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ABSTRACYT

This report is the Final Technical Report for Contract
Number AF 30(602)-4035, '"Single Channel Mcnopulse Techniques. "
It describes the results of a study and investigation to obtain a tech-
nique for processing both the communications and tracking signale in
a single receiver in a satellite communications syetem. Various
techniques were studied, with emphasis on Pseudo-Monopulse,
Frequency Division Multiplexing, Time Division Multiplexing, and
the Automatic Manual Simulator {AMS), a mechanical scanning method.
All systems were analyzed tn determine basic feasibility. Detailed
analyses of the most promising techniques (Pseudo-Monopulse, AMS,
FDM) were made. Major factors considered were: performance in the
presence of thermal noise, errors due to phase and amplitude unbalance,
normalization (dependence of pointing error on received signal strength),
acquisition problems, and equipment complexity. A relative evaluation
of all Single Channel Monopulse Tracking Receiver (SCMTR) techniques,
including three channel monopulse for comparison, was made, and
Pseudo-Monopulse was shown to offer the most advantages for the
stipulated conditions. A complete Pseudo-Monopulse receiver design
was accomplished and is included in this report. The AMS technique
was shown to be useful when equipment simplicity is the prime goal,
and this technique is also described in detail, including the results of
a one-axis analog computer simulation.
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EVALUATION

The objective of this study vas to investigete all possible
single channel monopulse tracking techniques whichi would reduce
equipment complexity in the tracking system of a satallite
communications terminal, and to develop a design which could bas
reduced to practice using the Lest technique,

In this program, a literature search was conducted and
several techniques were evaluated. As a result of this evaluation,
it vas concluded that the Pseudo Monopulse technique offered
the most advantages for the stipulated conditions. The block
diagram of a design which is currently in use on satellite
terminals is presented.

Soie F Sodined

ERIC E. SCHEEL, 1st Lt, USAF
Project Engineer
RADC, Griffiss AFB, NY
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SECTION 1

INTRODUCTION

1. OBJECTIVE

The objective of this study program was to develop a single channel
receiver technique which could be used in the design of ground terminal
receivers in a communications satellite system. The Single Channel Mono-
pulse Tracking Receiver (SCMTR) technique was develoged to satisfy
design requirements which are discussed in detail in Section II. A synopsis
of the basic design criteria follows:

a. The SCMTR must be capable of processing both tracking and
coramunications signals in a single receivar.

b. The basic technique must result in a design which minimizes
overall equipment complexity.

Co The communications link shall be degraded by a maximum of
2 dB, with a design goal of 1 dB, over that achieved with a conventional
three channel monopuise system.

a. An adequate tracking capability shall be provided, but there
is no requirement for tracking above that necessary to meet the link
degradation specification.

In short, the objective of this study program was to devise a technique

for combining the tracking and communications information on a single
channel such that a net savng in equipment would result (as compared with

a three channel monopulse receiver system) and at the expense of only a
slight performance degradation, That such a concept is feasible can be

seen by noting that a major difference exists between a tracking system
(e.g., radar) and a communications system. In the former, tracking per se
is the desired result, whereas, in the latter tracking is used only as needed
to maintain communications, In many satellite communications applications,
basic monopulse tracking capability can be degraded by one or two orders of
magnitude without greatly reducing the communications capability., When
the tracking requiremenis are reduced, it is reasonable to assume that some
savings in equipmen: can be effected. This fundamental tradeoff between




hardware complexity and degradation of the commurications link, with
tracking capability as a variable, was the basis for the study program,

lo APPROACH

The program was divided into six tasks, not including the prepara-
tion of reports. The firsttask was to perform a literature search, The
search was concentrated in four genreral areas - general monogpulse theory
and practice, single channel tracking techniques, relevant microwave
{including feeds and comparator) theory and techniques, and relevant re-
ceiver theory and hardware. The bibliography to this report is largely
the result of the literature search.

The second task was the Basic System Study task. The purpose of
this effort was to develop the basic ground rules for the remainder of the
study. Basic terminology, fundamental considerations involving the
satellite, antenna mount, environmental conditions and other factors which
determine tracking dynamics, the basic scope of work, signal characteristics,
and the commwnications link characteristics were defined as a part of this
task. In addiiion, those factors which would be used to compare the various
SCMTR techniques were delineated. In short, this task served to define the
problem, place reasn.aabie limitations on the scope of work, and indicate
specific areas of endeavor.

The SCMTR Systems task included the definition and analysis of
specific techniques. A gencric breakdown included Time Division Multi-
plexing {TDM), Frequency Division Multiplexing (FDM), and hybrid
techniques (including pseudo-monopulse and lobing)., Initially, basic
advantages and limitations of each technique were determined. Nex~t, the
most promising techniques were evaluated in detail,

The fourth task, performed concurrent with the SCMTR Systems task,
was an equipment limitation study, The purpose of this task was to determine
the state-of-the art equipment limitations for each of the SCMTR techniques
and to supply the information necessary to perform a tradeoff evaluation
between equipment complexity and performance characteristics.

The fifth task was an evaluation of the various techniques on a relative
basis, As a part of this evaluation, a presentation of the results of the
program to date was made at Rome Air Development Center on 28 November
1966, A sumunary of the evaluation is found in Section III. Results of the
evaluation were used to determine the techniques to be used in the SCMTR
System Design,

The final task, the SCMTR System Design, was the design of an
SCMTR utilizing the best technique, as determined in the SCMTR evaluation

—— - — —




task. A detailed design, including block diagrams and, as applicable,
circuit diagrams which can be reduced to practice was accomplished fer
the pseudo-monopulse technique. Thie design is presented in Section IV,
In addition, a less detailed design was accomplished for the Automatic
Manual Simulator (AMS), a technique which appears advantagecus under
some circumstances. The AMS is described in Section V.

3. SUMMARY OF RESULTS

The principal result of this program might appear to be the SCMTR
design described in Section IV. The real value of the study, however, is
in the analyses foand in Sections VI through XIHI and in the Appendices. The
analyses can be used, as appropriate, for a wide choice of systems. For
example, the different requirements of large, fixed site terminals, of very
small terminals, of airborne terminals, and of telemetry systems or other
non-related data gathering-tracking systems can be used in conjunction with
the analyses to determine the feasibility of using a SCMTR. For the present
p1rblem - a fifteen foot antenna, 8 GHZ frequency, elevation-over-azimuth
mount, transportable ground station operating with synchronous, near-
synchronous, and 6000 n, m. orbit satellites - the pseudo-monopulse techniquc
appeared to offer the greatest advantage. The AMS was also a desirable
technique, particularly in the case when hardware simplicity is of utmost
importance.

The results of the study program can perhaps be best summarized
by describing the contents of this report. Section II defines the SCMTR
requirements, develops specifications, defines the scope of the program,
and discusses briefly the types of single channel techniques, Section III
is a summary of the comparative evaluation of all SCMTR techniques. The
results of the evaluation led to the design of a pseudo~-monopulse system,
which is the subject of Section IV, A further result of the evaluation was
that the AMS technique should be investigated further, and the results of the
AMS analysis - design are found in Section V,

Section VI contains an analysis of antenna and feed characteristics
for both amplitude sensing and phase sensing monopulse systems, Section VII
analyzes the effects of pre-compara“or and post-comparator unbalances, both
in amplitude and phase, Section VIII considers the normalization problem;
i.e., the problem of obtaining an error signal which is independent of
received signal strength., Section IX is an analysis of a monopulse system
operating in the presence of thermal noise,

The TDM technique is described in Section X, and FDDM methods,
including SCAMP, are described in Section XI. Pseudo-monopulse is
analyzed in Seclion XII, although a rigorous analysis of the operation in
the presence of thermal noise is reserved for Appendix (I, Two-channel
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monopulse (where the error signals are in phase quadrature) amplitude and
phase errors are discussed in Section XIII. The conclusions and recommenda-
tione are found in Sectior XIV,

Appendix I derives a significant limitation on the efficiency of passive
(both reciprocal and non-reciprocal) three-ports. Appendix II contains a
noise analysis of pseudo-monopulse. Appendix III contains a survey of
X-band low noise rereivers. Appendix IV discusses the satellite acquisition
problem in a pseudo-monopulse receiving system.




SECTION II

BASIC SYSTEM STUDY TASK
1. INTRODUCTION

The purpose of this section is to define the single channel monopulse
tracking receiver (SCMTR) requirements. This program definition
encompasses the specific contractual requirements, additional reqgiuirements
derived from these specifications, a plar for meeting the se requirements,
and a method for evaluating the results of the program.

The objective of the averall program was to develop a technique
which would allow a single channel receiver to be used simultaneously
for both tracking and communications signals, This SCMTR would mini-
mize equipment complexity without appreciably degrading the system
performance compared with a conventional three channel receiver, Thus,
a premium was placed on system simplicity and there was no need for
tracking accuracies in excess of those required for good communications;
i.e., an increase in tracking accuracy per se was of no benefit to the
system, However, a tracking accuracy sufficient to maintain high sum
channel gain was mandatory.

The scope of the progra:n is discussed in detail in this section,
Specific technique s which were studied are described, and tradeoff analyses
which were to be made are tabulated, The results from this task were
used in the remaining prograr» tasks. The most important output from
this task was a measure of the ''goodness’' of the various techniqucs; i.e,,
the criteria for selecting the '"best'' SCMTR techniques, Other significant
outputs included limits on the scope of work, fundamental performance
equations, and identification of the requirements for several specific
analyses.

loc COMMUNICATIONS TERMINAL

The SCMTR design is intended for use in ground terminals of a
satellite communications system, The following paragraphs discuss the
ground terminal characteristics and their impact on the SCMTR design,
Ground terminal requirements are typical of satellite communications
terminals, Furthermore, the basic requirements do not significantly
restrict the generality of the expected results, as will be shown in later
paragraphs.

The antenna being primarily considered is a 15-foot diameter




parabola. Of secondary consideration is a 60-foot parabelic antenna

as well as sizes in between, when applicable. The antenna size is of
major importance when considering initial acquisition, particularly

the larger dishes, since the resultant narrow beamwidths aggravate

the acquisition problem. The overall size, mass, moments of inertia,
structural rigidity, characteristic frequencies, etc., are extremely
important in the servo system design, but these mechanical charac-
teristics are not of first order importance in dete rmining the SCMTR
configuration, The main limitation which results from a given structure
and its drive system is a maximum value for servo bandwidth, It will
be shown in this section that the dynamic requirements are such that a
very wide servo bandwidth is not necessary. As a result, the mechanical
characteristics and limitations are of minimum impact to the SCMTR
design and were not given detailed attention during the study program.
The antenna parameters which are of most significance to this study are
beam width and gain, and these parameters are discussed in Paragraph
3, of this section,

The antenna will be mounted in an elevation-over-azimuth (Az-El)
configuration, This type of mount is conventional and has several
operational advantages. It also exhibits a major disadvantage - namely,

a "keyhole' at the zenith position, This is easily illus.rated by consider-
ing a zenith pass, which is characterized by a constant azimuth angle and

an increasing elevation angle. At the zenith point, the elevation angle

starts to decrease and the azimuth angle is required to instantaneously

shift by 180 degrees. In the case of near-zenith passes a similar situa-
tion occurs, but the azimuth dynamic requirements are finite. In all cases,
whether 2 90° maximum elevation angle or a non-restricted elevation angle
is used, the keyhole effect is present. Solutions to this problem are
available by using some form of cornputed trajectory and slewing the antenna
accordingly.

Use of an Az-El mount implies the need for ;rotective circuitry, A
typical mount would, for example, contain a mechanical stop, an electrical
limit, a servo limit and a rate limit. The mechanical stop is a final,
structural limit which prevents the antenna from exceeding some elevation
angle. Stops would typically occur above zenith (95° to 100°) and below the
horizon (-5° to ~100). The mechanical stops are the final limit and, unless
failures occur in the other protective circuitry, these stops would never be
used. The electrical stops are typically limit switches set to prevent the
antenna from reaching the mechanical stops. The servo limit is a mechanism
which does not allow servo errors to be generated which would cause the
mechanical stops to be reached, This servo limit is more restrictive than
the electrical limit switches. A rate limit may also be incorporat:d to limit




the angular rate toward zenith (when near zenith) and toward the horizon
(when near the horizon). The e and other protective devices are typically
a part of the Az-El mount and servo sysiem design and are not peculiar

to a SCMTR system. Further consideration of protective circuitry which
is conventional to Az-El mounts has not been made, since it falls outside
of the scope of the present program.

The frequency of operatjon is nominally 8 GHZ with an accuracy
and stability of one part in 10°, The frequency, which is compatable with
present and anticipated communications satellites, is extremely pertinent
to the SCMTR design., Equipment limitations, such as noise temperature
and gain as a function of hardware complexity, are dependent ocn operating
frequency. Link considerations, including antenna gains, beamwidths,
path losses, rain losses, etc. are also highly frequency dependent,

Frequency accuracy can affect the SCMTR uesign, and the specified
value of 1 part in 10” will provide sufficient accuracy and stability for any
SCMTR techniques presently visualized., The net frequency uncertainty
due to doppler, satellite translators, and short term effects will generally
be much greater than 1 part in 108, The modulation will, in general, im-
pose bandwidth requirements significantly greater than the frequency
uncertainty due to stability limitations. As a result, frequency accuracy
and stability are not restrictive and will not be an important consideration
in most SCMTR systems.

Preamplifiers used with the SCMTR must be compatable with highly
transportable terminals, A survey of low-noise receivers has been made
as a part of this program to allow the proper system tradeoffs to be made.
The survey is included as Appendix III of this report. Preamplifiers are
extremely important in this study since the equipment complexity and
system performance are directly affected, and in conflicting ways. The
use of one or more preamplifiers in pseudo-monopulse is discussed in
detail in Paragraph 3 of Section XII.

Operation with active satellites with orbits ranging from 6000 nautical
miles, to near-synchronous, to synchronous is required. These conditions
include both IDCSP and ADCSP satellites, and are, therefore, of both
immediate and long-range importance. The orbits affect basic link para-
meters, frequency uncertairty, and the overall servo system. In general,
the lowest altitude orbit determines the dynamic tracking requirements
and the acquisition problem, whereas, the maximum altitude orbit is most
significant in the communications link budget (received power level, re-
quired transmit power level).

The received signal may be either a CW signal or an angle modulated




signal, The satellite beacon signal may be used for tracking and thus the
need for CW opnration. The communications channel may be frequency
modulated with analog or digital information. A maximum analog base-
band of 8 kHz with a maximum mcdulation index of 10 is stipulated. Thus,
a maximum RF bandwidth of 160 kHz is needed. The minimum baseband
frequency will be approximately 300 Hz, assuming conventional voice and
FDM operational characteristics.

A maximum data rate of 4800 bits per second has been stipuiated
for the digital signal. The maximum bandwidth anticipatcd for the digital
mode is less than for the analog mode, since a relatively low modulation
index can be used to obtain very low bit error rates, Thus, the maximum
bandwidth to be considered is 160 kHz, as established by the analog channel.
Various combinations of voice and teletype can be accomplished within this
bandwidth,

The signal bandwidths are very important in most SCMTR systems.
For example, the maximum bandwidth is important in FDM (for channel
separation and crosstalk considerations) and TDM (for sampling rate and
single channel bandwidth). The n.inimum baseband frequency i3 important
in pseudo-monopulse and sequential lobing (for switching rates). Although
the minimum information rate, 300 Hz, and the maximum bandwidth, 160
kHz, will be of prime importance, the impact of different modems on a
given SCMTR technique will be cons lered as applicable.

3. SCMTR SPECIFICA TIONS

The basic ground terminal characteristics were discussed in the
previous section, and resulted in some general SCMTR performance require-
ments. Several additional specific requirements were imposed by the State-
ment of Work {PR C-6-2059) and still others were derived from the system
requirements. These requirements have been discussed, derived (as
appropriate), and tabulated to form the SCMTR Design Criteria,

Several general subjects, such a3 the commurications link, will be
discussed briefly since they affect the overall system requirements. The
antenna, servo system, and basic structural components and ‘he inter-
relations between these units must be defined to accomplish an overall
terminal design. However, titese units specifically are not within the scope
of the present work, As a re'sult, several key parameters will not be
s ecifically discussed, although their effect on the SCMTR design will be
estimated. For example, the antenn2 cvstem inertias, frictions, wind lcad,
backlash, and environmental requirements are of vital immportance in deter-
mining the servo design and the res ltant servo bandwidth. However, the
system is not sufficiently well definec to determine all of the above
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characteristics, and these details should not affect the basic SCMTR require-
ments. The approximate range of servo bandwidths will be determined from
target dynamics and p? st experience on similar desigus. In shcrt, the pro-
blem will not be constrained any further than necessary in order that the
resultant SCMTR design be as versatile as possible,

a. Satellite /Link Considerations

This paragraph will ciscuss the coinmunications link as it affects
the SCMTK design. The up-link, ground sfation transmitter to satellite
receiver, will not be considered since it dces not materially affect the de-
sign. A sufficient transmitter powar to address the satellite i s assumed,
and with enough margin to tolerate minor pointing errors {small fractions
of a beamwidth). The down-link is important to the SCMTR design in a
relative rather than absolute sense; i,e., the absolute value of average
ruceived power would affect the channel capaciwy (and this is discussed in
later sections), but variations in received power are of most importance
at present, For example, variations due to rain, satellite antenna pointing
errors, or ground antenna pointing errors are very important to some
SCMTR techniques.

It will be assumed that the down-link signal power will be used
with only a small margin for variations and, therefore, antenna losses due
to pointing errors are of greatest importance. The absolute power levels,
such as satellite ERP, 'free space loss', polarization losses, anc miscel-
laneous filter and line losses are, therefore, not important individually,
The receiver antenna gain is not of great importance, for the same reasons,
but the beamwidti is a critical item, Similarly, time variable losses such
as satellite spin (resulting in satellite antenna gain veriations), atmospheric
absorption, and tracking error loss {allowable) are important in the SCMTR
design.

The antenna gain, for a 15-foot parabola operating at 8 GHz
will be 49 to 50 dB, depending upon the efficiency (efficiencies from 55% to
75% can be obtained. The half-power beamwidth ranges from 0.54 to 0.6
degrees in the H- and E-planes, respectively, A nominal beamwidth of
0.58 degrees will be used in succeeding paragraphs to determine tracking
dynamics, If the antenna size were increased to a 60-foot diameter, the
gain would increase by approximately 12 dB and the beamwidth would be ra-
duced by a factor of 4 to approximately 0. 145 degrees.

Signal variations caused by the satellite are principally due to
power di-<“sion in the limiter and spin axis effects, Power division occurs
in the 1i - .er when the number of users is greater than one. Changes in
the number of users causes changes in the output power in a given channel.
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It should be noted at this point, that there ig a nonlinear ze-
lationship between the sensitivity of link degradation and azimuth axis
error. The elevation error relationship is linear. This situation has the
effect of making the link more sensitive to elevation than to azimuth errors
at all elevationangles above the horizon. The basis for this statement can
be tested quite simply by considaring the extreme special case at zenith
where error in the azimuth axis merely rotates the beam about the line of
sight and causes no lirk degradation whatsoever, no matter how large the
azirmuth error inay be. As a result of this variation in link ser .ivity to
azimuth axis errors, any meaningful assessment of tracking performance
must be made on a beam-~radial rather than a per axis basis,

The relationghip between the beam-radial error that is of
importance to the commuaications link and the error in the individual servo
axes is as follows:

2 2
EBR =\I[EEL— + (EAZ cos EL) (1)

whe re
Egr ig the beam radial error
Epj, is the elevation axis error
Eapz is the azimuth axis error
EL is the elevation angle

The above expression was derived using simple trigonometric
relationships, Clearly, at high elevation angles the importance of an aximuth
axis error is much reduced compared with its importance at the horizon.
Th's reduction of link sensitivity to azimuth error at high elevation angles
compensates to some degree for the magnification in azimuth axis dynamics
which occurs near zenith., A relatively crude, but useful, indication of the
extent of this compensation can be found as shown immediately below,

Consider an idealized servo system for wkich the dynamic
tracking error in each axis is directly proportional to the angular accele-
ration of the target satellite as seen by that axis. The same constant of
proportionaiity is hypothesized for each axis, and this constant is normaliz-
ed to unity for simplicity. (In an actual servo, the angular velocity of the
target and the successive angular derivatives beyond acceleration will also
contribute to the tracking error, However, the latter are negligible and
the former can be made small in a relatively high K,,, Type 1 servo).
Equation 1 can then be modified in this special case as follows:

N 2
EBR~\/ EL“ + {AZ cos EL) (2)
12
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where EL and A.é are ang:x.lar.:accelera tions in elevation and azimuth
respectively, Vaiues of AZ,EL, and EL at the points of maximum AZ
for passes of the medium-altitude satellite reaching seventy-nine and
eighty-nine degrees can be read froem Table 1 and substituted into this
equation to find the beam-radial following error in those two cases. The
ratio of this bearn radial error in the eighty-nine degree case to that in
the seventy-nine degree case is 11,3, The ratio of azimuth-axis errors
{azimuth axis angu'lar acceleration for this idealized servo) in the two
cases is 127, a figure that is an order of magnitude larger. Although
this calculation has been performed at a single point in the pass and for
an idealized servo, the result that it demonstrates is generally valid
throughout the pass and for any actual servo. Failure to consider the
markedly recduced sensitivity of the links to azimuth axis errors near
zenith leads to an overstatexment of azimuth servo performance require-
ments by more than an order of magnitude at elevation angles of eighty
nine degrees and above, ard by significant amounts at somewhat lower
elevation angles, 3Such overstatement leads in turn to the design of servo
systems with unnecessariiy wide noise bandwidth - causing degradation
in tracking performance at low S/N ratios due to increased tracking jiiter
error.

It should also be mentioned at this point that generally, if not
always, the error signals generated at the antenna terminals are basically
beam-radial; i.e., orthogonal signals are generated which are a function
of the beam pointing error. Thus, it is in the signal processing, and
more specifically, in any coordinate conversion processes, that thenon-
linear errcr signals become important.

Error expressions due to noise, amplitude unbalance, or
phase unbalance for example, which are referred to the antenna beam can,
therefore, be used directly and linearly to determine system performance.
When the signals have been transformed to Az-El coordinates, the beam
radial effect must be evaluated with the use of equation (1),

The zenith pass conditions can be evaluated for the worse case
orbit of 6000 miles by noting that the angular velocity is approximately
0.029 degrees per second., One method for maintaining sciiie communica-
tions during zenith or near-zenith passes would be to provide a programmed
tracking mode which would slew the antenna in azimuth ata predetermined
rate when the elevation angle exceeded a prescribed value (approximately
one beamwidth from zenith). The important characteristics of this method
are that a maximum errcr of 0,4 heamwidth results, yielding a communi-
cations signal loss of approxirnately 2 dB maximum. Another important
parameter, in =rms of the servo system, is the maximum azimuth slew
rate required, 4,5 degrees per second., A tradeoff can be made between
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the pointing error and slew rate, but these vaiues are relatively close to
optimum for the present case,

A more serious problem exists when operation with a 60-foot
antenna is considered. Although the target dynamics are unchanged, the
antenna teamwidth is much more narrow. As a result, the zenith pass
poses a more difficult situation. For example, to maintair a pointing
error corresponding to a 2 dB loss in gain, the azimuth rate must be in-
creased by a factor of 4, resulting in approximately 18 degrees per second.
Of course, several tradeoffs are available, including a much greater
signal loss or 2 complete loss of signal for several seconds. A rate of
4.5 degrees per second, as required in the previous example, woulu sesult
in a signal loss for less than 40 seconds,

The important points to note concerning azimuth and elevation
rates are that the azimuth dynamics are much greater than the elevation
requirements. Furthermore, the slewing rates necessary for near-zenith
passes {and also for acquisition) are much greater than the tracking require-
ments. The greatest impact on the servo system will probably result from
the ""dynamic range' requirements -- the ratio of the maximum azimuth
rate to the minimum angular step. The latter is of grestest significance
when considering near-synchronous orbits and is a measure of the granu-
larity of the system. Although the ratio is not dimensionless, it serves
as a useful measuce of the system requirements., For example, a granu-
larity of 0.1 beamwidth (about 0, 06°) and an angular rate of 4. 5% per second
is expressed as a dynamic range requirement of 75, or about 19 dB, Addi-
tional servo system requirements will be discussed further in the following
section.

Ce Servo Bandwidth

The servo bandwidth requirements and !imitations cannot be
accuratelydetermined within the scope of the preseri work. However,
estimates based on similar operational conditions will serve to provide
bounds on the performance. Fortunately, the precise value of servo band-
width is not required to evaluate the various SCMTR techniques. An order
of magnitude estimate is necessary to simplify the SCMTR analyses and
this estimate will be ranade in the following paragraphs,

The dynamic requirements and structural componernts, in-
cluding the dish itself, are of prime importance in the servo design,
‘Typical parameters which must be known, determined, and/or evaluated
include:
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(1) Inertia with respect t0 the azimuth and elevation axis.

(2) Compliance and damj}“ng factor between the gear box and
reflector.

(3) Frictior in the gear box, both stafic and coulomb, and
backlash,

(4) Maximum wind load torque.

(5) Maximum and minimum angular velocities.

(€) Maximum angular acceleration,

(7) Allcwable dynamic lag error,

(8) The servo gain requirec¢ as a function of frequency, which

is further dependent upon thc type of mount.

(9) Acquisition requirements, such as static error from gear
box to position readout and required scan patterns.

(10) Input signal characteristics including antenna beamwidth,
SCMTR gain, AGC characteristics, SCMTR peculiarities
(such as scan or lobing rates) and any unusual filtering
requirements,

(11) Unusual environmental conditions, power limitations, or
other applicable system specifications,

It is apparent that a detailed evaluation of the preceeding
parameters is neither desired nor necessary. The basic SCMTR design
should, if at all possible, be independent of most of the above parameters.
The basic tracking requirements, as discussed in above section, indicate
that a relatively low performance servo system would be adequate. The
requirements are orders of magnitude less severe than for tracking radars
with conventional aircraft or missiles as targets.

The requirements of ''typical'' satellite communications
terminals operating with similar ground rules have been evaluated at
Radiation Incorporated. The most severe requirements are satisfied with
servo baadwidths ¢f much less than 1 Hz., Quite often it is desirable to
further limit the bandwidth to reduce tracking jitter. It appears conserva-
tive to assume that 2 maximum bandwidth of 0,1 to 0,2 Hz would be more
than adequate for thc stipulated conditions., This bandwidth is entirely
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compatible with the structural resonances which can be achieved, assum-
ing conventional military environmental requirements. The bandwidth

could be reduced with no adverse consequences as far as the servo systemr.
itself is concerned. Therefore, a nominal 0.2 Hz servo bandwidth will be
assumed, with a reduction by an order of magnitude possibly desired in
some situations. Considering a type 2 servo, the equivalent two-sided

noise bandwidth would then be approximately 1 Hz maximum. It is relatively
easy to obtain a selection of servo bandwidths on a2 single terminal, and this
eventuality should be considercd as applicable.

d. Communications Bandwidths

Characteristics of the communications channel were generally
outlined in section 2, The most important signal characteristics were
that CW and angle modulation signals were being considered, with a maxi-
mum bandwidth of 160 kHz and a baseband range of 300 Hz to 8 kHz. Opera-
tion with teletype ¢ignals, both separately and multiplexed, was also
assumed,

The widest communications bandwidth need be only 160 kHz
plus an amount to allow for frequency uncertainties. If AFC or sweeping
techniques are used, it is possible te circumvent the adverse effects of
Doppler shift, transmitter drifts, satellite drifts, and local oscillator
drifts. Expected drifts are discussed in later paragraphs, and the net
result is that a maximum communications bandwidth of 200 kHz should be
adequate. In the event larger drifts or Doppler shifts occur, some form
of AFC would be mandatory to avoid serious degradation of the communica-
tions channel.

The minimum comrmunications bandwidth is of interest,
particularly its relation to the servo bandwidth, since this will determine
the severity of the tracking noise problem. A reasonable minimum
communications capacity would be a single 100 word per minute teletype
channel with an error rate of 1 x 10°°. Possibly a truncated voice chznnel
would represent an operational minimum, but the teletype w:!l be assumed
since it represents a worst case.

A 100 word per minute teleiype channel, with a bit error rate
of 1 x 1074, requires a minimum theoretical signal-to-noise ratio of (2):
a) +8.4 dB when antipodal (e.g., bi-phase modulation of the prime carrierj
binary signaling is used; b) +11.,4 dB when binary orthogonal signaling
is used.

A degradation of 1 to 2 dB is typical of practical techniques.
A signal-to-noise ratio of +13 dB (minimum) would be required using
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PCM/FM {(conventional frequency-shift keying, for exampie). Equivalent
noise bandwidths of approximately 150 Hz would typically be obtained
using FSK with + 42. 5 Hz shifts on a subcerrier. Under these conditions,

- . -4 .. . .
then, 100 words per minute and 1 x 10 * bit error rate, a signal-to-noise
ratio of +13 dB in a 150 Kz bandwidth is required. This implies an input
carrier to noise density (per Hertz of bandwidth) of

C = 413410 1cg;q 150 = +35 dB (3)

n

This value is particularly important when considered with
respect to the tracking channel requirements. Since a2 maximum tracking
noigse bandwidth of approximately 1 Hz has been determined appropriate,
the signal-to-noise ratio in the tracking bandwidth would be +35 dB under
minimum communications conditions, (and ascuming equivalent noise
temperatures in the communications and tracking receivers). This re-
latively high value of potential tracking channel sensitivity can be utilized
to simplify the SCMTR design. For example, a high effective noise figure
in the tracking receiver would not seriously degrade the tracking perfor-
mance. Quantitative results will be obtained for each SCMTR using the
above signal levels. More detailed results cannot be stated at this point,
since the tracking error due to noise is highly dependent on the particular
SCMTR design.

e. Signal Characteristics

Several basic signal characteristics other than those pre-
viously determined can affect the SCMTR configuration. The basic
modulation {(angle modulation )techniques and minimum signal levels have
been discussed in preceeding sections. Othe1r pertinent signal character-
istics, including dynamic range, Doppler shifts, and extraneous modula-
tions will be discussed in the following paragraphs.

Satellite induced modulations are expected to be relatively
small, considering the present state-of-the-art. However, some modula-
tion due to satellite motion is possible. For example, an '"earth coverage'
antenna mounted on a precessing vehicle could cause an AM and/or FM
component on the received signal. Similar effects could be caused by
atmospheric perturbations (e.g., cloud motion) and incidental AM or FM
in th~ satellite translator or ground transmitter. The expected signal
varia:ions would be very small and should not significantly affect the
SCMTR design. In the unlikely event that a signal variation occurred at
a rate which would interfere with the receiver (e¢.g., an AM component
at the scan frequency in a pseudo-monopulse system), the receiver design
cculd be slightly altered to avoid the interference.

18
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Additional signal modulations wil! be present, such as residual
FM, (short-term oscillator instabilitiee), incidental AM, and possibly
variations due to multipath. All of these effects are expected to be insig-
nificant as far as the SCMTR design is concerned. In general, the u~desired
modulations will be far more detrimental to the communications channel
than to the tracking channel,

The input signal levels can be corsiderably greater than the
minimum channel capacity signal evaluated in section 3.4 For example,
input signals which would produce a predetection signal-to-noise ratio of
20 dB or more in the widest signal bandwidth are very likely. The resul-
tant carrier to noise density would be

C = 420 +101og)g 2 x 10° = 473 dB
n

This is an increase of 38 dB over the minimum C/n previously calculated.
This value is also compatable with anticipated satellite commuaications
links. Thus, a 40 dB range of communications signal levels is likely, and
the tracking channel dynamic range requirements are therefore at least
40 dB. Even greater variations are probable when the satellite type is
changed; i.e., ERP, range, basic capabilities are varied.

The signal losses due to rain, as discussed in an earlier
section, can result in 2 significant change in signal strength. The path
losses and local area losses (due to reflection and local obstructions) can
also cause signal variations. The total dynamic range should not greatly
exceed t'.e postulated values, however. Lower level signals would result
in loss of communications and very much higher level signale would re-
present an unforeseen satellite capability and a significant waste of com-
munications capability (it could be better utilized by sxrving more terminals,
for example). Thus, a dynamic range specification of about 50 dB would be
a couservative value, and it should not unduly restrict the SCMTR design.

Doppler shifts on the incoming signal are greatest for the
lowest altitude satellites. The major impact of Doppler on the SCMTR
design is in the acquisition mode. This is duc to the extremely slow rate
of change of frequency. Thus, the initial signal frequency uncertainty may
be large, but it will rot change rapidly and can easily be tracked with a
slow AFC system. The maximum expected Doppler shift for a 6000 mile
orbit is approximately + 100 kHz on an 8 GHz signal. When near-synchro-
nous and synchronous orbits are considered, the Doppler shift is essen-
tially zero.
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f. Acquinition Pararneters

The exact acquisitior. problem depende upon a2 number of
variables, both in satellite characteristics and ground terminal character-
istics. The general problem is one of locating a signal which has an initial
uncertainty in both position and frequency. Thus, a two-dimensional search
is necessary to find the satellite.

The frequency uncertainty is due to transmitter frequency drifts
(beacop signal drifts), receiver frequency uncertainties (local oscillator
drifts), and Doppler shifts, The {requency drifts in transmitter and receiver
are relatively small, ranging from ! part in 106 to 1 part in 108 typically,
which corresponds to 8 kHz 1o 80 Hz with an 8 GHz signal, Doppler shifts
can be greater than 100 kHz, in general, Therefore, if no other informa-
tion is available, a frequency uncertainty in the range of the Doppler shift
is presunt. Alternately, a relatively inaccurate ''guess' based on ephemeris
informac on would reduce the Doppler uncertainty by an order of magnitude,
Note :t=+ this ephemeris data is necessary to place reasonable bounds on :
the space uncertainty. Two ''worst case!'' values are therefore suggested
for the frequency uncertainty:

A frequency range of less than + 150 kHz would be
required under the most adverse conditions,

A frequency range of + 15 kHz would be required
under normal coaditions.

The spacial uncertainty is due to three major factors; ephemeris
inaccuracies, unknown locality, and unknown local orientation. The first
factor is due to measurements on the satellite and, except for the first few
orkits, contributes very little to the ove=all problem. The second factor,
lack of precise knowledge of the terminal location can be significaut,
particularly in initial acquisition (the first operation in 2 given locatioa).
The third factor is probably most significant in transportable ter.ninals,
since an inaccurate knowledge of direction {true North) and local vertical
are directly added to the other uncertainties. A detailed analysis of this
proble:m has been accomplished for a terminal with capabilities similar to
those in the present case {assuming antenna size, frequency stability,
communications capability, and mobility can be used to equate terminal
complexity), The results of this analysis are siuply that, for the lowest
altitude satellites, a maximum spacial uncertainty of 2 degrees in each
direction is probable, /4 total sweep of + 3 degrees in each direction would
be a conservative value, and should not impose unduly harsh requirements
on the antenna drive system of servo system.
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These changes are relatively long term variations (occurring at intervals
ranging from minutes to hours) and will not be of great importance to the
SCMTR. These changes are not vastly different from the variations in
signal level due to range; i.e., changes in free space attenuation, Spin
axis ripple, on the other hand, can occur at rates in the order of a cycle
per second and with a magnitude in the order of 0,5 to 1.0 dB. This
variation must be considered in some SCMTR designs,

The most severe potential signal variation is that due to rain,
particularly at low elevation angles. At frequencies above a few GHz the
atmospheric attenuation increases rapidly with frequency. This effect is
shown in Figure 1, which is a graph of atmospheric attenuation versus
frequency for four conditions of rain. Expected path lengths through rain,
as 2 function of satellite ele-ation angle and for several freezing altitudes
are shown in Figure 2. A conclusion which can be drawn froin these curves
is that large losses can be expacted due to rain when low elevation angles
are used, The impact of this vn the SCMTR design is simply that a communi-
cations bandwidth reduction is probable under these conditions, 30 a worst
case analysis based on minimum ¢ mmunications bandwidths should be made.
The rate of change of atienuaticn due to rain is, in general, relatively low,
so the principal effect i. long term and is reflected in the channel capacity.

b. Tracking Dynamics

The SCMTR is required to operate with satellites in orbits
ranging from 6000 nautical miles, to near-synchronous, to synchronous.
Since a large amount of datall) iz available for 5000 mile orbits, a separate
calculation for 6000 mile orbits was not deemed necessary. The 5000 mile
orbit has slightly greater dynamic requirements than the 6000 mile orbit,
so it can be used in a worst case design. Of perhaps greater significance
is the fact that these dynamic requirements 2re not limiting parameters in
the SCMTR design, There are two reasons for this: first, the acquisition
mode generally imposes greater dynamic requirements since a spacial
search must be made to locate the satellite in a reasonable length of time;
secondly, the zenith pass represents a worst case protlem and this is
considered separately.

Target dynamics for low orbits are plotted in detail in reference
(1). Selected values from these curves are tabulated in Table 1, Also
listed in this table are the dynamics for a 19,000 mile orbit, which is
representative of a ''near-synchronous’' satellite, The ideal synchronous
orbit imposes no dynamic requirements, and a practical '"'synchronous"
orbit exhibits very low dynamics compared to the ''near-synchronous'' case.
As a result, the 5000 mile parameters will be used as worst case conditions
to determine the SCMTR requirements.

21




The variable which has not yet been discussgzd is the time
allow=d for acquisition, Time is a parameter which varies with the
tactical usage of the equipment and is particularly impoxtant in kandover,
and this is most significant when lower altitude satcllites are bsing used,
Acquisition times of a few minutes, for the worst case frequency an?
spacial uncertainties are not unreasonable. If an extremely fast acquisi-
tion time is needed, it could imposec additional requirements on the
SCMTR.

It is aisc enlightening to view the acquisition problem from
a different point. Consider first the dynamics required of the tracking
system sinply to follow the satellite after acquisition, It is apparent
that the dynamics required tc acquire the satellite are no less than, and
are in fact greater than, the tracking dynamics. Thus, the acquisition
mode impnses the most severe dynzmic requirements. For this reasocn,
mode switching may be required. For example, a wide band condition may
be needed for acquisition, and would result in 2 relatively large tracking
error due to noise. However, once acquisition was accomplished, a
narrower bandwidth could be used to reduce the noise errors.

g. Additional Performance Requirements

One performance requirement imposed directly by the Statemeat
of Work, Exhibit "A'" of PR C-6-2059, is that the SCMTR shall not degrade
the predetection signal-to-noise (S/N} ratio more thar 2 dB, with a design
goal of 1 dB. In order that the communications channel be affected only
slightly by the SCMTR, every effort should be made to meet the 1 dB design
goal. It is worth noting, at this time, that the c’ner SCMTR specifications
discussed in this section are compatible with this requiremsnt, and that
the predetection S/N degradation is the single, most important measure

of SCMTR performance.

Another performance characteristic which is important to the
tracking is crosstalk, Crosstzlk in this sense reters to elevation tracking
errors which would cause signals tc appear in the 2zimuth error channel
and vice-versa, A further characteristic which should be evaluated is the
bias error problem; i.e,, amplitude or phase unbalance in the system which
would result in a constant boresight error,

The crosstalk and bias error problem can be evaluated for the
cases of "amplitude'' monopulse and 'phase’’ monopulse, since one of these
two antenna techniques is typically used to obtain tracking information, A
detailed analysis is not generally possible without further specifying the
method for combining the various feed signals to cbtain the sum and

difference sigrals, However, some general characteristics can be found.
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These characteristics are derived in Secticn Vil. A summary of the
general factors which are pertinent to this program ifollows:

The microwave-antenna system is assumed to consist of a
number of feeds, or elementary elements. The outputs from these feeds
enter a device called a comparator, The output of the comparator consists
of three separate signals; the sum channel, elevation error channel, and
azimuth error channei. It should be noted that the azimuth error channel
renresents a beam radial comronent and is actually an error channel
orthogonal to the elevation er:or channel, not the azimuth axis mount
error. Ideally, the sum chaiunel is maximum and the difference channels
are zero when the antenna is pointed at the satellite. In practice, however,
pointing errors occur as a result of pre-comparator errors; i.e., ampli-
tude and phase unbalances prior to the output of the comparator. The nature
of these errors are that ampiitude unbalances cause boresight shifts in an
amplitude monopulse system and phase unbalances cause boresight errors
in a phase sensing monopulse feed (the errcrs being described with respect
to the feed terminals). '"Opposite' errors (i.e., phase errcis in an
amplitutde monopulse) result in imperfect nulls on boresight. Thus, a . _.al
appears in the error channel(s) at beoresight, but it represeats a mirimum;
i.e., moving the antenna in any direction would increase the error signal.
This boresight signal, with respect to the sum channel signal at boresight,
is often referred to as the null depth of the system. A specification on the
null depth wculd therefore place specific requirements on the '"opposit~"
unbalances,

It has been assumed for this program that boresight errors
must be controlled such that the pointing error would cause a relatively
small sum channel loss; i.e., any boresight losses must be included in
the overall sum channel degradation specification. An important pdnt,
however, is that most, if not all, of the SCMTR techniques being e valuated
utilize the same feeds and comparators as a full monopulse system. There-
fore, pre-comparator errors will, for the most part, cause identical
degradation in all SCMTR methods and in full monopulse. Technigues which
do not conform to this general statement should be analyzed to assure that
realistic pre-cocmparator errcrs do not cause significant perfcrmance degra-
dation,

Post-comparator errors will, in most cases, result in cross-
talk in SCMTR's and cause a loss in gain in nearly all systems., The gain
loss phenomonon is usually found in the correlation detector (in the case of
phase unbalance) or as a direct gain change (in the case of amplitude
unbalance). The major impact of this change in gair is to place more
stringent gain margin requirements on the servo system. Thus, relatively
large post-comparator variations can usually be tolerated without significant
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system degradation when the pre-comparator errors are small. The com-
bination of pre- and post-comparater errors will result in crosstalk, A
small amount of criosstalk will cause the antenna to ''spiral' towards a
target rather than be moved in the true dir~ction of pointing ¢rror. Of
course, when the crosstalk becomes very large, the antenna inward spiral
becomes a circle and finally an outward spirai, so 2 reasonable limit must
be imposed on crosstalk, The impact of post-comparator errors has been-
analyzed for the various SCMTR techniques as appropriate.

h, SCMTR Requirements - Summary

The most important SCMTR system design requirements are
tabulzted in Table 2.

TABLE 2

System Design Criteria Summary

Antenna: 15-foot diameter; 0.58° teamwidth,

Mount: Elevation-over-azimuth.

Tracking Dynamics: See Table 1,

S=rvo Neise Bandwidth: 1 Hz maximum; 0.1 Hz minimum.

Acquisition: Frequency Uncertainty: + 150 kHz worst
case.

+ 15 kHz typical,
Spacial Uncertainty: + 3° typical.

Frequency: 8 GHz nominal.
+ 1 partin 108 accuracy and stability.

Mecedulation: CWor FM

RF Bandwidth: 160 kHz maximum.
150 Hz minimum

Receiver Signal Level: C/n of +35 dB to +85 dB.

Sum Channel Degradation: 2 dB maximum.
1 dB design goal.
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4. BASIC SCOPE OF WQRIX

The purpose of this paragraph is to describe the overall scope of
the study program. This scope resulted from both the requirements of
the Statement of Work, PR C-6-2059 and the requirements discussed above.
The basic purpose of this program has been to develope a design for a
Single Channel Monopulse Tracking Receiver (SCMTR).

The SCMTR must process signals received by an antenna to provide
azimuth and elevation error signals for use in the antenna servo system
and must demodulate an angle modulated sigral to obtain the baseband
information. The SCMTR consists of the necessary receive feeds, the
comparator which forms sum and difference channels, one or more low-
noise preamplifiers, mixers, amplifiers, a single IF amplifier, detectors
necessary to obtain the azimuth and e¢levation error ctignals, and demodulz-
tors necessary to obtain the baseband information,

The objectives of this program are to reduce the complexity of con-
ventional mcnopulse tracking systems while preserving their angular
tracking accuracy and to incorporate the communications demodulators
into the SCMTR without degrading the pre-detection S/N more than 1 dB
(design goai). In order to best obtain the objectives of this program, some
aspects of the problem must be emphasized while others are given only
cursory eximination, Following paragraphs will discuss the factors which
have been emphasized in this study.

Techniques which can minimiwc the feed-comparator-microwave
circuit components have been investigated, buc iccd design per se was not
emphasized. Ample work has been done in this area, 2s evidenced in the
literature search. Furthermore, the feed and comparator components are
usually cornmon to the different SCMTRs. An analysis of moropulse antr:nna
characteristics is found in Section VI,

The pre-amplifier, mixer, and IF amplifier areas have been of prime
importance in this program. It is here that the major system complexity |,
tradeoffs have been made. For example, use of multiple, complex pre-
amplifier systems will result in improved performance, but a significant
reduction in complexity is possible with (potentially) a small performance
degradation. In some SCMTR techniques unduly harsh requirements may
be pliced on mixer and amplifiers, Thus, particular emphasis was placed
on these elements when the various SCMTRs were evaluated.

Detector characteristics can be significant, particularly when thres-
hold performance is being considered. Thus, any peculiar detector re-
quirements imposed by a particular SCMTR have been evaluated. Detector
parameters are most imporiant when evaluating the tracking errors due to
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noise, but, as shown earlier, the tracking noise bandwidth is much less
than the communications bandwidth, Therefore, detector performance is
importunt in only a few SCMTR techniques.

Although the servo system design is not within the present scope of
work, servo design parameters have been considered as they interact with
the SCMTR. This effect was evidenced by requirements on signal process-
ing which might affect the servo system (e.g., AGC requirements can affect
servo gain and bandwidth). Limitations imposed by azimuth and elevation
drive systems were considered as they affected SCMTR concepts.

An additicnal case which was considered was the acquisition problem.
As discussed earlier, acquisition of the satellite imposes requirements
more stringent than tracking dynamics. The situation is most acute when
larger antennae are used. Specifically, the feasibility of extending the
SCMTR techniqucs to tracking antennasg as large as 60-feet in diameter
was considered,

A requirement imposed by the Staternent of Work was that two SCMTR
approaches be considered: 1) a SCMTR which incorporated communication
signal demodulation in addition to forming the error signals and 2) a
SCMTR which only forms the error signals. Since it became apparent that
a SCMTR technique which combines the communications and tracking sighals
wasg feasible, the latter approach was not considered.

Several specific analyses were performed to aid in the design and
evaluation of the SCMTRs. Parameters which were evaluated for each
SCMTR technique include the following:

a. Equipment complexity - a vital parameter which includes not
only the size, weight, and other physical characteristics but also the
difficulty of alignment and the ability to maintain calibration.,

b. Cost - the economics may be a sigrificant measure of the value
of a technique; design and alignment costs are considered as well as
component costs.

C. Angular tracking accuracy - tracking accuracy is an important
parameter, but tracking accuracy heyond that necessary to maintain sum
channel gain does not improve the overall terminal capability.

d. Sum Channel Degradation - the most important single performance

parameter; it incorporates the effects of all aspects of the problem into a
single factor -- how well can the basic communications channel function,
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e. Carrier to noise density requirements - an evaluation of the
minimum C/n necessary to track the satellite,

f. Dynamic Range - any peculiar dynamic range reguirements due
to the different rnultiplexing techniques.

E. Bandwidth Requirements - significant bandwicdth requirements
peculiar tc the various SCMTR techniques.

k. Pre- and Post-comparator requirements - the amplitude and
phase linearity necessary to avoid boresight errors and crosstalk,

The above list is not exkaustive, and other pertinent parameters were
evaluzied as well (see Section III).

The basic philosophy which wag adopted in evaluating the various
techniques was one of comparison; i.e., relative merits rather than
absolute values were used in the evaluation., In particular, the SCMTR
techniques were ccmpared with each other arnd with a conventional, three-
channel monopulse receiver system. In moest respects the three-channel
receiver offe ‘s the ultimate in performance, whereas the SCMTRs were
typically less complex. The basic tradeoff, then, was periormance versus
eqripment complexity. In this sense, an optimum tradeoff occurs when
the performance is compromised by a negligibly small amount and the hard-
ware requirements are greatly reduced. A tabulation of the characteristics
of each SCMTR, as well as full monopulse receivers is found in Section II.

5. SCMTR TECHNIQUES
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