 4 ARRAY

Azimuth Beamwidth 20 deyrees
Elevation Beamwidth 67 deyrees
Elevation Rolloff 5 dB
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° This rate decreased rapidly with increasing patch heiyht H' from cor-
rugated surface.

e Best results were obtained with an edge of the patch conductor at the
li'=0 reference plane,

® The rolloff rate decreases with increasing fin spacing.

. The rolloffs between theta=80° to horizon (relative to the patch over
a flat ground plane) are:

D(a) Rolloff Improvement
(d8)

.15 no improvement

20 4.5

.25 8.0

UHF Corrugation Studies

Full-scale UHF tests used the same scaled dimensions as the C-band experi-
ments. The primary difference, as seen in Figure 2-13 is the c¢ircular corru-
gation surface (formerly square in the C-band tests), In addition, the 1 x 4
array extends to either edge of the corrugation region (formerly a single
patch at the center)., As a result, the 1 x 4 array doesn't "see" the same ef-
fective corrugation area as the C-band patch and consequently doesn't exhibit
as dramatic horizon-rolloff characteristics. In fact, best-case data indi-
catas only a 1.5 dB improvement (6.5 dB from 70° to horizon).

A practical analysis of the UHF model shows that rolloff was limited because
of reduced corrugation area, especially for the outer patches. Furthermore,
the UHF corrugation model would have to rotate with the array to maintain the
orthogonal relationship between propayation direction and corrugation align-
ment--not a desirable systems configuration., Unfortunately, fixed position
concentric¢ corruyations are no ionger normal at the periphery to the direction
of propayation and siynificant changes in phase velocity occur., Thus, it ap-
pears that the surfacez corrugation is not a viable method to increase horizon
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rolloff for the LMV antenna (rolloff improvements are minimal and corrugation
implementation increases the effective height).

2.1.1.3. Multiple Satellite Isolation

The most accurate method of determining the relative isolation between satel-
lites is to compare the amplitude of the radiation pattern at the main beam
when pointed at the desired satellite with the amplitude at the location of
the undesired satellite (the main beam is still pointed at the desired satel-
lite). All calculations/measurenents were performed in this manner. However,
in order to visualize the mechanism by which the isolation is achieved, two-
dimensional contour plots were drawn so that overlays with desired/undesired
satellite locations could be superimposed, These plots help to determine
whether the undesired satellites lie in the sidelobe reyion, the main beam, or
both.

In order to investigate adjacent siatellite isolation, clear mylar overlays
were developed and placed over computer-generated and range-measured radiation
distribution plots (RDP's}. In total four plots were analyzed: ideal and ac-
tual 1 x 4 array without a taper; ideal and actual 1 x 4 array with a taper.
This information may be seen in Figures 2-14 to 2-17. The measured data are
for antennas with a tilt angle of 35 degrees over a finite ground plane,

The contour plots show the magnitude of the radiation pattern as a function of
theta and phi, Theta values are measured from antenna broadside. Therefore,
tf the antenna broadside correponds to zenith, theta equal to 60 degrees is
equivalent to a 30 degree elevation angle from horizon, The horizontal axis
is the phi-axis (azimuth) and the vertical axis is the theta-axis {elevation).
Broadside 1s the bottom of the vertical axis at the center of the phi-axis.
By plotting the points from the bottom center of the yraph to the top center,
an elevation cut can be made in the main beam,

The multiple satellite isolation data for the 80° and 113° and the 105° and
135° W longitude satellites can be seen in Tables 2-5 and 2-6. For both
tables, a close correspondence between predicted and measured values is obw
served,
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Table 2-5%

CALCULATED/MEASURED PATTERN ISOLA. N (dB DOWN FROM MAIN LOBE)
TWO SATELLITE SYSTEM LOCATED AT 80° AND 113° W LONGITUDE
MEASURED VALUES IN PARENTHESES ( )

WA CA TEX FL ME

1 x 4 Tilted Array
with No Taper

pointed at 113° W 16(14) 19(15) 16{13) 16(18) 13(14)
pointed at 80° W 12(11) 15(16) 16(18) 18(17) 14(12)

1 x 4 Tilted Array

with Taper
pointed at 113° W 21(24) 24(26) 22(24) 25(21) 19(23)
pointed at 80° W 19(24) 21(22) 21(24) 22(24) 19{21)

Table 2-6

CALCULATED/MEASURED PATTERN ISOLATION (dB DOWN FROM MAIN LOBE)
TWO SATELLITE SYSTEM LOCATED AT 105% AND 135° W LONGITUDE
MEASURED VALUES IN PARENTHESES ( )

WA CA TEX FL ME

1 x 4 Tilted Array
with No Taper

pointed at 135° W 15(14) 15(14}) 22(14) 18(8) 12(16)
pointed at 105° W 25(20) 16(15) 15{18) 16(16) 16(16)

1 x 4 Tilted Array
with Taper

pointed at 135° W 19(23) 20(21) 25(19) 13(13) 21(24)
pointed at 105° W 20(22) 20(23) 22(22) 26(26) 23(27)
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For comparison purposes, with the computed sum patterns of Figures 2-14 and
2-16, we show in Fiyures 2-18 and 2-19 their respective difference patterns,

2.1.2 Conformal Fixed-beam Array

The proposed design of the mechanically steered conformal array is stripline
fed crossed slots with integral polarization hybrids and power divider, The
crossed slots have good low angle elevation radiation characteristics; the
stripline design allows the polarization hybrids and power divider to be fab-
ricated within the element layer., Figure 2-20 shows the detailed antenna con-
figuration, Performance summary is shown in Table 1-1.

The major disadvantage of the mechanically steered conformal array is the gain
degradation at low scan angles (as is the case for the electrically steered
conformal array). In addition, if a single desiygn is used for the CONUS cov-
erage, the mechanically steered version requires the beam to be shaped for the
desired elevation coveraye reyion. Therefore, it has less gain than the elec-
tronically steered array. For preselected elevation coveraye regions, the
mechanically steered version would have higher ygain than the phased array. It
would then be a worthwhile consideration, especially for southern or mid CONUS
regions where very hiygh yains could be achieved in a low profile package at
lower cost than the phased array.

The mechanically steered conformal array investigation has centered primarily
around the type of steering mechanism which we have already discussed and with
reducing the conformal antenna height. Basically, by placing the motor along
with the rotary joint at the center of the antenna, the antenna may be lowered
by as much as an inch. However, there will be some pretrusion from the center
region where the motor and rotary joint are located (see Figure 2-3). This
allows an overall lower height of 3,5 inches, possibly lower depending on the
final detail design of the antenna,

Approximate cost of this antenna in 100, 10,000 and 100,000 units is summa-
rized in Table S-1. Major cost drivers and cost breakdown are discussed in
Section 4,
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2.2 Electronically Steered Conformal Array

The electronically steerad phased array may be configured as follows: 19
stripline-fed crossed slots with integral polarization hybrids, Phase shift-
ers are located beneath the stripline element layer on a microstrip board
which contains the RF feed network and DC control circuitry for the phase
shifters. The stripline-fed crossed slots were chosen based on their superior
low angle radiation characteristics which minimize yain reduction at low ele-
vation angles., The 19 element triangular lattice was chosen to minimize the
number of elements within the given aperture and at the same time avoid forma-
tion of yrating lobes (which could reduce the array gain). A performance sum-
mary is shown in Table 1-1,

The low profile conformal physical characteristics of the electronically
steered phased array is the most important and obvious advantage (see Fiyure
2-21). However, many factors contribute to the poor operation of this antenna
at low elevation scan angles. The gain of the array is degraded by such char-
acteristics as scan loss which varies as the cos g, where g 1s measured from
zenith, increased polarization loss due to poor axial ratio, and pattern gain
losses due to the inability to actively scan to low elevation angles. The
other obvious disadvantage of the conformal phased array is the high cost per
dB of gain when compared to the other concepts.

In applications where the conformal property of the electronically steered
phased array is a major concern, it offers a solution with a premium price.
However, even at the higher cost, performance at low elevation angles will
suffer when compared toc non-conformal solutions (which also have a lower
cost).

In summary, the conformal electronically steered array is a very low profile
antenna with 2 inches in thickness, possibly lower. It can be scanned rapidly
for acquisition and tracking and finally, it does not have the wear and tear
problems associated with the mechanically steered antennas.

A summary of the cost estimates is shown in Table S-1. Major cost drivers and
cost breakdown are addressed in Section 4.
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Figure 2-21, Electronically Steered Conformal Phased Array
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SECTION 3.0
VEHICLE ANTENNA POINTING SYSTEMS

Four types of antenna pointinyg systems are investigated, three of which are
"closed-loop" systems and the fourth is an "open-loop" system. The three
closed-loop systems are classified accordiny to their method of trackiny. The
first two use variations of munopulse trackiny and the third uses sequential
lobe trackiny. The monopulse trackinyg systems can only be used by the mechan-
ically steered systems while the sequentially lobe method is intended primar-
ily for the electrically steered antenna. The reason for this distinction is
because it is difficult for the electrically steered antenna to generate the
sum and difference signals needed for monopulse tracking, however, by its very
nature it is ideally suited to sequential lobe tracking. The open-loop system
that was investigated uses a magnetometer (compass) to determine peinting
errors.

3.1 MONOPULSE TRACKING SYSTEMS - PHASE DETECTION
3.1.1 System Concept Description

One of the best methods of trackiny a target, in this case the MSAT-X satel-

lite, is to use a monopulse tracking system. The simplest and least expensive
method of implementing this technigue is to use what is commonly referred to

as a single channel monopulse tracking system. The advantagye of this system
is that it needs very little additional nardware to achieve excellent point-
ing. Simply stated, this system senses pointing errors and modulates this in-
formation onto the siynal input into the receiver, [t then uses the existing
capabilities of the receiver to detect and demodulate this information. Spe-
cial steps must be taken, however, to make this system work in an environmeni
where the signal is fading rapidly.

One method of solving the fading problem is to use a monopulse tracking system

which detects the phase offset inherent in an array antenna when it receives a
signal at an off-boresight angle. Figure 3-1 is a block diagram of a mobile

3-1
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terminal which does this in a simpie, yet effective manner. The pointing sys-
tem can be divided into two major subassemblies; the direction sensing system
and the steering mechanism. The operation of these systems and their inter-
faces with each other and with the transceiver are described in detail in the
following.

3.1.1.1 Direction Sensing System

This system is configured like a conventional single channel monopulse track-
ing system, It uses two identical antennas which are pointed in the sawme di-
rection {(note, each antenna may consist of an array of radiating elements),
The signals received by these two antennas will be equal in amplitude and both
will experience the same variations due to shading and pointing errors., How-
ever, since the two antennas are physically separated, the phase of the sig-
nals at the two antennas will be off-set by an anount which is directly re-
lated to the off-boresight angle. The relationship between t{he phase off-set
and the off-boresight angle can be expressed as:

_enD .
A¢-Ts1n6

where,

D is the separation between antennas
A 1s the wavelenyth of the received signal
8 is the off-boresignt angle,

It is this phase difference which is eventually detected and used to yenerate
antenna pointing information,

The received signals are routed from the two antennas to the A and B input
ports of a hybrid coupler where sum (r) and difference (a) signals are gener-
ated. The t and a output signals are routed across the antenna-vehicle inter-
face by means of a dual channel RF rotary joint., Transferring both the ¢ and
A signals across the rotary joint is necessary because this system must also
be used to transmit the return-link signal., The return-link signal is routed
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from the transmitter throuyh the diplexer to the p port of the hybrid. The
hybrid acts like a power divider eqlially splitting the input signal between
the A and B output ports and thereby providing equal power to all of the radi-
ating elements of the antenna. In this way, the direction sensiny system is
transparent to the return-1ink siynal.

After crossing the rotary joint, the a siynal is 1npuf to a phase shifter
which shifts its phase either 0° or 180° depending upon the state of the con-
trol signal from tnhe scan code generator. The rate at which the phase of a is
shifted determines how accurately the antenna can be pointed during perturba-
tions. A rate of 10 Hz 1s used in order to comply with the maximum allowed
rate for modulating the received signal. This factor limits pointing errors
to about 5° during 90° turns taken at a 45°/second rate. A portion of the a
signal is then added to the r signal by means of a directional coupler and the
resyltant signal is input to the receiver. If the coupling factor (k) is
equal to unity, then it can be shown {see Appendix A) that resultant signal
can be expressed mathematically as:

R0 =y 2 Acos (wt)
when the phase of a4 is 0 deyrees, and as:
RlBO =y 2 Acos (wt + a4)
when the phase of A is shifted 180 deyrees.
where,
A is the amplitude of the received signal.
w s the frequency of the received signal,
A¢ is the difference in phase of the received signal at the two antennas.
The important thing to notice is that by shifting the phase of A between 0 and

180 degrees, the signal input to the recziver (R) is phase modulated by an
amount (A¢) which is directly related to the off-boresight angle {a)., This
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can be seen yraphically in Figure 3-2. Figure 3-2 is a phaser diayram showiny
the addition of the £ and a siynal and the resultant phase modulation of the
signal input to the receiver., Notice that as the antenna is steered toward
the target, the amount of phase modulation gets smailwr and that the amount of

phase modulation at a yiven off-boresight angle can be adjusted ', choosiny
the appropriate coupling factor (k). Most important, however, is the fact
that the phase modulation is unaffected by signal fadinyg. The next step is to
detect this phase modulation and then provide it to the steering mechanism in

some useful form.

A block diagram of the receiver used in the mobile terminal is shown in Figure
3-3, This receiver uses a phaselock Toop (PLL) in the narrowband pilot chan-
nel in order to achieve the desired SNR. The analysis in Appendix A shows
that this same PLL can be used to detect the phase modulation induced by the
direction sensing system.

A simplified block diayram of a typical PLL is .mown in Figure 3-4, It con-
sists of three basic components; a phase detector, a low-pass filter, and a
voltaye controlled oscillator (VCO). The phase detector compares the phase of
the input siynal against the phase of the VCO. The output of the phase detec-
tor is a measure of the phase difference between the two inputs. This differ-
ence voltage s then filtered and applied to the VCO. This control voltage,
commonly referred to as the loop- hase-error, changes the frequency of the VCO
in a direction which reduces the phase difference., The loop-phase-error is
given by:

Vd = Kd sin (¢i - ¢v)

-~
ja
It

phase detector gain constant (volts/radian)
oi = phase of input signal

bl
-
[l

= phase of VCO signal

3-5



0605 N/V

0081 PU® o0 [RUbLS v jo 3seyd Butliiys
£q pasne) (¢) uclie|npoy aseyd bBuLmoys weaberq Joseyd g-g¢ aanbiy

3-6



weJdbelq Yo0[g |PULWUAD] I LGOY

£-¢ 3anby 4

IW

i

Y¥3113%3

YIIATTdWY
y3mad

Woy
7030L0Yd

0605 N/V
QuvogAIN
135 V1va i RSl
H3LL THSNYHL OINI
e 2i0n |° HOLVINAGH |'®
AVdSIa ¢ "ON
¥3sn ™| ¥3Z1SIHINAS
nowW NaW
JOHINOD T "ON
¥3sn T 1 437, 53HINAS
1nding
0X2A
dog
NIH je—w»d a0 N ETRI e YILATTdWY
hotl)—— potlf——
3SVHY SSYJANYE 41
J9Y
AV1dSIa
135 viva MW
¥IAIIN 033 ¥I1311dWY
L3SONVH P10 [C° YOLYINGOKIG [ i

MW

Y131 dWY
3SION M0

M3IXIdNa

3-7



A3

PHASE
DETECTOR

LooP
FILTER v

d  100P PHASE ERRCR
,»Sft)ii- TO ANTENNA
POINTING SYSTEM

A/N 5090

Figure 3-4 Basic Phaselock Loop can Detect Pointing Errors
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Ideally, when the loop is locked, the loop-phase-error is zero (¢; = byl -
This assumes the rest frequency of the VCO is equal to the frequency of the
irput signal. In practice this may not be true and the loop-phase-error wiil
have a constant offset, or static phase error; however, this offset wili not
affect the operation of the pointing system.

A step chanye in the phase of the input signal will cause a sudden change 1in
the loop-phase-error. The maynitude of the change in the loop phase error is
directly related to the maynitude of the phase snfft of the input siynal. The
PLL will eventually track out this phase shift and the loop phase error will
return to zero; however, t“is transient will provide the steering mechanism
with the information it needs to determine the antenna pointiny error. The
final step then is to decode this information and gyenerate the appropriate
antenna steering signals. The example shown in Figure 3-5 shows how this is
done,

If shifting the phase of the a signal between 0 and 180 degrees causes a tran-
sient in the loop-phase-error, the steering mechanism knows the target is off-
boresight, It determines which direction to steer the antenna by detecting
the difference in amplitude of the loop-phase-error in synchronism with the
phase shift of the a signal. I[f the target is to the right of boresight, then
the loop-phase-error will experience a positive transient when the phase of 4
is shifted from 0 to 180 degrees followed by a negative transient when the
phase of A is shifted from 180 to 0 deyrees., If the target is to the left of
boresight, then the polarity of the transients will be raversed relative to
the phase shift of A, As the antenna steers toward the target, the amplitude
of the transients wiil get smaller giviny the steering mechanism an indication
of how close it is to the target.

Phaselock loops are very ygood devices for measuring phase errors., The typical
PLL used in receivers is capable of detecting phase errors of only a few de-
yrees, Figure 3-6 shows the phase shift that will be induced in the input
signal as & function of the off-boresight angle 8 for various coupling factors
(k). This yraph shows that, with k=1, an off-boresight angle as small as 0.5
degrees will cause an easily detected phase shift of approximately 4 deyrees,
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Therefore, it is reasonable to expect that, under ideal conditions, the point-
iny knowledge using this technique will be less than 0.5 deyree,

Appendix B presents an analysis of pointiny knowledye as a function of loop
signal-to-noise ratio (SNR). This analysis confirms that, under strony siynal
conditions (loop SNR = 30 dB), pointing knowledye will be on the order of (.5
deyrees. Pointing knowledye decreases with decreasinyg SNR. However, this
analysis shows that it should be possible to maintain a pointing knowledye of
less than 3° aven under weak signal conditions {loop SNR = 10 dB).

This tracking system, as with most tracking systems, has a drawback in that it
has a relatively narrow range over which it can lock onto and track the tar-
get. Since the loop-phase-error is given by a sine function, phase shifts in
the input signal (a¢) greater than 180° (off-boresight angles greater than
20°) will cause the sign of the transients to be reversed, and using the de-
modulation scheme described above, the steering mechanism would steer the an-
tenna in the wrong direction. Therefore, a separate acquisition system is
needed which gets the target within the "Tock-on" ralgé of the monopulse
tracking system. The following section describes how this is done.

3.1.1.2 Pointing Algorithms

Figure 3-7 is a flow diagram showing the sequence of events the pointiny sys-
tem follows as it acquires and tracks the target, This figure emphasizes the
fact that, due to the improvements in the steering mechanism, the pointing
system doesn't have to do anything quickly. Pointing errors increase slowly
giving the pointing system ample time to react even under conditions where the
vehicle is turning and the signal has been lost due to fading.,

To begin with, it is assumed that not only must the vehicle itself be able to
initiate a contact at any time, but also that it must be possible for someone
else to contact the vehicle at any time. This makes it necessary for the
pointing system to acquire the target as soon as the vehicle is started. This
means the MSAT-X satellite must continuously transmit the pilot tone so that
automatic acquisition can take place.
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Unce the vehicle is started, the pointing system starts to scan the antenpa in
a clockwise direction at 15 deyrees/second, Since the monopulse system can't
be used effectively for the initial acyquisition of the target, the pointiny
system monitors the received sigral strength (AGC) output of the receiver to
determine when the antenpa is pointed in the yeneral direction of the taryet.
when the AGC exceeds a predetermined acquisition threshold {(Ta), the pointing
system switches from the acquisition to the track mode of operation.

The acquisition threshold is set equal to the signal level expected when the
1ine of sight to the target is approximately 15 degrees off boresight {approx-
imately -5 dB point on the antenna pattern}, There are several reasons for
setting the acquisition threshold at this point, First of all, 1t assures the
pointing system won't lock onto weak interfering signals and second, it yets
the target within the "lock-on" range of the monopulse trackinyg system.

One of the major features of the pointing system is that it is capable of ac-
gquiriny the taryet even in an environment where the sigi.al is fadiny badly.
The scan rate is set at 15 degrees/seconds so that the antenna is scanned a
full 360 deyrees within the required acquisition time of 30 seconds. At this
rate, the taryet will be within the "lock-on" range for approximately 2 sec-
onds., The pointing system will acquire the taryget, rey.rdless of how bad the
fading is as long as the received siygnal exceeds the acquisition threshold at
some time during the 2 second window,

After the pointing system has acquired the taryet, the monopulse tracking sys-
tem takes over. The steering mechanism determines the antenna pointing error
by demodulating the transients in thke loop-phase-error and steers the antenna
in the appropriate direction. Here again the pointiny system provides excep-
tional performance during fading since it is capable of tracking the target,
regardless of how bad the fading is, as long as the narrow band pilot channel
remains locked to the received signal. Once the antenna is on-target, there
woen't be any transients in the loop-phase-error, so the pointing system veri-
fies it is on-taryet by verifying the AGC exceeds the acquisition threshold at
some time during the tracking sequence (=100 msec). As long as the loop-
phase-error {s zero and the AGC periodically exceeds the acquisition
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threshold, then the pointiny system knows it has the main beamn of the antenna
locked on the taryget.

If the AGC does not exceed the acquisition threshold at some time duriny the
cycle, the pointing system knows the signal has faded {>5 dB down for 100
msec) and it starts the reacquisition sequerce. In the first phase of the re-
acquis.tion sequence the pointing system doesn't do anything different except
to count how long it has been since the signal was lost, The reason for this

is as follows:

® If the AGC is below the acquisition threshold but the pilot channel
in the receiver is still locked then, if the vehicle makes a turn,
the tracking system will still detect transients in the loop phase
error and will react accordingly. Therefore, no action is needed.

° If the pilot channel in the receiver has drupped Tock {siynal drop-
out), then, because of the improvements in the steeri ; mechanism,
the taryet will stay within the lock-on range even if the vehicle
makes turns up to 75 deyrees. Therefore, no immediate action is
needed,

This means the pointiny system can stay in this "do nothing" mode for several
seconds and still have a high probabiliiy of being in the right position to
reacquire the target the moment the signal returns. This feature will enable
rapid reacquisition of the signal as the vehicle drives through tunnels, or
under bridges, etc.

The longer the drop-out lasts, the greater the likelihood the vehicle has made
@ large turn and the antenna is no longer pointed in the right direction.
Therefore, after about 4 seconds (320 ft. of travel at 55 mph), the pointing
system assumes it has lost the target and it enters the second phase of the
reacquisition sequence., Unce ayain the improvements in the steerinyg mechanism
help speed up reacquisition, this time because the pointiny system can assume
the taryet 1is nearby, allowing it to enter a sector scan mode. In this mode,
the pointing system scans the antenna back and forth in an ever increasing arc
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while monitoring the AGC. The lenyth of the arc 1s increased by the size of
the lock-on range of the tracking system (about 30 degrees) on each cycle,
This makes it possible to reacquire the target in the shortest possible time.
If the target hasn't been reacquired after approximately 9 seconds (total area
of 105 degrees has been searched), the pointing system gives up and yoes back
to the initial acquisition sequence,

Figure 3-8 illustrates the obvious advantages of this system, This figure
shows the antenna pointing error as a function of time for a reasonable worst-
case design condition., In the example, it is assumed the signal is lost just
as the vehicle starts a 90° turn at 25°/second and doesn't return until the
turn has been completed (siygnal is lost for approximately 4 seconds). Our
analysis shows that under these conditions the antenna will be off-pointed by
less than 20° and it will reacquire in less than 4 seconds. A system not
using our "pivot-point" approach would, under these same conditions, be off-
pointed by 90° and it could take up to 30U seconds to reacquire,

3.1.1.3 Interfaces

Transceiver Interfaces. The interfaces to the receiver are simple and

straightforward, The receiver must provide two signals to the steering mech-
anism. The AGC which is used during the initial acquisition phase and the
loop-phase-error which is used during the tracking phase., Both of these siy-
nals are typically provided at an external connector to facilitate test and
check-out of the receiver; therefore, no additional circuitry should be re-
quired. The characteristics of these signals can be the customary 0 to 5 volt
analogs. The AGC monitor should be able to detect differences in received
signal strength of 1 dB or less, and the phaselock loop monitor must be able
to detect phase errors of 4 degrees or less (for 0.5 leyree pointiny accu-
racy). Neither of these reguirements is considered unreasonable.

The major interface problem that must be carefully considered is whethar phase
modulating the received siynal will affect the performance of the data chan-
nel, This is particularly true if the data channel also uses phase modula-
tion, When the antenna is on taruet, cne phase modulation will be small (less
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than 8°), however, due to the 10 Hz limit on the allowed modulation by the
pointing system, pointing errors during 45°/second turns will be approximately
5° and the phase modulation caused by the pointing system will be 25°-45° de-
pending upon the coupling factor (k) used., The PLL will quickly track out
these phase shifts, however, the length of the transient must be short com-
pared to a bit period, This factor may affect the desiyn of the PLL.

Vehicle Interfaces. The vehicle must provide power to the pointiny system,

User Interfaces, This system does not reyuire any user interfaces, hawever,

options such as an "on-taryget" indicator and "reset button" may be desirable.
3.1,2 PERFORMANCE

3.1.2.1 Pointiny System Performance

This pointing system satisfies all requirements. The performance of this sys-
tem in comparison to other pointing systems considered is summarized in sec-
tion 3.5.

3.1,2.2 Performaica Variations

Multiple Satellites. This system will perform very well in a muitiple satel-
lite system because it can point the antenna very accurately. This means the

gain in the direction in the desired satellite is maximized while the gain in
the direction on the adjacent satellites is minimized. However, since the an-
tenna pointing error is detected using information derived from the pilot
channel, there is the danger the pointing system will lock onto ine wrony sat-
ellite if all satellites use the same frequency for the pilot tone. In a lwc
satellite system, the use of cross-polarization does not eliminate this prob-
lem. In the three satellite system, two sateliites use the same polarization.
The simplest way to solve this problem js if these two satellites must use a
different frequency for the pilot tone; otherwise the pointing system must yo
through a complicated proceedure of finding both satellites and then determine
which is the desired one.
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Shadowing. This pointing system is nearly imaune to the effects «f shadowing,
The operation description given in section 3.1.1.4 shows that the pointing
system will acquire the target duriny the first scan of the antenna as lony as
the antenna can "see" the target (i.e., no shadowing) once during the cwo sec-
onds "lock-on" window ¢, the monopulse trackiny system. Once the monopulse
tracking system is locked onto the taryet, it can maintain antenna pointiny
regyardless of how bad the fading is as lony as the pilot channel in the re-
ceiver stays locked., Finally, it allows a rapid reacquisition after the sigy-
nal is lost for prolonyec periods (i.e., shadowiny caused by buildings, tun-
nels, etc.) because the steerinyg mechanism acts like a pivot point and keeps
the antenna pointed close to the proper direction even if the vehicle is ma-
neuvering.

Different Antennas. This pointing system is compatible with either of the two

mechanically steered antenna concepts. [t cannot easily be used with the
electronically steered antenna because this antenna requires a complex and
costly feed network in order to be able to develop the r and 4 siynals needed
by the monopulse tracking system,

Haif-Duplex Operation., This system will work equaliy well for the half-duplex

mode of operation provided the pilot tone is transmitted on a separate fre-
quency. In the half-duplex mode of operation, the mobile terminal transmits
and receives on the same frequency making it necessary to "blank" the communi-
cation channel in the receiver duriny transmissions. If the frequency of the

pilot tone isn't the same as that used for communication, the pilot channel
doesn't have . be blanked during transmission allowing the pointing system to
function normally.

3.1.3 RELTIABILITY
3.1.3.1 Failure Modes
There are only two elements in the pointing system that can be considered

wear-out items. They are the RF rotary joint and the motor, The RF rotairy
Joint has a life expectancy of 10E5 revolutions where life is defined as 'ot
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being able to meet the specified values of insertion loss and VSWR. Making
the conservative assumption that the vehicle makes one turn per minute for
eight huurs per day results in a system operating life of 57 years, Usiny the

same assumptions the motor (includiny bearinys) has an operating li1fe much
yreater than this,

3.1.4 HERITAGE

The concepts used in this pointing system are all well known, The sinyle
channel monopulse tracking system has seen wide application and complete sys-
tems offering two axis puintiny are commercially available. The system pro-
posed for MSAT-X is a straightforward application of this technique but using
a detection scheme better suited to a rapidly fading signal. The concept of a
"pivot-point" steering mechanism has been used extensively by BASD, and
others, in spacecraft to point science instruments and communication antennas.
In s'.ort, there aren't any new technology developments required to meet MSAT-X

requirements.
3.1.5 COST

The cost =f the direction sensinyg system is minimal. The 180 degree hybrid is
a very simply device often used by BASD in our antennas and can be fabricated
as part of the antenna feed network, The cost of this item will be negli-

The 0-180 deyree phase shifter used to modulate the a signal is also a very
simple device. [Its main component is two pin diodes used to switch the input
siyral through the 0 or 130 deyree phase shift paths, The cost of this item
snould only be a fes dollars., To reduce packaging costs, the phase shifter
and diplexer and pointing control system could be fabricated as a <ingle
unit, A cost estinate of the complete antenna system is given in Section 4.0.
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3.2 MONOPULSE TRACKING - AMPLITUDE DETECTION

3.2.1 System Concept Description

By making some very minor modifications, the monopulse trackinyg system de-
scribed in the previous section can be changed such that pointing errors cause
amplitude rather than phase modulation of the signal input to the receiver.
Here aygain, special steps must be taken to make this system worc in an envi-
ronment where the amplitude of the received signal is varying rapidly due to
shading, With this system, the solution to the fadiny problem is to sample
the pointing information at a rate which is fast compared to the rate at which
fading occurs. In this way, amplitude variation caused by shading is small
during the sample period, and has a negligible effect on the pointing error
information. Figure 3-9 shows a block diagram of a monopulse tracking system
which uses amplitude detection, The differences between this system and the
system using phase detection ar= described in the following.

3.2.1.1 Direction Sensing System

As can be seen from Figure 3-9, the ampiitude detection system is very similar
to the phase detection system. The first major difference between the two
tracking technigues is that with the amplitude detection sysiem, the phase of
the A signal is shifted plus and minus 90 degrees (rather than 0 and 180 de-
Jrees) before it is added to the ¢ siynal (in th= 4irectional coupler)., The
net result, as shrown in Figure 3-10, is that the r signal is amplitude {rather
than phase) modulated by the a signal. By referring back tg Figure 3-2, it
can be seen how we got from phase to amplitude modulation by simply changing
the phase shift of the A signal. As with the phase detection system, the
amount of modulation is directly related to the off-borecight angle, and it
can be varied to meet system requirements by adjusting the coupling factor

(K).

The resultant signal is then input to the receiver where the AGC is used to
detect the ampiitude modulation., At this point the AGC will refiect the fact
that the signal input to the receiver 1is amplitude mcdulated by both pointing
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error information and fadiny. The AGC signal is then input to a high pass
filter which is a part of t.. pointing control system. Since the pointing
error information 1is modulated onto the received signal a3t a rate which is
fast compared to the rate at which fading occurs, the high pass filter can be
designed such that it removes the modulation caused by fadiny thereby pro-
viding the pointing control electronics with a "clean" signal containing only
the pointing error information, Finally, the pointing error is determined by
synchronously demodulating the filtered AGC with the scan code signal used to
shift fth2 phase of the A signal,

JPL has conducted tests, using balloons, which were designed to simulate the
effects of shading on MSAT-X transmissions, From these tests, it is known
that the maximum rate at which fading is expected to occur is roughly 200 Hz,
In order to make it easy to distinguish between pointing errors and fading
(i.e., keep filtering easy), it is desirable to make the pointing error sample
race roughly ten times faster than the rate of fadiny, or approximately 2 kHz.
If this sample rate is used continucusly, however, we violate the reqyuirement
that the pointing system not modulate the received siynal at freguencies
yreater than 10 Hz., Fiyure 3-11 shows how we can yet around this limitation.
By keepiny the phase shift of the A siynal fixed at one value for a relatively
lony period of time (approximately 95.5 msec.}) and then rapidly shifting the
phase of 4 to the second value and back {approximately 0.5 msec), we are able
to satisfy both requirements. The phase of the A signal is shifted from -90°
to +90° and back to -90° at a 2 kHz rate which causes a transient in the fil-
tered AGC {assuming the target is off-boresight) and the transients will occur
at a 10 Hz rate. The pointing system determines which direction to steer the
antenna by noting the sign of the transient. A positive transient means the
target is to the right of boresight and a negative transient means “he target
is to the left of boresight, As the antenna is steered toward the target, the
amplitude of the transients gets smaller.

The final requirement that must be satisfied is that the pointing system not
introduce signal variations of greater than 3 dB. Since the tracking error
can only be updated at a maximum rate of 10 Hz, the antenna pointing error
will be approximately 5 degrees duriny a 45 deyree/second turn. By referriny
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to Figure 3-12, it can be seen that in order to keep signal variation less
than 3 dB when the pointing error is 5 degrees, the coupling factor (k) of the
directional coupler must be between -3 and -10 dB. This factor then deter-
mines the steady-state (i.e., not turning) pointing error. The AGC system in
typical receivers is capable of detecting signal variation of 1 dB or less.
Assuming the receiver in the mobile terminal has this capability results in a
steady-state pointing error of betweem 1 to 2 degrees.

There are two drawbacks of this system, First, since this system uses ampli-
tude modulation, the effective siynal range over which the system can track a
taryet (> rouyhly 3 dB less than the system using phase detection (i.e., dur-
ing turns the amplitude modulation caused by pointing errors will cause the
receiver to lose lock sooner). Second, since the sample period for measuriny
tracking errors i3 short means the signal-to-noise ratio needed for acceptable
performance will most likely need L4 be yreater. A detailed analysis would
have to be performed to he able to determine the exact siynal-to-noise ratio
requirements.,

3.2.1.2 Pointing Algorithms

The pointing algorithms for this system are basically the same as that used
for the phase detection system, The only difference is that the pointing con-
trol system wil® monitor the AGC rather than the loop-phase-error to determine
pointing error.  Please refer to paragraph 3.1.1.2 for a detailed description

of the pointing algorithms,

3.2.2 PERFURMANCE

3.2,2.1 Pointing System Performance

The monopulse tracking system using amplitude detecti~n is capable of satisfy-

ing all requirements. The performance of this system, in comparison to the
other systems considered in this report, is summarized in parayraph 3.5.
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Figure 3-12 Amplitude Modulation of the Received Signal as a Function
of 0ff-Boresight Angle and Coupling Factor (k)
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3.2.2.2 Performance Variations

Multiple Satellites. This system suffers from the same limitation as the
phase detection system in that in the multiple satellite system it is highly
desirable to have all satellites use different frequencies for the pilot tone,

Shadowi 'y, This pointing system will perform well in a shadowing environment;
however, it probably will be more susceptible than the system usiny phase de-
tection, Its ability Lo reacquire after a drop-out will be as gyood as the
priase devection system because it uses the same pivot-point steeriny mecha-
nism,

Pifferent Antennas. This pointiny system, like the phase detection system, is

compatible with either of the two mechanically steered antenna conepts., It
cannot be used with the electronically stcored antenna because this antenna
requires a complex and costly feed network in order to be able to develop the
sum and difference signals.,

Hal f-Duplex Operation. This puinting system will work well in the half-duplex
mode of operation provided: 1) the pilot tone is transmitted on a separate

frequency that doesn't have to be blanked during transmission by the mobile
terminal, and 2) the AGC signal is derived from the pilot cnanne’,

3.2.3 RELIABILITY

The failure modes for this system are the same as for the phase detection sys-
tem. Please refer to parayraph 3.1.3.

3.2.4 HERITAGE

The heritage of this system is the same as the heritage of the phase detection
system. Please refe: %0 paragraph 3.1.4,
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3.2.5 CasTsS

The cost of this system is the same as the cost for the phase detection sys-
tem. A cost breakdown of the complete pointiny system is given in Section
4,0,

3.3 SEQUENTIAL 1.OBE TRACKING
3.3.1 System Concept Description

The sequential lobe trackiny technique is simply the one dimensional version
of the conical scan tracking technique used by many radar systems, With this
system, pointing errors are determined by steering the peak of the antenna
beam to the right and left of borecight, If the target is off-boresight, the
antenna gain in the direction of the target will be greater for one beam posi-
tion than it will be for the other, This causes the received signal to be
amplitude modulated by an amount which is directly related to the pointing
error, The pointing system determines the pointing error by demodulating the
resultant amplitude modulation, Once again, special steps must be taken to
make this system work in an environment where the amplitude of the received
signal 1is varying rapidly due to shading, Once again, the solution to the
problem is to modulate the pointing error information onto the received signal
at a rate which is fast compared to the rate at which fadiny is expected to
occur, In this way, the ampiitude variations caused by fadinyg during a sample
period are small and have a negligible effect of the pointing error informa-
tion,

The chief disadvantage of this technique is that it is unsuitable for mechani-
cally steered antenna systems simply because the mechanical systems are inca-
pable of steering the antenna at a rate which is fast compared to fading,
However, the electronically steered antenna is, by its very nature, ideally
suited to this tracking technique. It would be possible to electronically
"dither" the beam of a mechanically steered antenna to produce the required
effect, But this adds a great deal of cnmplexity to these antennas and the
performance is not as good as with monopulse tracking. For this reason, the
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sequential lobe tracking system is considered in conjunction with the elec-
tronically steered antenna only.

Since this system uses amplitude modu'ation like the monopulse system usiny
amplitude detection, much of the analysis for this system is the same as that
in parayraph 3.2. It is repeated here, however, for cumpleteness,

3.3.1.1 Direction Sensing System

Figure 3-13 shows a block diagram of an electronically steered antenna system
which uses sequential lobe tracking, The pointing system operates in "stare-
scan" mode. The pointing system points the antenna in what it thinks is the
right direction for a relativelv long period and then quickly steers the an-
tenna beam right then left at a rate fast comparea to fading, The net result
is to amplitude modulate the received signal with the pointing error informa-
tion and the amount of modulation is directly related to off-boresight anyle.

The resultant signal is input to the receiver where the AGC circuitry is used
to detect the amplitude modulation, At this point, the AGC reflec*s the fact
that the signal input to the receiver is amplitude modulated by both pointing
error information and fadiny. The AGC signal output from the receiver is
routed to the pointinyg control system where it is hiyh-pass filtered. Since
the pointing error information is modulated onto the received siynal at a rate
which is fast compared to fading, the high-pass filter can be desiyned such
that it removes the modulation caused by fadiny, thereby providing the point-
iny control electronics with a “"clean" siynal containing only pointing error
information, Finally, the pointing error information is determined by syn-
chronously demodulating the filtered AGC signal with the scan code siynal used
to steer the antenna beam,

Once again, we use the balloon test data provided by JPL to define system pa-
ramrters. From the JPL balloon tests, it is known that fading will occur at a
maximum rate of approximately 200 Hz (assuming the vehicle is traveling at 65
mph). In order to make it easy to distinguish between pointing error informa-
tion ani fading (keep filtering easy), it is desirable to make the pointiny
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arror sample rate rouyhly ten times faster than the fadiny rate, or, approxi-

mat.ly 2 kHz., [If this sample rate is used continuously, however, we violate
the requirement that tho pointing system not modulate the received siynal at
freyuencies greater than 10 Hz., Figure 3-14 shows how we get around this
problem. By keepiny the antenna pointed in cne direction for -~ relatively
lony period ("stare" mode - approximately 90 milliseconds) and then rapitly
steering the beam to the riyht and left ("scan" mode - approximately 10 milli-
seconds), we are able to satisfy both requirements, The beam is scanned at a
2 kHz rate and rauses a transient in the AGC ‘assuming the .arget is off-
borecight) and the transients occur at a 10 Hz rate, The pointing system de
termines which direction to steer the beam by noting ithe relative Jdifference
in amplitude in the AGC for the twu beam positions.

The final requiremert that must be satisfied i< that the pointing system not
introduce signal variation of ygreater than 2 dB. Figure 3-15 is a yraph which
shows the amount of amplitude modulation of the received siynal for various
steering any:.i,  Since the tracking error can only be updated 4t a maximum
rate of 1U Hz, the antenna pointiny error will bDe approximately 5 degrees dur-
ing a 45 deyree/second turn. By referring to Figure 3-15, it can be seen that
in order to keep the siynal variation lass than 3 dB when the pointinyg error
is 5 deyrees, the antenna must de s:eered approximately 10 deyrees. This fac-
tor then determines the steady-state (i.e., not turning) pointing error. The
AGC in a typical recefver is capable of detecting signal variations of approx-
imately 1 dB., Assuming the receiver in the mcbile terminal has this capabil-
ity results in a steady-state pointing error of less than 2 deygrees. This
matches nicely with the 2 degree beam position increments of the electroni-

cally sealed antenra.

There are several disadvantagyes to this approach. The principle one is that
during the period when the beam is being scanned, it may not be possible to
meet the isolation specification, Figure 3-16 shows a plot of the antenna
radiation pattern with the location of the wo and three satellite systems
superimpesed when viewed from & location in Texas. As can be seen, stesriny
the beam %10 degrees can cause wide variations in the gain in the direction of
adjacent satellites, It is very difficult to predict exactly what the effect
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AMPLITUDE MODULATION IN dB

ANGULAR RESOLUTION
OF ELECTRONICALLY
STEERED ANTENNA

2
1
|
| INUMUM DETECTABLE
: AMPLITUDE MODULATION
O H i L L [
00 10 20 30 40 50

OFF-BORESIGHT ANGLE (0) IN DEG.

A/N 5090

Figure 3-15 Amplitude Modulation can be Adjusted by Adjusting

Steering Angle
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on isolation will be since it is necessary to also account for changes in po-

larization losses as well as different locations within CONUS; however, it is
reasonable to expect the isolation to decrease by a maximum of 3 to 5 dB. The
potential for interference with adjacent satellites can be lessened by makiny
the length of the scan cycle as short as possible and by makiny the steering
angle as small as possible. Unfortunately, reducing the scan cycle increases
the signal-to-noise ratio needed for acceptable performance and reducing the
steeriny angle reduces the pointing accuracy. A detailed trade-off study must
be performed in order to define the optimum value for these parameters,

A second problem with this system is that the electronically steered antenna
does not have the open-lagop inertia feature of the mechanically steered an-
tennas, This means that if the signal is lost durinyg a turn, the beam could
be off-pointed by a larye amount., This problem is mitigated by the fact that
the electronically steered antenna can be steered at very high rates, allewing
it to reacquire the target in about the same amount of time as the mechani-
cally steered antenna.

3.3.1.2 Pointing Algorithms

Figure 3-17 is a flow diagram showing the sequence of events the pointing sys-
tem follows as it acquires and tracks the target. It is assumed that both the
vehicle and base station must be able to make contact at any time. This makes
it necessary for the the MSAT-X satellite to continually transmit the pilot
tone, Once the vehicle is started, the pointing system scans the beam in a
clockwise direction at 180 deygrees/second while it monitors the AGC. Since
the electronically steered antenna has two elevation beam positions, it must
first scan a full 360 deygrees at one elevation and then make another 360
degree scan at the second elevation. The po’ *ing system "remembers" the lo-
cation where the maximum AGC readiny was observed. [If the AGC at this loca-
tion exceeds a predefined "acquisition" threshold (maximum expected signal
level minus 5 dB fade), the pointing system switches the beam to that loca-
tion. If the AGL at this location does not exceed the acquisition threshold
the pointing system repeats the acquisition sequence., In a non-fading envi-
ronment, the entire acquisition seguence is expected to take less than 4 sec-
onds,
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Once the taryet is acquired, the pointing system enters the scan mode. The
pointinyg system determines the antenna pointiny error by notiny the relative

difference in AGC as the beam is steered to the right and left 10 degrees. It
then makes the appropriate corrections,

Once the antenna is locked on taryet, the operation of the system is desiyned
to minimize the time the antenna spends in the scan mode in order to minimizz
the potential for interference with adjacent satellites, The pointing system
monitors the AGC for approximately 90 milliseconds, I[f the AGC exceeds a pre-
defined "tracking" threshold (siynal level expected when the target is witnin
2 degrees of boresight) at some time during this period, the pointiny system
assumes it is on target (no corrections needea)} and proceeds to monitor the
AGC for another 90 milliseconds. [f the AGC does not exceed the trackiny
threshold, the pointing system verifies that it is within the "lock-on" (£10°)
range by checking to see if the acquisition threshold has been exceeded within
the last 90 milliseconds, [If it has, the pointing system assumes the vehicle
has turned and it enters the scan mode. If the signal hasn't exceeded the
acquisition threshold the pointing system assumes it has lost the taryet and
it reenters the acquisition sequence. This feature allows the pointing system
to track targets duriny fades of up to 5 dB which last for up to 30
miliiseconds,

3.3.1.3 Interfaces

Transceiver [nterfaces. The inte.,faces for this po'nting system are simple

and stroighoforward., The receiver must provide an AGC siynal which is accu-
rate to within 1 dB. The interface ciaracteristics of thi., signal can be the
customary O to 5 vclt analog.

Vehicle Interfaces. The venicle must provide power to the pointing system.

User Interfaces. This system does nnt require any user interfaces; however,

options such as an “on-target" indicator and "reset button" may be desirable.
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3.3.2 PERFURMANCE

3.3.2.1 Pointiny System Perfnrmance

This pointing system satisfies all requirements. The performance of this
pointiny system in comparison to the other pointing system considered in this
report is summarized in Section 3.5.

3.3.2.2 Performance Variations

Multiple Satellites. This system will work well in a multiple satellite sys-

tem:; however, there is a greater potential for interference with adjacent sat-
ellites. The potential for locking onto the wrong satellite is also greater
and therefore it is even more desirable for all satellites ir the m.ltiple
satellite system to use unique frequencies for the pilot tones.

Shadowing., Under normal conditions, the electronically steered antenna works
as well as the mechanically steered antennas; however, in a severe fadinyg en-
vironment the electronically steered antenna may not perform as well. With
the electronically steered antenna system, fades which are more than 5 dB and
last lonyer tnan approximately 90 milliseconds cause the pointing system to
reenter the acyuisition sequence whereas the mechanically steered antenna sys-
tems can tolerate a total Joss of siygnal for up to 4 seconds. Althouyh the
glectronically steered antenna does not perform as well in this enviromnent,
it can still fully satisfy requirements and its ability to scan the beam at

high rates allows it to rapidly reacquire the target,

Different Antennas., As was explained earlier, the sequential lobe tracking

system is best suited to the electronically steered antenna system. [t can be
used witnh mechanically steered antennas but the ability to electronically

"dither" must be added which increases cost and the performance of this system
is not as good as the monopulse systems.

Half-Duplex Operation. This peintiny system, like the other active pointing

systems, will work well in the hal f-duplex mode provided, 1) the pilot tone is
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transmitted on a separate frequency that doesn't have to be blanked during

transmission by the mobile terminal, and 2) the AGC is derived from iLne pilot
channel.

3.3.3 RELIABILITY

This pointing system has an advantage over the mechanically steered systems in
that it does not have any wear-out items but it suffers from the fact that it
is more complex. The life expectancy of the system is expected to be equal to
or better than the mechanically steered systems.

3.3.4 HERITAGE

The concepts used in this pointing system are well known and have seen wide
application in radar systems. Only simple straightforward adjustments nave
pbeen made to make this system better suited to environments where the siynal
is fading rapidly.

3.3.5 COSTS

The cost of the direction sensinyg system is minimal since all it requires is
the electronics needed to demodulate the AGC signal output from the receiver,
The cost of the electronics is expected to be about $150 per unit in larye
gquantities. A cost breakdown of the complete pointing system is given in
Section 4.0,

3.4 MAGNETOMETER POINTING SYSTEM

3.4.1 System Concept Description

The open-loop pointing system considered for this report uses a magnetometer
(compass) to determine the location of magnetic north and, from that informa-
tion, derive the location of the MSAT-X satellite. Magnetometers have seen

wide application in sate;lite attitude control systems, as direction finding
systems in aircraft, and to correct drift in gyroscopes,
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J.4.1.1 Direction Sensiny System

The heart of the maynetometer is the fluxgyate., [t is the transducer that con«
verts a magnetic field into an electrical voltage., [ts main component is a
ptece of easily saturable ferrous material wrapped about a cylinder. An al-
ternating current is passed along the axis of the cylinder creating a magnetic
field normal to the axis of the cylinder that periodically saturates the mate-
rial first clockwise and then counterclockwise (see Figure 3-18).

A pick-up winding is wrapped around the cylinder, While the ferrous material
is between saturation extremes, it maint ins a certain average permeability.
While in saturation, this permeability (p = dB/dH) becomes one (an increase in
driving field H produces the same increase in flux B). I[f there is5 no compo-
nent of maynetic field alony tne axis of the cylinder, the flux chanye seen by
the pick-up winding is zero since the excitation flux is normal to the axis of
the windingy, If, on the other hand, a field component is present alony the
cytindrical axis, then each time the ferrous material goes from one saturation
extreme to the other it produces a pulse output on the siynal pick-up winding
that is proportional to the external maynetic field and the average pemneabil-
ity of the material.

A block diayram of a typical magnetometer electonics is shown in Figure 3-19,
Basically, the purpose of this electronics is to generate the AC siynal that
is passed along the axis of the fluxgate and to convert the AC signal output
on the pickup winding into a DC signal whose ampiitude is directly related to
the amplitude of the external magnetic field.

Twe fluxgates oriented at 90 degrees to each other ure needed in order to be
able to generate a north pointing vector; however, onr set of electronics
which is switched betivieen the two fluxgates would be adequate. The pointiny
control system would read the outputs of the two fluxyates, determine the may-
netic north vector, calculate the off-set to the MSAT-X satellite and finally
steer the antenns to the appropriate direction., Maygnetometers can be desiyned
to provide very good accuracy (less than 2 degrees) but for this application,
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4
a 2 to 3 degree accuracy is probably adeguate when the other sources of error
are taken into account.

There are a number of disadvantages to using a magnetometer pointing system.
The principle one is that the angle between north and the direction to the
s~tallite varies across the continental United States. For example, if the
MSAT-. s.tellite is located at 105 deyrees west longitude, a user in hew York
must steer his antenna approximately 200 deyrees clockwise from north while a
user in California must steer his antenna 160 deyrees clockwise from north,
Then on top of this is the fact that across CONUS maynetic north differs from
true north by as much as 22 deyrees, To complicate the picture even more is
the fact that the local maynetic field can be percturbed by larye iron ore
deposits and other targe metal objects such as bridges and other vehicles.

A user interface is the most practical way to overcome these obstacles. A
meter which displays the received signal strength and a knob which controls
the antenna azimuth angle would be provided. After the user starts his ve-
hicle, he adjusts the position of the antenna while monitoring the AGC meter
until the maximum signal strength is achieved. He then pushes a button which
“loads" the antenna location relative to the magnetometer reading into the
pointing control system. The pointing system then maintains that orientation
from that point on., Once the pointing system has been initialized, a user
traveling cross country would only need to update his system every few hours,
A user traveling locally would probably never need to update his system,

There are several features which may be desirable upyrades to the basic sys-
tem. First, to simplify acyquiring the targyet, it may be desirable to provide
an audible tone which varies 1in frequency dependinyg on received siynal
strenyth, This would allow the user to tune his terminal while driving in
much the same way he would tune his radio. Also to help speed up acquisition,
the pointiny system should "“remember" the antenna/magnetometer orientatjon
even after the vehicle is turned off., Finally, to help maintain tracking, a
warning light triygered by the loss of signal may be desirable,
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3.4.1.2 Pointing Algorithms

Since acquisition of the target is controiled by the user, the pointing alyo-
rithm is minimal. The pointing system is only required to maintain a fixed
relationship between the antenna orientation and the maynetometer reading,

3.4,1.3 Interfaces

Transceiver Interfaces. The transceiver must provide an AGC signal which is

accurate to within 1 dB., The interface characteristics of this siynal can be
the customary 0 to 5 velt analoy,

Vehicle Interfaces. The vehicle must provide power to the pointing system and

a location for a control and status panel.

User Interfaces, This system requires a fair amount of user interfaces in

order to acquire the target, These processes are described in Section
3.4'1'1.

3.4.2 PERFORMANCE
3.4.2.1 Pointing System Performance

This pointiny system is capable of satisfying all requirements; however, it
probably will provide the poorest performance. The performance of this

system, in comparison to the other pointiny system considered in this report,
is summarized in Section 3.5.

3.4.2.2 Performance Variations

Multiple Satellites., This pointing system will work in a multiple satellite

environment; however, its pointiny accuracy is not as good as the active sys-
tems and it is easily perturbed (i.e., improper tuning, metal objects, etc.).
Therefore, the probability of interference with adjacent satellites is
greater. In order for the user to be able to easily acyuire the preper satel-
lite, it is imperative for all satellites in the multiple satellite system to
transmit the pilot tone on unique freguencies in addition to usinyg cross
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polarization, This will allow him to manuaily sclect the desired satellite by
“dialing" the correct frequency.

Shadowing. The chief advantage of any open-loop pointing system is that it is
completely impervious to shadowing, It will maintain the proper antenna ori-
entation regardless of how deep the fades are or how lony they last.

Different Antennas., This pointiny system is compatible with either the elec-

tronically or mechanically steered antenna systems.

Hal f-Duplex Operation., Another major advantage of open-loop pointing systems
is tnat they aliow half-duplex operation without putting any restriction on

the satellite or transceiver. Unlike the active pointing systems, both the
data and pilot channels can be transmitted on the same frequency and both can
be blanked during transmission without affecting the ability of the system to
point the antenna,

3.4.3 RELIABILITY

The reliability of this pointing system is determined mainly by the type of
steering mechanism it is used with, The addition of the maynetometer should
not affect the overall reliability of the system.

3.4.4 HERITAGE

Maynetometers have seen wide application as part of spacecraft attitude con-
trol systems, direction findiny equipment on ajrcraft, and as a means of cor-
recting yyroscope drift., BASD has had personal experience with maynetometers,
having flown them on more than ten spacecraft.

3.4.5 COsT

The cost of the direction sensing system, which includes the electrornics and
fluxgate, is expected to cost about $150 in large quantities which is compar-
able to the cost of the monopulse or sequential lobing electronics. A cost
breakdown of the complete pointing system is given in Section 4.0,

-
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3.5 PERFORMANCE SHMMARY

The performance of the four types of pointiny systems addressed in this report
are summarized in Table 3-1. It is difficult to say one system is better than
the other since each has some thinys it does better than the others., However,
based on pointiny performance and ease of operation, the closed-loop systems
are better than the upen-loop system. Uf the three types of closed-loop sys-
tems considered, the monopulse tracking systems are better than the sequential
Tobe system since it performs better in a fading environment and has fewer
problems with adjacent channel interference. Of the twe monopulse trackiny
systems, the one using phase detection has a s)ight advantage over the one
using amplitude detection since it performs better in a fading environments.
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SECTION 4.0
ANTENNA SYSTLM COST

In evaluating the cost drivers for the production of three types of antennas,
the Mechancially Steered 1 x 4 Tilted Microstrip Array Antenna, the Mechani-
cally Steered Conformal Array Antenna and the Electronical Scanned Conformal
Phased Array Antenna, the following major cost factors are identified.

1) Labor - The largest portion of the cost of producing an antenna is
labor costs. Labor costs are dependent on design and quantity pro-
duced. Assume the design is as producible as is possible, the produc-
ticn labor is then related to the guantity of units to be produced.
If the expected yuantity is large enouyh to justify a larye expendi-
ture to automate prcduction and testing, labor cost can be reduced.
The amount of reduct.ion that can be achieved can only be estimated by
using existiny large volume products as a guideline, An automobile
radio as an example can be made with a labor cost about equal to the
material cost. Material costs are also reduced with large volume us-
age. To achieve the same level of cost reduction in antennas as
achieved with automobile radios requires quantities approaching those
of automobile radios. The amount of labor cost reduction depends on
the amount of automation justifed which is dependent on volume,

2) Material - Material costs are dependent on quality of the components
and on the quantity used. The reduction in material cost per unit is
not near as dependent on volume as is the labor reduction with large
volumes,

3) Design - The design has an obvious impact on production costs, Again
the anticipated volume sets the amount thai is justified in design
and redesign to achieve lowest production cost., The electronically
steered antenna has the potential for yreatest cost reduction with
increased design effort.




It is a vicious circle. The yreater the volume produced the lower the unit
cost, The lower the unit cost the greater possibility for marketiny a large
volume of units,

It is a question, unanswered at this time, what number of units justify the
expendftures required to drive cost to a minimum, It is felt that 100,000
units does not justify complete automation,

Production of antennas in quantities of 100,000 units may make it possible to
reduce unit cost up to one-half ihe cost of production quantities of 10,000 or
less, However, it is still a matter of producing & few units to determine
more accurately larye volume unit cost. Table 4-1 shows the relative major
cost drivers for the three LMV antenna concepts. In Table 4-2 we show our
projected unit cost estimates for production of 10,000 and 100,000 units. The
accuracies are estimated to be within #25%. However, these accuracies are de-
pendent on the initial details of the desiyns and on the development of 4 few
prototypes. We believe at this phase of the program, it is very difficult to
have hiyhly accurate per unit cost figures with even no breadboard model. In
Table 4-3, we show some breakdown costs of the three antenna concepts.

The estimates were performed by highly experienced personnel in the production

of targe volume antennas, The figures were also based on the experiences
gained from a few large volume existing programs.
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Table 4-1
ANTENNA MAJOR COST DRIVER

Major Cost Driver

Parts and
Labor Material
1 x 4 Mechanically Steerable Tilted Array Low-Medium Med i um
Mechanically Steered Conformal Array Medium Med ium
Electronically Scanned Conformal Array High High
Table 4-2
COST ESTIMATES
Cost/Unit
(Dollars)
10,000 100,000
1 x 4 Mechanically Steerable Tilted Array 800 500-600
Mechanically Steered Conformal Array 1300 700-900
Electronically Scanned Conformal Array 2800 1000-2000
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APPENDIX A
SINGLE CHANNEL MONQOPULSE TRACKING SYSTEM
USING PHASE MODULATIUN

In a conventional single channel monopulse tracking system, sum {f) and dif-
ference {(aA) signais are generated by a 180° hybrid. The phase of the A signal
is then shifted 0 and 180° at some predefined clock rate and then a portion of
the a signal is added to the ¢ signal by means of a directicnal coupler. The
net effect is that the £ signal is amplitude modulated by the a signal.l How-
ever, special steps must be taken in order to make this system work in an en-
vironment where the received signal is varying rapidly due to shading, One
way to solve this problem is to use phase modulation instead of amplitude mod-
ulation. Figure A-1 illustrates how this can be done in a simple, yet effec-
tive manner.

As in conventional single channel monopulse systems, this system uses two
identical antepna systems which "look" in the same directions. The strenyth
of the received siynals from the two antennas will vary both as of function of
time (t) due to shading and as a function of the angle (8) between the bore-
siyht of the antennas and the taryet. Thus, the real part of the electric
field of the signal received bv the two antennas can be expressed as;

Ey = A (8, t) cos(ut + ¢,)

A

EB =B (8, t) cos {wt + ¢B)
w ere,
A(p, t) = the amplitude of the received signal at the A antenna
B (9, t} = the amplitude of the received signal at the B antenna

1. Electromagnetic Science Inc., Technical Bulletin No. 022873-1, Single
Channel Monopulse Converters,
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w = the angular frequency of the received siynal

op = the phase of the received signal at the A antennas

¢g = the phase of the received signal at the 8 antenna.

Since the two antennas are separated by some distance I, the phase of signals
raceived by the two antennas will differ by an amount equal to

2n0
A = - sin @
where;
D = distance between antennas

wavelength of the received signal
off-boresiyht anygle,

[ -
il n

To simplify the analysis, let is assume tre antennas needs to pe steered
clockwise to get "on-target" and that ¢p = 0. Under tiese conditions, ¢y = Aé
and since the antennas are identical and look in the same direction,
Ala,t) = B(o,t). To make the presentation easier to follow. we will let
A{e,t) = B{a,t) = A for the remainder of the analysis.

The received signals are routed from the antenna to a 180° Hybrid where £ and
A signals are generated. The input signal from the A antenna is coupled into
both the £ and s outputs and both outputs are in-phase with the input signal.
Similarly, the input from the B antenna is coupled into the g and j outputs,
however, the phase cf the signal at the a output is shifted 180° relative to
the input signal while the signal ¢ output is in-phase with the input signal.
The resultant ¢ and A siynals are yiven by

T = A cos{wt) + —l— B cos{wt + Ad)
2

e

2
A

3 — {cos{wt) + cos(wt + A¢)]

v/ 2
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and

A= —lw-A cos{wt) + L B cos(wt + ap + 18n0)
Y 2 v 2

[cos{wt) - cos(wt + a¢)]

Thus, when two equal amplituge, equal frequency signals are input to a 180°
Hybrid, the magnitude of the re-ultant § and A output signals vary based on
the phase of the input signals. Ffor example, when the target is on boresight
{6 =0°) a¢ =0, A=0, and z= /2 Acoswt which means when the target
is on boresiyht, the total received siynal power of both antennas appears in
the T output and no power appears in the A output.

The a signal is then shifted in phase either 0° or 180° dependiny upon the
state of the “scan code yenerator". The resultant siygnals are

A
Ay = —— [cos (wt) - cos {wt + a¢)]
°
and
A
- 0y -
M ag = [cos {wt + 1800) - cos (wt + A¢ + 180)]
A
= - — [cos {wt) - cos (wt + a¢)]
2
The rate at which the phase of the A signal is shifted is determined by the
maximum rate at which the antenna must turn., The £ and A signals are than
added and the resultant signal input to the transceiver., This signal will

vary as the phase of the A signal is shifted and can be expressed 4s

Ry =-;éE [cos (wt) + cos (wt + aA¢)] + 7%; fcos (wt) - cos {wt + a¢)l

= /2 A cos {wt)
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when the phase of o is zero and as

RlBO = 725 [cos (wt) + cos (wt + a¢)] --725 [cos (wt) = cos (wt + a¢)]

= Y 2 A cos (wt + Ad)

when the phase of A is 180°,

The important thing to notice is that shifting the phase of the A siynal 0Q°
and 180° causes the resultant signai input to the receiver to be phase modu-
lated by an amount, A¢, which is directly related to the off-boresiynt anyle
8, and that tnis phase modulation is independent of the amplitude of the re-
ceived siynal, This means that the phase mndulation is constant for a yiven
off-boresight angle even under conditions of severe signal fading, Fiyure A-2
shows the phase shift of the resultant signal, R, as a function of the off-
boresight angle s for a candidate MSAT-X antenna. The next step is to detect
this phase medulation and to supply it to the antenna pointing control system
in some useful form,

A recetver which uses a phase-iock-Toop (PLL) to track the frequency of the
received signal can be used to detect the off-boresight induced phase modul a-
tion, A simplified block diagram of a typical PLL is shown in Figure A-3. It
contains three basic components, a phase detector, a low-pass filter, and a
voltage-controlled oscillator (VCO). The phase detector compares the phase of
the input signal against the phase of the VCO. The output of the phase detec-
tor 1s a measure of the phase diffarence between its two inputs. The differ-
ence voltage is then filtered by the loop filter and applied to the VCU. This
control voltage, commonly referred to as the loop phase error, chanyes the
freguency of the ¥CO in a direction that reduces the phase difference between
the VCO and the input siynal. It can be shown that, after filteriny, the out-
put of the phase detector is given by2

vy = Kq sin (¢1 - ¢O)

2 Phaselock Techniques, Floyd M. Gardner, John Wiley & Sons, Inc., 1966.
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10+ k = COUPLING FACTOR

PHASE MODULATION IN DEG

2 3 4 5 6 7 8 9 10
OFF-BORESIGHT ANGLE ( & ) IN DEG

A/N 5090

Figure A-2 Phase Modulation of R = L + kA as a Function of Off Boresignt
Angle and Coupling Factor (k) .
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Figure A-3 Basic Phaselock Loop can Detect Pointing Errors
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where

Kg = phase detector yain constant in volts/radian
¢i = phase of the input signal
¢y = phase of the VCU signal

When the loop is locked, the loop phase error 1s zero (¢4 = 4y). This assumes
the loop rest frequency is equal to the frequency of the input signal. In

practice this may not be the case, and vq will have a constant offset, or sta-
tic phase error, however, this does not affect the results of this analysis.

A step change in tha phase of the input signal of magnitude a¢ will cause a
sudden change in the loop phase error since ¢j is no longer equal to ¢y. The
larger the phase shift is, the larger the change in vy will pe. The PLL will
eventually track out this phase shift and the loop phase error will return to
zero. However, the fact that a phase shift in the impact signal produces a
"transient” in Vq provides the means to determine antenna pointing error,
Figure A-4, which has been extracted from Reference 2, shows examples of the
transient in the losp phase error caused by a step phase shift in the input
signal for a second order, high gain PLL for various filter dampinyg factors,
The final step is to take the information provided by the transient in Vq and
use it to generate antenna steering signals. The following example exptains
how this is done,

If switchiny the phase of A causes a transient in V4 then the pointiny system
knows the target is off-boresight, It determines which direction to steer the
antenna by comparing the transient induced in V4 when switching the phase of
from 0° to 180° with the transient induce when switching the phase from 180°
to 0°, If the target is to the right of the boresight, then when the phase of
A 0s 0°, the phase of the input signal (R) is 0°. When the phase of a is
shifted 180°, the phase of R is shifted 180°. Let us assume the PPL lock up
during the ag portion of tha cycle. That is, the phase of the signal input to
the PLL is ¢4q and

pv = ¢io
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and

Vd = Kda {(9i0 = ¢vo)
= ()

When the phase of the a signal is shifted 180°, the phase of the siynal input
to the PLL is shifted a¢

%5180 ~ %40 * 49

However, thc phase of the VCO signal is still equal to ¢4, and, as a result,

Kd ($180 - ¢vo)
= Ky ($i0 + 8¢ - $io)
= Kgdd

A POSITIVE TRANSIENT

vd

The PLL eventually tracks out this phase shift, such that
by = b1g0 T %o T B¢
and Vq = 0.

When the phase of the A signal is shifted back to 0°, the phase of the input
signal is ¢jo and

Kd (¢ = oy)
Kqg (o5 = (65 + a¢))

Kg (-a¢)
A NEGATIVE TRANSIENT

Vd

If the target is to the left of boresight, then phase shift of R will be re-
versed relative to the phase shift of the A signal. That is, when the phase
of A i1s zero, the phase of R is shifted 180° and when the phase of a is snift-
ed 180°, the phase of R is 0°. This means the sign (+ or -) of the transient
induced in V4 will be reversed relative to the phase of a.
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To summarize, if v4 experiences a positive transient when the phase of the A
signal is shifted 180° followed by negative transient when the phase of the A

signal is 0°, then the target is to the riyht of boresight and the antenna
must be steered clockwise., If the reverse is true, the target is to the left
of the boresight and the antenna must be steered counter-clockwise,

Figure A-5 is a timing diagram showing the relationship between the phase
shift of A and the transient in v4q, Notice that, as the tracking system ac-

quires the target, the amplitude of the vq transients get smaller which means
the pointing system will know when it is getting close to the target.

Phase-lock-1oops are extremely good at measuring phase, Typical second order,
high-gain, PLL are capable of measuring phase errors of only a few degrees,
Figure A-2 shows that an off-boresight angle of 0.5° cause a phase shift of
nearly 4°, Therefore, it is reasonable to expect the pointing know!edye using
this approach will be less than 0.5°,
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APPENDIX B
POINTING ACCURACY NF A MONOPULSE TRACKING SYSTEM
USING PHASE DETECTION

A monopulse tracking system uses two antennas which are pointed in the same
direction. Since these two antennas are physically separated, when a siynal
is received at an off-boresiyht angle, the phase of the signal seen by one an-
tenna will be delayed relative to the phase of the siynal seen by the other
antenna by an amount which is directly related to the off-boresiyht angle.
This relationship between the phase delay and off-boresight angle can be ex-
pressed as:

¢=&'P.s~ine (1)
A

where
distance between antennas

wavelength of the received signal
off-boresight angle

The accuracy of the monopulse tracking system is found by considering the der-
ivative of (1):

de = 2nb cos 6de (2)

A

Replacing the differentials by increments A, we can evaluate the effects of
system errors:

¢ = 2L cos gag (3)

X

Solving for the pointing error, A6, we get:

where,
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A8 = the pointiny error

A¢ = measured phase error
Kk =20

A

Contributions to the measured phase érror, A, are derived from two basic
sources, the apbility of the equipment to hold phase match and the effect of
signal-to-noise ratio (SNR) in the phase-lock-loop. Since these two sources
of error are independent, they can be expressed as:

2 _ .2 2 5
B¢ = Bbgyg ¥ Bgq (5)
where,
Ad = the resultant measured electrical phase error,
A¢SNR = the electrical phase error component due to SNR
A¢EQ = the error component due to equipment electrical phase

mismatch,

Errors due to equipment electrical equipment are caused by the phase mismatch
of the radiation patterns of the two antennas, the phase mismatch in the ¢ and
4 channels, and the mechanical alignment of the antennas. It is expected
these sources can easily be held to less than b deyrees of phase error,

The siynal-to-noise ratic of the phase-lock-loop affects the ability of the
phase detector to measure the difference in phase of the incoming siynal and
VCU. It can be expressed as (from reference 1):

- L3 72 (rad.)

AdshR SR

The resultant pointing error can then be expressed as:

1 1 2 %@
48 = = [{(—) + a¢pq]
Csw | CPEQ
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Fiyure 8-1 shows a plot of the expected pointiny error as a function of
siynal-to-noise ratio. It shows the pointing error of less than 2.5° can be
maintained even 1f shadiny causes the input siynal to noise ratio to drop to
10 di. If the SNR drops much below this level, there is a danger the PLL will
drop lock.
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tion-Finding Techniques."
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