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SUMMARY

A study of advanced self-steering techniques that could be applied
to satellite communication links was conducted and is reported ina

two-volume final report. During the study, an engineering model of a
high-gain self-steering microwave transponder and associated attitude
readout circuitry was designed, fabricated, and tested. In addition, the
application of a specific type of self-steering repeater to a Data Relay
Satellite System was explored, and a possible configuration for such a

system was evolved. A unique module-coupling technique was invented
: for the elimination of beam-pointing errors that arise when a single ;
channel is used for duplex operation.

Volume I of the final report contains a discussion of the various
types of self-steering arrays, brief descriptions of breadboard models
of two different arrays built at the Hughes Aircraft Company, the general
design considerations that a.ppﬁéd for the engineering model and attitude
readout, and a detailed description of the engineering model with the
results of tests and measurements made of the antenna system. Volumel
also contains the discussion of the specific application of a self-steering
array.

Volume II of the final report contains the results of extensive
system tests and the ca,nciusions and recommendations of the program.
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1.0 INTRODUCTION

1.1 SCOPE AND PURPOSE

During the past several years, considerable effort has been
devoted to the study and development of antenna techniques such as
phased arrays and self-steering arrays to increase present-day com-
munication capabilities, A two-phase survey of spacecraft antenna
systems was performed by the Hughes Aircraft Company from
October 1963 to January 1966. * The first phase included 4 literature
search, a field survey, and a critical analysis of many possible
scanning and steering techniques. Several were chosen as being par-
ticularly applicable to spacecraft communication, and two specific
configurations, a multiple-bean: transdirective concept and a self-
phasing retrodirective concept, were recommended for further study
ancd implementation. During the second phase of the study these two
systems were breadboarded and tested.

The present nrogram is the outgrowth of this work and has as
its purpose the design, fabrication, testing, and evaluation of an
engineering model of a high-gain self-steering microwave transponder.
The program was started in January of 1966 with the system scheduled
for delivery late in 1967; because several components of the trans-
mitting section lie at the limits of current technology, final assembly
was delayed into 1968,

The final report is divided into two volumes of which this docu-
ment is the first, Volume I contains the design considerations and
general approach selected for the transponder and the attitude readout
circuits, a detailed description of operation of the engineering model,
and the results of tests and measurements. This volume also contains
a general survey of the types of self-steering array systems and a
description of a system that would be suitable for a specific application,
in this instance, a Data Relay Satellite System.

*Kummer and Villeneuve, 1965; Kummer and Birgenheier, 1966,



1.2 BACKGROUND

Some of the requirements for spacecraft communications that
have arisen suggest the use of seclf-steering antenna systems with
significant advantages over conventional antennas now employed. One
such application is the Delay RelaySatellite System (DRSS) that is being
proposed. A system concept for the DRSS is shown schematically in
Figure 1. It would be composed of low orbiting user vehicles from
which communications are maintained to a central earth terminal by
relaying signals through a microwave repeater at synchronous altitude.
Typically, the user vehicles might be Apollo spacecraft in earth orbit,
Nimbus weather satellites, or aircraft. The communication systems

on these vehicles are very modest in terms of antenna gain and trans-

mitting power.

LOW ORBITING

USER DOWN-LINK BANDS EARTH TO SYNCHRONOUS SATELLITE
USER UP-LINK BANDS

T

2.4 GHs 23GHz ) 736t 80GH

Figure 1. Data Relay Satellite System concept.




To obtain the required signal-to-noise ratios with reasonable
data rates, the repeater system on the synchronous satellite must have
a very high antenna gain and high effective radizted power (ERP). These
requirements dictate that the bearmnwidth of the DRSS repeater must be
much narrower than the beamwidth subtended by the earth, Narrower
beamwidths, in turn, add the requirement that the beams must be
steered to point in the direction of the user. Since there may be many
users and, thus, many beams, mechanical or electrical positioning of
the repeater system may be physically impossible unless more than one
antenna is used. In addition, the exact orientation of the synchronous
satellite and the location of the users must be known if antenna posi-
tioning by command is to be performed.

Because of the difficult requirements and constraints imposed by
the DRSS system, a self-steering microwave repeater seems to be a
natural solution for the synchronously orbiting system. It would form
b  1s automatically in the direction of the low orbiting users regard-
less of their relative positions or velocities, It would not need either
search or acquisition modes but, instead, would be continuously looking
over its coverage angle. When it receives a signal from a user,
it forms a high-gain beam in that direction. Another desirable feature
is its capability to form multiple, independent beams without undue
complications.

A possible configuration for a self-steering repeater for the DRSS
is discussed in this volume of the Final Report. The system takes the
form of an array of 100 clusters of doubly wound spiral radiators,

The self-steering technique employed uses phase inversion by mixing.

A unique module-coupling scheme was derived to eliminate beam-
pointing errors due to the frequency separation between transmitter

and receiver. An exploration of microelectronic techniques for possible
application to the front-ends of self-steering systems indicates a com-
hination of microstrip and stripline components would be achievable at
the present state of the art. Possible configurations for front-end

modules are discussed.




For the DRSS antenna system presented, frequencies of 2.1 and
2.3 GHz were chosen, but the techniques can be scaled to 1.6 and
2.3 GHz. At significaptly different microwave frequencies, however,

such as 7 and 8 GHz, the microwave components would be different.

1.3 ORGANIZATION OF FINAL REPORT

Self-steering principles are reviewed in Section 2.0 of this
volume of the final report. The review includes a discussion of the
two self-steering breadboards fabricated by Hughes and some of the
more pertinent data obtained. This section is followed in Section 3,0
by a discussion of the engineering model which is being built by Hughes
Aircraft Company and the preliminary data that have been obtained.
This section also includes a discussion of an attitude readout similar
to that which could be employed on the DRSS if necessary. Section 4.0
presents a discussion of a self-steering system that may be proposed
for DRSS application; tables presenting system characteristics and A
estimates of weight and power consumption are included. Section 5.0,
New Technology, presents a new steering technique that could be used
to eliminate the beam -pointing error problem when a single array is
used for duplex communications. It also presents a discussion of design
and packaging techniques that could be employed in the design of an
integrated r-f module. The work presented on the r-f module and on
the new beam-steering technique was augmented by the contractor's

independent rasearch and development programs.
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2.0 SELF-STEERING ANTENNA TECHNIQUES

Self-steering antenna techniques applicable to satellite com-
munication links may be divided conveniently into four classifications:
(1) switched multiple-beam antennas, (2) Van Atta arrays, (3)se1f-
phasing arrays, and (4) adaptive arrays. In multiple-beam antennas,
the proper beam to be retransmitted is selected by switching and con-
trol circuitry, either in response to a command from a transmitting
station or as indicated by a pilot signal from the receiving station. In
the Van Atta array the incident radiation is simply redirected back to
the source; in active Van Atta systems, information may be obtained
from some other source and modulated onto the redirected signal, Inthe
self-phasing arrays, conformal elements with separate electronic cir-
cuitry are automatically phasedbya mixing technique to produce abeamin
the required direction. In the adaptive arrays, a phase-locked loop
at each element adjusts the element phases appropriately across the
antenna aperture in response to an incoming signal. The last three
groups all operate on similar principles but are implemented in
different ways. The switched multiple~-beam antennas are distinct
from the others. The operation and characteristics of each group are

discussed in the following subsections.

2.1 SWITCHED MULTIPLE-BEAM ANTENNAS

Switched multiple-beam antennas that are used in self-steering
applications utilize appropriate switching and control circuits to select
the proper beam automatically when a pilot signal is received from that
beam-pointing direction (Kummer and Villeneuve, 1965; Belfi, 1964).
The selection is made through the use of logic circuitry that selects
the antenna beam output by somme means, such as the strongest pilot
signal, and connects it to a receiver. The signal is then amplified and

may be retransmitted in a second direction. This second direction is



also selected by logic circuitry which compares the strength of a pilot
signal from that direction as it appears at the various antenna beam
outputs. The transmitter is then connected to that beam which receives
the strongest pilot signal, and transmission in the desired direction
results. When the pilot signal arrives from a direction intermediate
among a number of adjacent beams, a fairly elaborate power division
technique is required to prevent large gain reductions near beam
crossover points.

Several configurations in this type of self-steering antenha are
possible. These include multiple feed reflectors, lenses, and beam-
forming matrices (Kummer and Villeneuve, 1965; Butler and Lowe,
1961). The reflectors with multiple feeds may be shown to suffer from
problems of spillover and/or aperture blockage effects. Thin lenses
may also suffer spillover problems unless rather complex feeding
techniques are employed to shape the primary feed patterns. Many
reflectors and lenses also suffer beam deterioration with off-axis
scanning and do not appear too desirable. Spherical or cylindrical
Luneberg lenses do not exhibit either spillover effects or beam
degradation with scan angle; however, systems that utilize these
lenses and reflectors require a large volume since their depth (from
feed to aperture) must be essentially equal to or greater than the
aperture itself (Kummer and Villeneuve, 1965). Planar arrays using
beam-forming matru;%l overcome the latter problem to some extent
but become lossy and vgg:ry complex when large arrays are used.

An experimental antenna breadboard system of the multiple-
beam type usmgplanar arrays and beam-~forming matrices was con-
structed by the Hﬁghes Aircraft Company Antenna Department for the
Goddard Space Flight Center on Contract No. NAS 5-3545 (Kummer
and Birgenheier, 1966). The system, shown in block diagram in
Figure 2, used two planar arrays of helical radiators, arranged in
four rows of four elements each. The arrays were designed to cover
a 50-degree conical region from a gravity-gradient stabilized vehicle

in a 6000 nautical mile orbit, and elements and their spacing were
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selected for that purpose. Each array was connected to its own 4-by-4
beam-forming matrix. The receiving array operated at 6.3 GHz,
while the transmitting array operated at 4.081 GHz and was a scaled
version of the 6,3 GHz array.

In operation, a pilot signal at 6. 310 GHz directed the receiving
beam, and a second pilot at 6. 312 GHz directed the transmitting beam.
To receive, the logic selected the highest pilot level and connected the
corresponding receiving beam to the receiving amplifier. The signal
was amplified and limited to remove the effects of signal variations
as the angle of arrival moved from beam peak to beam crossover.

To transmit, the transmitting logic selected the four adjacent beams
that had the highest transmit pilot level, compared them, and distribu-
ted the transmitted power among the corresponding transmitting beams
through electronically variable power dividers. This arrangement
minimized power level variations as the transmitting direction moved
from beam peaks to beam crossover points.

Some typical operating characteristics of the array are shown in
Figures 3 and 4. Figure 3 shows a typical transmitting element
pattern. Figure 4 shows the received level of the retransmitted signal
at 4. 081 GHz as the array was rotated. The level is substarntially as
predicted by theory and essentially follows the envelope of the adjacent
beams. It contains some ripples as the angle passed from beam peaks
through crossover points. |

The system illustrated the basic feasibility of this self-steering
technique. However, for even moderately sized two-dimensional
arrays, the required logic circuitry and power division controls are
quite extensive and complex. In addition, the beam-forming matrix
becomes extremely complicated with any increase in size and can
occupy considerable volume, Element phase and amplitude tolerances
become more difficult to control for larger, complicated matrices.
The losses in the matrix also increase rapidly with size and appear to
make two-dimensional arrays of this type somewhat impractical when

they become large in terms of wavelength,
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Figure 3. Representative pattern of helix els:+ nt in
multiple-beam array.

Some of the more important properties of multiple -beam antennas

are summarized below,

Advantages

(1) No variable phase shifters are required to scan the beam.

(2) These arrays are applicable to both nonsynchronous and
synchronous gravity-gradient stabilized orbits for earth-to-
satellite, aircraft-to-satellite, and satellite-to-earth
systems.

(3) No earth sensor and no preprogrammed controls are required.

(4) Inherently reliable r-f components (matrix or lens) are

utilized.

Dis advanta ges

(1) Large numbers of couplers or hybrids are required in
arrays that utilize a matrix,
(2) A pilot signal must be generated and transmitted at the

receiving location.
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(3) A multiple-beam array may be too heavy, depending on
the configuration: for example, when a lens is used.

(4) Electronically controlled r-f switches and switch control
circuitry are needed,

(5) Additional r-f and control circuitry are needed to provide
smooth transfer of the signal between beams.

(6) PhaseAcompensation over the incident wavefront cannot
be provided.

(7, Failuremaybe catastrophic, d¢pendingonthe circumstances.

2,2 VAN ATTA ARRAYS

Perhaps the simplest type of retrodirective system is the Van
Atta array (Van Atta, 1959) which has been proposed for use in several
communications satellites (Ryerson, 1960; Hansen, 196la; Andre,
1963). This type of array may be active or passive and directs incident
radiation back in the direction of the source. The basic array is
illustrated in Figure 5. The lines interconnecting pairs of eiements
all have the same electrical length, Ideally in the absence of mis-
match and mutual coupling effects, a wave incident at an angle 6 with
the array axis is redirected with full array gain back toward the source

of the incident radiation. Strictly speaking, for proper operation the

Figure 5. Van Atta array (Van Atta, 1959),
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Van Atta array is confined to planar array configurations (Hansen,
1961b). It is therefore the least general of the retrodirective arrays
considered since the others can lie on arbitrary surfaces.

If amplification is inserted in the transmission lines between
pairs of elements, the system becomes active. In accordance with the
discussion of Hansen, because of the changes in effective element
impedances, bilateral amplifiers are not desirable and back=~to-back
unilateral amplifiers are more attractive. Circulators would be used
to couple into and out of the amplifiers. Additional isolation can be
obtained through frequency shifts between received and . etransmitted
signals. The same type of beam-pointing errors that occur for other
redirective and retrodirective arrays would result from the trequency
translation, however. This source of error could be reduced by the
use of two arrays of different sizes scaled to the two frequencies, one
for reception and one for transmission. When scaled arrays are used,
circulators or bilateral amplifiers are not necessary. The systems in
general fail gracefully and, in addition, have the advantage of pre-
serving doppler frequencies.

An experimental model of ¢ Van Atta array system was built and
tested by Andre and Leonard, (1964). The systemn consisted of two
interleaved arrays of nine orthogonally oriented printed dipoles and

employed tunnel-diode amplifiers and mixers (Figure 6). The nominal

TRANSMITTING
RECEIVING ELEMENTS ELE/lIﬂENTs
\ AMPLIFIER
MIXER
fo 1 fo+ Af
MODULATED Af

Figure 6. Active Van Atta system with
separate arrays for reception
and retransmission,
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receiving frequency was 2, 0 GHz and the tranesmitting frequency,
2,15 GHz; the r-f bandwidth was approximately 120 MHz. The two
arrays were not scaled in size to offset the effect of frequency shift,
but the orthogonal orientation of the elements in the two arrays pro-
vided isolation between received and retransmitted signals, The
information signal, which was obtained from some other source, was
impressed on the reradiated signal by introducing it on the local
oscillator signal at frequency &f. The antenna system was operated
under conditions of both single and multiple access. Its measured
gain was reported to be 14 db.

A second experimental version of the Van Atta array has been
described briefly by Gruenberg and Johnson (1964). It consists of a
25-element Van Atta array in which 24 conjugate elements are pulse
code modulated by on-off switches. The switching modulates the
reradiated signal. The modulation comes from a signal received by
the 25th (center) element. This receiving element accepts the modu-
lated signal from a distant transmitter. A separate receiving station
then beams an unmodulated signal to the array. This signal is modu-

lated by the array switches and directed back to the receiving station,

2.3 SELF-PHASED ARRAYS.

A third form of self-steering arrays consists of those that use
phase inversion by mixing to obtain the required aperture phase pro-

. % . . .
gression. The systems used to accomplish the phase inversion may
have a variety of forms, each with particular advantages in a given
situation. One of the simplest configurations (Sichelstiel et al., 1963;
Pon, 1964) is shown in Figure 7. The basic operating principle may
be seen from the figure: the phase of the incoming pilot signal is

inverted at each element by the circuitry to create the condition

*Kummer and Villeneuve, 1965; Cutler et al., 1963; Sichelstiel
et al., 1963; Pon, 1964; Rutz-Phillip, 1964.
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Figure 7. Elementary array module.

necessary for retransmission of a signal back in the direction from
which the pilot came. Information may be modulated on the local
oscillator signal to be sent back in the desired direction.

In actual practice it is simpler tc obtain large amplifier gains
and to perform some of the filtering functions at intermediate frequen-
cies. A breadboard array of this type built by the Hughes Antenna
Department (Kummer and Birgenheier, 1966) is shown in the diagram
of Figure 8. A single 6.301 GHz receiving helix is used on the infor-
mation up-link, The signal is amplified in a 60-MHz i-f strip and
up-converted to 4. 021 GHz where it is further amplified by a traveling-
wave tube and distributed to each element in a 16-element square
array of 4-GHz helices. A pilot Qt 4.159 GHz is converted to 60 MHz,
amplified and up~converted to 4, 081 GHz by mixing the 60-MHz pilot
with the 4. 021-GHz information signal, and is then reradiated. The
mixing of the 60-MHz pilot i-f and the 4. 021 GHz information signal
impresses the correct phase on the signal to cause a beam to be
reradiated in the direction of the incoming pilot signal,

Both this array and the Hughes switched multiple-beam array
were designed to simulate the operating characteristics of gravity
gradient stabilized systems on a satellite in a 6, 000 nautical mile orbit.

The desired coverage region was an angular cone of approximately £25

15
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degrces. The elements used in the transmitting array were the same
as those used in the transmitting array of the switched multiple - beam
breadboard system. Figure 9 shows the relative retransmitted signal
levels for two representative elevation angles as received at the pilot
signal location as the retrodirective array was rotated. It is evident
that the desired ccverage was obtained. It is also evident that the
coverage with this array is smoother than that obtained with the
multiple-beam array (cf. Figure 4).

More sophisticated forms of arrays of the type just discussed
may be devised using mixing techniques. These arrays can be designed
to act as self-steering receiving arrays as well as retrodirective
arrays or redirected arrays. Figure 10 illustrates a possible con-
figuration of the latter type of array. The total incoming signal at the
nth element consists of a narrow-band pilot signal (mp) that is offset
from a broad information band (wm). The signals are subtracted from
a suitable offset frequency (ml) and the difference frequencies are
filtered, separately amplified, and mixed once more. The signal at
the last difference frequency (‘"m -wp). which is independent of the
incoming phase, is summed with all similar outputs from the other
clements. At the output of the summer, the ar- r gain is realized.

As the signal is processed, spectral splitting due to differential doppler
shifts resulting from rotational motion of the vehicle is removed, and
the apparent doppler shift is reduced.

Various types of arrays whose beams are steered automatically
by the use of the interelement phase shift of an incident pilot signal
have certain advantages and disadvantages in common.

Advantagea

(1) The failure of one channel or more is not catastrophic
since each channel is independent.

(2) Controlled phase shifters are not required to steer the beam.

17
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Figure 10. Self-phasing redirective array.

Self-phasing arrays can be applied to nonsynchronous,

synchronous, stabilized, or unstablized systems.

These arrays may be used for aircraft-aircraft, aircraft-

satellite, or satellite-earth systems.

Neither an earth sensor nor preprogrammed controls are

required.

These arrays have growth potential.

Switches and switch controls are anot required.

Phase nonuniformities over the incident wavefront are

compensated.
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(9! Radiating elements can be positioned on any conformal
surface,
(10) Doppler frequencies are preserved internally,
(11) The transmitting signal is offset so that two-way links have

zero doppler shift.

Disadvantages

(1) Some components are utilized that need further development
into flight-qualified, lightweight form, as is true of some
components of most self-steering systems,

(2) Generation and transmission of a pilot signal is required at
thé receiving location.

(3) N phase-matched channels are required for an N-element
array.

(4) A complete receiver and transmittér is required for each

channel.

(5) If pilot signals are noisy, performance tends to be degraded.

2,4 ADAPTIVE SYSTEMS

Adaptive arrays are self-steering systems that employ phase-
locked loops, These circuits have been finding increasing application
in recent years as phase synchronizing devices for an arbitrary
distribution of radiating elements. The phase-locked loops automati~
cally adjust the signals received by each element of the array to be in
phase so that they can be coherently combined. In this way the full
gain of the array may be obtained when the array is receiving. The
signals in the phase-locked loops also may be used to steer a trans-
mitted signal back in the direction from which energy is received. In

this section an array is described briefly that uses phase-locked

loops, and the important characteristics of phase-locked loops are dis-

cussed in considerable detail so that the important parameters that
must be considered in the design of an adaptive antenna system can be

pointed out.
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2,4,1 System Operation

An element of a self-steering array and its associated circuitry
are shown in Figure 11. The element shown in the figure is receiving
at a frequency wge The total phase of the incoming signal is wit + 4
where @, may be arbitrary. For purposes of convenience in imple-~
menting the phase-locked loop, the signal is converted in the first
mixer to an intermediate frequency (wi -w O) with a phase angle ?; = ?o
The signal from the voltage-controlled oscillator is mixed with the
intermediate frequency signal, and the sum frequency out of the mixer
is comﬁared in the phase detector with the signal from the reference

oscillator which is operating at w, with phase @ The frequency of the

1
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DIPLEXER
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OSCILLATOR » ELEMENTS - IN 10N
Lk ] SIGNAL
MIXER
’—-—d
w., P
) X l
(o, "o)' (v, -9y
VOLTAGE-
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J DETECTOR FILTER
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e e — e — et e —— — — S—— —— — a——— — ——
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DIVIDER l

ADDER

v
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Figure 11, Retrodirective antenna that uses a phase-locked loop.
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voltage-controlled oscillator is automatically adjusted to minimize the
output of the phase detector. This output is minimized when the
voltage-controlled oscillator operates at frequency wy =W, + Wy =Wy
and has a phase given by ¢, = Pt eg = @ Consequently, the phase
of the signal from the second mixer is locked to that of the reference
oscillator, Since the signals from all elements are locked to the same
reference signal, they are in phase with each other and may be added
directly, The gain of the array is thereby achieved for reception.

The phase-locked loop is an automatic phase control system.
Its major components are a multiplier, a time invariant linear filter,
and a voltage-contrclled oscillator (VCO). Figure 12 illustrates a
schematic of a basic phase-iocked loop showing the signals at pertinent
points. The input signal consists of a desired term plus a noise term

and is given by
V2 A sin Iwot + 9, (t)] + n(t) (2-1)

where n(t) is the noise term and Bl(t) is the phase of the input signal.
The noise is assumed to be flat, narrow-band, stationary, and gaussian
with two-sided spectral density NO/Z over the frequency ranges of

interest. It may be written in the following form

n(t) = /2 [nl(t) sin w gt + n,(t) cos wot] (2-2)
INPUT SIGNAL N MULTIPLIER x(1) LINEAR
VZa sinluo' +0, (O)I FILTER

+n(t)

olt)
V2 K![ca wot + 82(')]

VOLTAGE-
CONTROLLED |~
OSCILLATOR

Figure 12, Phase-locked loop schematic.
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where A is the rms amplitude of the input signal and nl(t) and nz(t) are
independent gaussian processes with zero mean and with spectral
densities identical to that of n(t) except centered about zero frequency.

The signal from the VCO may be written as

VZ K, cos [wot + ez(t)] (2-3)

where wg is the frequncy of the VCO when its control signal e(t) is
zero and 92(t) is the phase angle of the VCO. The frequency of the

VCO is'linearly dependent on the control voltage so that

de

2 .
=& = Ky elt) (2-4)

where K2 is a proportionality constant, Consequently, 62 is given by
t

ez‘t) = KZ[ ¢(u) du + 92(0) (2-5)
0

where 92(0) is the value of 62 att =0,
The output of the multiplier consists of low frequency terms and
terms centered at Zwo. The latter terms are filtered out by the loop

so that the terms of interest are
x(t) = AK1 sin [Gl(t) -ez(t)] -K1 nl(t) sin ez(t)+Kl nz(t) cos Gz(t) (2-6)
On defining

e(t) = 6,(t) - 8,(t) (2-7)

and

n'(t) = -nl(t) sin Oz(t) + nz(t) cos Oz(t) (2-.)
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Equation (2-6) may be rewritten as
x(t) = A Kl sin o(t) + Kl n'(t) (2-9)

If the impulse response of the filter is denoted £(t), then the output e(t)
of the filter due to an input x(t) is given by
t
e(t) = eqlt) +f x(u) f (t - u) du (2-10a)
0

t
e(t) = eg(t) + Klf [A sin g(u) + n'(u)]£(t -u)du  (2-10b)

where eo(t) is the output resulting from initial conditions in the filter.
When Equation (2-10b) and Equation (2-7) are substituted into Equation
(2-4), the following equation re-ults;

a6,
%%’_ = —d_ KZ eolt) - K[ [A sin @(u) + n'(u)] f(t ~u)du (2-11)

where K = K, K, is the loop gain. Wher the filter is initially quiescent,

eo(t) = 0, and the equation for loop operation in the presence of additive

noise is
de. (t) ¢
%{”— - _dl_t_ - h—f [A sin @(u) + n'(u)] £{t - u) du (2-12)

0

It can be shown (Viterbi, 1966) that as far as the loop operation is
concerned, the noise terin n'(t) may be treated as a ''white'' gaussian
process of flat spectral density NO/Z. Equations (2-11) and (2-12) may
be considered as representing the phase-locked loop model shown in
Figure 13. Since the noise term n'(t) is a random process, there is no
way of determining an exact solution of Equation (2-12). All that can be
determined are the statistics of ¥(t), and in general, these are difficult

to obtain.
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Figure 13, Model of rhase-locked loop.

2.4.2 Approximate Loop Performance Analyses

When the signal-to-noise ratio in the input is large, several

approximate analyses may be carried out.

a. Operation of Phase-Locked Loops in Absence of Noise. =

In one approkimation the noise is neglected and a deterministic
solution for ¢ may be obtained when el(t) is known. The equation
governing the loop vperation is just Equation (2-12) with n' set equal

to zero, The res.lting equation is

de,(t) t
%g = -le—-KA[ sin ¢(u) f(t - u) du (2-13)
)

Use of this approximation permits determination of the response of the
loop to verious input forms for el(t). This equation is nonlinear in ¢
and generally is not easily solved. However, it readily leads to the
value of the steady-state phase error that results, provided that

d¢/dt approaches zero for large t. If this condition is satisfied,
Equation (2-13) becomes for large t

t 1 dBl
[ sin p(u) f(t -u)du = 37 = (2-14)
0
25



which by the convolation theorem for Laplace transforms may be

transformed to

s®1(s)
£ [sino(t)] = KA o) (2-14)

where £ denotes the operation of taking the Laplace transform, s is
the transform variable, F(s) is the transfer function of the filtr and
®1(s) is the Laplace transform of el(t). The value of sin ¢ (t) ¢ . t—o

is given by the final value theorem as

2

s @l(s)
lim sin @(t) = lims ¢ [sin cp(t)] = limK—A_F(s_)- (2-15)

t—o s -0 s -0

The steady state value of sin ¢ then depends on the nature of el(t) and
on the filte: characteristics. There 2re four filter characteristics that
are commonly considercd. The corresponding loops are termed first
vrder, second order, imperfect second order, and third order., The

corresponding transfer functions are

1. First order (no filter)

F(s) =1 (2-16)
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2. Second (perfect integrator with gain a in parallel with

direct path)
F(s) = 1+ (2-17)

3, Imperfect second order

F(s) = :I: (2-18)
4, Third order
F(s) = 1+§+l2 (2-19)
S

A possible implementation of the filter for an imperfect second-
order loop is shown in Figure 14. The steady-state phase errors for
several variations of the input signal phase 8,(t) are shown in Table 1.

For this configuration

a = 1/R2C (2-203)

-~

= /(R + R,)C (2-20b)

Figure 14, Configuration of filter
for imperfect second-
order loop.

b. Linearized LooP Analysis. — Another approximation that can

be used to analyze loop performance for high input signal-to-noise
ratios and small phase errors is the linear approximation., In this

approximation, sin ¢ is approximated by ¢ and Equation (2-12) becomes
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Steady-state
Phase of Input Signal, £ Transfer |Phase-Error,
9. (t) orggzpo Function of lim o(t)
1 Filter, F(s) t = o
(w - uo) t + 90 first . (w - wo)
fixed doppler AK
a
- t + 2
(w wo) 8, second L+ 0
) imperfect s +a ¥ " %o
(w wO) tt 90 second s + € a( AK
1 2 a R
5 Rt tlw-wy)t+o, second 1+— AR
1 2 . a b
ZRt +(w—wo)t+90 third 1+;+T 0
S

Table 1. Tracking errors of loops of various orders for
the noiseless case,

q t de, t
E%*KAI plu) f(t - u) du = —-KA/ n'(u) f(t - u) du (2-21)

dt

0
Since the equation is linear in ¢, the solution may be separated into
two portions, ? and ¢2, ? resulting from the driving function del/dt
and ¢, resulting from the noise teri.,, The solution for ¢, may be
carried out as in the noiseless case in the previous subsection with the
added simplification that the equation has been linearized. The solu-
tion for 22 cannot be carried out explicitly because n'(t) is a random
process, However, if the noise is stationary, the response to the noise
will, in the steady state, be stationary with zero mean (Viterbi, 1966).
Then S¢(w), the spectral density of the phase error, is related to Sn(w),
the spectral density of the noise, by
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2

- KF (jw)/j
Spw) = | TTAREGa | Sale) (2-22)

If the noise is white with a two-sided spectral density, Sn(m) = NO/Z.

When the closed loop transfer function, H(s), is defined as

H(s) = 1T ARF(s) /5

then Equation (2-23) becomes

N, 2
Splw) = —5 H(jw) (2-24)
2A
The variance of the phase error due to noise is then given by
2 1 0 ° No 3
o = 35— [ S (w)de = —3— f H(s) II(-s) ds (2-25)
@ 2™ f @ . A£4 .
o
o -jo
If the loop noise bandwidth is defined as
= L e, d 2-26
B, = e f H(s) H(-s) ds (2-26)
-jo
the phase error variance, in the steady state, becomes
N
2 0
p = —=—TB (2-27)
? AZ L

Thus, the noise bandwidth of the loop is the bandwidth in hertz of an ideal

low-pass filter whose output variance is o"PZ when the input is a white .

process of one-sided density NO/AZ.
The loop noise bandwidths and cr¢2 of the first-order through

third-order loops are given in Table 2, It is evident that, for a fixed
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Order Closed-loop Transfer | Loop Noise Phase Error
of Loop Function, H(s) Eundwidth, B, [ variances,
First _AK _ AK N, K
s + AK 4 A
AK (s + a) ; AK + a N, (AK +a)
Second 5 . -
s + AKs + AKa 4A
Imperfect AK (s + a) AK (AK +a) | No K(AK +a)
second- sz + (AK + ¢)s + AKa 4(AK + €) 4A (AK + ¢)
2_
Third AK (82+as+b) AK (aAK+a,2 -b) NOK(aAK +a¢-b)
83+ AKs®+aAKs + bAK 4(aAK -b) 4A(aAK - D)

Table 2. Noise bandwidths ard phase error variances
for various phase-lncked loops.

loop gain K, the loop bandwidth incrcases as the amplitude of the input
signal increases, and the rapidity of the phase fluctuations can there-
fore increase, However, the variance of the phase error decreases as
the amplitude of the input signal increases, indicating that the excur-
sions about the mean value of phase error become smaller, Compari-
son of Tables 1 and 2 shows that increasing the loop gain, K, decreases
the steady-state mean phase errors bu® increases both the rapidity and
the variance of phase error fluctuation due to noise. Inc reasing the
signal amplitude, A, simultaneously decreases both the steady-state

phase error and the variance of the fluctuation due to noise.

2,4,3 Effect of Band-pass Limiter

In some applications of phase-locked loops, the signal level might
vary over large dynamic ranges and cause loop operation to depart
significantly from the desired operating characteristics, Operation

might possibly even exceed the dynamic range of the loop components,
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To alleviate this problem, the loop can be preceded by a band-pass
limiter, The ideal unit of this kind consists of a hard limiter followed
by a band-pass filter. The limiter output is +1 when the input is posi-
tive and -1 when the input is negative., The filter eliminates harmonics
of the carrier frequency that are introduced by the limiter. Davenport
(1953) considered an input process of a band-pass limiter that has the

form
z(t) = 2A sin (uot + 08) + n(t) (2-28)
where n(t) is zero mean gaussian noise of total power Nin and is wide=-

0 He showed that

the signal-to-noise ratio at the output of this band-pass limiter is

band but restricted to a frequency range about zw

2
out =k £ (2-29)
out in

is
ut
the remaining output power. The factor k varies between w/4 for very

where S . is the undistorted signal portion of the output and N

low input signal-to-noise ratios and 2 for very high signal-to-noise
ratios, Equation (2-29) is only approximately true for phase-modulated
signals and then only if the rate of change of the phase modulation is
much less than w g the carrier frequency., If, in addition, the modula-
tion and noise bandwidths are relatively narrow compared with W then
the output power of the limiter is a constant, independent of the input

power:

- 2
Sout + Nout - AO (2-30)

When Equations (2-29) and (2-30) are combined, the following expres-

sion results for the signal amplitude into the phase-locked loop;
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where £ is the 'imiter suppcession factor., Thus, the band-pass limiter
provides an autormatic gain and bandwidth control feature that is advan-
tageous in practical systems (Jaffe and Rechtin, 1955),

Since the band-pass limiter is a nonlinear device, the statistics
of the output noise a~e n.t gaussian and some of the results obtained
previously that depend on the gaussian noise input to the phase-locked
loop do not hold ena~ntly. However, as the ratio of the bandwidth of the
band-pass filter to *he bandwidth of the input noise becomes very small,
the statistics of the output noise of the band-pass limiter approach those
of gaussian noise, An additional consideration arises from the band-
width assumption made iu the earlier analysis of the loop operation,
That assumption was that tne bandwidth of the loop input noise was wide
compared with that of the loop, Consequently, although the bandwidth
of the band-pass filter should be narrow compared with that of the input
noise, it should still be wide compared with the loop bandwidth. One
last condition must be met: to satisfy the assumption of constant output
power from the band-pas- iimiter, its input process, as pointed out

previously, should have a narrow band compared with wge

2,4,4 General Behavior of Phase-locked Loops

The steady-state phase errcr of first-, second-, and third-order
phase-locked loops has already been considered, and the equations of
operation and the variance of the steady-state phase error have been
derived for the linearized loop approximation, Other quantit.es of
interest include the time required for the loop to lock-on, the conditions
under which the lock-on will occur without cycle slipping, and the time
required to achieve frequency-lock. These quantities may be deter- -
mined through the use of graphical phase-plane analysis in which d¢/dt
is plotted as a function of ¢, From analyses of this type, coupled with

analytical approximations, the general properties of the loop may be

estimated, Several specific cases are discussed,




a, First-Order Loop with a Constant Frequency Input, — The exact

behavior of ¢(t) for a constant frequency input at w is given by the

integral

? de'

p(t) -
2(0) [(w - wp) - AK sin ¢']

(2-31)

The steady-state value of the phase error must be one of the points

given by

lim ¢(t) = sin~ —AK +2nw (2-32)

t—o
where n is an integer, It is evident that if

w-wo

2-33
AR 1 (2-33)

the loop will not lock-on,

b, Second-Order Loop with a Constant Frequency Input. — For a

second-order loop with a constant frequency input, acquisition will
always occur, though if the initial frequency offset exceeds a certain
value, cycle slipping will occur before frequency lock is obtained. The

approximate frequency-error decay per cycle of ¢ is given by

- (AK)%n (2-34)

2
) - AK
0

The time required to achieve frequency lock (puli-in time) is given

at) " 3
(_2

dt

approximately by

2
1 (9 "% (2-35)
£~ I( AK - 90)
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where 8, is the initial phase of the incident signal, This expression
assumes that 92(0) = 0, i, e,, that the VCO is initially at its quiescent
frequency w g

The parameters of the second-order loop are commonly
expressed in terms of a natural frequency w and a damping factor {

where

W = aAK

(2-36)
1.-—-.

2 Va/AK

A value of { that is commonly used in loop design as a compromise
between stability and speed of response is 1/,/ 2,

c. Second-Order Loop with Linearly Varying Input Frequency,— When

the range between transmitter and receiver changes with a uniform
acceleration, the phase of the input signal has a quadratic term that is
interpreted as a changing doppier shift, The phase may be expressed

as

_ 15,2 -3
8,(t) = SRt +(w-wo)t+60 (2-37)

It may be shown that if R > aAK, the loop can never achieve lock or, if
the loop is initially in lock, application of the signal will cause it to
lose lock, When R < aAK, phase-lock may be achieved, and the steady-

state phase error is given by
lim ¢{t) = sin~! (R/aAK) (2-38)

t—o

However, phase-plane analyses show that a second-order loop (perfect)

can acquire a noise-free signal with linearly varying doppler shift with
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certainty only if R < aAK/2, and that once lock-on is achieved, the
loup can track the signal only when R < aAK.

The results for a linearly varying input frequency can be applied
to a situation in which the input frequency is fixed, but to shorten
acquisition time, the VCO is linearly swept over the frequency range of
interest, If R is the rate of change of the frequen.y of the VCO, the

system equations are unchanged., The result is that if
R > .(4B; -a) (2-39)
lock-on will never be achieved, and that if
1
R < a(4B; -a) (2-40)

lock-on will always be achieved. For values of R intermediate between
the above limits, lock may or may not be achieved, depending on
initial values of 91 and d¢/dt.

d, Second-Order Loop with Imperfect Integrator., — If the second-order

loop integrator is not perfect, the loop will not track a linearly varying
frequency. In addition, it will not acquire a constant frequency offset

signal if

w"wO > € (2-41)

Even when w - wg < aAK/e¢, the loop may not achieve lock. By approxi-
mate analytical methods, it may be shown, however, that when the loop

is initially quiescent, lock-on will always occur if

l/2
w =Wy a AK 2.42
w2 <2 [k (1 +50)] (2-42)

e. Noise Behavior of Phase-Locked Loops. — The presence of noise

in the input to the phase-locked loop modifies its operation from the
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ideal noise-free case., The effect is to make the phase error ¢ a ran-
dom process, and in the steady state, ¢ is described by its probability
density function that tells how it is distributed about its mean value.
Consequently, even though tracking is predicted for the noiseless case,
the density function for ¢ will include values that correspond to loss of
lock, and only probabilities of lock or loss of lock can be predicted in
any given system, The method used to determine the probability den-
sity function of ¢ requires the application of Fokker-Planck techniques

and is quite involved. Only results are quoted here,

(1) First-order loop — constant frequency signal (Viter ‘i, 1966),

The probability density function of ¢ is given by

?
P(p) = C exp (a cos ¢ +P o) [1+D f exp(-acosx-ﬁx)dx]

-

T<e < (2-43)

where

-2 -1
D = — exp [-2p ] (2-44)

f exp [-(a cos x + ﬁx)]dx

-7

and C is determined from the requirement that
™
f P(p)de = 1 (2-45)
-

The terms o and P are given by

- SA . _A (2-46)
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4 (w -wo)

= 3 (2-47)
K NO
IfP=0, i,e,, if w = wg, tnen
exp [« cos ¢]
P(g) = JZ;IO(Q) “T<p>T (2-48)

(2) Second-order loop — constant frequency signal (Viterb:, 1966).

When the signal-to-noise ratio is sufficiently large, the probability

density function of ¥ may be approximated for large o’ by

exp [a' cos ¢]

| Ple) = 21y (a’) -T<P<T (2-49)
where
o - a? . .al (2-50)
N, (AK +a)/¢ =~ N B

These ex;.ressions can be used to determine the probability that
¢ exceeds a prescrived limiting value beyond which the loop is con-

sidered to be no longer in lock,
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3.0 HIGH-GAIN SELF-STEERING TRANSPONDER
ENGINEERING MODEL

An engineering model of a self-steering transponder (shown in
Figure 15) for satellite-to-earth comrrfunications was designed and
fabricated at the Hughes Aircraft Company for the Goddard Space
Flight Center. The system was designed asa relay station between
any two pairs of ground stations that lie within a 30-degree cone of
coverage. The satellite vehicle was assumed to be in a synchronous
orbit and to be gravity-gradient stabilized. The description of opera-
tion and design considerations of the transponder are presented in this
section. Also presented are the design goals for the system and the

results of the system tests that were performed.

3.1 OPERATION OF ENGINEERING MODEL

The engineering model is designed to serve as a communications
relay for two independent communications channels, each with an
instantaneous bandwidth of 125 MHz. The receiver and transmitter
frequencies are centered about 4. 0 GHz and 7.3 GHz respectively.

The frequency bands and beam designations for reception and trans-
mission are shown in Figure 16. The transpcnder will steer four
independent, high-gain beams (two for receiving and two for trans-
mitting) along arbitrary directions within a *15-degree coverage angle.
The positions of the beams are controlled by the phase information
obtained from c-w pilot signals generated by the communicating
ground stations. Since operation of the two channels of the system

is identical, only channel A is described, with the aid of the block

diagram in Figure 17.

3.1.1 Inital Reception

The recever front end of the engineering model is designed to
accept signals in a 350-MHz band; it receives the 125-MHz band for
channels A and B and the 100-MHz guardband between them. Con-
tained at the center of this guard band are the four pilot signals
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Figure 15. Engineering model of the high-gain, self-steering

transponder. (HAC Photo No. 4R03268)
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Figure 16. Beam designations and frequency bands utilized by
the self-steering transponder.
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Figure 17. Integrated system block
diagram.
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required to phase the four beams. For channel A, an information

signal with a band of frequencies from 7.825 GHz to 7. 950 GHz,

a transmitting pilot at 8. 001, and a receiving pilot at 7. 999 GHz

are received by the receiving element and fed through a bandpass filter
(No. 1, Figure 17). This filter rejects any signals radiated by the
transmitting antenna that may saturate the first mixer (No. 2, Figure17)
or that may appear in the receiver band.

Following the bandpass filter (No. 1), the signal is mixed in the
first mixer (No. 2) with a local oscillator (frequency 8.625 GHz) to
produce the first i-f frequencies of 675 MHz to 800 MHz for the informa-
tion signal, 624 MHz for the transmitting »nilot, and 626 MHz for the
receiving pilot. These signals then pass through a wide-band i-f pre-
amplifier which has 30-db gain. The mixer and amplifier establish
the receiver noise figure. Presented in Figure 18 is a picture of the
receiver front end which shows the helical receiving element, the band-
pass filter and mixer (No. 1 and No. 2) which are the L-shaped units,

and the preamplifier. The local oscillator power for the mixers is fed

by way of a 64-way power divider which is shown in Figure 19.

Figure 18. Receiving front end of the self-steering transponder.
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Figure 19. 64-way power divider.

3.1.2 1I-f Signal Processing

After preamplii.~ation, the i-f signals are fed to the i-f processor
which is shown blocked o1: hy a dashed line in Figure 17. The {irst
component encountered by the .ignal in the i-f processor is a triplexer
which separates the two informatio. chainels (A and B) and the pilot
signals. Each of these signals is then fed to a mixer. The signal flow
of the pilot signals will now be considered.

At the first pilot mixer (No. 6A), the pilot signals are mixed with
a local oscillator signal of frequency 613 MHz to produce the secon’
pilot i-f frequencies (for channel A) of 11 MHz for the transmitting
pilot and 13 MHz for the receiving silot. The pilot signal frequencies
are decreased to these relatively low values to permit the use of narrow-
band crystal filters with a noise bandwidth of about 20 kHz. With this
pilot bandwidth, the required pilot power can be made a small fractional

part of the total power transmitred to the satellite.
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After the first pilot i-f mixer, all the pilot signals are amplified
by a common pilot i-f amplifier (No. 6B) which consists of four
narrow-band bandpass filters. These separate the four pilot signals
and esiablish the noise bandwidth of the pilot channels. These filters
also serve to reject the local oscillator and image frequencies that are
present at the output of the first pilot mixer.

Following the output of te quadruplexer (No. 6B), the pilot
signals are converted to a third pilot i-f frequency, limited in ampli-
tude, and then further amplified ny the third pilot i-f amplifier. The
last conversion is required because it is necessary to increase the
frequencies of these signals to values at ieast as grest as che band-
width of the information signals to prevent overlap of the information
power spectrum when the pilot and information signals are mixed.

For channel A the third i-f frequencies are 208 MHz for the trans-
mitting pilot and 210 MHz for the receiving pilot. The third receiving
pilot is fed to 2 wid=>-band mixer (No. 7) to serve as a local oscillator
signal for this mixer. The input to this mixer is the information signal
that is present at one of the outputs of the triplexer as was mentioned
previously. Iu the wide-band mixer the interelement phase terms are
removed from the received informatine signals. The third trans-
mitting pilot is used as t.r local oscillator signal for a mixer that
feeds the transmitting element. By mixing this pilot signal with the
information signal, the appropriate phase angle is introduced to the
transmitted signal again.

A module of the i-f processing unit is pictured in Figure 20 and
shows the circuitry that completely accommodates one element of the
system. An identical module is contained on the bottom side of the
unit shown. The total i-f processor is composed of 32 of these units

which are housed by a pigeon-hole assembly in the system.

3.1.3 Information Si§51a1 Summer and Transmitter

At the receiver front end, all the incoming signals are mixed
with a local oscillator at a frequency above that of the incoming signals;

therefore, the spectrum at the input to the i~f processor is the conjugate
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Figure 20. I-f processing module.

of that transmitted by the earth station. "“he frequency of the first
pilot local oscillator is below the frequer.cy of the pilot i-f signals
with which it mixes, and the second pilot local oscillator serves to
upconvert the pilot i-t frequencies. Therefore, the sense of the phase
angles of all the pilct signals at the output of the final pilot i-f ampli-
fiers of a particular eloment referenced to an arbitrary element is

the negative of the sense of these signals as received by the correspond-
ing antenna element. Thus, the receiving pilot has the same phase
angle as the information signal at the wide -band mixer (No. 7); phase
shifts comm )n for all elements are neglected. The information signal
and receiving pilot are mixed by the wide-band mixer, and the differ-
ence frequency is selected so that the phase angle of the resulting
information signal is independent of the phase angle of the incoming
signal. This mixing is performed for each element of the antenna
system; therefore, the information signals at the outputs of the 64
wide-band mixers (No. 7, Figure 17) for a channel of the system are

in phase. These 64 information signals, which are at frequencies
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from 465 MHz to 590 MHz, are coherently summed by a 64-input
power summer. An improvement by a factor of 64 in signal-to-noise
ratio is recalized. A single channel can be used for amplification of
the received signal beyond the common terminal of the summer.

The output of the 64 -input summer is fed to the information i-f
ampii.ier, which has a gain of about 60 db and serves as a bandpass
filter, to select the desired part of the power spectrum from the 64-
input summer. Following this amplifier, the signal is mixed with a
local oscillator frequency of 7. 507 GHz (No. 4) and the lower sideband
selected by a bandpass filter (No. 10) to up-convert the information
signal to a band covering 6. 917 GHz to 7. 042 GHz. The output of the
bandpass filter is then fed to a traveling-wave tube (TWT) amplifier
(No. 11) to raise the information signal to a relatively high level before
distribution via the 64-way power divider (No. 12) in tnat channel to
the 64 high-level mixers (No. 13) for this one channel of the system.

At the high-level mixers {No. 13) the transmitting pilot is mixed
with the information signal and the upper sideband is selected by the
diplexer {(No. 14). An information signal is produced at a transmitting
element with a phase angle that has the opposite sense as the phase
angle of the transmitting pilot at the corresponding receiving element.
The receiving and transmitting arrays are scaled in wavelength; these
conditions are necessary to transmit the information from the antenna

system in the direction of the transmit pilot.

3.1.4 Automatic Frequency Control

The crystal filters that pass the pilot r-f signals have a 3-db
bandwidth of about 10 kHz. Suc: a narrow bandwidth causes a relatively
steep phase slope in these filters. Thus it is difficult to design the
pilot channels for phase tracking across the 10 kHz band. An alterna-
tive method is to keep the frequency in the 10-kHz band very constant.
T> maintain a small frequency excursion in the 10-kHz band requires
good stability of the pilot signals. To compensate for frequency
variations of the 8.625 GHz local oscillator and to provide a means of

monitoring pilot i-f frequencies, an automatic frequency control (AFC)
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Figure 21. Automatic frequency control.

was incorporated into the system (Figure 21). A block diagram of the AFC
is shown in Figure 212, and a picture of the unit is shown in Figure 21b.
The input to the AFC unit is coupled by way of a 20-db coupler from
the output of the 12-MHz i-f amplifier (No. 6B) of one of the i-f processing
modules. This signal, which consists of the second i-f pilot signals, is
amplified and fed to a quadruplexer which separates the four pilot signals.
After the quadruplexer, each of the pilct signals is amplified, limited, and
fed to a crystal discriminator. The outputs of the four crystal discrimina-
tors are summed and amplified by an operational amplifier. The output of
this operational amplifier ie then fed to the control input of the 613-MHz

voltage-controlled crystal oscillator.
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A disadvantage of the type of AFC used is that the average of
the pilot signal frequency errors is compensated for rather than
individual pilot frequency errors. Therefore, it is possible for an
error in one of the pilot frequencies to pull the othexr pilot signals
off frequency. The AFC system proved very useful, however, since
it allowed monitoring of the average pilnt frequencies and permitted
a means of quickly adjusting each pilot signal exactly on frequency.
One pilot was transmitted at a time and the pilot frequency was

adjusted while the output voltage of the AFC unit was monitored.

For a flight model of the transponder, it might be necessary
to comnpensate for errors of pilot signal frequencies on an individual
basis. In this case, a 613-MHz local oscillator would be required
for each pilot signal. Each module would have four mixers (No. 6A)

and four i-f amplifiers (No. 6B); the quadraplexer would consist of
four bandpass filters.

3.1.5 Attitude Readout Con _’derations

One of the requirements of the engineering model is that it
incorporate attitude readout circuits (Figure 22). Mechanization of
the attitude readout is discussed in this section.

For attitude information from the satellite to be unambiguous,
the angle of incidence of two pilots from two different ground stations
must be known. The engineering model has this information for any
two of the four pilots. Since any pair can be used to determine the
attitude of the spacecraft, the system can bec given a redundancy that
would greatly increase reliability of the attitude determination.

The signals for the attitude readout are derived from three ele-

ments that lie in orthogonal planes at the center of the array. One
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element lies in the center of the array, ore on the x-axis, and the other

on the y-axis as shown in Figure 23.

Signals for the angle readout are fed from the final pilot i-f

amplifiers to the attitude readout phase detectors. Since the element

lmm:mmli

spacing is on the order of two wavelengths, the output from each phase

detector changes by 360 degrees when a pilot position changes by
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Figure 22. Altitude readout unit.
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Figure 23. Arrangement of elements and angles
determined for attitude readouts,



30 degrees; therefore, unique specification of an angle requires
quadrature phase detectors for each angle.

The output voltages from these detectors, which are of the form
{cos (Kd cos 8;) ] and [sin (Kd cos 8j)], provide for a single angle as
shown in Figure 24, where K is the propagation constant and is equal
to 2 /X and d is the interelement s?acing. If 6; varies by 30 degrees,
the maximum element separation that can be used with this type of angle
readout is d = 1.9315A. The element spacing for the engineering
model is d = 1.75 A for which the normalized output voltages from one
of the quadrature phase detectors become [cos (3.5 T cos 8;) ] and
[sin (3.5 7 cos 8;)]. The design goal for the accuracy of the attitude
readout is 0. 5 degree. This accuracy means that after the attitude
readout is calibrated, the relative phase of the signals in the pilot
channels used for the attitude readout will not change by more than %5
degrees. Results of tests of the phase stability of the attitude readout

units can be found in the second volume of this Final Report.
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Figure 24. Attitude readout voltages for angle 6;.
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3.1.6 Transmitting Modules

For the transponder, the effective radiated power (ERP) is given

by the following formula

ERP = N;' 8¢ Pe (3-1)
where pg is the power into the radiating element and g, is the gain per
antenna radiator.

In this design, the number of radiating elements was 64, the
minimum gain per element was 11.6 db and the minimum ERP was
28 dbw. These values lead to a power per element of -19. 6 dbw
(11 mw). To allow for a 1-db loss for the diplexers, a minimum power
of -18.6 dbw per element was required.

A varactor upconverter (or high-level mixer) was used for the
transmitting module. This device is perhaps interim in the state-of-the-
art between snlid-state r-f amplifiers and traveling-wave-tube (TWT)
amplifiers for rnodular units. The high-level mixer is similar to the
low-level mixer except for absolute and relative power levels of the
input signals. It has input signals at r-f and i-f and output signals at
r-f. Either resistive or reactive mixers may be employed, but the
latter were selected for the engineering model since they are capable
of outputs of 100 mw at X-band while resistive mixers are limited to
low levels on the order cf 1 mw.

The efficiences of the high-level mixers are good if the best
varactors are employed, but they contribute to the overall system loss
since an r-f pump is required. Power for the r-f pump must be
generated elsewhere, presently by a traveling-wave tube and in the
future perhaps by solid-state oscillators. The overall efficiency

of a reactive mixer and bump is perhaps 10 to 15 percent at best.

3.2 ANTENNA ELEMENTS AND ARRAY

Two planar arrays of elements were used for the engineering
model, one for transmitting and one for receiving, and each array

consisted of 64 12-turn helices arranged in a quasi-random fashion,

A picture of a test model of the receiving array is presented in Figure 25.
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Figure 25. Test model of receiving array
(HAC Photo R117465).

Design objectives for the antennas were the achievement of a minimum
of 30-db gain over a region subtended by a cone with a half-angle of
15 degrees. The actual measured gain of the receiving array was

30.2 db at the edge of coverage.

3.2.1 Array Design

During the early stages of system design of the engineering model,
it was determined that 64 antenna elements would be required to meet
the design goals of 30-db minimum gain and a 30-degree coverage
angle. This number was determined by assuming that the element
pattern was essentially that of a uniformly illuminated segment of the
array and to require the directivity of the element to be such that the
3-db point of the element factor falls at 15 degrees. The element

factor was assumed to be of the form

. Bl .
sin —— sin 8

— sin 8
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where K is the free space propagation constant, L is the edge length
of the element area, and 8 is the angle off broadside of the principal
plane. If the element factor is designed to be down 3 db from its maxi-
mum value at § = 8, @ 15 degrees, then L/\ = 1. 714 which leads to an

area gain for an element of

Y ) L
g, = 4m(F| = 36.9 (3-2)

To account for losses due to spacing, mutual coupling, and other
factors, it was assumed that the actual element gain would be 1 db less;

that is, that g, = 29.2 at broadside and 1/2 this value at 8 = 15 degrees.

1 BRAR T AES ( 1h

It was approximated that the minimum element gain over the coverage

region would be 14.6 or, in decibels, 11.6 db. For this type of array,

e

with each element connected to an independent generator or load, the ;
total gain, Gp, in the beam-pointing direction is N tirrzs the effective
gain, g, of a typical element. The gain g, is measured in the presence
of all other elements terminated in matched loads and the number of ele- :
ments, N, is assumed to be sufficiently large so that most elements see
similar environments. To determine the number of elements required,

the formula

G t
A _ 1000 _
N = ge = 14.€ = 68 (3-3) =

was used. Although the number of elements required to achieve the

30-db minimum was 68, 64 was selected instead for the array design.

The choice was based on the nearness of 68 to the binary number 64 and

on the greater ease of development of power dividers and summers whose

number of inputs or outputs, respectively, is 2N where Nis a positive

integer. The predicted gain of 29. 8 was achieved at the edges of coverage.
After the number of elements to be used for the antenna array had r

been determined, the next step in the array design was the selection of

an arrcy configuration. The goal was to achieve the maximum- B}

minimum array gain (gain at 15 degrees) with a fixed number of elements

(64) and to obtain array patterns that were indicative of a good array

design. To achieve the required gain for individual elements, it was
necessary for the separation between adjacent elements to be on the

order of two wavelengths. If a uniform arrangement of elements were

i
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used, then, as the beam was scanned to maximum scan angles, grating
lobes would become present very near the cone of coverage of the antenna.
Alternatively, if a nonuniform and, more importantly, non-periodic
arrangement of elements were used, the occurrence of grating lobes
would be minimized. Because of the proximity of the grating lobes to

the coverage region, suppression of these lobes by the element pattern
would be small. Therefore, a quasi-random arrangement of elements

was selected.
To determine the position of quasi-randomly positioned elements,

elements were arranged on approximately equally spaced concentric

rings. These rings were then rotated with respect to each other until the

elements were positioned to produce the desired computed antenna patterns.

The position of the elements is listed below in terms of polar coordinates
where ry is the radius of the kth ring of elements, Ny is the number of
elements in the kth ring, and @; is the polar angular position of the Lth
element in the kth ring. For this arrangement of elements, the average

separation of elements is approximately 2. 5 wavelengths.

r, = 0, n, = 1

r, = 1.75 A, n, = 4, 95, thru Py = 0, 90°, 180°, 270°

r. =3.5\, n, =8, . thru@,, = 22°, 67°, 112°, 157°, 202°,

3 3 31 38 247°, 292°, 337

r. =50A n =8 @, thrug,, = 37°, 8°, 127°, 172°, 217°,

4 4 41 48 562, 307°, 352°

r. = 6.3\ n. =3, ®. thrug.. = 4°, 49°, 94°, 139°, 184°,

5 5 51 58 229°, 274°, 319°

r, = 7.8\, n, = 16,®,, thruy = 21°, 43.5°, 66°, 89°, 111°,

6 6 61 616 = 33' 59 "156°, 178°, 201°,
223.5°, 246°, 268.5°, 291°,
313.5°, 336°, 358, 5°

o= 9.5\ ng =19, ¢ thrug, o = 2°, 21°, 40°, 59°, 78°, 97°,

116°, 135°, 154°, 173°, 192°,
211°, 230°, 249°, 268°, 287°,
306°, 325°, 344°
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3.2.2 Antenna Element Design

A radiating element was required that would have good directivity,
reasonably low sidelobes, good efficiency at the receiving and transmit-
ting frequencies, circular polarization, and lightweight. Of the various
types of acceptable radiators, the helix was the most suitable,

The goal was the design and development of a helical element that
would satisfy the requirement for an 11, 6-db gain 15 degrees off-axis.
In addition, there were two physical constraints imposed on the design:
(1) the element had to be attached directly to its associated microwave
filter which was located directly behind a 1-inch honeycomb ground plane
with the connector protruding into a hole through the ground plane, and
(2) provisions had to be made for rotating the element or for providing
a means of adjusting the relative phase of the elements after they were
installed in the ground plane.

A computer was used to optimize the gain, number’'of turns,
spacing, and diameter of the element. The computed pattern was close
to the design goal; it had a 36-degree half-power beamwidth and 12-db
sidelobes. This pattern indicated that the basic element would need only
slight modification to fulfill the electrical requirements. The computer
design was used as a first approximation for the construction of several
hollow dielectric rods, slightly grooved with ihe desired pitch angle and
spacing. A 12-turn, l4-degree helix was wound in the grooves of each
rod and secured at both ends.

A test fixture consisting of a ground plane and supporting hardware
was used to hold the elements while they were being-tested. The fixture
made possible the interchangeability of any part during the empirical
optimization of the element.

In addition to the basic helix, a cylindrical cup was fabricated
that could be slip-fit over the support of the helix and moved axially to
change its depth. These cups have a beam-shaping effect and control
the beamwidth, gain, and axial ratio of the elment,

The transformer consists of a three-step coaxial line with imped-
ance values of 50, 75, and 90 ohms., Final matching was accomplished

by adjustment of the first quarter turn at the base of the helix.
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To satisfy the physical requirements of a given penetration into

Wllmﬂlmmi

the ground plane and phase adjustment by rotation, a circularly symmetric
structure was used that contained the coaxial transformer and was termi-

nated in an OSM connector. Loosening the two locking screws inside the

Mol
- |

cup allowed a full 360-degree rotation with a corresponding 360 degree
phase shift. A full assembly drawing of the helical radiator is shown in

Faonmg

Figure 26.

Each element has essentially two ground planes. One is at the

Rimrmind

inside base of the cup, and the other is the system ground piane and the

supporting structure for all the elements,

The final model cf the 7,3 GHz transmitting element produced a
rather flat topped beam with 11,8db gain at the *l15-degree points and
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Figure 26. Helical radiator assembly drawing,
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An array of 13 elements was built and tested, After satisfactory
results were obtained, these elements were used as the first three
central rings of the final 64-element array. Measured patterns were in
excellent agreement with computer generated patterns using an approxi-
mate element expression,

Two 64-element arrays were constructed using this design, one
array was at 7.3 GHz £125 MHz for the transmitter and one was scaled
to 8,0 GHz =125 MHz for the receiver.

3.2.3 Measured Array Patterns

The 8,0-GHz elements were arrayed as shown in the front-end
view in Figure 18 and connected to one of the 64-way power dividers to
provide a feed structure. These elements were phased to produce a
beam, and patterns were taken for several beam-pointing directions.
The element .pattern with the element in the array and the array patterns
for three different beam positions are presented in Figure 27. The
element pattern (Figure 27a) shows a broadside gain of 13.9 db witha
3-db beamwidth of 27 degrees. The axial ratio for the elements at
broadside was better than 1.0 db. Figure 27b shows an array pattern
taken through the @ = 30 degree plane with the array phased to point the
beam to broadside. For this situation, the measured gain was 31.9 db
and the measured axial ratio was 0.8 db. As can be seen from the
figure, the sidelobe level was more than 18 db below the level of the
main beam. Figures 27c and 27d are the array patterns for the beams
positioned at 6 = 15 degrees, ® = 0 degrees and 0 = 15 degrees, ¢ =
120 degrees, respectively. It can be seen from these patterns that no
significant grating lobes occurred when the beam was scanned off
broadside by 15 degrees, even though the average spacing between
adjacent elements was about 2-1/4 wavelengths. This result stemmed

from the quasi-random arrangement of elements.
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3.3 GAIN AND PHASE ERRORS

Because of errors in phase and amplitude for each of the 64 ele-

ments, the average antenna gain will be reduced, and random deviations

can be expected. The first step in analyzing such an effect is to calculate

the statistics of antenna gain assuming independent phase and amplitude
errors at each element, (The independent amplitude error assumption
is poor becausc of the usual definition of antenna gain, However, the
difference will be discussed later.) For this model the gain will be
defined by the ratio of the power density at broadside in the actucl array
to the power density at broadside in the error-free array.

From a derivation stemming from probability theory (Howard,
1967), the average power gain of an error-prone antenna can be found to
be

Pe_,9) -0 (oo
e 2 2e ° |14 =N (3-4)
o Wor% N
Z o‘i
L iSN -
where
P 8, ®,) = expected power density at broadside
c’F'(QQ. ®,) = the error-free power density at broadside
Oy = the rms phase error for the signals at the elements
O, = the rms amplitude error for the signals at the

elements

N = the number of elements

th element

oy
"

the excitation coefficient of the i
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For a 64-element uniformly illuminated array, there results

= 2
G=1- 06
2 4 1/2
(256 Oc + 06)
OG s (3-5)
64

where J is the rms error in gain. It can be seen that, unless 082<<0:,

L

The probability distribution of the random gain variability may be
approximated by a Xz distribution. However for a kigh number degrees |
of freedom, the XZ distribution approaches a normal distribution. And,

atany rate, the normal distribution percentage points will yield the more
conservative answers for the gain statistics.

The gain statistics are described by

Prob [Gain >G-n GG] = Pn (3-7)

For the normal distribution,

P

1.0 84.1 percent

PZ. 0= 97.7 percent
P2.3 = 99.0 percent
PZ. 6 = 99.5 percent

where the subscript indicates the multiplier for the standard deviation.
For determination of the gain and phase tolerances to be imposed
on the electronics for this system, it was desirable to have a gain
degradation as small as was reasonable with a high confidence level.
The gain degradation that was allowed for the system was less than 1/2db
with a 99-percent confidence.
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The 99-percent gain level is given by : =

o
' 1 = 062 - 2.3 (.;) (3-8)

For a total gain degradation less than 1/2 db from the no-error

gain (with 99-percent confidence),

- 1 2
3 db > 10 log10 (1 - 06 - 0.575 Oe) (3-9)

g is required. This requirement means that any of the following combina-

tions of rms errors would be permissible;

G, <8, O

5 0.192 (1.7 db)

€

10°, © 0.139 (1.2 db)

Q
o
n

(3-10)

og = 15°, 0, = 0.0695 (0.6 db)

06 = 190, g = 0

It is assumed that these results are the main beam peak levels
for independent crrors that directly describe antenna gain. However,
as used here, true antenna gain must be defined in terms of a constant

input power to the antenna. In terms of this definition, the main beam

peak levels will describe the antenna gain when errors are assumed

that are correlated so that total power input is constant. This special
type of correlation restricts the antenna gain variations so that larger
errors than those quoted previously are permissible. In view of these
considerations, the stated phase and amplitude error specification for
the system electronics seemed conservative.

The critical design problem was to insure that reasonable phase

receiving element and going through the system to the corresponding

and gain tracking was maintained between channels, starting from the l
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transmitting element. The critical area was to insure that the tracking
was maintained over each 125-MHz channel. Thus every component,
whether passive or active, had to track over this band. The overall
budget shown in Equation (3-10) was divided on an rms basis among all
components. The allocation for each component was based on practical
realizability. Only the high-level mixers exceeded their budget and only
at the edges of the 125-MHz band. Before assembly, every component
was tested individually for the design specifications. After assembly the
receiving portion and the transmitting portions were tested separately

as discussed below.

3.4 ELECTRICAL AND PHYSICAL CHARACTERISTICS OF THE

ENGINEERING MODEL

In this section the results of the final system tests are tabulated
and discussed. The test results presented here are only those which
are related to overall system performance. During development, con-
siderable test data for individual components of the engineering model
were obtained that are not included here. The more pertinent of these
data have been delivered to NASA Goddard separately from the Final
Report.

Included in the final system tests were (l) receiver front-end
noise figure, (2) receiving and transmitting array tracking patterns,
{3) two-way tracking patterns, (4) antenna gain and polarization
circularity, (5) television pictures as a function of pilot signal power

levels, (6) system power consumption, and (7) system weight.

3.4.1 General Characteristics

The general electrical and physical characteristics of the engi-
neering model are presented in Table 3. Included are the design goals
for the engineering model, the measured performance, and the projected
characteristics for a flight model of a similar system, The electrical
characteristics of the flight model would be similar to those of the
engineering model with the exception of effective radiated power (ERP);
this characteristic would be raised from 28 dbw to 35 dbw. For the
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Design Goals Projected
for Engineering Measured Characteristics
Pararmeter Model Performance |of Flight Model
Number of elements, each 64 64
for two arrays
Number of channels 2 2
R-f bandwidth, each channel 125 MHz 125 MHz
Guard band, between channels | 100 MHz 100 MHz
Total cone angle of coverage 30 degrees 30 degrees 30 degrees
Element gain, minimum 11,6 db 12.4 db 11.6db
Array gain, minimum 29.8db 30.4 db 29.8db
Polarization Circular Circular axial Circular
ratio = 0.8 db
Average mixer-filter pre- 15.2 db (maximum) { 14.4 db 7 db
amplifier noise figure
Effective radiated power 28.0 dbw 27. 8 dbw 35.0 dbw
Ratio of pilot to modulated -10 db * -10db
signal power when 125-MHz
bandwidth is utilized
Power consumption: receiver 32.0 wattr 21.5 watts
excluding 'o-al including local
oscillator oscillator
Power consumption: pilot 108, 7 watts 182. 6 watts 108. 7 watts
processor
Power consumption: attitude 0.9 watt 0.9 watt

readout
Power consumption: total

transmitter

Prime power {exclusive of
power supplies)

Power consumption: power
supplies

Power consumption: total
prime power

Total weight

201.1 watts
excluding local
oscillator

342.7 watts

87. 9 watts**
excluding local
oscillator

270.5 watts

180.0 Kg

204.5 watts
including local
oscillator
335.6 watts
73.3 watts

408, 9 watts

79.0 Kg

*
Pilot signal ratios much lower than the design values were measured in the tele-

vision tests (see discussion).

*%
Power consumption applies to one channel of transmitter, For two-channel opera-

tion less than iwice this value would be needed,

Table 3. Characteristics of the self-steering transponder.
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flight model, the i-f processing modules would be reduced in size and
weight, many of the coaxial cables and connectors would be eliminated,
and the microwave components would be combined into fewer boxes*
that would reduce the weight from 180 kilograms of the engineering

model to about 79 kilograms.

3.4.2 Tracking Patterns

The engineering model was designed to form beams in the direction
of origin of pilot signals so that, as the position of the pilot signals are
changed, the beam-pointing directions should correspondingly change.
In other words, the beams of the engineering model automatically track
their respective pilot signals. Tracking patterns were taken to measure
the changes in the array gain of the receiving array and in the effective
radiated power of the transmitting array as a function of beam positions.
These patterns are presented in Figure 28.

In Figure 28a, the pattern shows the variation in receiving array
gain as a function of scan position for a given elevation angle. This
pattern was taken by measuring the signal strength at the summed i-f
output as the antenna system was rotated in azimuth relative to the pilot
generator. As can be seen, the receiving array gain was relatively
constant over the *l15-degree coverage with a decrease of about 2 db in
gain at the edges of coverage.

A similar pattern is presented in Figure 28b for the transmitting
beam of channel-A. This pattern was taken by measuring the effective
radiated power at the simulated receiving earth station with a constant
transmitted power while the engineering model was rotated in azimuth,
Again, it can be seen that the pattern drops about 2 db at £15 degrees,
indicating that the ERP is about 2 db less at the edge of coverage as
compared with the figure at broadside. If these patterns are compared
with the element pattern of Figure 27a, it can be seen that they are

essentially the same except that the tracking patterns have lower

* .. . . s a1 .
No microminiaturized, integrated, or hybrid circuits are
assumed.
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. sidelobes, The reason for the apparent lower sidelobes is the fact that
E the system performance degrades because of the lowered pilot signal
levels in the direction of the sidelobes.

The third tracking pattern (Figure 28c) is a composite pattern of
the receiving and transmitting beams for Channel A. This pattern was
taken by transmitting a pilot and information signal from a simulated
earth transmitting station while measuring the power received by a

simulated earth receiving station. The two-way patterns would be the

superposition of the receiving and transmitting patterns except for the

fact that the transmitter is operating in a saturated condition and is

5
b3
3

thus nonlinear.

3.4.3 The Relaying of Color Television Signals

uwmm‘u;

A test was made to determine the fidelity with which the engineer-

ing model could relay color television. Such a test could be used to

m-«muﬁJ

determine threshold levels and, in addition, to make a meaningful

assessment of intermodulation distortion because color television is

i

noticeably degraded by such distortion.

3 To perform the color television tests, two identical television

;] receivers were used. The first receiver was connected to an antenna
to receive locally broadcast signals. The front end, the i-f stages, and
j the video detector of the first receiver were used. This receiver pro-
vided the video signals for both receivers, one in the normal manner

through the set and the other by way of an FM modulator, the engineering

model acting as a microwave repeater, and an FM demodulator. As
& shown in the block diagram in Figure 29, the video signal at the simu-
lated earth transmitting station was coupled from TV -1 and used to
- frequency-modulate a 70-MHz voltage-controlled oscillator with a
t frequency deviation of 25 MHz. This i-f signal was amplified and then
upconverted to 7. 925 GHz. The appropriate sideband was selected by
a bandpass filter and fed together with a pilot signal to a horn. The
resulting signal was sent to the satellite repeater. The signal was then
£ relayed down to a simulated receiving earth station where it was down-
converted to 70 MHz and then demodulated by a discriminator to produce

< the video signal to be fed to TV-2.
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TELEVISION
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VIDEO gy, PILOT
1 - GENERATOR
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Ve,
SIGNAL -
DISCRIMINATOR GENER ATOR ATTENUATOR
‘ 7.295 Gz 1
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PILOT
VIDEQ GENERATOR
INPUT £17.999 GHz

Figure 29, Color television test instrumentation block diagram.

Tests were made by visual comparison of the quality of the pic-
tures displayed by the two television receivers for various conditions
of pilot signal levels, information signal levels, and orientation of the
transponder with respect to the earth stations. For nominal signal
levels, -115 dbw for the information signals and -125 dbw for the pilot
signals, the quality of the relayed signal was excellent with no discerni-
ble difference in the quality of the pictures displayed by the two
receivers.

To record the results of the television tests, photographs were

taken of the pictures displayed by the two receivers, Presented in
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Figure 30 is a set of photographs that show the variation in quality of
the relayed picture as the pilot signals are reduced in level. Both pilot
signals were reduced simultaneously in 5-db steps from the nominal
level to 20 db below this level while the information signal was held at
the nominal level. As can be seen from these pictures, no significant
degradation in picture quality was observed until the levels of the pilot
signals were reduced 15 db below the nominal levels. At that level,
the ratio of pilot signal power to information signal was 25 db.
Presented in Figure 31 is a set of pictures taken for the nominal
pilot and information signals levels but with the transponder rotated in
azimuth, As can be seen, there was no noticeable degradation of pic-
ture quality as the system was rotated to the edge of coverage, %15
degrees., However, as the system was rotated beyond the coverage
region to +30 degrees, noticeable degradation did occur. This latter
situation corresponds to a decrease of about 10 db in transmitting and
receiving antenna gain as determined from the tracking pattern. Thus,
the degradation in picture quality for the *30-degree angles corresponds
to simultaneously reducing the information signal and pilot signals by
10 db in power. The reduction in ERP from the transponder was not a
contributing factor in the degradation of these pictures because the

simulated earth receiver was operating well above its threshold.
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All signals at
nominal levels

Noeminal infor-
mation, -5 db
on pilot signals

Nominal infor-
mation, -10 db
on pilot signals

Nominal infor-
mation, -15 db
on pilot signals

Nominal infor-
mation, -20 db
on pilot signals

Figure 30. Relayed television (left) and normal television (right)
pictures for various pilot signal levels.
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+30 degrees azimuth

Figure 31. Relayed television (left) and normal television (right)
pictures for various scan angles.
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4.0 SELF-STEERING ANTENNA SYSTEM FOR DATA RELAY
SATELLITE SYSTEM

Probably the most versatile and efficient satellite transponder is
one that can accept multiple, independent signals from a set of arbi-
trary directions and redirect these signals to another set of arbitrary
directions with each signal received and transmitted on an independent
high-gain antenna beam. If a high-gain capability is required for each
signal, it is most economical to use a common antenna that can form a
large number of beams, Since beam direction and satellite orientation
are arbitrary, ¢t is necessary to steer these beams. A self-steering
antenna appears to be the only pructical solution to this problem because
it automatically forms b.ims, requiring only the information obtained
fram the orientation of the constant phase plane of the incident wave

rclative to the antenna,

4,1 CHARACTERISTICS OF RELAY REPEATER

A self-steering antenna system that forms multiple, independent
beams is very applicable to a communications link such as the Data
Relay Satellite System (DRSS). For the antenna system described here,
the DRSS is assumed to consist of two low orbiting users that communi-
cate with a ground station(s) via a microwave repeater(s) located at syn-
chronous altitude. This section is concerned with the repeater for the
relay station. The system is to accept signals from the two low orbiting
users on high-gain antenna beams at S-band and then retransmit these
signals on a lower gain antenna to a central earth station at X-band.
The system is also to receive signals that have been sent up at X-band
and retransmit these on high-gain antenna beams to the appropriate
user.

Since the anienna beams for both transmission and reception are
coincident for each user vehicle, one pilot signal can be used for each
pair of beams. This arrangement yields a considerably simplified

system over that in which all the antenna beams are independently
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steered. To further reduce the system complexity, many of the com-
ponents of the system are common to all the channels. However, the
common use imposes a severe linearity requirement on the components
(especially on the up-converters and the r-f amplifiers in the trans-
mitting section) if intermodulation distortion is to be kept at a low level.
Fairly high iutermodulation levels can be tolerated, though, since the
DRSS system is to serve as an emergency voice communications sys-
tem. For this system with two—channel operation, the r-f amplifiers
will be operated very near saturation to enable efficient operation and
should yield intermodulation distortion levels of -10 db or less depend-
ing on the saturation characteristics of the transmitter.

Before a detailed discussion of the specific system configuration
is given, the gene:al characteristics of the DRSS will be established
(Table 4). A minimum reasonable antenna gain of 0 db and trans-
mitting power of 20-watts were assumed for the low-altitude users.
The noise figure of the users' receivers, exclusive of diplexer and cable
loss, was assumed to be 6 db. To determine the number of elements
required in the repeater, both the up-link and the down-link must be

considered. From the familiar path loss equation

path locs (db) = 20 log,, (4 ‘{R)

(4-1)
the path loss for the S-band frequencies is found to be equal to 191 db.
The isotropic power level at the repeater is 13 dbw minus the path
loss, or -178 dbw. Since the signal level required at inputs of the
repeater receiver (see Table 4) is -147 db, the receiving array must
have a minimum gain of 31 db. Based on a cone of coverage with a
total angle of 24 degrees, a minimum element gain of 13 db is obtained.
The number of elements required for the receiving array is then

obtained by noting that
G =g,/ N (4-2)
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User's transmitting
power * ® & & & & & & & @

User's antenna gain
(including losses) . .

User's effective
radiated power ., ...

Path loss
(25,900 miles) . ...

Power level at
satellite
(isotropic) « ¢ o o o o &

Noise figure of
repeater receiver |

Equivalent noise
level (10 kHz r-f
bandwidth) . ¢« « ¢ = 4 .

Audio signal-
to-noise
ratio .. c o v s 00 00

Carrier-to-noise
ratio required . ...

Signal level required
at input of
receiver .. ... ..

Gain required of
array ® & & & & 9 0 0 0 2

Coverage angle, . ..
Gain per element , ,

Arraygain. .. ....

Up- Link (2. 3 GHz)

—— |

20 watts or
13 dbw

0 db mini-
mum

13 dbw

191 db

-178 dbw

7 db

-157 dbw

13 db

10 db

-147 dbw

31 db min-
imum

24 degrees
13 db
33 db mini-

mum for 100
elements

Down-Link (2.1 GHz)

Audio signal-to-
noise ratio . . . ... 13 db

Carrier-to-noise
ratio required .. .. 10 db min-
imum

R-f bandwidth . ... 10 KHz

Noise figure of
user receiver , ... 6 db

Equivalent noise
IEVEI -o..--.-.o'lssdbw

Array gain of user
(including
losses) ........0dbminimum|

Power level
required at user
(iSOtrOPiC). e o 2 o o @ -148 de

Pathloss . ...... 191 db

Effective radiated

power (per channel)
required from

repeater. ... ... . 43 dbw

Gain fall-off due to
beam-pointing
ErXTOY ..o eeee0. 2db

Minimum gain per
element ........13 db

Number of
elements. . ...... 100 (20 db)

Array gain (Minimum,
including fall-off due

to beam-pointing

€rror) . ........ 31 db

Power into array
(for two channels). . 15 dbw

Power per module
(for two channels). . -5 dbw

Table 4.

75

Data Relay Satellite System general characteristics.

AL il




where g, is the gain of a single element when measured in the presence
of its neighbors and N is the number of elements. From Equation (4-2)
it follows that the minimum number of elements required is 64.

For the transmitting portion of the system, the number of elements is

obtained by using the equation for effective radiated power (ERP):

ERP = g_N°. p, (4-3)
where P, is the power for each element. Since the isotropic signal
level required at the user satellite is -148 dbw (see Table 4) and the
path loss is again 191 db, the ERP required from the synchronous
satellite is 43 dbw for each channel. The ERP for two channels would
be 46 dbw. Since a fall-off of about 3 db will occur because of a beam-
pointing error, ge will be taken equal to 10 db.,

The remaining quantity to specify is the power per module (pe)
which is based on the availability of solid-state r-f amplifiers. At
present, 500 milliwatts, including losses, is a reasonable power level
for | Using these values in Equation (4-3), the value for N is found
to be equal to 90 elements. It is seen that for this system the critical
link is the down-link, but only because the output power per module is
restricted to 500 milliwatts. A real upper bound does not exist on
power because r-f amplifiers can be connected in parallel or, if nec-
essary, a traveling-wave-tube amplifier can be used for each module
that can deliver up to several hundred watts if necessary. For the
receiving array, a lower bound on the number of elements does exist,
however, for fixed parameters on the user vehicle. The number of
modules can be decreased only by decreasing the noise figure of the
receiver which has a theoretical limit of 0 db and practically cannot be
reduced significantly from the values given in Table 4. Therefore, the
critical parameter for the synchronous satellite repeater system is the
array gain. For the parameters given in Table 4 for the user vehicle,
it was shown above that 64 elements would be required to obtain the

required gain for the synchronous satellite. This number of elements
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is about the minimum number that could be used for the system unless
the user system had increased array gain and transmitting power., For
the system described in this section, 100 elements are assumed, a
number that allows some margin for the receiver and brings the power

level for each module down to a practical level for r-f amplifiers,

4,2 DOPPLER FREQUENCY CONSIDERATIONS

Because the repeater and the user vehicles are in different orbits,
there is relative velocity between the vehicles that gives rise to a
doppler frequency. If the repeater and user are orbiting in the same
plane, which is the situation for maximum doppler frequencies, then
the variation in doppler is sinusoidal to a first-order approximation.
If a 200-mile orbit is assumed for the low orbiting user, then the period
of an orbit is about 90 minutes which will cause a peak doppler fre-
quency of about 54 kHz. This peak will occur when the relative velocity
vector is in the direction from the user to the repeater and is equal to
zero when the relative velocity vector is perpendicular to this direc-
tion. For this situation expressions can easily be obtained for doppler

and rate of change of doppler:

-3
_ 27w x 10
fd ‘- 54 cos (——-—5'4 t) kHz (4-4)
and
d(f.,) -3
4 _ . 2w x 10
rrail 62. 8 sin (————5.4 t) Hz/sec (4-5)

where fd is the doppler frequency. To account for this doppler fre-
quency, the repeater must have a frequency tracking loop with a loop
bandwidth sufficient to track rates of change of doppler as given by
Equation (4-5). A frequency search loop will also be necessary for

initial acquisition of the signal.
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4.3 OPERATION OF SELF-STEERING REPEATER

A self-steering, multiple-beam, microwave repeater that will
satisfy the requirements of the Data Relay Satellite System is
shown schematically in Figure 32. This system is designed to relay
communications between two low orbiting users and a fixed ground
station, all of which are located anywhere within the region of earth
visible from the repeater. Only that part of the repeater that does the
beam steering for the users is shown in the schematic. The link from
the repeater to the fixed earth terminal is not discussed. The repeater
is designed for two-channel operation but only one channel is discussed
below.

kth

In operation, a modulated signal is received by the element

at the repeater. The signal has the form

[1+£(¢t)] cos [(wg + wg) t+ a ]

where
w, = the transmitted carrier angular frequency
wyg = the doppler angular frequency
f(t) = the modulating signal
a, = the phase angle of the signal with respect to an

arbitrary reference.

An amplitude-modulated signal is assumed to illustrate the system
operation. Other, more complicated modulating techniques may be
employed as long as one discrete spectral line exists from which the
phasing information can be obtained. For some situations, it may be
necessary to send a pilot signal along with the modulated signal to the
relay satellite. For the Data Relay Satellite System, if a pilot
signal is not used, then when a low orbiting vehicle wishes to receive
from the repeater while it is not transmitting intelligence to it, the

orbiting vehicle must send up a c-w carrier signal.
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The signal received by the element is passed to the receiving
front-end by a diplexer that consists of a circulator and a filter, The
receiving front-end amplifies at r-f, down-converts to a first inter-
mediate frequency and amplifies, further down-converts to a second
i-f and further amplifies, so that at the output of the second i-f ampli-
fier, the signal has the form :

[1+£(t)] cos (wp+ wy)t+ eyl (4-6)

where w., = intermediate frequency and, because of the amplification,

the aignall-to-noise ratio has been established.

Following the second i-f amplifier, the signal is fed to two
mixers, one for each channel of the system. Each channel of the sys-
tem has a voltage-controlled oscillator (VCO) which serves as the local
oscillator for these mixers. The frequency range of the VCO's is
limited so that the signal at the output of the second i-f amplifier will
only pass through the appropriate channel of the system. Since the
frequency of the received signal can be anywhere within a 108-kHz
band, the doppler frequencies necessitate the incorporation of a fre-
quency search mode into the system. The circuitry for this mode is
not shown on the block diagram of Figure 32 but would consist of a
sweep generator that would apply a voltage to the control input of the
VCO's and an '"ON-OFF' gate operated by the received signal at the
receiver terminal. For this discussion, it is assumed that frequency
locking has already occurred; therefore, for the channel in question,

the VCO output voltage is of the form
cos (wy + wy - wp) t (4-7)
This voltage is mixed with that represented by Expression (4-6) and the

lower sideband is retained to produce at the output of the mixer a volt-

age of the form

[1+£(t)] cos (wpt + ay)] (4-8)
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Next, the signal, now in the form of Expression (4-8), is fed through a
two-way power divider to a narrow-band filter and to another mixer.
The path through the narrow-band filter will be considered first.

The voltage represented by Expression (4-8) is an amplitude-
modulated signal that is composed of a carrier signal with symmetric
sidebands. When this signal is passed through the narrow-band filter,
an improvement in signal-to-noise occurs and the sidebands are
removed, so that at the output of the narrow-band filter the signal has
the form

cos (wp t+ ay) (4-9)

This signal is then mixed with another signal obtained from a reference
oscillator at angular frequency WR and is passed through a narrow-band
limiting amplifier to produce a voltage of the form

cos [(mR - wp)t - o] (4-10)

This voltage is fed via a two-way power divider to a mixer in the trans-
mitting section and a mixer in the receiving section. A voltage of the
form of Expreassion (4-8) is also fed to the mixer in the receiving section

so that the output voltage of this mixer is of the form

[1+£(t)] cos wgt * [1+£(t)] cos [ZuR - wp) t+ o] (4-11)

The first term of the voltage represented by Expression (4-11) is
independent of the phase, %, to which it is associated, so the terms of
the voltages for all the elements are summed to obtain the gain of the
receiving array. The second term of Expression (4-11) is partially
suppressed by the 100-input summer, as compared with the first term,
and is further removed by the filtering action of the i-f amplifier, so
that at the output of the AGC i-f amplifier, the voltage is of the form

[1+£(t)] cos wpt (4-12)

This voltage is then fed to the terminal of the receiver, The volt-
age in Equation (4-10) from one of the elements also goes to a phase
detector at which point it is compared in phased with the output of a

82

U U, Ilﬁmw

[e—




-

Baiirih

- m glmihmw’ mﬂ‘mm’

Wty

Brmenots)

L

mixer that combines the reference oscillator, wR, and another oscillator
whose frequency Wpg* is the same as that of the first narrow-band filter,
The output of the phase detector is fed through a low-pass filter to pro-
vide the control voltage required by the VCO to maintain its output voltage
as given by Expression (4-7). This frequency-locked VCO provides a
common reference for all elements, '

Next, the signal to be transmitted from the repeater will be con-

sidered, Again, anamplitude-modulated signalis consideredof the form

[1+ g(t)] cos (mGt) (4-13)

To eliminate the doppler frequency from the signal received by the

user, the doppler frequency must be subtracted from the frequency of
the signal to be transmitted from the relay system. The voltage given
by Expression (4-13) is mixed with the output voltage of the VCO given
by Expression (4-7), and the lower sideband is retained. This proce-

dure yields a voltage of the form

[1+ g(t)] cos [(wc' mwp-mwgt wp)t] (4-14)

Thus the doppler frequency is subtracted. The signal now represented
by Expression (4-14) is amplified and distributed to a mixer for each of

the elements. In the mixer for the kth element, the voltages repre-
sented by Expressions (4-10) and (4-14) are mixed, and the output is
summed and fed to an i-f amplifier which retains the upper sideband.
At the output of this i-f amplifier a voltage is produced of the form

[1+ g(t)] cos [(uR tug -wp-wgt- ay ] (4-15)

This voltage is then up-converted to the r-f transmitting frequency and
further amplified to produce a voltage to be fed to the kth element of the

form

[1+g(t)] cos (wp - wg) t - ak] 14-16)
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4,4 OTHER SYSTEM PARAMETERS

4, 4,1 Parameters for Satellite-to-satellite Lirks

For the system that was discussed in detail in Section 4.1, a voice
communication link was taken with an audio signal-to-noise ratio
of 13 db. The SNR of 13 db makes the intelligibility of a voice margi-
nal. This ratio yields a practical system in texrms of the number of
modules required and permits the utilization of solid state r-f amplifi-
ers. The system and several alternative links are outlined in Table 5.
The first two systems have identical repeaters; the antenna gain of the
user and the r-f bandwidth have been increased in the second system to
enhance the audio signal-to-noise ratio. The third system presented
utilizes vocoded voice for communications with an r-f bandwidth of 3

.kHz, These values result in a reduced antenna gain for the repeater

which allows a reduction in the number of elements from 100 to
32. The power per module increases to 1 watt. The choice between
traveling-wave tubes (TWT) or solid-state amplifiers for the final r-f
amplifiers is difficult; TWT's have been chosen for the table, but it is
quite possible that transistorized amplifiers would be a better selec-
tion.

The fourth system presented is a video link with an r-f bandwidth
of 5 MHz. The larger bandwidth would necessitate an increase in the
antenna gain and transmitted power of the user satellite. There is no
unique solution for any of these systems. For this system the number
of modules was decreased to reduce the overall system weight and to
allow the utilization of 4-watt TWT amplifiers with the improved ef-
ficiency they would give over that of the 1 or 2 watt TWT's,

The final system presentéd incorporates 10 channels rather than
2. The effective radiated power for this system is very high which
results in 2 fairly high total prime power requirement.

4,4,2 Element Considerations

For the rep 'ater system described for DRSS application, the
transmitting and receiving frequencies are at 2 GHz. If a very high
antenna gain is required, which is true for the system outlined, the
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array size may become very large. Special attention must be given to
a design that is reasonably simple and compact and that can also be
unfurled in space. Because of the large wavelengths involved, a flush-
mounted element seems to be the most desirable radiator in terms of
element weight and ease of mechanizing an unfurling technique,

Preliminary work has been performed on an element and array
design (Figure 33) specifically to satisfy the requirements as outlined
in Table 5. A doubly-wound equiangular spiral such as is shown in
Figure 33a was chosen as the basic radiator; seven of these, arranged
in a cluster, form the antenna element for a single r-f module of the
system (Figure 33b). The amplitude distribution of the 7-element
cluster would be tapered to flatten the element pattern in an attempt to
raise the gain at the edge of the coverage., Computed gain figures for
the 7-element cluster predict a peak gain of 15.3 db and a gain of 13,2
db at 12 degrees from broadside, Four clusters are arranged in a
rhomboid (Figure 33c). The entire array is composed of 100 of the
7-element clusters (Figui-e 34), an arrangement that minimizes the
occurrence of second-order beams. Calculated patterns and gain for the
100-module array indicate a peak gain of 35,3 db at broadside and a
gain of about 32, 2 db when the beam is scanned off broadside by 12
degrees. The 3-db beamwidth is 2.4 degrees.

To keep the weight of the array and the microwave components
as low as possible, stripline techniques must be employed, and many
of the components will have to be integrated. One arrangement of the
antenna and microwave components of the Data Relay Satellite System
repeater is suggested in Figure 35, and details of micioelectronic con-
struction techniques being studied for self-steering arrays can be found

in Section 5.2,

4.4.3 Weight and Power Consumption

Estimates of weight and power consumption made for the system
presented in Figure 32 are listed in Table 6. These estimates were
based upon utilization of fairly sophisticated techniques such as micro-

circuits, miniature hybrid couplers and mixers in the i-f processing
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Doubly-wound equiangular
spiral element

4.56 INCHES ' ?
|

b. 7-element cluster ' /63 THCHES
14.22 INCHES

c. Arrangement of array module

Figure 33, Element configuration.
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Figure 34, 100-element array.
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Figure 35, Possible arrangement of self-steering
repeater and microwave components.

88




.Amﬁvﬁﬂdﬂu < .mo._..ﬁ.mvoa QO.—v

1ajeadax g9y I0¥ ajeurriss uorldumsuod zamod pue ydtam °9 Iqel
gjjem spunod
0°062 0°922 TVLOL
0°¥%¢ aanionaig
0°101 0°S (yuato1ye Juadaad gq) sarjddng zomod
-- -- 620 0°2 r4 aaxardi(q
-- -- Z°0 1°0 2 sz9311y doorT
6°0 oSy qle’o 0°¢ 2 103e[[1080 p jJoljuod~-adejjop
0°8 08 2l°¢ G0 001 siayyrjdwe 3-1 93 TULISURL ],
11°1 oLE €1°1 0°9 € sxatyiidwe J-1 DOV
0°02 001 SZ°9 G°0 002 zo1pijdwie -1 pueq-moIIeN
- - 0°01 8°0 007 s8I9311J [e}sAIDd pueq-moiIeN
-- -- g2Z°0 0°1l ¥ sxa1dnod qp-0?¢
- -- 0°sl €°0 208 . s19X1W -1
-- - 869 ST1°0 20L (qp ¢) sIduwrwuns - sI2pPIATp I9mod 3-I
qe°1 18 4 294 °0 0°¢ € gIoje[[1080 Tedo] I~1 o
- - 0°L Al 8 (Aem=-0( 1) sIdwuLUNS - SIIPIAIP xamod y-1 @©
881 381 0°01 9°1 001 sayyijdure -1 — IIXTN
i0ssad04dd J~1
4 0002 6°1 0°St Z S8I03e[[ID80 [ed0r]
| -- -~ 0°S 0°0% [/ (fem-001) sxapiatp 1amod 3-4
: 521 0s2°‘1 3°81 0°¢ 001 (3uerory¥e jusdiad
02) soiyijdwe y-x ¢ 33j19Au0d~-dpn
01 001 001 0°91 001 (xoryrjdure y-1 ‘xaxXTWI ‘xoyyrduwre j-1
‘I93[1} ‘I03e[NDIID ‘JUIWId[I)
a[npoul I2A1ad9i1—aaxa(dip-quawaly
. uo1}d9g yJ-d
" e e
Y B (s1rem (s@ouno)
! (s13em) -Hw) | (spumod) Jtun
Iamod un 3o m 10d Linueny wai]
[e1oL 1ad 1301
Iamod MM
L it Wit W Bning gmen n_._?séu mniz}u —if.%u, . ?;ﬁ&. ﬁ:;ﬁﬁq nw i _:_ s B ey oy

M 1025723 P




sections, and microstrip techniques for the r-f section, All estimates
were based on the present state-of-the-art in components so that no
extended development period is anticipated for any component. Thirty-
four pounds was included for the antenna housing and support structures.
The primary system structure is considered part of the satellite struc-
ture and is not included in the weight estimates given in Table 6. As
shown in the table, the microwave components make up at least half the
system weight, To reduce the weight and size of the overall system, a
great deal of effort will have to be devoted to a compact design of these
microwave components, The exploratory work on techniques that could
be employed in the construction of a miniature front-end module for

distributed systems is given in Section 5.0,

4,4.4 R-f Amplifiers and R-f High-Level Mixers

There are several r-f amplifiers and high-level mixers that
should be considered for the self-steering repeater., The solid-state
amplifier and the traveling-wave tube (TWT) constitute two types. The
TWT improves in efficiency as the r-f power rating is increased; the
filament power remains rather constant irrespective of the r-f power
rating and thus accounts for a large pa-st of the loss of efficiency at low
levels, TWT's with up to 30-percent efficiency have been space-
qualified with operating lives over 10, 000 hours. A gradual, though
limited, increase in efficiency is anticipated with, perhaps, some
decrease in weight as the technology improves, TWT's can be used in
three capacities in satellite and aircraft systems: (1) as the final r-f
amplifier in the transmitter, (2) as the amplifier in every radiating
module (for every module, one TWT), and (3) as a pump for high-level
mixers,

The state-of-the-art in solid-state r-f amplifiers is rapidly
changing. Below 2 GHz, 5 watts (at 600 MHz) are being obtained, At
2 GHz, the projection is for several watts with a 30-percent efficiency
and a gain of about 30 db, if the expectations are realized at this fre-
quency (Eimbinder, 1966; MERA, 1966). As technology improves, this

frequency will be increased to perhaps 4 GHz with similar power.
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However, the MERA engineers are pessimistic about the higher fre-

quencies, say 7 or 8 GHz. One alternative would be the utilization of

a frequency multiplier that is driven by a 2-GHz amplifier. The effi-

ciency is still satisfactory, but phase as well as frequency is multiplied.
The other approach is to use high-level mixers (also called resis-

tive or varactor up-converters). These devices are perhaps interim

in the state-of-the-art between solid-state r-f amplifiers and TWT

amplifiers for modular units, The high-level mixer is gsimilar to the

low-level mixer except for absolute and relative power levels of the

input signals. It has input signals at r-f and i-f and output signals at r-f.

Either resistive or reactive mixing may be employed. Resistive mixers
are limited to low levels on the order of 1 mw, while reactive mixers
are capable of 100 mw output per pair at X-band. These devices are
being used in the self-steering transponder engineering model described
in Section 3.1.

The efficiencies of the high-level mixers are good but they suffer
overall system loss since an r-f pump is required. Power for the r-f
pump must be generated elsewhere, presently by TWT's and in the
future perhaps by solid-state oscillators. The overall efficiency of
reactive mixer and pump is perhaps 10 to 15 percent at best. Thus, the
most promising devices in the long run seem to be the solid-state r-f
amplifiers for distributed amplifications. Table 7 presents a summary
of the characteristics of various r-f amplifiers and high-level mixers

as available today.
It should be pointed out that phase and gain tracking must be

maintained between all modules of the amplifier. The most critical
type of amplifier in this regard is the TWT since it has many electrical
degrees between input and output. However, excellent gain and phase
tracking have been achieved from tube to tube for tubes specifically de-
signed for phase and gain tracking; from 8 to 12 GHz, the deviation of
these tubes fromtrue time delays is 15 degrees and 1db rms (Traveling-
wave, 1966). Rapid development in solid-state components suitable

as r-f amplifiers is taking place. Among these the promising ones

are transistorized amplifiers, Gunn oscillators, and LSA amplifiers.
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5.0 NEW TECHNOLOGY SECTION

5.1 BEAM-POINTING ERROR AND SOLUTION

For the synchronous satellite repeater presented in Figure 32, a
single array is used for both transmission.and reception. The received
signal frequency is wg + wy = wo and the phase angle oi this signal at the

kth element relative to an arbitrary reference is Qs These values cor-
a
respond to a time lead ofw—k. If transmission of a beam is required in
s
the direction of the pilot generator, the time lag of the transmitted signal

Q
for the kth element must be equal to u_—K- . Since the transmitting frequency

of the satellite is equal to Weps it is nescessa.ry that the phase ang&e of the
signal of the k*® element relative to the reference be equal to - &,‘I ag

8
for the beam to be directed properly, In other words, the phase terms

of the received and transmitted signals must be such that

fI_ = :’I; (5_1)
’p %

where b7 and 'Pp are relative phases of the transmitted and received
signals at a particular element, referenced to the signals at an arbi-
trary element. The frequencies ©m and W ai1e the angular frequencies
of the transmitted and received signals, respectively, If the conditions
of Equation (5-1) are not satisfied, a beam-pointing error results,
For example, for the system presented in Figure 32, P = % ° This
relationship results in a beam-pointing error that will cause a fall-off
in gain of 2 db when the beam is scanned off broadside by 12 degrees.
This gain fall-off was considered in preparation of the system param-
eters listed in Table 4.

The relationships of Equation (5-1) can be obtained by multiply-

. . W
ing the phase of the received pilot signal, (pp, by the ratio of ?.',l‘
P
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however, phase ambiguities may result if the absolute value of % is
greater than i radians. Adjacent modules of the pilot processor can be
coupled to eliminate phase ambiguities, * Such a circuit can be used
with a c-w pilot signal and a simple antenna array for both trans-
mission and reception. Pilot-coupled modules are illustrated in Fig-
ure 36 which shows two i-f modules for adjacent elements. The sig-
nals into this processor are denoted by Sk (t, -rk) which has the form

Sk (t, Tk) = cos (wIt - wp -r.k) + cos [mst - up‘rk +o(t - 'rk)] (5-2)

wnaere the first term represents the pilot signal and the second term
represents the information carrying signal for which phase modulation
has been assumed. The r-f pilot frequency is W the i-f information
carrier is wp the phase modulating 1;igna.l is @(t), and Tk is the time
delay of the signal received by the k™ element referred to the signal
of an arbitrary element, While phase modulation has been assumed
for this discussion, other types of modulation could be employed. The
operation of a single module is described first, followed by a discus-
sion of the components that couple adjacent elements.

The incoming signal to the pilot processor module is fed to a
mixer. The second input signal to this mixer, which serves as the
local oscillator, is obtained from the output of a times-m multiplier
and has the form

Vk (t, Tk) = cos [(wR - wI)t + wp-rk'] (5-3)

where wp is the frequency of the signal generated by the reference

oscillator.

*Coupling modules is a new technique for the elimination of beam-
point errors.
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[f Figure 36. I-f processor for c-w pilot-coupled modules.
The voltages given by Equations (5-2 ) and (5-3 ) are mixed and
the upper sideband retained to produce at the output of the i-f amplifier
~ .
a signal of the form

- Vo (t) = cos (th) + cos [(w' + wR) t+q(t --rk)] (5-4)

Seiviomeid
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It can be seen that the time delay, ! has been removed from
the carrier but is still present in the modulating signal @(t - -rk).
However, (I/Tk) is much greater than any frequency components of
¢(t), unless the modulated signal is an extremely wideband signal:
consequently, ¢(t - 7 ) = ¢ (t). With this approximation, Equation
(5-4) is independent of 7,; thus, the voltages from the outputs of the
i-f amplifiers are in phase and can be summed to realize the receiving
antenna gain.

The voltage represented by Equation (5-4) is fed to a phase
detector, and the first term is compared in phase with the reference
signal, sin wpt, to obtain the control voltage for the voltage-controlled
oscillator (VCO). This control voltage, or erruxr voltage, maintains
the voltage at the output of the times-m multiplier as given in Equation
(5-3).

To generate the signal required to phase the transmitting ele-
ment and to couple adjacent modules, a signal must be obtained
that contains a time lead 1, where 7, is the time lag of the signal
received by the-kth element. Therefore, the output of the transmitter

for the kth module is a voltage of the form

Rk (t, -rk)' = cos (th +wr 1'k) (5-5)

where wy, is the i-f output frequency of the times-n rultiplier (see
Figure 36)and wy is the r-f carrier frequency of the signal transmit-
ted from the array.

To obtain the voltage given by Equation (5-5),, the output voltage
of the VCO is considered. This output voltage must be in a form that
will result in the voltage represented by Equation (5-3) when its fre-
quency and phase are multiplied by m. To have this result, the output
voltage of the VCO must have the form

W - W w_T
Wt m) = cos[l Rm I)1:+ pk E.“__i] (5-6)

m m

\




wherei = 1, 2, ...m. Equation (5-6) shows that there are m possi-
ble phase angles which the VCO may assume that can effect lock-up for
the phase-locked loop.

The output voltage of the times-n multiplier is now considered.
This voltage is of the form of Equation ( 5-6) with the frequency and
phase terms multiplied by the factor n. That is, Ry (t, T ) is of the
form
Rk (t, Tk) = cos ['-::-l (""R - ux) t +% “p‘rk + % Zwl] (5-7)
where i may take on any integral value from one to m. The desired
voltage is given by Equation (5-5 ); therefore, it is seen that the ratio
of the multiplier factors must equal the ratio of the received piiot fre-
quency to the transmitted carrier frequency: i.e.,

W
m _ 32 (5-8)
n T

and the integer i rnust be equal to m. The purpose of the coupling
between elements is to insure that this second condition is satisfied.

From a basic consideration of the pilot signal requirement, it
can be establiched that the maximum permissible relative phase dif-
ference for the signals received by adjacent elements must be less
than 7 radians in absolute value (Self-Focusing, 1967). Therefore, the
relationship exists that

m™

" " Tk+1] ¥ o5 (5-9)

w

It can be seen from Equations ( 5-9 ) and ( 5-6 ) that the relative phase
difference of the signals at the output of the VCO's for the *® and (k

+ 1)th elements must be bounded above in absolute value by n/m radi-
ans for the correct value of i, and that the absolute value of this rela-
tive phasc dii’erence is bounded below by 7/m i.r an improper selec-

tion of i. That is,
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M < !-;- , for i =m (correct selection of i)
and
ipl 2 'x% , for i #m (incorrect selection of i) (5-10)

where P is the phase difference of the signal from adjacent VCO's.
Therefore, there exists a boundary that can be used to determine a
correct or incorrect selection of i in Equation (5-6).

To understand the performance of this selection proc : ;, the
components of Figure 36 that couple the two modules together can be
considered. These components consist of a phase detector, a low-pass
filter, and a threshold gate; they are shown blocked off by a dotted line
in Figure 36. The input to the phase detector is obtained from the
VCO outputs from two adjacent modules. The output of this phase
detector passes through a low-pass filter to produce a voltage as a
function of the relative phase angle P which, statically, is of the form
sin B. This voltage is then fed to a threshold gate that switches the
output of the phase detector to the input of the VCO, as shown in Fig-

" ure 36, if |B] = m/m. When the threshold gate closes, a third phase-
locked loop is closed that consists of the coupling elements and the
VCO of the (k + l)th module. The reference for this loop is the VCO
output for the kth module; therefore, when the gate closes, this loop
tends to pull the two VCO's into phase until I[Sl < w/m. When IM

< w/m, the threshold gate is openea and the loops are allowed to oper-
ate with no coupling.

For the case just described, the maximum interelement spacing
was assumed that dictated a boundary for |B| of #/m. If smaller ele-
ment spacings are required, the bounds given by Equation (5-10) sepa-
rate. For example, suppose that the element spacing is reduced so
that the maximum absolute value of phase difference of the signals
received by two adjacent elements is equal to (3/4)7 radians. Then

Equation (5-10) becomes
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1A

(3/4) % fori=m

|8l

and

wv

|8] 2 (5/4) &z, foriém (5-11)
Therefore, for this example, the decision boundary remains || =
m/m; however, now a margin for error has been provided for the
threshold gate which would make mechanization less of a problem.

Some of the attractive features of the i-f processing scheme for
coupling adjacent elements are

(1) Elimination of the beam-pointing error.

(2) Addition of only three more relatively simple components
for each module to a standard adaptive array, except for one
module that has no additional components.

(3) Inactivity of the coupling elements after all modules have
phase-locked, so that the processor has all the features of a
standard adaptive system.

(4) Nonuniformity of the element spacing so that they may be
located cn a curved surface.

One of the limitations of the system is that the magnitude of the
interelement phase shift must be less than 7 radians; this condition is
the same as that which must be satisfied to prevent grating lobes for an
array of uniformly spaced elements.

The pilot-coupled module system has not been implemented in
hardware nor has it been analyzed in detail. A breadboard would have
to be designed, fabricated, and tested before an engineering model

implementing the technique could be proposed.
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5.2 'FRONT-END MODULES FOR SELF-STEERING ARRAYS

Because of the volume limitations imposed on any antenna system
in either a satellite or an aircraft, a very compact front-end for the
receiver and transmitter is necessary. One method for reducing the
size lies in the application of microelectronic construction techniques.
One circuit that lends itself readily to such techniques is a receiving
and transmitting circuit common to a variety of self-steering array
designs., The circuit, shown in Figure 37, has two primary functions:
(1) to receive low-level microwave signals from an antenna element and
amplify, convert, and process them and (2) to transmit information
through the same antenna element in the direction of a received pilot
signal. A diplexer is required between the antenna and the receiving-
transmitting circuits to isolate the frequencies of each operation.

In the discussion that follows, the application of this front-end
module to a synchronous satellite self-steering repeater is

explored.

5,2.1 Strip Transmission Line

The size of the front-end module and its compatibility with a
synchronous satellite depend basically on the type of transmission
line of which it is constructed. On the basis of state-of-the-art !
microwave component design, the choice of line is between shielded,
air ~dielectric transmission line, referred to as stripline, and
unshielded, dielectric-filled transmission line, referred to as

microstrip.

a. Types of Line. —

A particular type of stripline called Triline has been designed

and built at Hughes especially for the X-band frequencies (Figure 38).

This type of line is suitable for construction at all frequencies from
2 to 10 GHz and offers the advantages of design simplicity, noncoupling

to adjacent lines, and relatively low attenuation. Losses can be

Rt
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Figure 37, Front-end module circuit for self-steering array.

L:0.4873 iNCH .
(COMMONLY USED) /

l w0 0525 INCH
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— \
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/ 2 /
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. =
4 DIELECTRIC

1:0.031 INCH

\

Zo: 73 OHMS WITH EL-F 300 STRIP CONDUCTOR

Figure 38, Basic configuration of Hughes Triline,
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as low as 0, 05 db per waveguide wavelength when Rexolite 2200 is
used as the center supporting dielect.ic,

Microstrip transmission line, in contrast with Triline, concen-
trates more of the electric field energy in the dielectric so that there
is usually more attenuation, As shown in Figure 39, the electromag-
netic wave propagates primaril: ‘“rough the dielectric medium
bounded by a strip conductor on oi. side and a ground plane on the
other. Microstrip thus has the advantage over Triline of reduced
depth and width. In addition, because of its asymmetrical design,
microstrip does not have the tight construction tolerances associated
with the symmetrical Triline. Microstrip components presently being
developed include a circulator, a balanced mixer, a transistor ampli-
fier, an avalanche diode oscillator and multiplier, directional branch
line couplers, and transitions to and from OSM coaxial conrnectors,

A major disadvantage with microstrip is leakage by radiation
and coupling to adjacent lines. However, despite this disadvantage,
the reduced size and weight and the greater ease of fabrication make
microstrip more desirable for satellite system applications, A com-
parison of the general characteristics of the two kinds of transmission
line is given in Table 8,

The front-end module will have to meet certain minimum re-
quirements to be mechanically compatible with the satellite and elec-
trically compatible with the antenna system. Minimum requirements

cannot be specified exactly at this time because they depend on a

4 V7777272222227 maema
oo %

Figure 39, Microstrip transmission line,
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Characteristic Triline Microstrip
— ——— — ——— —  — — |

Attenuation Low Moderate
Ease of fabrication Poor ’ Fair
Difficulty in fabrication Symmetry of Flatness of sub-
centerstrip strate and
bonding to

ground plane

Size (X-band)

Depth 0. 130 inch <0, 1 inch
Ratio of stripline ~0.9 ~0, 3 (alumina
wavelength to free substrate)

space wavelength

Width ~0.4 inch ~0.4 inch

Table 8, Characteristics of Triline and Microstrip

number of system parameters that are still being defined. However,

some design objectives that should be feasible at any frequency in the

2 to 10-GHz range are listed in Table 9.

b. Comparative Package Size. —

A comparison was made between the package size of the front-
end module when made entirely in microstrip and in Triline. It was
assumed that the module components were connected as shown in
Figure 37 and were laid out so that all the surface area behind the
antenna element was utilized, The element size was taken to be a
square about 0. 7 Agona side where Xo is the free-space wavelength
of radiation. A tunnel-diode amplifier (TDA) was assumed as the r-f
amplifier in the receiver since the design of such a component is
presently feasible throughout the frequency range of interest (2 to
10 GHz). For simplicity, only the receiving section of the module

was considered.
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Parameter

Desired level

|

— e |

Overall noise figure
Transmitter power,
Weight

Size

Antenna element
characteristics

=5 db

module 200 mw c-w

12 ounces

0.7x,by0. 77\0 by2. 5 inches

Right-hand and left-hand cir~
cularly polarized radiation,

Gain26db at -3 dbpower level

Half-powerbeamwidth 225
degrees

Table 9. Typical performance objectives of

Size estimates

front-end module.

were based on typical stripline dimensions at

8 GHz and extrapolated to the other frequencies. The rule of extrapo-

lation is that length scales inversely with frequency, but width and

height need not vary

except in circulators, where the radius

of the circulator junction varies inversely with the frequency.

The approximate dimensions of the various components built

in Triline and microstrip at both X-band and at S-band are listed

in Table 10.

At X-band the Triline components (Table 10) can be packaged

into two sections, one with a width = 0,6 inch, length = 14 inches, and

height = 0.2 inch and the other with a width = 0. 6 inch, length = 2.4

inches, and height =
sub-module is g8 = 0.
l-inch cross-section

2.5 inches,

0.5 inch. At 8 GHz, the side dimension of the
7 )\0 = ] inch. An equivalent package with a

would require a minimum depth of about
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c X-band X-band S-band S-band
omponent T riline microstrip Triline microstrip
e W
Circulator w=0,6 w =05 w=20
e 1=-0.6 1=0.5 1.-2.0
h=05 h =0.25 h=0¢F¢
T Filter w =0.,6 w =03 w =0.6
L2 1=1.5 1=1.0 1=6.0
E h =015 h=01 h-0.,15
> Tunnel diode w=0,6 w=0,5 w =20
amplifier 1=1.8 1=0.6 1=7.0
E h=05 h - 0.25 h =0.5
F Balanced mixer| w =0.6 ) w=1.0
4 =1.0 1=3.0
h=0.15 w=1,0 hez 0,15
E b 1:=1.0
I-f amplifier w=0.6 h=0.1 w =0.6
E =1.0 =1.0
| h=015 |] h =015
é Local oscillator] w =0.6 w=1.0 w=0,6
multiplier chain 7 - _
~ (times 8 with 1 -10.0 1=1.0 1=10.0
; filters) h=02 h=01 h=02
Sub-module 9 layers 3 layers 2 layers 1 layer
% w=0,6 w=10 w=40 w=40
B 1=1.0 1=1.0 1=4.0 1=4.0
h=2.5 h=0,5 h=07 h=0.1

Table 10, Comparative sizes of component sizes in
strip transmission line, (Dimensions are
in inches)
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In the X-band microstrip package, except at those places at
which circulators are employed, the area dimensions of the components
will decrease by a factor of about 3, The estimated component sizes
might then be built into a package of about three 1l-inch square layers
with a total height of about 0. 5 inch.

As the S-band Triline components are scaled down in frequency
to S-band, they increase in size. There are no general rules that
govern overall size increase other than the general rules of extrapo-
lation, Triline behaves as does coaxial line so that characteristic line
impedances vary little if the same cross-sectional design is used. The
lengths of the filters and tuning elements vary inversely with frequency
so that length per sub-module component is similarly affected. At
2 GHz, the sub-module in S-band Triline would consist of two layers
that would occupy a space about 4 inches by 4 inches by 0, 7 inch. In
S-band microstrip, all the components above could be integrated onto
a single layer sub-module behind the 4-inch square element and have
a depth of about 0, 1 inch. v

These comparisons of package size based on all-Triline or an
all-microstrip design at the two extremes of the frequency band, 2 and
10 GHz, indicate that around X-band an all-microstrip design is pre-
ferred, while at the lower frequency bands, especially at S-band, a
hybrid design with Triline and microstrip components together is

recommended.

5.2.2 Microelectronic Components

A two-phase approach to the design and fabrication of the micro-
electronic front-end module is necessary, In the first phase, each
component would be individually developed and evaluated for electrical
performance with the receiving and transmitting portions desiyned
separately, The results from this phase of develocpment would permit
calculation of the module performance and the laycut of the components
to determine total weight and size, In the second phase all the com-

ponents would be fabricated into a modular package and evaluated.
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Based on the technology of the near future, an X-band module would
be constructed partly in microstrip and partly in stripline. Since
microstrip technology has not been evolved at the lower frequencies,

an all-stripline component design would apply at S-band,

a. Circulator. —

Ferrite circulators in microstrip have been built with several
different substrate materia's and thicknesses. A device using 0,025
inch thick alumina substrate was built at Hughes and successfully
tested at X-band frequencies (Figure 40). Measured characteristics

of this component are, for a bandwidth of 0.5 GHz,
Isolation = 20 db
Insertion loss = 0.4 db
VSWR = 1.2 maximum

According to Hershenov (1967), the ideal approach to circulator
design in microstrip is an all-garnet substrate (er = 16). Such a sub-
strate combines simplicity of design with ease of fabrication.

Hershenov's investigation of this technique led to the successful

f COPPER STRIP
COPPER STRIP,
N
-y \
SUBSTRATE FERRITE
PERMANENT GROUND PLANE

MAGNET

Figure 40, Microstrip circulator.
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construction of circulators designed with an electromagnet, a small
permanent magnet, and a latching circuit, For substrate thicknesses
of approximately 0, 025 inch and X-band frequency operation, the
garnet circulators provide significantly larger bandwidths than the
more conventional ceramic substrates for isolation greater than

20 db. Insertion losses of 0.4 to 0. 8 db have been measured; while
these figures are slightly higher than those obtained for ceramic sub-
strates, some reduction can be accomplished by more adequate bond-
ing of the evaporated strip conductors to the garnet substrate and the
use of proper strip widths. Hershenov also has evidence to indicate
the feasibility of applying semiconductor doping techn:ques to the
fabrication of integrated active and passive devices on the suostrate.
This possibility merits continued attention. The use of garnet in
place of alumina for a substrate material would result in about a

3/4 reduction in the waveguide wavelength,

b. Mixer. —

Experimental mixers have been built in microstrip, and models
with improved performance are currently being developed. A bal-
anced mixer that employs a branch line coupler and Schottky barrier
diodes built on single-crvatal sapphire (er = 9) has been reported by
Microwave Associates (Blight, 1967). Used with a preamplifier on the
same substrate, the device had a measured noise figure of 7.5 db at
9.375 GHz.

c. I-f Amplifier. —

No microstrip i-f amplifier has been reported, but the design is
not expected to present any difficulty, It might consist of a hybrid
design of standard integrated circuits, Its gain is necessary within
the module because of losses in long cables connecting the r:i0dule to the

i-f circuits.
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d. Low-noise R-f Amplifier. —

The use of a self-focusing array to provide a high-gain beam for
receiving low-level signals presents a special problem. Becavse of
the losses in the elements and the r-f components and the noise in the
mixer, it would be advantageous to include a low-noise amplifier before
the mixer. For the lowest noise temperature possible, an amplifier
should be used after each element (Advanced Deep Space Study, 1967;.
Eventually, when ultra-low-noise mixers become available, there will
be little advantage in using r-f amplifiers.

At the present time, there are three low-noise microwave amplifi-
ers that may be considered for use in the microelectronic module,
These are the transistor amplifier, the tunnel-diode amplifier, and the
parametric amplifier. Microwave transistor amplifiers are relatively
new devices that have demonstrated moderately low noise performance
(Figure 41) and modest gain for single stage designs, Fabrication in
microstrip has been accomplished by mounting the transistor chip
directly on the strip conductor on the top of the substrate, and tonding
leads to the emitter and ground lines. Present transistor amplifiers
are operationally limiled to frequencies of about 4 to 5 GHz; however,
transistor amplifiers at lower frequencies, for example, at S-band or
L-band, might be used in an X-band module design if they followed a
down-converter after the filter. This possibility may be investigated
further if compatible changes in ihe rest of the system promise improved
performance,

A conventional tunnei-diode amplifier (TDA) is a relativelv simple
device that requires a low driving voltage and has an excellent reliability
ratiny. It nas moderate gain and noise figure characteristics that vary
with frequency (Figure 41). Single-stage TDA's normally provide a
gain of 15 db or more. A microminiaturized TDA has not yet been
fabricated in microstrip transmission line. The approach would be to
use a five-port circulator (required for stability) built in microstrip
with the tunnel diode circuit terminating the third arm as is sketched in
Figure 42. In microstrip, the package can be eliminated and more of
the electric field can be concentrat ed at the tunnel diode junction, If
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NOISE FIGURE , db

X - Si TRANSISTOR

A — Ge TUNNEL DIODE
2 - GaSb TUNNEL DIODE

e

2 y 7 O - Ge TRANSISTOR + ———d

] 2 4 6 8
FREQUENCY, GHz

Figure 41. Noise performance of various tunnel
diole and transistor amplifiers,

TUNNEL DMODE
CIRCUIT ARM

Figure 42, Microstrip stability circuit
for a tunnel diode amplifier,
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the incorporation of the tunnel diode into microstrip transmission line
creates more problems than it solves, however, it can just as easily be
used in a miniature coaxial line that connects to the second arm of a
microstrip five-port circulator by means of an OSM connector. Low-
noise TDA's should have adequate dynamic range for reception, since
gain compression occurs at about -40 dbm input. This compression
point can be raised, if necessary, by the cascading of units. Noise
figures less than 5.5 db and gain on the order of 15 db should be
achievable through X-band,

To the knowledge of the present researchers, no reports have
been published on the development of parametric amplifiers in micro-
strip. It has been learned, however,* that International Microwave,
a subsidiary of Microwave Associates, is building such a component;
the complete design will be done on a single substrate and is expected
to exhibit a noise figure on the order of 4 db, This approach will be

investigated in inore detail for comparison with TDA's,

5.2.3 State-of-the-Art in Module Design

,

Isolation betwees: iue receiving and transmitting sections is of
primary concern in the design of a module. A circulator followed by a
filter in the receiving arm and another filter in the transmitting arm
was suggested as a possible technique for obtaining adequate isolation,
say, on the order of 70 db or more. Building the filters in microstrip
transmission line would result in high insertion loss and a restriction
to wide bandwidths, say >10 percent. Narrow-band filters require a
number of high Q elements (Q > 1000); a microstrip element with a
Q greater than several hundred is difficult to achieve with current

technology.

*Private communication with Dr. Mickey Gilden of Microwave
Associates, July 20, 1967, at Microwave Associates' presentation of
Microwave Integrated Circuits.

111



A block diagram of a front-end X-band module that utilizes a
stripline diplexer is shown in Figure 43. The mixer and i-f amplifier
are shown as a single component. This arrangement anticipates a
more advanced microstrip design in which both the mixer diode and the
i-f amplifier circuit are integrated onto the same substrate. This
design has already been accomplished. The TDA is included in the
module because it reduces the receiver noise figure (FR) by about
2 db, if a noise figure on the order of 8 db is assumed for the mixer-
preamplifier.

With reference to Figure 44, it can be seen that the TDA will
improve the receiver noise figure by greater than 1 db unless a
mixer-preamplifier noise figure of better than 6.6 db can be achieved.
A mixer-preamplifier noise figure of about 8 db is foreseen as a
reasonable figure that will be state-of-the-art microstrip performance
within a year or two, It is therefore reasonable to assume a TDA in
the module design unless significant reduction in mixer noise figure is
realized on a production basis. A sketch of the module indicating a

possible layout of the receiving components is shown in Figure 45,
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Figure 43. Front-end module block diagram.
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