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1.0 EXECUTIVE SUMMARY

1.1 Purpose of Effort and Dearee of Performance

The overall objective of the effort has been to critique the
design and assess the performance of the Orbiter Ku-band radar/communica-
tion equipment. The work has three principal aspects:

(1) Review the architecture of the HAC Ku-band equipment and
assess the design in regard to compatibility with NASA performance
requirements over the specified environments.

(2) Review data from tests performed by HAC on the Ku-band bread-
board hardware and the engineering model and identify any discrepancies
between predicted (design analysis) performance and measured (test data
analysis) performance and provide recommendations to NASA in those areas
not providing satisfactory performance.

{3} Evalute the Ku-band hardware product design and identify any
probiem areas with recommendations for possible alternatives.

The degree of results produced with respect to objective (2) is
directly proportional to design and test data available from the Ku-band
radar/communication equipment contractor, HAC. Additional testing by HAC,
Rockwell and NASA is needed before full evaluations are possible.

1.2 General Approach to the Activity

The general approach has been to work with cognizant NASA per-
sonnel and individuals at RI and HAC to ascertain directions taken. A
vital part of this activity has involived Axiomatix attendance and parti-
cipation in the reguiar monthly program reviews as well as all special
meetings at HAC. These latter gatherings usually involved detailed dis-
cussions on design and specification issues that surfaced at the regular
monthly reviews.

Each month, Axiomatix prepared a Monthly Technical Report which
contained a brief summary of all relevant technical activity, including
design reviews, technical conferences, design and analysis efforts and
resuits, critical problem areas, and a forecast of effort Tor the next
monthly reporting period. In addition, Axiomatix prepared a report for
each of the tasks. This Final Report summarizes the results of these
reports.



1.3 Contents of the Final Report

This report provides information on all activities with which
Axjomatix was involved during CY78.

Section 2.0 is an expanded introduction which addresses the
in-depth nature of the tasks and indicates continuity of the reported
effort and results with previr s work and related contracts.

Two major modes of operation exist in the Ku-band system, namely,
the radar mode and the communication mode, as seen in Figure 1. The
Ku-band radar system is designed to search for a target in a designated
or undesignated mode, then track the detected trvget, which might be
cooperative (active) or passive, providing accurate estimates of the tar-
get range, range rate, angle and angle rate to enable the Orbiter to
rendezvous with this target. The radar mode is described along with a
summary of its predicted performance in Section 3.0. The principal sub-
unit that implements the radar function js the ETectronics Assembly 2
(EA-2). The relationship of EA-2 to the remainder of the Ku-band system
is shown in Figure 2. Section 4.0 presents a block diagram of EA-2
including the main command and status signals between EA-2 and the other
Ku-band units.

The Ku-band communication mode is designed to enable the Orbiter
to communicate with the Tracking and Data Relay Satellite (TDRS). This
requires angle tracking of the TDRS as well as a forward 1ink to receive
from the TDRS and a return Tink to transmit to it. Various functions
have to be performed in order to recover the data in the forward 1ink.
The main functions can be summarized in tracking the received carrier,
despreading of any existing spread spectrum signal, then either passing
the signal through an amplifier and line driving stage (buffering) or
detecting the data by performing bit and frame synchronization before
sending it to the Orbiter. Two modes can be selected in the return Tink
whereby both channels are quadriphase modulated on a subcarrier, then
either quadriphase modulated with a third channel on a carrier in one
of the modes or added to the third channel to frequency modulate a
carrier. Detailed descriptions of the forward and returh 1inks are
discussed in Sections 5.0 and 6.0 respectively.

In order to operate the Ku-band system and select the required
modes, various power supply voltages and command signals are generated.
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These are briefly discussed as part of Sections 7.0, 8.0 and 9.0, which
are devoted to the description and discussion of the actual subunits
being built by HAC and which are shown in Figure 2 with the major signals
between the units as well as between the units and the Orbiter. As shown
in this figure, these units are:

. Deployed Mechanical Assembly (DMA)

Deployed Electronic Assembly (DEA)}

Electronic Assembly 1 (EA-T)

. Electronic Assembly 2 {EA-2) {presented in Section 4.0)
. Signal Processing Assembly (SPA)

[ B A

The product design considerations for the Ku-band integrated
radar and communication equipment are presented in Section 10.0. The
equipment, as designed by HAC, is comprised of four 1ine repiaceable units
(LRU). One of these LRUs is a deployed assembly (DA) lscated within the
payload bay. It is deployable upon opening the payload bay door. The
other three LRUs are EA-1, EA-2, and SPA.

Finally, Section 11,0 presents a cumulative index of the major
HAC documents describing the Ku-band radar/communication system. The
intent of the index is to provide a cohesive reference to the various
documents describing the system. Information relevant to any one of the
subsystems may be contained in several documents; the index should help
those who are famijliar with the system to access needed information and
those who are not to gain an understanding of the functions of the system.

1.4 Design Evaluation Summary

This section presents a summary of the major potential probiems
found 1in this study. The potential problems in each Ku-band system sub-
unit are identified, and possible alternatives are suggested when this
is applicable.

1.4.1 Deployed Mechanical Assembly

There are two major areas of concern pertaining to the Ku-band
antenna system:

(1) Although the specifications require the antenna sidelobes
to be at least 18 dB below the main lobe, the current test figures show



that the sidelobes can be as high as 14 dB below the main lobe. This
might create a problem in sidelobe discrimination, especially in the
radar mode.

(2) Since the primary TDRS search mode is now the GPC designate
because of the inability of the TDRS angle tracking circuitry to with-
stand a Targe rate of signal power change, it was recommended that the
wide beam horn polarization be changed to linear polarization. This
would help the sidelobe rejection capabilities in the radar mode.

1.4.2 Depioyed Eiectronic Assembly

The DEA test data show that the unit is meeting the specifica-
tions in all major tests performed. It should be noted, however, that
the transmitter/receiver microwave subunit has not yet been adequately
documented, which Timits the ability of analyzing it in more detail for
any potentiail probiems.

1.4.3 Electronic Assembly 1

The receiver part of the EA-T appears to be meeting the specifi-
cations. In particular, (1) with the loop SNR predicted for the Costas
loop of the forward 1ink, the data detection capability of the Toop is
degraded very littie within the C/N0 operational range; (2) the computa-
tions show that a maximum acquisition time of 70 msec is rieeded in no-
noise for the Costas loop to puli-ins and (3) both analysis and experi-
mental data show that the tau-dither loop is expected to meet the tracking
specifications of 0.022 chips. A worst-case degradation is not expected
to exceed 0.14 dB.

One aspect of the PSK data demodulator design which requires
closer examination is that of using the 5.92 kHz "dither" signal in
modes other than CW reception. For the CW mode, the dither signal is
obviously required to provide the sideband which can be utilized by an
AC coupled Costas loop for coherent carrier acquisition and tracking.
However, for the case when biphase-L data is being received, the require-
ment for a dither waveform is questionable because the spectrum of the
data does not contain DC, i.e., the carrier, anyway. Locking up to and
tracking of such biphase-L data with an AC coupled loop should not present
a problem.



Introduction of an asynchronous dither signal into the received
IF signal biphase modulation and subsequent removal of this signal from
the baseband data by a chopper may result in "glitches" which, in turn,
may degrade the BER performance.

Consequently, it is recommended that the function of the dither
signal during reception of the biphase-L data be reexamined and, if it
is not found to be justifiable, use of dither in the data receive mode.
be discontinued.

As far as the scanning function of the EA-1, the data presented
at the PDR points out that the 30% overlap specification is not met.
The HAC digital simulation results show that the overlap is about 25% in
the radar main scan and only 12% in the communication main scan. This
problem deserves special attention due to its impact on the system per-
formance in the search mode.

1.4.4 Electronic Assembly 2

The radar mode, which is the primary function of the EA-2,
appears to be meeting specifications in most cases of interest. The
major problems in the EA-2 can be summarized as:

(1) Detection margins are negative for the worst-case design
and are marginal for the average-Tosses design at 10 nmi. An increase
in the scanning time from 1 min to 2 min is recommended to assure ade-
quate performance.

(2) Angle rate accuracies are marginal for some ranges and the
angle rate transient response to accelerations normal to the Tine-of-sight
does not settle fast enough within the specifications. Any attempt to
widen the angle loop bandwidth to improve transient response will have an
inverse effect on the steady-state tracking performance of the Toop. It
is believed that, unless major design changes are made, a compromise
between steady-state performance and transient performance of the angle
tracking Toop has to be worked out.

(3) There is a discrepancy between the range rate logarithmic
discriminant error calculated by Axiomatix and that calculated by Hughes.
This might be due to the method that HAC is implementing to map between
the doppler offset and the expected mear of the discriminant. Further
HAC documentation is needed before this discrepancy can be resolved.



(4) It is believed that the angle and angle rate measurements for
Targe targets will not be dependable at close ranges. These ranges are
functions of the target size and shape. It is recommended that further
analysis be performad before an optimum solution to this problem is
reached.

It should be emphasized that a close agreement is found between
analytical performance curves derived by Axiomatix and available data
supplied by HAC.

1.4.5 Signal Processing Assembly

The detailed evaluation of the SPA data is discussed in Section
9.0. The two main functions of the SPA are the forward Tink bit syn-
chronization and frame decommutation and the return 1ink baseband three-
channel signal madulation.

The first and main function of the SPA forward link signal pro-
cessing is to establish bit synchronization before frame decommutation
can take place. The bit synchronizer jmplemented by HAC includes an
anbiguity resolver which distinguishes midbit transitions from between-
bit transitions of the incoming 216 kbps biphase-L data. The detailed
analysis of the bit synchronizer is presented in Appendix E.

A description of the ambiguity resolver and numerical results of
the performance analysis are presented in Section 9.3, with the complete
performance analysis presented in Appendices F and G. However, no test
data is available yet for comparison.

Several observations can be made concerning the bit synchronizer:

(1) The calculations show that the degradation in signal-to-noise
ratio due to imperfect bit timing does not exceed 0.75 dB for Ry>2dB
(Rd= Eb/NO), which is well below the specifications of 1.0 dB and in
agreement with most of the available data. Some test data, however,
show that, for high temperatures (85°C), the loss can be between 1-1.5 dB.

(2) For given values of in-phase decision threshold and transi-
tion density, tracking jitter decreases with an increase in signal-to-noise
ratio, Rd. This is intuitively correct because better performance should
be expected at higher signal-to-noise ratios. It is pointed out, however,
that the test data suppiied by HAC show a reverse trend at high Ry where



the Toss which is proportional to the tracking jitter is shown to increase
with the increase of signal-to~noise ratio.

(3) The test data show that, in order for the bit synchronjizer
loop to acquire and maintain lock over the full temperature range of -20°C
to 85°C, signal-to-noise ratios of 2 dB and 5.9 dB might be needed for
random data and alternating data, respectively. At the same time, the
available test data show that acquisition is taking place down to O dB
with a wide frequency pull-in margin that exceeds by far the specifica-
tions of %22 Hz. Though a possible small margin of signat-to-noise ratio
above 0 dB might be warranted to alliow for compenent aging, the value
of 5.9 dB is believed to be high Ffor such tolerances.

1.4.6 System Software

In order to assure proper functioning of the Ku-band system hard-
ware, the system software has to be completed. The lack of documentation
of the software design, the required memory size, and the cycle time make
it impossible to evaluate this important part of the Ku-band system. This
constitutes a major problem in the evaluation of the system and cannot be
resoTved before adequate documentation is made available.

1.5 Continuing Effort

Axiomatix will continue to support the overall Ku-band system
developments and, in particular, all activities associated with develop-
ment of the Ku-band avionic hardware. During CY79, this effort will
include:

(1) Development test performance evaluation

(2) Qualification test performance evaluation

(3) Radar range test evaluation

(4) Ku-band high-gain antenna/widebeam horn design evaluation.

In addition, Axiomatix will be working with all concerned agencies (prin-
cipalTy, NASA, RI and HAC) to solve design and operational problems in a
timely., efficient, Tow-cost manner.
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2.0 INTRODUCTION

This Final Report summarizes the design evaluation and performance
assessment of the Orbiter Ku-band radar/communication equipment being
developed by Hughes Aircraft Company (HAC) under subcontract from Rockwell
International (RI).

2.1 Statement of Work

2.7.1 Objectives

The overall objective of the effort has been to critique the
design and assess the performance of the Orbiter Ku-band radar/communica-
tion equipment. The work has three principal aspects:

(1) Review the architecture of the HAC Ku-band equipment and
assess the design in regard to compatibility with NASA performance
requirements over the specified environments.

(2) Review data from tests performed by HAC on the Ku-band bread-
board hardware and the engineering model, identify any discrepancies
between predicted (design analysis) performance and measured (test data
analysis) performance, and provide recommendations to NASA in those areas
not providing satisfactory performance.

(3) Evaluate the Ku-band hardware product design and identify any
problem areas with recommendations for possible alternatives.

2.1.2 Stipulated Tasks
The contract statement of work calls out the following tasks:

"Task #1. Ku-Band Egquipment Design Evaluatjon

The contractor shall perform evaluation analysis of the
Ku-band design as depicted in the Ku-band contractor sche-
matic diagrams. The contractor shall assess the design

in regard to compatibility with NASA performance require-
ments over the specified environments. In addition, the
contractor shall identify areas of the design that may
involve high technical risk or marginal performance and
recommend alternate designs. The results of the Ku-band
Equipment Design Evaluation shall be detailed in the
Design Evaluation Report.



11

Task #2. Ku-Band Breadboard Test Analysis

The contractor shall provide anaiysis of Ku-band breadboard
hardware test data as presented by the Ku-band contractor.
The contractor shall verify that the test data supports the
NASA requirements. The contractor shall identify any dis-
crepancies between predicted (design analysis) performance
and measured (test data analysis) performance of the bread-
board hardware, and provide recommendations to the NASA in
those areas not providing satisfactory performance. The
results of the Ku-band Breadboard Test Analysis shali be
reported in the Test Data Analysis Report.

Task #3. Ku-Band Product Design Analysis

The contractor shall provide evaluation of the Ku-band hard-
ware product design. This shall include, but not be 1imited
to. review of the box layouts, enclosure design, partition-
ing, board layouts, and test signals. The contractor shall
identify any problem areas identified and recommend possible
atternates. The results of the Ku-band Product Design Anal-
ysis shall be reported in the Product Design Evaluation
Report.

Task #4. Ku-band Engineering Model Data Analysis

The contractor shall provide evaluation analysis of the

Ku-band engineering model test data presented by the Ku-band
contractor. The contractor shall verify that the test data
supports the NASA requirements. The contractor shall identify
discrepancies between the expected performance, based on design
analysis and breadboard test data, and the performance measured
during engineering model tests. The results of the Ku-band
Engineering Model Data Analysis shall be reported in the
Prototype Data Analysis Report.*”

2.1.3  General Approach

The general approach has been to work with cognizant NASA person-
nel and individuals at RI and HAC to ascertain directions taken. A vital
part of this activity has involved Axiomatix attendance and participation
in the regular monthly program reviews, as well as all special meetings,
at HAC. These latter gatherings usually involved detailed discussions on
design and specification issues that surfaced at the regular monthly
reviews.

Each month, Axiomatix prepared a Monthly Technical Report which
contained a brief summary of all relevant technical activity, including
design reviews, technical conferences, design and analysis efforts and
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results, critical problem areas, and a forecast of effort for the next
monthly reporting period. In addition, Axiomatix prepared a repori for
each of the first three tasks. The report covering the fourth task is
inciuded in this Final Report along with summaries of the work performed
under the first three tasks.

2.1.4  Continuity with Previous Work and Relationship to Parallel Work

The subject contract effort was new Tor CY78; however, preavious
activity was carried out under contract NAS 9-14614, "Study to Investi-
gate and Evaluate Means of Optimizing the Radar/Communications Functions."
The work performed under the subject contract was strongly interrelated
to parallel efforts; contract MAS 9-15240C, "Shuttle Ku-Band and S-Band
Communications Implementation Study," forms the system framework which
ties the Ku-band communication equipment to the overall Tracking and
Data Relay Satellite System (TDRSS) network and addresses the system
interfaces.

2.2 Scope of the Final Report

The integrated Ku-band communicatidﬁ/radar system is described
here from two separate points of view. The first is concerned with the
signal flow during various operating functions of the system, while the
second is devoted to describing the functions and operation of the var-
jous subunits currently being implemented by HAC.

Two major modes of operation exist in the Ku-band system, namely,
the radar mode and the communication mode, as seen in Figure 3. The
Ku-band radar system is designed to search for a target in a designated
or undesignated mode, then track the detected target, which might be
cooperative (active) or passive, providing accurate estimates of the
target range, range rate, angle and angle rats to enable the Orbiter to
rendezvous with this target. The radar mode is described along with a
summary of its predicted performance in Section 3.0. The principal sub-
unit that implements the radar function is the Electronics Assembly 2
(FA-2}. The relationship of EA-2 to the remainder of the Ku-band system
is shown in Figure 4.

Section 4.0 presents a block diagram of EA-2 including the main
command and status signals between EA-2 and the other Ku-band units.
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Section 4.0 also identifies the major‘existing probiems in the radar
mode of operation.

The Ku-~band communication mode i{s designed to enable the Orbiter
to communicate with the Tracking and Data Relay Satellite (TDRS). This
requires angie tracking of the TDRS as well as a forward Tink to receive
from the TDRS and a return Tink to transmit to it. Various functions
have to be performed in order to recover the data in the forward 1ink.
The main functions can be summarized in tracking the received carrier,
despreading of any existing spread spectrum signal, then either passing
the signal through anr amplifier and 1ine driving stage (buffering) or
detecting the data by performing bit and frame synchronization before
sending it to the Orbiter. Two modes can be selected in the return
link whereby both channels are quadriphase modulated on a subcarrier,
then either quadriphase modulated with a third channel on a carrier in
one of the modes or added to the third channel to frequency modulate a
carrier. Detailed descriptions of the forward and return links are dis-
cussed in Sections 5.0 and 6.0, respectively.

In order to operate the Ku-band system and select the required
modes, various power supply voltage and command signais are generated.
These are briefly discussed as part of Sections 7.0, 8.0 and 9.0, which
are devoted to the description and discussion of the actual subunits
being built by HAC and which are shown in Figure 4 with the major signals
between the units as well as between the units and the Orbiter. As shown
in the figure, these units are:

Deployed Mechanical Assembly (DMA)

Deployed Electronic Assembly (DEA)

Electronic Assembly 1 (FA-1)

Electronic Assembly 2 (EA-2) (presented in Section 4.0)
Signal Processing Assembly (SPA)

[ I RO A R

Also in Sections 7.0, 8.0 and 9.0, the major existing probiems in these
subunits are identified as a result of evaluating the available test data
and comparing it to the predicted performance.

The product design considerations for the Ku-band integrated radar
and communication equipment are presented in Section 10.0. The equipment,
as designed by HAC, is comprised of four Tine replaceable units {LRU).
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One of these LRUs is a deployed assembly (DA) Tocated within the payload
bay. It is deployable upon opening the payload bay door. The other three
three LRUs are EA-1, EA-2, and SPA.

These LRUs are located inside the QOrbiter cabin in the avionics
bay. The DA consists of the two major subassemblies, the DEA and the DMA.
The detailed description of the product design of the Ku-band system is
discussed in Appendix H. It should be pointed out that, since the only
availanle literature concerning the product design is that from HAC, most
of the material describing the product design has been extracted from the
various contractor (HAC) reports.

Finally, Section 11.0 presents a cumulative index of the major
HAC documents describing the Ku-band radar/communication system. The
intent of the index is to provide a cohesive reference to the various
documents describing the system. Information relevant to any one of the
subsystems may be contained in several documents; the index should help
those who are familiar with the system to access needed information and
those who are not to gain an understanding of the functions of the sys-
tem. It is recommended that the index be expanded and updated as addi-
tional documents become available from HAC, as well as from other sources.

2.3 Evaluation and Recommendation Summary

This section presents a summary of the major potential probiems
found in this study. The potential problems in each Ku-band system sub-
unit are identified, and possible alternatives are suggested when this
is applicable.

2.3.1 Deployed Mechanical Assembly

There are several problems pertaining to the Ku-band antenna
system:

(1) Although the specifications require the antenna sidelobes
to be at least 18 dB below the main lobe, the current test figures show
that the sidelobes can be as high as 14 dB below the main lobe. This
might create a problem in sidelobe discrimination, especially in the
radar mode.

(2) Since the primary TDRS search mode is now the GPC designate
because of the inability of the TDRS angle tracking circuitry to withstand
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a large rate of signal power change, it was recommended that the widebeam
horn polarization be changed to linear polarization. This would heip the
sidelobe rejection capabiliiies in the radar mode. A study should be per-
formed to investigate the need for circular polarization of the widebeam
horn in the communication mode,

(3) As discussed in Section 7.1.1, the monopulse feed presents
a potential tracking problem in one plane. An explanation of the possible
null degradation phenomenon is first outlined in Section 7.1.1, and a
subsequent corrective measure employing curved dipoles is developed.
Finally, some design considerations are included to minimize blockage
effects.

2.3.2 Deployed Electronic Assembly

The DEA test data as summarized below show that the unit is meet-
ing the specifications in all the major tests performed. It should be
noted, however, that the transmitter/receiver microwave subunit has not
yet been adequately documented, which Timits the ability of analyzing it
in more detail for any potential probiems.

(1) The low noise RF amplifier (LNA), which is a three-stage
gallium-arsenide (GaAs) field effect transistor (FET) unit, is meeting
the gain specifications of 20 dB over a temperature range of -18°C to
60°C. Because the maximum input signal in the communications mode is
-92.6 dBm, resuiting in an output of about -70 dBm (input signal plus
amplifier gain), it is evident that this amplifier does not present a
dynamic range limitation to the communications signal. Furthermore, the
13,725 MHz spur (a sixth harmonic of the 2287.5 MHz S-band signal) is
estimated at about -60 dBm at the jnput to this amplifier. This results
in a -38 dBm output, whicn 15 still significantly below the 1 dB compres-
sion point. Thus, sufficient dynamic range is provided for handling the
spur as well as the signal.

The bandpass filter which follows the LNA has a bandwidth which
is sufficiently wide to accommodate the radar signal band, yet its roll-off
is such as to provide more than the specified 20 dB of rejection of the
image frequency band.

(2) The S-band spur problem has been resolved by implementing
the Gunn-YCO circuitry at the exciter/receiver subunits.
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{3) A1l the tested TWT amplifiers have provided 55W to 60W over
the radar frequency band and 60¥ over the communication band. Several
tests have also been conducted on various aspects of the TWT operation
and they all seem to be meeting the specifications.

(4) The gain imbalance requirement of less than 3 dB between the
sum channel and the difference channel has been tested. A maximum of
less than 1 dB has been gquoted.

(5) The input and output saturation tests show that the DEA is
meeting the specifications in this respect. The ambient temperature for
these tests has not been specified, however.

2.3.3 Electronic Assembly 1

The receiver part of the EA-1 appears to be meeting the specifi-
cations. In particular:

(1) With the loop SNR predicted for the Costas Toop of the for- .
ward 1ink, the data detection capability of the Toop 1s degraded very
Tittle within the C/N0 pperational range.

(2) The computations show that a maximum acquisition time of
70 msec is needed in no-noise for the Costas loop to pull-in. The
available data over the C/N0 range of 60-80 dB and a temperature range
of -20°C to 80°C also show that the acquisition time varies between
60-195 msec. Al1 of the above indicate that the 200 msec requirement
on acquisition time will present no problem with the present forward
1ink power budget. In addition, the experimental data indicate that the
acquisition probability of 0.99 can be achieved by the Costas loop at a
C/N0 of 61 dB-Hz over the temperature range of -20°C to 65°C and a fre-
quency offset of %150 kHz. Consequently, the possible widening of the
Costas loop bandwidth during acquisition does not seem to present a
petential problem.

{3) Both the analysis and the experimental data show that the
tau-dither loop is expected to meet the tracking specifications of
0.022 chip. The tests were performed over the full expected temperature
range. The degradation in this Toop can also be considered negligible.
A worst-case degradation is not expected to exceed 0.14 dB.

One aspect of the PSK data demodulator design which requires
closer examination is that of using the 5.92 kHz "dither" signal in
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modes other than CW reception. For the CW mode, the dither signal is
obviously required to provide the sideband which can be utilized by an
AC coupled Costas toop for coherent carrier acquisition and tracking.
However, for the case when biphase-L data is being received, the reguire-
ment for a dither waveform is questionable because the spectrum of the
data does not contain DC, i.e., the carrier, anyway. Locking up to and
tracking of such"hiphase-L data with an AC coupled Toop sheuld not pre-
sent a problem.

Introduction of an asynchronous dither signal into the received
IF signal by biphase modulation and subsequent removal of this signal
from the baseband ddta by a chopper may result in "glitches" which, in
turn, may degrade the BER performance.
‘ Consequently, it is recommended that the function of the dither
signal during, reception of the biphase-l data be reexamined and, if it
is not found tiﬁbe justifiable, use of dither in the data receive mode
be discontinued. ,

As far as the scanning function of the EA-1, the data presented
at the PDR points out that the 30% overlap specification 1s not met.
The HAC digital simulation results show that the overlap is about 25% in
the radar main scan and only 12% in the communication main scan. This
problem deserves special attention due to its impact on system performance
in the search mode.

2.3.4 Electronic Assembly 2

The radar mode, which is the primary function of the EA-2,
appears to be meeting specifications in most cases of interest. The
major problems in the EA-2 can be summarized as:

{1) Detection margins are negative for the worst-case design
and are marginal for the average-losses design at 10 nmi. An increase
in the scanning time from 1 min to 2 min is recommended to assure ade-
quate performance.

{2) Angle rate accuracies are marginal for some ranges and the
angle rate transient response to accelerations normal to the Tine-of-sight
does not settle fast enough within the specifications. Any attempt to
widen the angle loop bandwidth to improve the transient response will have
an inverse effect on the steady-state tracking performance of the Toop.
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It is believed that, unless major design changes are made, a compromise
between steady-state performance and transient performance of the angle
tracking loop has to be worked out.

(3) There is a discrepancy between the range rate Togarithmic
discriminant error calculated by Axiomatix and that calculated by HAC.
This might be due to the method that HAC is implementing to map between
the doppler offset and the expected mean of the discriminant. Further
HAC documentatien is needed before this discrepancy can be resolved.

(4) It is believed that the angle and angle rate measurements
for Targe targets will not be dependable at close ranges. These ranges
are functions of the target size and shape. It is recommended that fur-
ther analysis be performed before an optimum solution to this problem is
reached.

It should be emphasized that a close agreement is found between
the analytical performance curves derived by Axiomatix and the available
data supplied by HAC.

2.3.5 Signal Processing Assembly

The detailed evaluation of the SPA data is discussed in Section
9.0. The two main functions of the SPA are the Torward link bit syn-
chronization and frame decommutation and the return Tink baseband three-
channel signal modulation. A summary of the results is presented in
this section.

2.3.5.17 Forward Signal Processing

The first and main function of SPA forward link signal processing
is to establish bit synchronization before frame decommutation can take
place. The bit synchronizer implemented by HAC includes an ambiguity
resolver which distinguishes midbit transitions from between-bit transi-
itions of the incoming 216 kbps biphase-L data. The detailed analysis of
the bit synchronizer js presented in Appendix E.

A description of the ambiguity resolver and numerical results of
the performance analysis are presented in Section 9.3, with the complete
performance analysis presented in Appendices F and G. However, no tést
data is available yet for comparison.

Several observations can be made concerning the bit synchronizer.



21

1. For a given value of bit energy~-to-noise spectral density
ratio (Rd) and a given transition density (pt), the in-phase decision
threshold, which is used to decide the polarity of a given bit or the
inability to decide that polarity, has an optimal value (nopt)' Since
no threshold value has been quoted by HAC, a value of 0.3 was selected
to obtain quantitative results. A typical value of bit time and Toop
bandwidth product (BLTJ was selected to bhe 10'2. The calculations show
that the degradation in signal-to-noise ratio due to imperfect bit timing
does not exceed 0.75 dB for Rd2;2 dB., which is well below the specifica-
tions of 1.0 dB and in agreement with most of the available data. Same
test data, however, show that, for high temperatures (85°C), the loss can
be between 1.0 and 1.5 dB. Though such T1osses are not believed to present
any problem to overall system performance. a closer look at the data and
the breadboard setting is needed to verify the validity of the test data.

It is also worth noting that the selection of the value of
BLT is a compromise between tracking accuracy and ability of the Toop to
track long streams of ones or zeros.

2. For given values of in-phase decision threshold and transition
density, the tracking jitter decreases with an increase in signal-to-
noise ratio, Rd' This is intuitively correct because hetter performance
should be expected at higher signal-to-noise ratios. It is pointed out,
however, that the test data supplied by HAC show & reverse trend at high
Rd’ where the Toss which is proportional to the tracking jitter is shown
to increase with an increase in signal-to-noise ratio. It is believed
that the test setup is the cause of this problem and a closer Took at
the setup is believed essential to obtain better test data.

3. The mee¢n-squared tracking jitter is considerably more sensi-
opt than it 1s to
This sensitivity itself diminishes with decreasing Py and

tive to values of decision threshoid greater than n
N<MNopt”
increasing Rd. At fixed Rd’ one cloncludes that the mean-squared track-
ing jitter decreases with decreasing Py (NOTE: Decreasing NRZ tran-
sition density impilies increasing between-bit ftransitions in the Manchester
biphase-L coded waveform. In fact, Py = 0 results in a square-wave data
waveform at twice the bit rate.)

4. As discussed in detail in Appendix E, windowing the in-phase
1&Ds to half a bit (as in the HAC design), results in a 3 dB SNR penalty
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for making decisions on the midhit and between-bit transitions relative
to performing full-bit in-phase I&Ds.

5. The test data show that, in order for the bit synchronizer
Toop to acquire and maintain Tock over the full temperature range of
-20°C to 85°C, signal-to-noise ratios (Rd==Eb/N0) of 2 dB and 5.9 dB
might be needed for random data and alternating data, respectively. The
available test data at the same time show that acquisition is taking
place down to 0 dB with a wide frequency pull-in margin that exceeds by
far the specifications of #22 Hz. Though a possible small margin of
signal-to-noise ratio above 0 dB might be warranted to allow for compon-
ent aging, the value of 5.9 dB is believed to be high for such tolerances.

2.3.5.2 Return Link Signal Processing
Two areas of concern were discussed in analyzing the test data:

1. Variations in power distribution between the three channels
were analyzed using the latest Tink budgets. It was found that the
expected variations in the power ratio distribution of the three channels
in the return 1ink do not create any problem in meeting the specified
probabilities of error at the TDRSS because of the high return 1ink
signal-to-noise ratios.

2. The expected performance of the TDRS bit synchronizer for
a given amount of asymmetry in the high data rate channel was presented.
It is believed that the proposed asymmetry compensator should provide
adequate means for reducing symmetry in the forward Tink to within the
specified 10%. This will 1imit loss due to asymmetry to a maximum of a
few tenths of a dB. Test results are not yet available. Such results
are needed hefore passing a final judgment on the performance of the
compensator and the resuliting degradation due to asymmetry.

2.3.6 System Software

In order to assure the proper functioning of the Ku-band system
hardware, the system software has to be completed. The lack of documen-
tation of the software design, the required memory size, and the cycle
time make it impossible to evaluate this important part of the Ku-band
system. This constitutes & major problem in the evaluation of the system
and cannot be resolved before adequate documentation is made available.
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3.0 DESCRIPTION AND PERFORMANCE OF THE KU-BAND RADAR

The objective of the Ku-band radar system on the Shuttie Orbiter
is to detect the presence of a target and then obtain continuous accurate
estimates of the various target parameters, namely, its range, range
rate (velocity), azimuth, elevation angie, and angle rates. The target
is usually detected when the radar is in the search mode, while the
accurate estimates are obtained in the track mode. It is the objective
of this section to describe the overall radar block diagram, explain
its operation in both the search and track modes, and summarize its
expected performance.

The radar employs coherent processing over each RF frequency
transmitted, and noncoherent postdetection integration (PDI). Following
the intermediate amplifiers, in-phase and quadrature-phase baseband
signals are sampled and digitized {(A/D converted), providing target
amplitude and phase information. For longer range search and acquisi-
tion (R>0.42 nmi)}, 16 doppler filters are formed, covering the doppler
interval defined by the repetition rate. This is an ambiguous doppler
interval; this ambiguity is removed via differentiation of the range
estimates.

The magnitudes of the doppler filters outputs are determined and
summed over the number of RF frequencies (noncoherent postdetection
integration). This result is then compared to a threshold. The
threshold is set from noise measurements so as to maintain a constant
false alarm probability (CFAP). This can be implemented by any of
several methods.

In the search mode, only the sum channel is processed. When
the threshold is exceeded and target detection is declared, the auxiliary
antenna signal is processed, and its magnitude is compared to that of
the main antenna to eliminate sidelobe detected targets. The auxiliary
antenna has a peak gain which is approximately 20 dB Tess than that
of the main antenna. Also, the sidelobes of the main antenna are
approximately 20 dB down from the main Tobe. This provides roughly
a 20 dB main lobe/guard antenna ratio to detect and eliminate sidelobe
targets. It should be emphasized that a Tobe/guard of only 14 dB has
been measured during preliminary tests.
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In the modes for which angle tracking is required, namely, GPC
acquisition and autotrack, the sum plus angle error channels are pro-
cessed. The azimuth and elevation error signals are time-multiplexed,
thereby eliminating the need for a second and third matched processing
channel.

A general block diagram is now presented and explained in
more detail; the functions of the individual blocks are then described.

3.1 Ku~-Band Radar Biock Diagram

The Shuttle Ku-band radar block diagram is shown in Figure 5.
The antenna assembly consists of a main antenna and an auxiliary antenna,
followed by the deployed mechanical assembly (DMA) and the deployed
electronics assembly (DEA), where various switching and filtering oper-
ations take place, as explained in Section 3.2. The antenna assembly
is followed by several IF mixing stages to bring the carrier frequency
down to a stable IF of f0==78.]43 MHz. The output of the I-Q stage
that foliows is a pair of baseband signals which are in phase and in
quadrature with the input signal. The operation of the previous two
stages is discussed in Section 3.3. The available information is con-
verted by an A/D converter to digital data which samples both channels
at a rate of fs==480 ksps, which is slightly larger than the Nyquist
rate of the baseband signals at the output of the I-Q stage. (The LPF
bandwidth fn both the I and Q channels is equal to 237 kHz.) The output
of the A/D converter is a set of complex numbers which undergo various
stages of digital processing before estimates of the target parameters
{range, velocity, azimuth angle, elevation angle) are obtained. The
first processing stage is a presumming stage, Tollowed by a set of range
gates and doppler filters consecutively. The arrangement of the gates
is varied for the two modes of operation. Two cases are distinguished
in the search mode. When a range designation is not available, four
range gates per pulse are used, whereas two overlapping range gates are
used when range designation is provided. The width of each of the two
range gates is 3t/2, where t is the pulse width. In the track mode,
there are only two nonoveriapping gates, an early gate and a late gate,
each of width t seconds.
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For Tong ranges, the magnitudes of the outputs of the doppler
filters are summed over the RF frequencies and compared to a threshold
to detect the existence of a target. For short ranges (R< 0.42 nmi),
the detection takes place without using any doppler filtering.

Once a target is detected, the radar is switched to a track
mode and the digital signals undergo post-detection integration,
followed by an error estimation unit which is initiated by the crude
estimate obtained by the search mode operation.

In the following sections, a detailed discussion of the various
stages in the block diagram is presented, along with an analysis of
the signal timing in both the search mode and the track mode.

3.2 Antenna Assembly

The antenna assembly is jllustrated in Figure 6. (For & more
detailed illustration, see [1].) The main antenna has a gain G=38.5 dB.
There is also an auxiliary antenna whose gain is G=20 dB, which is
used to guard against target effects on the sidelobes of the main
antenna. Three signals emerge from the antenna, namely, the sum
signal (&) which carries the received signal, and two angle signals
(AAZ and AEL) which supply the azimuth and elevation angle information.
The £ signal is passed through a bandpass filter (BPF), whose center
frequency can be adjusied by a centralized frequency synthesizer in
the exciter to be one of the five frequencies {13.779 GHz, 13.837 GHz,
13.883 GHz, 13.935 GHz, 13.987 GHz). The angle signals AAZ and AEL are
passed through a selecting switch which selects one of the signals at
a time at a rate of 93 Hz. The output of the switch is then passed
through a phase encoder whose rate is twice that of the selecting
switch. A typical sequence of signals out of the encoder is shown
in Figure 7. The encoded angle signal is then passed through a
matching BPF to that of the I signal. The two signals are then
passed through the T/R switch to the receiver IF mixing stage.

When angle track is operating, there are four antenna error
dwell periods at each RF, during which the azimuth and elevation error
signals are processed. During each error dwell period, 32 doppler
filter outputs (via DFT) are computed.
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Figure 7. TDMA and Phase Encoder Qutput of Angle Error
Information During Angle Track

3.3 IF Mixing and I-Q Stages

The antenna assembly is followed by two stages of IF amplifiers
and filters, where the frequency of the signal is beaten down to a
stable 78.743 MHz, as shown in Figure 8. In this stage, the power in
the z-channel is divided in two equal parts to be used for communica-
tion and the radar. This results in a Toss of 3 dB in signail-to-noise
ratio due to this power split. Following the first down converter
stage, a solid-state djode receiver blanking switch is included in each
channel (DS1, BS2). These switches are controlled by a btanking logic
to perform four functions: (1) preventing excessive Teakage into the
receiver during transmission; (2) switching the sum channel only during
search; (3) switching the difference channel only during the main lobe/
sidelobe discrimination test; and (4) switching both channels during
track. The radar I-channel is then combined with the A-channel to form
the multiplexed signal (£+ A}. Only one-fourth of the power available
in the A-channel is used when forming £+ A, as seen in Figure 8. The
multipiexed signal is then passed through an in-phase and quadrature-
phase detector {I-Q), where it is converted to two baseband signals.
The two signals are converted to digital data using an A/D converter
whose sampling frequency is slightiy higher than twice the bandwidth of
the signal to reduce the aliasing error to less than 0.5 dB. Ail com-
putations after the A/D converter are carried out digitally. The sampling
frequency is equal to 480 Hz. For long-range search, when the pulse
width is 66.4 usec, this corresponds to 32 samples/puise from each
channel of the I-Q detector for each range gate period. These samples
are summed at the PRESUM stage to give a complex number that represents
every received pulse.
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3.4 Signal Paramaters

Before explaining the different modes of operation, it is
important to discuss the signals that are being used. The signals
are RF pulses with a duration {7) and a pulse repetition frequency
(PRF) that are functions of the designated range. Frequency diversity.
using five RF frequencies, is used in both the search and track modes.
The five RF frequencies are generated in the DEA using a common swept
Gunn osciilator with the communication mode. As explained in more
dgetail in Section 6.5, the 83rd harmonic of a 156 MHz reference fre-
guency from EAT is mixed with the output of the Gunit VCO and fed into
a loop filter and a comparator. A zero beat is detected as shown in
Figure 9 whenever the resulting frequency is a multiple of 52 MHz. A
bank of five BPFs is used to select the 52xi MHz signals (i=3,4,5.6,7)
which are fed back to the sweep control logic that Tocks the VCO at five
discrete frequencies starting with 13.128 GHz and differing by multiples
of 52 MHz. These fregquencies are then mixed with 651 MHz (generated
from the reference 156 MHz, as explained in Section 6.5) to yield the
required five frequencies.

Switches SW1 and SW2 are used for selecting communication or
radar signals, and switch SW1 is used to obtain the TWT bypass mode
for the close range operation.

Table 1 lists the five frequencies [2] which are cycled in
a given pattern which is convenient for the manual operation mode [3].
The tabtle also shows the associated PRFs for different ranges [2].
The various signal timings are summarized in Table 2 for the search
mode and in Table 3 for the track mode [2]. The PRF values used in
the tables are those corresponding to the middle IF frequency. It is
noted that the integration time corresponds to slightly more than five
frequency dwell times in order to allow for computation time at the
end of every spatial dwell in the search mode and every accuracy esti-
mate calculation in the track mode.

The AGC operation in the Ku-band radar consists of a 1inear
AGC and a set of five step attenuators. Their operation is summarized
in Figure 10, where the hysteresis effect of the step attenuators can
be observed. The Tinear AGC has a range of 25 to 30 dB. At the extremes
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Table 1. Frequency Synthesizer Freguencies for
the First IF Mixing L.0. (in GHz)

Fy Fa Fy Fq Fg
Frequency
13.779  13.831  13.883  13.935 13.987
Long Ranges 3009 2998 2987 2976 2065
PRF R>9.5 nmi
(H2) “gpopt Ranges 7017 6994 6970 6946 6923

R<9.5 nmi

Table 2. Signal Parameters for Various Designated Ranges in Search Mode

Designated ‘ Frequency Dwell Integration
Range (nmi) T (usec) PRF (Hz} Time (msec) Period (msec)
7.2 - 66.4 2987 5.36 28.6
3.8 -7.2 33.2 6970 2.29 12.2
1.9 -3.8 16.6 6670 2,29 12.2
0.95-1.9 8.3 6970 2.29 12.2
0.42-0,95 4,15 6970 2.29 12.2

- 0.42 0,122 6970 2.29 12.2

Table 3. Signal Parameters for Various Designated Ranges in Track Mode

Designated Frequancy Dwell Integration

Range (nmi) v (usec) PRF (Hz) Time (msec) Period {msec)

9.5 - 33.2 2987 21.44 116

3.8 -9.5 16.6 6970 9.18 51.2

1.9 -3.8 8.3 6970 9.18 51.2

0.95-1.9 4,15 6970 9.18 51.2

0.42 - 0.95 2.07 6970 9.18 51.2
-0.42 0.122 6970 9.18 51.2
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of the linear range, a step attenuator is inserted which extends the
limits of operation of the AGC. As can be seen from Figure 10, when
all five step attenuators are taken into account, the dynamic range
of the AGC is in excess of 125 dB.

The only region of possibie concern is the transient response
of the AGC after one of the step attenuators has been either inserted
or deleted. The transient response does appear to be fast enough so
that there is no problem in this area.

3.5 The Search Made

In explaining the search mode operation, the Tong-range signal
format is chosen for demonstration. All other ranges follow the
jdentical processing except for the short range (R<0.42 nmi), which
does not utilize the doppler filters.

Sixteen pulses are transmitted at each RF frequency. The
duration of each pulse is 66.4 usec, while the time between consecutive
pulses is 335 psec. Four range gates (Rl’RZ’ R3,R4) are used to cover
the target range when no range designation is available. When range
designation is available, two overlapping range gates are used around
the designated range. The width o7 each gate in this case is three-
halves the pulse width [2].

For each RF frequency, 64 complex numbers are stored in a memory
designated as M{1), as shown in Figure 11. The output of each range
gate at every RF frequency is passed through a bank of 16 doppler
filters, uniformly spread over [fc,fc+-PRF], and implemented as dis-
crete Fourier transforms (DFT). The magnitudes of the outputs of these
filters are calculated and compared to precalculated thresholds. The
target is detected when the magnitude of one or two outputs of adjacent
doppler filters pertaining to one or two range gates is exceeded.
Initial estimates of the range and the range rate of the target are cal-
culated from the knowledge of the doppler filters and range gates whose
outputs have exceeded the threshold. These jnitial estimates are fed
into the error estimators as initial conditions to start the successive
estimation process in the track mode. The thresholds are calculated
to produce an error alarm rate of one false alarm per hour.
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For short ranges (R<0.42 nmi), a single short pulse is trans-
mitted at a PRF of 6970 Hz [2]. The width of the pulise is equal to
0.122 usec. The detection s carried out by finding the magnitude of
the return signal over the time period corresponding to 0.42 nmi and
comparing it continuously to a threshold. If the threshold is not
exceeded, the recejver waits for the second transmitted pulse and the
process is repeated. The number of pulses transmitted at every RF
frequency is 16. The RF frequencies used in the short-range detection
are the same as those used in long-range detection. For short ranges,
once the threshold is exceeded, a hit is declared. Five hits are
required before declaring detection. Tracking is started once the i
target is detected. The initial range estimate is obtained by finding ‘ ;
the time that elapses between the transmission of the puise and the ﬁ
exceeding of the threshold. This is done by implementing a range bin
clock and a counter, as seen in Figure 12. }

A/D M?ﬂﬂiﬁﬂ?e — Threshold Hit

Samples

Range Bin Initial
Clock o Counter —E;;;;
Estimate

Figure 12. Short-Range Detection

3.6 The Track Mode

3.6.1 Signal Format and Block Diagram

The block diagram for track mode piocessing is shown in Figure
13. ATl the computations involved in obtaining the tracking accuracies
are digital. The separate blocks in the figure are explained in detail
in subsequent sections.
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The signal in the track mode consists of 64 pulses for each RF
frequency. instead of the 16 pulses in the search mode, as shown in
Figure 14 [3]. For long-range tracking, the frequency dwell time is
equal to 21.44 msec. Each frequency dwell time is divided into four
time slots by the switching combination of SWI and the phase encoder
switch in the antenna assembly. The signals in the succeeding time
slots are I+ 8AZ, ©- ARZ, T+ AEL, and Z- AEL, respectively. The time
slots are arranged so that the first two are used to measure the azimuth
angle, while the Tast two are used for the elevation angle., Each one
of the previous time slots consists of 16 pulses. The pulses are passed
through two nonoverlapping gates, an early gate and a late gate, which
are located around a predicted estimate of the range, R_(n), from the
processor timing unit. The width of each gate is equal to the pulse
width. The output of each range gate is a complex number z{I,J,L,K),
which is a function of four parameters (I,Jd,L,K):

I denotes the RF frequency being transmitted; I1=1,2,...,5

J denotes the time slot in each frequency such that

Jd=1 corresponds to I+ AAZ
J=2 corresponds to I- AAZ
J=3 corresponds to I+ AEL
J=4 corresponds to I - AEL
K denotes a particular pulse in each time slot; K=1,2,...,16
L denotes the range gate under consideration,
L=-7 corresponds to early gate
L=+1 corresponds to late gate.
Figure 14 illustrates the signal format in the track mode. The compu-
tation time is not included in the figure.

3.6.2 Doppler Filtering

The outputs of the range gates are stored in a memory bank,
designated for illustration as M(1). For all combinations of I, J, and
L, the series of 16 puises (K=1,2,...16) are passed through a bank of
32 doppler filters, as shown in Figure 15 [2]. The doppler filters
are uniformly spread over [fc,fc4-fPRF]. The overlapping of adjacent
filters results in a doppler filter Toss, which has to be taken into
consideration. The outputs of the doppler filters are designated as
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w(I,Jd,L,M), where M denotes a particular filter (M=0,1,...,31). Since
doppler filtering is accomplished by digital Fourier transforms (DFT),
w(I,J,L,M) is given by

16

T z(1,d,L,K)e”
K=1

w(I,d,L,M) (j2nKM)/16

Il

x(T,0,L,M) + Jy(I,d,L.M) . (1)

Implementing doppler filters using a DFT (or an FFT) might result in
losses due to the lack of proper match between the pulse bandwidths,
the PRF, and the bandwidth of the DFT.

The outputs of the doppler filters are stored in a memory bank
designated as M{2), as shown in Figure 16. Only the outputs of three
adjacent filters are processed further, namely, the output of the filter
whose center frequency is closest to the actual doppler and the ocutputs
of the filters adjacent to it. If the middlie filter is designated as
M], then the outputs of filters M]~ 1, M1, and M14-] are processed
further through the post-integration stage. The output of M] is used
in computing the range, as well as the angle discriminants, while the
outputs of M]- 1 and MT+-1 are used in computing the range rate (doppler)
discriminant.

3.6.3 Post-Integration

The outputs of each of the doppler filters Ml"1’ M], and MT4-1
consist of 40 memory cells from the memory M(2), as shown in Figure 16.
The 40 cells correspond to five RF frequencies (I=1,2,...,5), two
range gates (L=+1), and four time siots (J=1,2,3,4). Each one of
these cells carries a complex number w(I,J,L.M), whose magnitude is
found by finding 6= tan”] (y(1,d,L,K)/x(1,J,L,K)) by table lock-up and
then rotating w(I,J,L,K) by an angle & to find the magnitude. This
procedure uses Programmable Read Only memories (PROM) and is easier
to implement than muitiplying the number with its conjugate. These
magnitudes are added in different manners to form the post-detection
integration (PDI} outputs. To be able to demonstrate the logical
procedure for adding these magnitudes, the memory cells under consider-
ation are redrawn for a given RF frequency Fi’ as shown in Figure 17.
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Eight sums are formed at the output of the post-detection
integrator—two corresponding to each ot the four parameters of interest,
namely, range, range rate, azimuth angle, and elevation angle. As
mentioned previously, for range and angle accuracy computations, the
output of the doppler filter MT is used, whereas the outputs of the
two adjacent filters M]- 1 and M1+-1 are used for range rate computation.

z/’//f/f///’,/’//,/”//f
_—
/é//

Early RF Frequency=F

Gate L=~1 1
Late Time Slots
Gate L=+1 J=1,...,4
i |
M]-1= M] :M1+]

Figure 17. Memory Cells Storing w(I,J,L,M) for a Given RF

3.6.4 Range PDI Outputs

The two range outputs are formed by the post-detection integra-
tion, one corresponding to the early gate and the other corresponding
to the late gate. They are denoted SR(L==—1) and SR(L=-+1). The R
denotes the range and the L denotes the early or late gate. They are
formed by using the output of the middle doppler filter (M]). Thus,
to obtain SR(L= ~-1), the magnitude of all the complex numbers pertaining
to the early gate and the filter M] are added over all the RF fre-
quencies. SR(L=A+T) is obtained in a similar fashion using the late
gate.

3,6.5 Range Rate (Doppler) PDI Qutputs

The doppler PDI outputs are designated as SD(M==M1- 1) and
SD(M==M14-T) and are obtained by summing the magnitudes of the numbers
out of the doppler filters M; -1 and M]4-T, respectively (Figure 17).
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Each sum is taken over the two gates, the four time slots, and all the
RF frequencies.

3.6.6 Angle PDI OQutputs

To obtain the two PDI outputs for the azimuth (elevation) angle
information, the output of the doppler filter M] is used to obtain the
magnitudes of the first (last) two time slots corresponding to I+ AAZ
and - AAZ {z+ AEL and Z- AEL) which are added over all RF frequencies
to give SAZ(J= 1) and SAZ(J==2) [SEL(J==3) and SEL(J==4)], respectively.
As in the range rate case, the outputs of both the early and late range
gates are used and are summed.

3.6.7 Logarithm Discriminant Formation

The purpose of the logarithm discriminant is to obtain an esti-
mate of the error (error signal), including sign, of the various param-
eters under consideration. Since the following approximation is valid
for small x:

T+x

n v = 23 x<<1, (2)

then, if x represents the errors in the parameters under consideration,
this error can be computed by forming the Togarithm of (1+x)}/{1-x).
The mathematical derivation of the variance of the Togarithmic estimator
is formed in [4], where the maximum likelihood estimator of the form

] 1yl
1

(3)
givilz

X = Tog

is analyzed. Ui and Vi represent a pair of voltages whose difference
is proportional to the target parameter being measured. Since the
target range, range rate, and orientation angles are mathematical
duals of each other, it is the objective of the following discussion
to relate |U1.[2 and ]Vil2 to the various outputs of the PDI, as iliu-
strated in Figure 17.
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3.6.8 Range Discriminant

In the formation of the range discriminant, a sum signal (S)
and a difference signal (D) are formed such that

S

SﬂL=-1)+sRu=+1)

D

1]

Spll=-1) - sp(L=+1), (4)

where SR( ) is defined in Section 3.6.4.

Since the output of the early gate is a measure of R- AR, where
AR 1is an absolute error in the range, and the output of the Tate gate
is a measure of R+ AR, then S is a measure of the range R and D is a
measure of the absolute range error. Then, replacing S by R and D by
AR, it can be stated that

SRU_=-1) = R=-AR
SR(L=+]) « R+AR. (5)

(A proportionality constant might be added; however, this coefficient
will drop when taking the logarithms.)

Let
(L=-1) = T [0;2
S,(L=~-1 = U.
R i21 i
and
20 2
So(L=+1) = ¥ |v.|°, (6)

where N=20 js the number of samples used in calculating a single range
error estimate. It corresponds to four time slots over five RF fre-
guencies. It is now easy to see that

20
1'21 U] 2AR A
Ty
i=

where RE is the required range error signal. This procedure for obtain-
ing a normalized estimate of range error estimate is illustrated in
Figure 18.
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Spll=+1) | In (R+ AR)
Logarithm 28R
SR(L‘:"]) R
n (R=-AR)

Figure 18. Range Discriminant

3.6.9 Doppler (Range Rate) Discriminant

A similar argument can be stated for the doppler discriminant.
In this case, however, the number of samples used to calculate a doppler
error estimate 7s equal to 40. This is because both the outputs of
the early gate and late gate are used in the computation which is also
carried over four time slots and five RF frequencies. Thus, from
Section 3.6.5.

z'“HZ Sa(M=M.-1) + S_(M=M.+1)
1 'i=] = 2 B 1 D 1 - 4
R - = 2R_.  (8)
z |V|2 SD(M=M]~]) - SD(M=M]+1)
i=1 !

3.6.10 Angle Discriminants

As has already been noted, the magnitudes of the samples from
the DFT corresponding to both the early and late range gates are summed
to form an on-target gate and then integrated over the transmitter
frequency cycle. This means that the number of samples used per cal-
culation of an angle error estimate is equal to 10 for two range gates
and five RF frequencies. The sum and difference samples of an angle
error are then log-converted and subtracted to form the normalized
angle errors for the elevation and azimuth channels. The error signals
are then D/A converted and sent to the servo filters and finaily to
the servo motors.

The angle error signals are given by

e e e
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Sy,(d=1)
A AZ 2 AAZ
2A_AZ = 1In - =
J=3)
A EL( _  2AEL
ZAEEL - -Il'l (J—4) = I3 . (g)

These error signals are used to obtain the various required estimates
pertaining to the parameters under consideration.

a”‘51‘nce the error signals are obtained successively as new read-
ings are processed, they will be denoted by R_(n), és(n), s AZ(n), and
AEEL(n), where {n) denotes the nth error signal being processed by the
togarithm discriminant.

The angle error signals A AZ and A EL are fed into Toop filters
as shown in Figure 19 to obtain two sets of estimates:

(1) Angle estimates AAZ and AEL, which are fed back to the
servo motors.

(2) Angle rate estimates AAZ and ZEL, which are displayed
for the astronauts for visual reading.

The range and range rate error signals, however, are fed into the
processor timing unit to obtain various required estimates, as dis-
cussed in the following section.

3.6.11 Processor Timing, Range and Range Rate Prediction

The processor timing stage consists of two substages. The first
is called the «-8 tracker [5] and the second is designated as the
ambiguous doppler resolver and corrector, as shown in Figure 20. The
a-8 tracker is employed to give a smoothed estimate of the current
range ﬁs(n), a predicted estimate of the next range reading ﬁp(n+1),
and a smoothed estimate of the range rate Rs(n). This iatter value
is used along with the range rate error signal Rs(n) as inputs to the
ambiguous doppler resolver and corrector whose output is fed through a
s1iding window to produce a smoothed corrected doppler estimate R (n)
and mAg_ed1cted corrected doppler estimate Rp (n+1). The dopp]er EStT-
mates R (n) and R (n+1) are obtained by averaging (smoothing) m pre-
vious est1mated va1ues that are stored in a special memory (sliding
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window averaging). The number of estimates (m) being used is dependent
on the designated range [2]. For lang ranges (R>9.5 nmi), m 1is equal
to 2 while, for shorter ranges, it is equal to 4.

These estimates are used for various purposes, which are sum-
marized in Table 4.

Table 4. Processor Timing Stage Qutputs

Estimate Rp(n+1) Rs(n) Rsc(n) Rpc(n+1)
Use Adjust early Display Display Select
and Tate gates doppler

tocation filters

Whereas the Tocation of the range gates is adjusted as a result
of every new range estimate, the lTocation of the doppler filters remains
unchanged. The range rate estimates are used to select the filter M1
whose center frequency is closest to the estimated doppler. This filter
remains unchanged until the doppler error changes appreciably to make
the estimated doppler frequency closer to a different filter center
frequency.

The operation of the ambiguous doppier resolver and corrector
is explained in detail in [6].

This completes the description of the Ku-band radar system.
Sufficient detail has been given so that accurate performance estimates
can be made in both the search and track modes of operation. More
detailed functional flow and block diagrams are given in [1]. In subse-
quent sections, a summary of anticipated performance is given for all
aspects of the search and track modes of the Ku-band radar.

3.7 Ku-Band Radar Performance in Target Acgquisition {Passive Target)

A fundamental part of the operation of the Ku-band radar is the
capability to detect and reacquire the target at all ranges less than
10 nmi. The acquisition capability of the present configuration of the
Ku-band radar is summarized in this section. The development in
Appendix A of [6] is used extensively.
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The primary emphasis in the evaluation of the Ku-band radar
during acquisition is "how the radar performs." Comparison will be
made to the specification values, but no heavy emphasis is placed on
it. In those situations where the performance does not meet the speci-
fication requirements, reasonable alternatives are proposed which will
provide satisfactory performance in all rendezvous profiles.

3.7.1 Target Detection Processing Losses

The target detection processing losses as they are presently
estimated are summarized in Table 5. The Tosses anticipated by both
Hughes and Axjomatix are shown. The reasons for the agreements and
disagreements are detailed in [6,7].

The totals of the losses are used in evaluating radar detection
performance. It is noted that the difference between the average
Tosses and worst case losses is 4.0 dB. In the next section, the
differences in these Josses and their implications are discussed.

3.7.2 Radar Detection Performance Philosophy

The losses summarized in the last section demonstrate two
approaches in establishing a radar detection performance philosophy.
The differences center around what is to be taken into account when
averages are performed. The "Hughes" approach is to average over all
target positions and velocities when carrying out an average. The
“Axiomatix" approach is somewhat more pessimistic in that the average
is carried out over thermal noise, target scintillation effects, and
other radar parameters. This is done, however, for a target located
at the worst possible velocity and worst possible angular position.

There is merit to both approaches. Therefore, the detection
results to be subsequently presented are carried out under both per-
formance philosophies.

In the one case, the design philosophy is that

Average Pd = 0.99

for a 1 square meter target. In the Tatter case, the design philosophy
is that
Average Pd > 0.99

for a 1 square meter target for all target velocities and spatial
positions.
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Table 5. Summary of Target Detection Processing Losses E
Hughes Axiomatix
(average) (worst case)
(dB) (dB)
Transmit Loss 3.7 3.7
Beam Shape Loss 2 ({avg) 3.2 (max)
Pre-Sum Mismatch 0.57 0.57
Constant FAP ‘ 1.7 1.7
Doppler Mismatch 1.1 (avg) 3.9 (max)
Range Gate Straddle
Designated Mode 1.76 1.76
i * = =
Undesignated Mode Letp F(R) Lotp f(R)} :
Processor Loss 1.25 1.25 %]
Totals Designated Mode 12.08 16.08
Undesignated Mode\ 10.32 + Lstr 14,32 + Lstr

*The range gate straddle loss in the undesignated mode varies from 0 dB
to 6 dB, depending on the range. For details, see [6,7].
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3.7.3 Radar Detection Performance

Based on the losses summarized above, the Ku-band radar detection
performance is summarized. In Figures 21 and 22, the target detection
design margins are plotted versus range for both the designated range
and undesignated range modes of operation. Except for the losses, all
radar equation parameters are the same as used in Appendix A of [6].

In Figure 21, the worst case losses of Table 5 are used. Also, a
transmitted power of 50 watts is used, although the present system
configuration consists of a 60-watt TWT. This is approximately 0.8 dB
improvement. For the range designation mode, a design margin of 0 dB
is obtained at approximately 9.3 nmi. For the undesignated range mode,
it is about 7.5 nmi. The design margin for the undesignated range
mode deteriorates as the range is reduced in the interval of 8 nmi to
11 nmi because, in this interval, the range gate straddiing loss is
increasing faster than the factor R"4 gain in the radar equation.” At
12 nmi, the design margin is -4.5 dB for the range designated mode and
-5.1 dB for the undesignated range mode.

In Figure 22, the desigh margin is shown versus range for the
average losses in Table 5. 1In this case, a 0 dB design margin is
obtained at approximately 11.7 nmi; at 12 nmi, the design margin is
greater than -1 dB. These results are close to those quoted in {8]
by HAC. The HAC results are shown as two dots in Figure 22.

The cumulative detection probability is plotted versus range
for the worst case in Figure 23; both M=1 and M=2 scans are shown.

It is seen that the two-scan case uniformly outperforms the single-scan
case for both the designated and undesignated range modes. In these
computations, a transmitted power of 60 watts was used.

Inspection of Figure 23 reveals that, depending on the range,
the cumulative detection probability for the designated range can be
both smaller and larger than that for the undesignated case. This is
also the case for the design margins in Figures 21 and 22. At 12 nmi,
the cumulative detection probability is approximately 75% for two scans
and approximately 50% fTor one scan. This 1is the case for both the
designated and undesignated range modes.

The design margins can be significantly improved without alter-
ing the present design by allowing more time (greater than 1 min) to
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illuminate the search volume., The scan rate is held fixed at two scans
per minute in Figure 24, where the cumulative detection probability is
plotted versus range. The gain in performance is significant. At

11.3 nmi, for example, by increasing the total scan time from 1 minute
to 2 minutes, the cumulative detection probability increases from 90%
to 99%.

3.7.4  Alternatives and Recommendations

If the design philesophy of average losses is acceptable, then
the design margin at 12 nmi is within a few tenths of 0 dB with a
50-watt TWT and approximately O dB with a 60-watt TWT.

If the design philosophy of worst case losses is preferred, the
design margin is between -4 dB and -5.2 dB. As shown above, however,
there is significant improvement in performance by maintaining the same
scan rate and allowing the total search time to increase from 1 minute
to 2 minutes. This increases the total number of scans from 2 to 4,
and keeps the present radar configuration entirely intact and thereby
has virtually no hardware implications. For worst case losses, a 0 dB
design margin is obtained at a range of 11.3 nmi. We recommend this
alternative, and this recommended design point is shown in Figure 24.

Another alternative which appiies to the range designate mode
only is to narrow somewhat the two range gates during search. How much
they can be narrowed is a function of the anticipated range designate
accuracy. We do not have a recommendation for this alternative. It
could be implemented in addition to the recommended alternative above.
If one has any doubt about the range designate accuracy, however, this
alternative does not appear satisfactory.

3.7.5 Detection of an Active Target

In the detection mode of an active target at 300 nmi, there is
a positive design margin of greater than 2.5 dB. There does not appear
to be any problem with the present radar configuration in regard to
the detection of active targets at maximum range.

3.8 Point Target Tracking

The tracking performance of a point target of the Ku-band radar
is described twofold. First, the effects of thesmal noise and target

i b e e e
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amplitude scintillation are given. The tracking capability is then
given in the presence of relative accelerations along and perpendicular

to the LOS. Emphasis is placed on the recovery time after an acceleration.

3.8.1 Thermal Noise and Target Scintillation Effects on

Tracking Accuracies for Passive Point Targets

The tracking accuracies of the four variables being tracked
(range, range rate, angle, and angle rate) are presented as functions
of range and compared to the existing specifications, as well as to the
available HAC data. It is to be noted that there are two factors affect-
ing the results:

(1) Thermal noise and target scintillation which become the
dominating factors at long ranges.

(2) Quantization effects in the Ku-band radar [6] which uses
4 bits of quantization, resulting in a signal-to-noise ratio at the
output of the A/D converter equal to

1
SNR) . = SNR). » 10
SMRJout 1+E+(SNR)T.H (0.0129)]( i (10)

where (SNR)in is SNR at the input of the A/D converter. Note that, for
high (SNR)1n= the Timit of (SNR)Out is 18.9 dB. The signal at the output
of the A/D converter is presumed with a resulting gain in (SNR)Out equal
to 16 {12.04 dB). It is easy to see from the above that, at high input
SNR (close range), the resulting SNR saturates at

SWR = 18.9 + 12.04 = 30.94 dB, (11)

which makes the quantization effect the major contributing factor to the
tracking accuracies. The combined effect of both factors is taken into
account in all subsequent calculations.

There are many parameters in the various tracking loops that are
varied with the designated range. The parameters used in these calcula-
tions are the latest available from HAC and are summarized in Table 6.

3.8.2 Angle and Angle Rate Tracking Accuracies.

The angle and angle rate tracking accuracies are presented
together because the angle rate estimation is carried out in the angle
tracking loop. Figures 25 and 26 illustrate the variations of 3o, and




Table 6.

-

Summary of Tracking Loop Parameters {Passive Target)

Range {nmi)

Remarks

Parameter >8.5 9.5-3.8 3.8-1.9 1.9-0.95 | 0.95-0.42 0.42
d, 0.099 0.116 0.058 | 0.029 0.0144 D.00085 | Duty Tactor
T {msec) 5.36 2.29 2.29 2.92 2.29 2.29 - | 1/8,
A {psec) 33.2 16.6 5.3 4.15 2.07 0.122 Pulse width
a 0.0566 0.1132 0.2263 0.2263 0.4526 0.4803
B 0.000884 0.00354 0.0283 0.0283 0.1132 0.1202
: Doppler filter
B (Hz) 186 437 437 437 437 437 bandwidth
Number of
m 2 4 4 4 4 4 averaged samples
TS {msec) 107.2 45.9 45.9 45.9 45.9 45.9
T A Angle and angle
Le,e 16.90 16.83 16.83 16.83 16.83 16.83 rate losses
. 9 Range and range
LR,R 9.49 9.42 9.42 9.42 §.42 9.42 rate losses
K 0.0288 0.0288‘ 0.2221 0.5685 0.5685 0.5685 Angle loop gain
- ' Angle loop
T (Stf) 12 12 4.25 2.7 2.7 2.7 time constant
PRF *71) 2987 6970 6970 6970 £970 6970

09
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Figure 25.
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30y with range, along with the data obtained from HAC [9]. These perform-
ance predictions are developed in [6.7]. It is obvious that both the angle
and angle rate accuracies meet the design specifications. The design
margin in the angle rate tracking, however, is much less than that for

the angie. This is due to the fact that the Toop filter in the former

has been widened to provide faster recovery from acceleration transients.
It is believed thet increasing the gain K s1ightly or effectively increas-
ing the natural frequency fn would improve the transient performance of the
loop while maintaining the random error within or very close to specifica-
tions. It should be pointed out that, although some differences exist
between the Axiomatix and HAC angle and angle rate performance curves,
both results show the same trend and are well beTow specification limits.
One area of concern is the angle rate accuracy at close range when the
target accelerates in a direction orthogonal to the 1ine of sight. Per-
formance curves for angla rate tracking are presented in Section 3.8.2.7.
In addition, since simulation efforts are underway to obtain additional
data on the tracking capahilities of the Ku-band radar., normalized track-
ing ervors are introduced in Section 3.8.2.2 which are independent of the
Ku-band radar parameters that are range dependent.’

3.8,2.1 Angle Rate Tracking Accuracy

This section is concerned with the angle rate tracking accuracy
when the target accelerates in a direction perpendicular to the line of
sight. This is of special importance in any rendezvous mission when retro
rockets are fired to adjust the rendezvous trajectory. The anaiysis of
the angle rate performance in an acceleration environment was presented
in detail in [6]. No attempt will be made to repeat the analysis, and
only new performance curves are presented.

The angle rate estimation takes place in the angle tracking loop
whose gain K and time constant T are given .n Table 6, along with the
other tracking Toop parameters fTor a passive target. The noise-free
assumption is warranted, especially at short ranges, because of the exist-
ing high SMR at these ranges. Figures 27, 28, and 29 illustrate the
normalized angle rate error as a function of time for various parameters
of interest. The actual angle rate error 46({t) in mrad/sec is obtained
by scaling the plots vertically in proportion to the actual acceleration (a)
in ft/secz. This implies that the actual angle rate error at a given time



is equal to that obtained from the figures times the acceleration perpen-
dicular to the 1ine of sight in ft/secz.

Figure 27 illustrates the angle rate error due to acceleration at
a range R=0.5 nmi for burn times T=1,3and 5 sec, which are typical
expected burn times. It is easily observed that the recovery time, which
is the time required for the error to settle within the specified 30 accu-
racy of 0.14 mrad/sec, varies between 2 sec for T=1 sec and 3.5 sec for
T=3 sec. These figures represent recovery times when the accéleration
a=1 ft/sec; they increase with the increase in acceleration. It shouid
also be pointed out that, in order to obtain the cumulative angle rate
error, the error due to acceleration should be added to the errors caused
by thermal noise, bias, glint, etc.

Figures 28 and 29 illustrate the angle rate due to acceleration
with range R as a parameter for burn times T of 1 and 3 sec, respectively.
Similar observations can be made here. In addition, it can be seen that
the error decreasas with range and that the response at various ranges
differs due to the variations in the angle tracking loop parameters as
seen in Table 6. .

It should be emphasized that all of these results assume a point
target which is an ideal assumption suitable for andalysis. Target effects
are discussed in [7] and are believed to make major contributions to the
error at short ranges.

3.8.2.2 MNormalized Tracking Accuracies

Novrmalized tracking error expressions suitable for simulation pur-
poses are derived in this section for the three parameters of interest.
namely, range, range rate and angle. The angle rate rms error is shown
in [7] to be proporticnal to the angle error and hence will not be discussed
further. The rms tracking error due to thermal noise and target amplitude
scintillation is developed in [6], where it is shown that

172 Oxr(SNR)

AC
o, = T£{BysT.) for range (12)
R 16 *°NR 's ge.
[ 2 (SNR)
cB o yn{SNR)
or = S for range rate, (13}

R 167, i fop(SR

e T
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Figure 27. Angle Rate Accuracy with Acceleration Perpendicular to the
Line of Sight with Burn Time as a Parameter; R = 0.5 nmi.
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]

= _B
and oy = 7 (BNe Ts

)1/2 UXG(SNR)

4
(SNR ()

g
for angle, where ¢ is the velocity of Tight in free space, fc is the
carrier frequency (13.85 GHz), and Og is the antenna beamwidth (1.6°).
BNR and BNe are the single-sided noise bandwidths of the range and angle
tracking Toops, respectively. They are given by

8 pRaz +8
B T et (15)
2
_ Ko+
BNB B 47 ) . (16)

The parameters o, B, Ts’ Ks 75 A, BF and m are system parameters that
vary with range and are given along with their description in Table 1.
Finally, UX;(SNR) is the normalized tracking standard deviation for
the measured parameter g, and pC(SNR) is the normalized correlation
coefficient of . The parentheses emphasize the dependence of UX;
and p, ON the signal-to-noise ratio (SNR) [6].

In order to obtain normalized tracking accuracies, which are
independent of the above system parameters, we define

G o
4 ¢ o Xg (17)

a
N C —_
t o Jo,
where ¢ denotes any one of the three parameters of interest and Cc
are constants that depend on the above system parameters, namely,

b Ac
S VLT (18a)
cB
F o1
Ly = _— (18b)
R 67,
)
A B g
C, = 3 JBNBTS . (18c)

Figures 30 and 31 q1lustrate the normalized tracking accuracies oy
CENP and ooy &5 functions of the signal-to-noise ratio {SNR) at the
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Normalized Tracking Accuracies versus SNR at High SNR
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output of the doppler filters for high and low SNRs, respectively.
SNR is defined as

P
syp & var (19)
N, B
0"F
where Pavgr'is the average received power, BF is the one~sided doppler

filter bandwidth, and NO is the single-sided noise spectral density
in W/Hz.

These curves can be used to obtain the tracking accuracy of any
of the three parameters at any‘range after multiplying the proper
reading with the appropriate constant from {18a), {18b). or (18c).

3.8.3 Range Tracking Accuracies

Figure 32 illustrates the variations of the range error at
ranges (R<6 nmi) with the latest values of o« and g as parameters. The
figure also shows the latest performance curve presented by HAC [10] for
comparison purposes. There are four points to observe:

(1) The range tracking performance of a passive point target
due to thermal noise and target scintillation is well below the speci-
fications, especially at close range.

(2) The flat portions of the curve at ranges R<1 nmi are due
to quantization Timiting effects.

(3) The difference between the Axiomatix and HAC performance
curves is believed to be due to the automatic gain control (AGC)} which
has not been taken into account in the analysis.

(4) Although the accuracies at close range drop beiow 10 feet,
it is believed that 10 feet is the best achievable accuracy because of
the sensitivity of the display meters. As shown in [6], the range
accuracy meets the specifications up to 9.5 nmi.

3.8.4 Range Rate Tracking Accuracy

The evaluation of o for various ranges {2<R< 12 nmi} is shown in
Figures 33 and 34, Figure 33 illustrates range rate errors at long ranges
and shows the effect of varying the number of averaged samples (m) at
9.5 nmi. Figure 34 illustrates the calculated range rate errors at short
ranges and compares them with those presented by HAC [10]. As is obvious




72

~ I I ! i f l ]
- Axiomatix ~
500} — — ~ Hughes S
. =
e
e — —
/
/gﬁt’:\o‘\
/";63("\%'\
100_ — _ —
50|~ —
= L -
=
=4
| o] - i
(30
o
o
£ -
R Axiomatix Parameters
o T (‘ —
= . S 1 o= 0.4803; g = 0.1201 -
= 2 o= 0.4526; 8 = 0.1132 7
5k 3 o= 0.2263; 8 = 0.0283 -
- 4 o =0.1132; 8 = 0.00354 o
T.O:‘“ —
i -
- -
f oy I i
S
i . 1 } ] i
Range, R {(nmi)
Figure 32. RMS Range Tracking Error of Passive Point Targets at Close Range

Versus Range




BUR (ft/sec)

1.5

73
] ] ] I ] i 1 ! I T i
- m = Number of samples averaged -

3o = 1 ft/sec

Specification

Figure 33.

1 I 1 I 1 1 i I l ! !
6 7 8 9 10 11 12

Range, R (nmi)

RIS Range Rate Tracking Error Due to Thermal Noise and Target
Scintillation of Passive Point Targets Versus Range (Long Ranges)

oy S e et



74

10__ i T I I ]

B -

5 - —

- —eem  HAC -

- Axiomatix -

o 30 Range Rate 1 ft/sec |

T Estimation Specification ]

0.5 B -

EE - -

v L —

~. .

Fx)
&

[Yaod v —
=3
™M

0.1 b— —

- .

N a

0.05 —

] _J

0.01 l ! I L
0 2 3 5 6 7

Figure 34,

Range, R {nmi)

RMS Range Rate Tracking Error Due to Thermal Noise and Target Scintillation
of Passive Point Targets Versus Range (Short Ranqes)




75

from the figure, the yange rate accuracies meet the specifications for all
ranges below the specified 10 nmi. The same is true for short ranges [7].

3.6.5 Effects of Point Target Accelerations

This section investigates the performance of the Ku-band radar
system in the tracking mode when constant acceleration takes place. Two
extreme cases can be distinguished; the first will be referred to as radial
acceleration which is achieved by firing retro rockets in the direction of

the L.0S. This causes the range to vary as a quadratic function of time
rather than as a Tinear function of time, which oécurs in the case of a
constant approaching velocity {range rate). The second case will be referred
to as tangential acceleration, which is an acceleration in a direction per-
pendicular to the LOS, causing a quadratic variation in the target angle
being tracked. Since both the azimuth and elevation angles are tracked
similariy [61, this section will not distinguish between the two angles.

The results of an analysis of the tracking Toops in the presence
of acceleration is presented in this section for a deterministic input.

The deterministic input is a realistic assumption for the range of interest,
namely, close range when the SNR is high.

3.8.6 Radial Acceleration

A constant radial acceleration causes the range to change as a
quadratic function of time without affecting the angle measurements. A
detailed analysis of the effect of radial acceleration is presented in [7].
A typical response of the loop to radial accelerations is shown in Figure 35,
which shows the variations of error AR for a radial acceleration of A=0.1g
and a burn time of T=10 sec at a range of 2 nmi. It can be easily seen
that the error due to 0.1 g acceleration is well below the o specification
for the range error (lo=40 ft at 2 nmi}. Since it is believed that the
value of the acceleration (A) will actuaily be of the same order of magni-
tude as 0.1 g or less, no problems are anticipated in tracking radial
accelerations during target approach.

3.8.7 Tangential Acceleration

While it was shown that the radial acceleration affects the range
measurements, the tangential acceleration has a direct effect on the
angle and angle rate measurements [6,7].




76

.1 1 l T ] I 1 T “T T ]
- —— R=2 nmi; o=0.2263; B = 0.0283 -
[~ ~-= R=1000 ft; « =0.4809; B =0.1202 ]
a=0.7Tg
B T=10 sec 7
-
¥ 0.01 r— _
o . —_
<3 .
L n
e |
- | j
! | 7
. I -
|
| |
i -
i |
, [
~ | —~
| |
|
I |
0.001 ! I s i | L I !
0 5 10 15 20 25

Figure 35.

Time (sec)

Range Error Due to Constant Acceleration Lasting T Seconds
(R =2 nmi)




77

The angie and angle rate transient accuracies are discussed in
detail in [6,7]. Figures 36 and 37 illustrate these accuracies with
range as a parameter with a burn time T=10 sec and an acceleration
A=0.1 g. Using these figures and [5,6], it can be concluded that the
angle error due to acceleration is always less than 30 and is less than
1o for all the cases considered except for ranges less than 1000 feet
and burn times larger than 2 seconds. In the latter two cases, the
recovery time, which can be defined as the time required after the burn .
to reside below the specifications (1g), is equal to 4 seconds. Since
the actual amplitudes of acceleration are believed to be in the range
of 0.1 g or less, the angle errors due to tangential accelerations are
not believed to constitute a major problem for angle tracking. :

It is evident, however, that the angle rate errors due to accel- B
eration exceed the 3o angle rate specifications for all cases studied. ;
For the close range of 1000 feet, the recovery times to reside within
1o of the angle rate specifications are 8, 8.75, 8.25, and 9.30 sec
for burn times of 1, 2, 5 and 10 sec, respectively. All of these
recovery times exceed the desired 2-sec recovery time. In order to
reduce the angle rate acceleration errors to the desired levels, the
equivalent noise bandwidth of the angle tracking lcop has to be widened
considerably, which would result in an appreciable increase in the
angle and angle rate errors due to thermal noise. It is believed that,
short of major design changes, any attempt to reduce the angle rate
recovery times to within the desired value of 2 sec is unrealistic.

A compromise can be worked out in such a way as to make the

thermal noise tracking accuracy of the angle rate marginal and improve
on the transient performance by widening the angle loop noise bandwidth.
The extent of this compromise is dependent on the .navigation needs of
the astronauts.

Responses from other values of accelerations for any of the cases

in this section can be obtained cimply by scaling the desired value with f
respect to that shown on the appropriate figure. This is due to the fact |
that, at high values of SNR and the small accelerations considered, the
systems are nearly linear. The same scaling cannot be carried out in the
time dimension, however.
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4.0 ELECTRONIC ASSEMBLY 2 5

The block diagram of the Electronic Assembly 2 (EA-2) is shown in
Figure 38, with the main command and status signals indicated. Since the
unit is implemented mainly for use in the radar mode and discussed in
detail in Section 3.0, no detailed discussion of the radar signal flow
is presented here. This section is devoted to explaining the main rom-
mand signals between EA-2 and the other Ku-band units, as well as pointing
out the major existing problems in the radar mode of operation.

The 78 MHz radar (A+Z) signal is received from the DEA receiver ,
by the EA-2 analog processor, which applies 20 dB of automatic gain con- 57
trol before mixing it with two quadrature 78 MHz reference signals. The
reference signals are generated from a 156 MHz signal from EA-1. The
resulting orthogonal signals are filtered by a variable bandwidth video
filter before being A/D converted by four bit encoders to digital signals.

As explained in Section 3.0, the resuiting complex signhal is pre-
suimed and the output of the pre-sum is filtered using discrete Fourier
transforms (DFT) to approximately determine the doppler frequency. Sixteen
filters are used in the search mode and 32 filters are used in the track
mode.

Post-detection is used to detect the presence of targets and to
send a signal to EA-1 declaring the detection of a target. In the track
mode, the signal is sent to a Togarithmic discriminator that forms the
error signals for the range, range rate and angle tracking Toops. It also
puts out a signal to be used by the AGC block to generate the required
AGC signal for use in the DEA and the analog processor.

The range tracking Toop outputs three main signals. The first is
used by the timing and mode control circuits to adjust the positions of
the range gates. The second is used in the open range rate tracking loop
to resolve range rate ambiguity, and the third is sent to the interface
circuits before sending it to EA-1. The angle tracking loop is also used
to generate angle rate estimates for both the azimuth and elevation angles.
Its outputs are used in the EA-1 control electronics to adjust the antenna
position and are sent to the Orbiter via the interface with EA-1.

One of the most critical aspects of EA-Z is the timing and mode
control block which receives commands from the interface indicating the
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designations of targets in the designated mode or switching the system to
the undesignated mode. It also recejves information concerning whether
the target is active or passive. Al}l of these commands are sent from EA-1
to EA-2 via the interface circuity. The timing circuit also receives a
command directly from EA-1 so as to direct an attenuator at the DEA to
select the proper radar sighal power to be transmitted. It also controls
the timing and selection of the five radar frequencies generated at the
DEA for frequency diversity purposes in the passive mode or chooses the
middle fraquency in the active mode. The transmit/receive (T/R) gates in
the DMA and DEA are also controllied by signals from the timing and control
circuitry which, in addition, control the operation of the blanking signal
that is generated in the DEA (exciter) to appropriately switch the diode
switches in the DEA (receiver) (see Section 3.3). Another important signal
issued by this block is the Az/E1 modulated signal which is used by the
EA-1 angle servo in the radar mode to control the torque on the antenna
driving motors. The timing and controls also monitor the antenna steering
mode and the range designation word during search.

The main signals received or sent by the EA-2 interface can he
summarized as follows:

(1) Signals to EA-]

- Range, range rate, angle and angle rate measurements
in the track mode

- Angle enahle signal which implies that acquisition is
completed

- Target seif-test generation in the self-test mode

- Miniscan signal to be used after search i1s terminated
and acquisition is to be initiated

{?) Signals from EA-1

Stew rate of the antenna which is used in the search
mode sequence

A main or miniscan signal
A signal that initiates target test
Mode (active or passive)

Various other signals, including designation, antenna
steering, etc.

A more detailed and Tengthy description of sequencing and other control
signals can be found in [1] and [11].



83

The major probiems in EA-Z2, as shown in Section 3.0, can be sum-
marized as:

(1} The detection margins are negative for the worst-case design
and are marginal for average losses design at 10 nmi. An increase in
the scanning time is recommended to assure adequate performance with
minimal hardware impact.

(2). The angle rate accuracies are marginal for some ranges, and
the angle rate transient responses to acceleration normal to the 1ine-of-
sight do not settle fast enough to meet the specifications. Any attempt
to widen the angle toop bandwidth to improve the transient response will
have an adverse effect on the steady-state tracking performance of the
loop. It is believed that, uniess major design changes are made, a com-
promise between the steady-state performance and the transient performance
of the angle tracking loop has to be worked out.

(3) There is a discrepancy between the range rate Togarithmic
discriminant error calculated by Axiomatix and that calculated by HAC.
This might be due to the method HAC uses to implement the mapping between
the doppler offset and the expected mean of the discriminant [7]. Further
HAC documentation is needed before resolving this discrepancy.

(4) 1t is believed that the angle and angle rate measurements for
Targe targets will not be dependable at close ranges. These ranges are

functions of the target size and shape. It is believed that further analysis

has to be performed before an optimum solution to the problem is reached.
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5.0 FORWARD LINK

The function of the forward 1ink is to receive the communica-
tion signal from the TDRS and process this signal before handing it
over to the various Orbiter equipments. The processing starts at the
DA by downconverting and power amplifying the signal. Recovery c¥
the carrier and despreading of the signal whenever a spread spectrum
signal exists are carried out in EA-1. Two modes exist in the SPA
which result in either buffering the data before sending it to the
Orbiter or demodulating the data and then sending it to the Orbiter.
The demodulation of the data involves the ability to achieve bit syn-
chronization and frame synchronization.

In order to adequately describe the forward link, the input
signal and noise levels are traced to give the maximum and minimum
expected signal-to-noise ratios at various parts of the system. A
summary of these signal levels is given in Section 5.1, with the
detailed analysis carried out in Appendix A, which also includes the
tracking performance of the Costas Toop (used in EA-T to recover the
carrier) and the tau-dither Toop (used in EA-1 to track the PN code).
Section 5.2 discusses the signal flow in the DA and EA-1, while Section
5.3 discusses the two modes that exist in the SPA and the signal pro-
cessing involved in each mode.

5.1 Input Signal and Noijse Leveis

The received signal-to-noise ratio at the output of the Shuttle
antenna depends on the effective isotropic radiated power (EIRP)
delivered by the TDRS, the distance between the Shuttie and the TDRS
(path loss), and the Ku-band antenna geometry.

To provide a satisfactory forward Tink performance, the Shuttle
Ku-band communication receiver must accommodate a range of received
power levels. Using the Ku-band antenna gain of 38.5 dB and the cor-
responding effective area Ae, Figure 39 illustrates the power densities
at the Ku-band Orbiter antenna and the corresponding power Tevels
versus TDRS EIRP and range. The range changes [12] result in the
path Toss variations shown in Tablie 7.
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Table 7. Path Loss Versus Orbiter-to-<TDRS Range

Range Range Path Loss

{nmi) (meters) (dB-m?2) Comment
18,000 3.34x10’ 161.5 Minimum
22,600 4.19x10’ 163.5 Nominal
25,000 4.63x107 164.3 Max imumm

Considering the EIRP variations, the higher values of EIRP
(i.e., 50 to 55 dBW) are characteristic of a "hot transmitter” (a
new tube, start-of-life-cycle operation) at the TDRS. These vailues
are above a typical "high power" mode +48.5 dBW minimum output [12].
The EIRP levels below the +48.5 dBW value correspond to conditions
existing when the TDRS antenna is not pointed directly at the Shuttle.
Therefore, the lower values of the EIRP are the "effective" vatues
presented to the Shuttle antenna. These values typically occur during
the spatial acquisition phase of the Ku-band Orbiter/TDRS 1ink.

Taking the values of -126.9 dBW/m® and -113.5 dBW/m® as
minimum and maximum flux densities with which the receiver must meet
the specifications, Table 8 summarizes the respective receive power
Tevels in the acquisition mode, tracking mode, and minimum range mode,
which is actually 2 dB above the nominal specification parameter
mode based on the range of 22,600 nmi.

Table 8. Ku-Band Signal Levels at Acquisition,
Tracking and Nominal Link Operation Point

86

Minimum

Acquisition Tracking Range

Incident Flux Density, dBW/m- -126.9 -126.9 -113.5
Antenna Area, dB-m2 -5.7 -5.7 -5.7
Polarization Loss, dB -0.2 -0.2 -0.2
Pointing Loss, dB -3.0 -0.3 -0.3
Received Power, dBW -135.8 ~133.1 -119.7
(dBm} (-105.8) (-103.1) ( -89.7)

C -2
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The resulting maximum power variation at the antenna is then 16.1 dB.

The single-sided noise spectral density is computed in Appen-
dix A to be N0=.-196.6 dBW/Hz; hence, the input carrier power-to-
noise spectral density ratios C/NO are 60.8 dB-Hz, 63.5 dB-Hz, and
76.9 dB-Hz for the acquisition mede, tracking mode and minimum range
mode, respectively.

Figure 40 shows the block diagram of the Ku-band receiver
configuration, comprised of the DMA, DEA and EA-1. The basic archi-
tecture of the equipment is that of a two-channel monopulse receiver.
One channe! is used for amplifying the sum (T) output of a two-axis
monopulse antenna; the second channel amplifies the time-multiplexed
AAZ and AEL signals developed by the monopulse bridge of the antenna.
The receiver utilizes double conversion with all of the data demodula-
tion related functions performed at the second IF. The time-multiplexed
angle tracking modulation, however, is detected at the first IF to
minimize the overall number of the receijver components.

The gains and losses of the major subunits and the appropriate
signal levels, both minimum and maximum, are indicated in Figure 40.
It s important to point out that, as shown in the figure, the dynamic
range of the signal levels handled by the receiver is comprised of
two components: (1) the change in the input signal strength (=16 dB)
and (2) the variation in the amplifier gains over the temperature
range. Examination of the design review data [13] indicates that
gain variations of the receiver subunits contribute an additional
10 dB dynamic range requirement over the specified range of the oper-
ating conditions. Thus, the total dynamic range requirement imposed
on the automatic gain and Tevel control is about 26 dB.

5.2 Forward Link Signal Flow in DA/EA-I

Two channels have to be considered in this discussion, the
sum channel (z) and the difference channel (a).

Consider first the signal flow through the sum channel of the
recejver. The received 13,775 MHz signal power output by the sum
channel antenna feed, which is a part of the deployed mechanical
assembly (DMA), is passed thrdugh the rotary joint and is applied
to a bandpass filter (BPF 1A) and a limiter. The function of the
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RF Signal Level Profile for the Forward Link Ku-Band Communication Receiver
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filter is to couple the incoming 13,775 MHz signals into the receiver
and to reject the communication transmitter signal. Although the band-
width of the communication signal is Tess than 10 MHz, the passband

of this first filter is 300 MHz wide to accommodate the frequency
hopped signal of the radar which shares this channel. Also, the
amplitude limiter is required primarily for the radar mode, and thus

it does not affect the communication mode.

The combined loss of the antenna feed, the rotary joints, and
the filter/limiter subunit is about 2.9 dB, which implies that the
maximum and minimum input levels are reduced to -92.6 dBm and -168.7 dBm,
respectively.

The Tow noise RF amplifier (LNA) which follows is a three-
stage Tield effect transistor unit which, as explained in Appendix A,
has sufficient dynamic range to handle the S-band spur as well as the
signal. The bandpass filter (BPF 2A) has sufficiently wide bandwidth
to accommodate the radar signal and still provide 20 dB rejection of
the image frequency band.

After preselection by this bandpass filter, the received
signal is applied to a single balance mixer where it is downconverted
by a signal generated in the exciter to the first IF of 647 MHz. The
output of the mixer is applied to a first IF preamplifier which com-
pensates for the signal losses incurred in the prefiltering and in
the downconversion.

The FET LMNA, the bandpass filter (BPF 2A), the mixer, and the
post-conversion preampiifier are contained in a single hermetically
sealed subassembiy which is located physically close to the input
bandpass filter/Timiter unit to reduce the RF losses. The overall
RF to IF gain of this subassembly (shown by dotted lines in Figure 40)
is 23 +2 dB over the range of the environmental conditions. The cor-
responding range of the minimum and maximum communication signal levels
is -87.7 dB and -67.5 dBm, respectively, at the output of this
subassembly.

After the preamplification at the first IF of 647 MHz, the
communication signal is passed through a solid-state diode blanking
gate DS1 (see Section 3.3, Figure 8) and is applied to the first IF band-
pass filter (BPF 3A). In the communication mode, the gate does not affect
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the signal. The output of the blanking gate is fed into BPF 3A whose
3 dB bandwidth is 18 MHz. The purpose of this filter is twofold:

(1) to provide sufficient rejection of the S-band spur and (2) to
provide good transient response during the transmit/receive gating

in the radar mode. The output of BPF 3A is applied to a 3 dB power
divider. One cutput port of this power divider feeds the communica-
tion data IF amplifier. The signal emerging at the second output
port of the power divider is summed with the IF signal of the differ-
ence {i.e., A) receiver channel.

The communication data IF amplifier provides a nominal gain
of 56 dB with an estimated variation of +#2 dB. The amplified com-
munication signal, which appears at the output of this amplifier,
leaves the Deployed Electrical Assembly (DEA) and is routed via an
interconnecting cable with 3 dB loss to the Electronics Assembly #1
(EA-1) for further amplification and processing.

The min/max levels of signal-to-noise ratios at the output of
the DEA are shown in Appendix A to be -12.5 dB and 3.6 dB in the
18 MHz bandwidth.

At the input of the EA-1, the 647 MHz second IF signal is
applied to a bandpass filter whose bandwidth is 14 MHz and then to
a balanced mixer which downconverts it to 21.88 MHz. At this point,
the min/max signal-to-noise ratios (Appendix A) are -11.4 dBm and
+4.7 dBm in a 14 MHz bandwidth.

The combined effect of the automatic gain control (AGC) and
the automatic Tevel contro? (ALC) provide, as explained in Appendix A,
enough signal level of stabilization to reduce the maximum variation
at their output to *2.5 dB.

Following the AGC/ALC unit, the second signal is applied to
a series of power dividers which distribute this signal to the PN
despreader, PN tracking Toop, and PN lock detector. The PN despreader
consists of two subsections. One subsection is used for removing the
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PN code from the data. This subsection is followed by the Costas loop.

The second PN despreader subsection is followed by the Costas Tock
detector.

The min/max signal levels at the input to the PR despreader
subsections are ~9.8 dBm and -4.8 dBm, respectively. The min/max
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levels of the signal delivered to both the PN tracking loop and the
PN Tock detector are -12.3 dBm and -7.3 dBm, respectively.

The detailed functional description of the PN despreader and
the carrier Costas losp, as well as their performance, are explained
in Appendix A. It is important to note, however, that the acquisitions
of the PN code and of the carrier are cariried out simultaneously and
that the Costas loop cam start tracking the carrier before the PN
despreader has acquired the PN code.

The initial frequency search and carrier acquisition wust be
performed by the Costas loop regardless of the received TDRS signal
which can be any of the foilowing formats:

(a) CW carrier

(b) Data modulated carrier

(¢) Spread spectrum carrier

{d) Spread spectrum plus data modulated carrier.

Figure 41 shows the functional block diagram of the polarity-type Costas
Toop used to acquire and track the carrier. The input to the circuit
is supplied by the second IF AGC/ALC circuit and by PN code associated
circuitry.

The Costas loop demodulator searches and acquires the incoming
RF signal. Once the acquisition is completed. the demodulator pro-
vides coherent tracking of the phase and the frequency of the received
signal. 1t must be noted that the initial Costas Toop Tockup on the
incoming carrier takes place regardless of the PN code synchronization.
This is due to the fact that the arm filters of the Costas Toop are
made wide enough to accommodate the bandwidth of the spread spectrum
signal. Thus, the Costas Toop handies the PN modulated carrier as a
baseband "data" of 3 Mbps, and it Tocks up the suppressed carrier of
this spread spectrum signal. The data recovery, which is the primary
function of the Costas demodulator, must be preceded, however, by the
PN despreading.

The capability of the Costas loop to acquire the received RF
signal within a relatively short time (about 350 msec) and without
needing the PN code lock makes the Costas loop the primary sensor
unit for the angular acquisition of the TDRS. Specifically, as the
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Shuttle antenna beam scans past the TDRS, the Costas loop, which is con-
stantly swept in frequency, Tocks onto the TDRS signal and signals the
antenna microcomputer to terminate the antenna scan. The advantage of
using the Costas Toop for acquisition rather than an energy sensor is
that the former uses coherent detection which uniquely identifies the
TORS signal, thus eliminating possible false Tlockups due to Purth or
sun intercepts.

The actual sensing of the Costas Toop signal acquisition state
is performed by the Costas lock detector circuit. This circuit develops
the in-phase ("I") and quadrature phase ("Q") components of the
incoming signal and forms an 12-Q signal. When the Costas Toop is
in lock, or close to it, the condition 12>>'Q2 makes the IZ—Q2 sighal
exceed a preset threshold. When this happens, the lock detector sends
a "Costas lock” signal to the acquisition and track control logic.

As its name implies, the acquisition and track control logic
performs the function of switching the Ku-band communication receiver
from the acquisition mode to the track mode. Specifically, upon
receipt of the "Costas Tock” signal, the Togic circuit issues commands
to the antenna microcomputer and to the RF switching circuitry to ter-
minate the antenna scan and to initiate the angle tracking, in addi-
tion to terminating the sweep, narrowing the bandwidth, and initiating
tracking. (For a more detailed discussion, see Appendix A.)

The recovery of the forward 1ink data requires the removal
of the 3.03 Mbps PN code from the received signal when the incoming
signal is in the spread spectrum mode. The removal of the code, in
turn, requires a iocal replica of a code which is in a near-perfect
synchronism with the incoming code. Consequently, prior to the
recovery of the communication data, the Ku-band receiver must search
out the phase of the incoming code and then Tock its local coder to
the phase of the incoming code. Once the initial synchronism is estah-
Tished, the Tocal coder must remain in lock with the received code.

The function of both the code acquisition and tracking, as
presented in the PDR [13], is performed by the PN tau-dither
acquisition-tracking and the PN Tock detector circuits whose func-
tional block diagrams are shown in Figure 42,
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The PN tau-dither acquisition-tracking circuit is in the
upper portion of Figure 42, while the lower portion shows the PN Tock
detector. In the tracking mode, the IF signal is applied to mixer
MAT where it is multiplied with the Tocal reference. This Tocal
reference is time-multiplexed between two bj-phase signals, one modu-
lated by the "early" code (+t/2) and the other by the "late" code
(-t/2). The rate of multiplexing, which is generally referred to as
the "tau-dither" rate, is equal to 5.22 kHz for this particular system.

The output of MAT is bandpass filtered and applied to a
square-law detector. The square-law detected signal is then AC
coupled to the demultiplexer, where the detected IF outputs corre-
sponding to the +1/2 and -t/2 conditions are separated. After
separation, these two components are subtracted and the difference
is filtered and appiied via the Toop filter to the VCXO.

The VCX0 is tunable over a limited range, and the code track
error developed by the tau-dither circuit is used to keep the VCXO-
driven code generator in synchronism with the received code.

For the acquisition phase, the scan circuit develops a voltage
which offsets the VCX0 frequency from the nominal frequency of the
PN code. This offset causes the local and incoming codes to slip
past each other until synchronism is achieved.

Once synchronism is achieved, the tau-dither tracking func-
tion takes over and the PN code stays in Tock despite the scan signal
voltage. This voitage, however, is disconnected once the PN Tock
detector declares code Tock. {For further discussion of PN acquisi-
tion and tracking, see Appendix A.)

It is important to point out that the PN code search procedure
of the tau-dither acquisition-tracking circuitry described here
utilizes a VCX0 frequency offset which causes the code phases to
slide past each other on a continuous, uninterrupted basis. There-
Tfore, unlike the case of a stepped code search, the probabiiity of
lock cannot be defined on a discrete time basis. This fact compli-
cates the analytical procedure for predicting the PN acguisition
behavior, although it does not affect the actual tested performance [14].
The predictions made for a stepped sequential search performance [15]
should thus be considered as guidelines.
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The signal (Z-channel), which is a 216 kbps bi-phase-L code,
is fed into the SPA after PN despreading and carrier tracking is com-
pleted. The signal is controlied by a data-good circuit [13] which
passes the data when the three following conditions are met:

(1} The PN tock detector deciares PN tracking (when spread-
ing exists).

(2) The Costas Toop detector deciares carrier tracking.

(3) No DC Tevel exists.

The third requirement is inciuded to insure that data is present and
not just carrier.

The difference channel (A) signal is generated (Appendix A)
to form (when muttiplexed with the £-channel} the required error signal
for tracking purposes in the radar and communication modes. The
A-channel signal processing with the DEA is identical to that of the
i-channel. The multiplexing procedure is explained in Section 3.0
and in [6].

5.3 Forward Link SPA Modes

Two modes are available in the SPA for the forward link signals—
a special mode which primarily buffers” the data from EA-1 and hands it
over to the NSP (1 or 2) on the rbiter or a nominal mode which performs
the following operations:

(1) Bit synchronization of the incoming 216 kbps bi-phase-L
data from the EA-1.

(2) Generation of the 2x216 kbps synchronous clock with the
data and solving the clock ambiguity, as well as the data (midbit,
between-bit transitions).

(3) Bit detection via a bit detector.

(4) Frame synchronization and data (scientific and operational)
decommutation before providing them to the Orbiter at the appropriate
rates.

The mode selection is controlled by the SPA management and hardware
logic.

*Buffering here implies amplification and impedance matching.
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5.3.1 Bit Synchronization and Ambiguity Resolution

The bit synchronizer and ambiguity resolver simplified block
diagram is shown in Figure 43. The objective of the circuit is to:

(1) Generate a 32x216 kHz (6.912 MHz) synchronous signal
which is used to generate the 216 kbits clock, 2x216 kbits clock,
and various other timing signals used in frame decommutation timing.

(2) Resolve midbit versus bit transition ambiguity of the
216 kbps bi-phase-L data, as well as the 2x216 kbps clock synchroni-
zation ambiguity.

A functional block diagram of the HAC Ku-band bit synchrow
nizer, suitable for analysis purposes, is illustrated in Figure 44.
The principles of operation of this synchronizer are summarized as
follows. The synchronizer develops its timing waveforms from a
twice~bit-rate clock (512 kbps), while the ambiguity resolver deter-
mines the correct timing phase of the bit rate clock obtained by
dividing down the twice-bit-rate clock by 2. The input signal is
multiplied by the twice-bit-rate ciock and then the bit-rate clock
or its complement, which are both used to gate (in each bit interval)
half-bit segments of the multiplier outputs to in-phase integrate-and-
dump (I&D) circuits. For the midbit I&D, the half-bit integration
symmetrically (assuming perfect timing) spans the midbit position.
Thus, the output of this I&D after 2-bit digitization by Digitizer 1
reflects the polarity of the NRZ data bit stream (or, alternately, the
polarity of the midbit Manchester transition). For the between-bit
I&D, the haif-bit integration symmetrically spans the NRZ bit transi-
tion position. Thus, the output of Digitizer 2 is a measure of the
polarity of the NRZ data transition. If no transition occurs, the
output will be nominally zero.

The input bi-phase-L coded signal is also gated by the bit
rate clock and its complement, without first being multiplied by the
twice-bit-rate clock, to between-bit and midbit quadrature I&D cir-
cuits, respectively. The outputs of these I&Ds are measures of the
timing offset between the input and the Tocally generated bit-rate
clock. Multiplying the respective in-phase and quadrature I&D outputs
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Figure 44. Bit Synchronizer Functional Block Diagram
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and summing generates an ervor signal suitable for closing the bit sync
toop.

Timing diagrams of the various waveforms formed within the
Toop are illustrated in Figure 452 for 0 < A 5_%-§-and in Figure 45b
for %-4-%& A 5.-12-, where A is the relative timing error (normalized to
the bit time) between the input and Tocally generated bit-rate clock.
The corresponding loop error curve (assuming no noise) is illustrated
in Figure 46 and is obtained by statistically averaging the error
signal formed above over the data segquence (assuming an NRZ transi-
tion probability pt).

Several comments are worthy of note. First, the midbit in-phase
and quadrature I&D outputs are independent of the between-bit in-phase
and quadrature I&D outputs because of the orthogonality (in time) of
their respective integration intervals. This greatly simplifies the
computation of the equivalent loop error curve and the equivalent
noise spectral density at the error control point. Second, all of
the above integrations occur over half-bit intervals. While it is
advisable to "window" the gquadrature I&Ds (half a bit in the HAC
design), it is not necessarily desirable to "window" the in-phase
I&Ds. In fact, windowing the in-phase I&Ds to half a bit as in the
Hughes design results in a 3 dB SNR penalty for making decisions an the
midbit and between-bit transitions relative to performing full-bit
in-phase I&Ds as is done, for example, in [16]. In [16]. four bit
synchronizer configurations motivated by the application of maximum
a posteriori (MAP) estimation theory are developed and their perform-
ance compared. Conceptually, the HAC bit synchronizer design is '
closest to Figure 5c of [16], although fundamental differences between
the two do exist. Section 9.2 and Appendix E present a complete per-
formance analysis of the HAC design.

The ampiguity resolver uses two 12-bit counters which are
incremented or decremented by the absolute values of the in-phase
and quadrature-phase integrate-and-dump circuits as follows ((:)refer
to the signals in Figures 45a and 45b):

(1) Counter 1 is incremented by threshold crossing of (:)
and decremented by threshold crossing of (:).
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(2} Counter 2 is incremented by threshold crossing of (:)
and decremented by threshold crossing of (8).

The resolver resolves the ambiguity once one counter overflows
and exceeds the second counter by a certain count (not specified in
the PDR documents). Lock is maintained unless an overflow occurs three
times without exceeding the prespecified difference between the two
counters which results in a signal initiating acquisition and indi-
cating loss of lock. This implies that a Tong sequence of ones or
zeros would cause the ambiguity resolver to lose lock while an alter-
nate sequence of ones and zeros would help the resolver to achieve
faster lock indication.

The choice of the capacity of the counter is a function of the
duty factor and the expected maximum lenath of nonvarying data
sequence. A bound on these two quantities has to be specified for
an optimal counter capacity to be selected.

5.3.2 Bit Detection

After establishing bit synchronization, a conventional bit
detector is used to detect the 216 kbps bi-phase-L input data and con-
vert it to 216 kbps NRZ data by multiplying it with an in-phase bit-
rate clock and using two orthogonal integrate-and-dumps to detect
alternate data bits, as seen in Figure 47a. The combination of the
two integrate-and-dump circuits is implemented to act as a very fast
single integrate-and-dump circuit. The comparators are used as
threshold devices to determine the bit polarity, and the muTtiplexer
is used to combine the alternate outputs to form a single NRZ data
stream. The equivalent bit detector is shown in Figure 47b.

5.3.3 Frame Synchronization

The data format of the forward 1ink is shown in Figure 48.
The data is time-division-multiplexed {TDM) in such a way that each
frame consists of 9 bytes and each byte consists of 48 bits. There
are 500 frames per second (216 kbps). The first 32 bits of byte 1 in
a frame consists of a frame code which is used to establish frame
synchronization. The remaining 16 bits in byte 1, as well as the
last 16 bits in every other byte, are reserved for operations data
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at a rate of 72 kbps. The first 32 bhits of the eight remaining bytes
in a frame are used for payload data.

Frame timing (synchronization) is established via a correla-
tion detector, as seen in Figure 49. The detector searches the various
possible code positions in the first 32 bits of the first byte to
detect a correlation. Two possible correlations can be declared:

(1} Positive correlation, when at least 30 bits agree with
the local code.

(2) Negative correlation, when no more than 2 bits agree
with the local code.

This causes the frame synchronizer to shift from the search mode to
" the acquisition mode with the proper data sign shift (positive or
negative). If correlation is detected again after one frame time,
the frame synchronizer enters the lock mode and an event counter is
reset to zera. If no correlation is detected, the mode is shifted back
to the search mode. Once the event counter is set to zero, it takes
three consecutive correlation misses (incrementing the event counter
to 3) to switch the frame synchronizer back to the search wmode. The
forward Tink timing circuits distribute the data and the required
timing signals to various parts of the frame synchronjzer and closes
the bit synchronizer loop by sending bit synchronization timing pulses
to its timing buffer, as shown in Figure 43. The frame decommutator
timing uses the synchronous 6.9 MHz and 432 kHz signals to generate
the required 128 kHz and 72 kHz signals fecr the frame decommutator,
which isolates the operations data and payload data before handing
it to the Orbiter at the appropriate output rate.
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6.0 RETURN LINK |

The return Tink is used by the Ku-band system to transmit data g
from the Orbiter to the TDRS., It has two selectable modes which
multiplex three channels carrying a wide variety of data. The return
Tink is initiated in the SPA by modulating the data in one of two
modes before being upconverted to Ku-band frequencies by the DEA and
transmitted by the DMA to the TDRS. In the following sections, the
possibile data combinations are presented, along with a description of
the modes and the return Tink signal flow in the various Ku-band sub~
units. Evaluation of the performance of the 1ink using the current
design parameters s also summarized with the detailed analysis pre-
sented in Appendix B.

6.1 Signal Formats and Modes
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There are three channels that can be multiplexed in one of two
modes {17]. The modes are selected by a signal from the management/
handover logic in the SPA, based on Orbiter commands. As seen in
Figure 50, the two Tower rate channels are identical in the two modes,
while the higher rate channel differs according to the mode of operation.

Figure 51 illustrates the signal flow block diagram of the
return Tink in the SPA. The two lower rate channels (Channels 1 and 2)
are quadriphase-modulated on a squarewave subcarrier whose first har-
monic frequency is 8.5 MHz. The subcarrier is generated by a square-
wave oscillator in the SPA. The power ratio between the two channels
is adjusted to give a nominal 80% to the in-phase channel (Channel 2)
and 20% to the quadriphase channel (Channel 1). This is accomplished
by delaying the output of the squarewave oscillator and its inverse
by a nominal 17.4 nsec, which results in four squarewave carrier
vectors that are located at 0°, 53.2°, 180° and 233.2° angles. Chan-
neis 1 and 2, which geometrically form the bisectors to the angles
between the four vectors, are projected (multiplexed) onto these
vectors to yield the appropriate (0.2,0.8) power distribution between
them, respectively. This stems from the fact that c052(53.?/2) =0.799
(=0.8} and sin® (53.2/2) = 0.2005 (=0.2). The switching combination
SWT, SWZ2, SW3 is controlled by the management and handover Togic of the
SPA and is used to select the desired signals from those shown in
Figure 50.
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Channel 1

Both|Modes

Operational Data
192 kbps
Bi-phase-L

Channel 2

Both|Modes

Payload Data

(1) 25.5-1024 kbps
Bi-phase-L

(2) 16-1024 kbps
NRZ or Bi-phase-L

(:) Low Rate Analog

Operational Data
25.5-1024 Kbps

Channel 3

Bi-phase-L
Mode 1
Payload Data
2-50 Mbps NRZ
Mode 2

Payload or TV
(1) Digital up to 4.5 Mbps
(@ Analog (DG - 4.5 MHz)

Figure 50. Return Link Signal Formats
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In Mode 1, the generatied quadriphase signal is modulated on
the quadrature channel of a carrier frequency of 1.876 GHz derived
from EA-1 while Channel 3, after passing through a convolutional
encoding stage, is modulated on the in-phase channel of the carrier
frequency. The resulting combination is a double quadriphase modu-
lation with a nominal power split of 80%, 16%, and 4% for Channels 3,
2, and 1, respectively.

In Mode 2, the subcarrier quadriphase signal is bandpass
filtered to obtain a sinusoidal subcaryier and then summed with the
4.5 MHz wideband Channel 3. The nominal power ratio in Mode 2 is
35% for quadriphased Channels 1 and 2 and 65% for Channel 3, while
the power ratio in the subcarrier quadriphase-modulated signal remains
as in Mode 1. The composite signal is then frequency modulated to
produce an FM signal with the same carrier frequency as in Mode 1
(1.876 GHz) and a maximum peak-to-peak deviation of 34.0 MHz. The
required mode is selected via the mode switch, and the resulting
return Tink signal is then sent to DEA-A or DEA-B, depending on the
communication enable command, for coherent up-conversion before trans-
mission. The nominal signal level at the output of the SPA subunit
is expected to be 13 dBm for DEA-A and 7 dBm for DEA-B. This is
because there are no radar losses through DEA-B.

Before describing the DEA portion of the return Tink, the
convolutional encoder js described and the effect of the variation
in power distribution between various channels is analyzed.

6.2 Convolutional Encoder

The convolutional encoder is used to encode Channel 3 in
Mode 1 at a rate 1/2 and ccrstraint Tength 7, thus converting the
2-50 Mbps NRZ data into 4-700 Msps encoded data. This is achieved
by synchronizing a received 2-50 Mbps clock with the equal amplitude,
equal rate data by selecting the proper clock phase via a D fiip-fiop
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utilizing Ixclock and 2xclock frequencies. The encoder uses a 31-stage

phase shift register with two modulo-2 adders and twe 5-bit shift
registers which are Toaded at every fifth uncoded input data bit into
a 10-bit buffering output shift register after passing through a
delay Tine, as shown in Figure 52. Timing plays a very important
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role in the operation of the convolutional encoder, Since delay Tines
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are used for timing purposes, care must be taken to avoid any dead zones

in the operation. One such dead zone was reported at 10 Mbps.

6.3 Data Asymmetiry

One area of concern in the return Tink is the data asymmetry
produced by the 50 Mbps rate 1/2 convolutionally coded data channel
over the TDRSS. This is a potential probiem which can cause appreci-
able degradation to the demodulated data detection. This degradation
is a function of the amount of asymmetry produced by the SPA return
link circuitry.

The bit error rate performance of the convolutional decoder
depends, among other things, on the symmetry of the modulation. Any
asymmetry in the NRZ symbols entering the symbol synchronizer causes
a misalignment in the symbol synchronization clock which degrades the
integrate-and-dump output and any soft or hard decisions derived from
it for input to the decoder. For a specified degree of asymmetry (in
terms of a fraction of a symbol interval), the bit error rate degrada-
tion is dependent on the transition probability of the data. Clearly,

if the data transmitted was either all ones or all minus ones, misalign-

ment of the bit synchronization clock would have no degrading effect on
the integrate-and-dump output since, for each symbel, this circuit would

integrate up to its maximum value before being dumped. On the other hand,

when the data is an alternating sequence, the worst-case degradation

results, since the transition which occtrs at the end of each symbol in

combination with the symbol synchronization clock misalignment prevents

the integrate-and-dump output from reaching jts maximum value.
A detailed analysis of the problem was presented in [18] where

itwo possible sample detectors were discussed taking into account the exis-

tence of data capacitive coupling which is used to restore any existing

D.C. level, as well as the detector band 1imiting effects. A summary

of the results is presented here to help in giving a complete evaluation

of the effects of data asymmetry.
The first type of detector, which is the filter-sample type

detectoyr, is shown in Figure 53. Assuming NRZ data, the performance of

the detector is illustrated in Figures 54 and 55, where n represents the

asymmetry defined as the difference in length between the shortest and
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the longest pulses in the sequence divided by their sum and ES/N0 is the
symbol energy-to-noise spectral density ratio. It could be concluded that,
for small values of asymmetry (less than about 10%), the optimum filter
bandwidth-bit time product remains equal to 0.9, and the corresponding
amount of energy-to-noise ratio degradation at a fixed error rate is
virtually independent of whether or not D.C. restoration is present.

Using BT=0.9, the degradation in sighal energy-to-noise spectral
density, which is the additional ES/NO needed to achieve the required
performance, is summarized in Tabie 9.

Table 9. ES/N0 Degradation with D.C. Restoration by
Capacitive Coupling

_ an-b _ an=B
ni{%) E./Ng (dB) AE./N, (dB) n(%) E/Ny (dB) 4E/N, (dB)
0 9.97 0 0 11.28 0
2.5 9.99 0.02 2.5 11.30 0.02
5.0 10.02 0.05 5.0 11.32 0.04

10.0  10.12 0.15 10.0 11.40 0.12
15.0  10.25 0.28 15.0 11.54 0.26
20.0  10.44 0.47 20.0 11.73 0.45

The table shows that for asymmetry less than 10%, the degradation does
not exceed 0.15 dB.

The other possible implementation of the data detector is the
gated integrate-and-dump filter shown in Figure 56. Figures 57 and 58
are the corresponding performance curves for this detector. The dotted
Tine in Figure 58 represents the best achievable performance using the
gated integrate-and dump data detector. In both figures, e represents
the fractional gate interval (relative to symbol time) at each end of
the symbol.

In order to minimize the degradation and to meet the asymmetry
specifications of 10%, HAC has proposed an asymmetry compensator which
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uses a closed Toop compensator detector civcuit and a D flip-flop to give
a maximum asymmetry of 10%. A detailed description of the encoder and the
compensator is presented in [17]. No test data pertaining to the perform-
ance of the compensator is available. It is believed, however, that the
compensator output will meet the asymmetry specifications. The effects

of any asymmetry test data on the probability of bit error, however, can
be directly evaluated using Figures 21, 22, 25, and 26.

6.4 Effects of Deviation From the Nominal Power Ratio in Mode 1

The demodulator for the three-channel (Mode 1) configuration is
a combination of two Costas Toops [19] which are implemented to recover
the carrier and then the subcarrier before the data can be demodulated.
Appendix B presents the detailed analytical discussion of the effect of
change in power distribution between the three channels on the tracking
of the subcarrier loop. These changes are attributed to the inability of
the hardware to maintain the exact nominal power distribution. Using the
current estimates of the system losses of TDRSS, Figures 59 and 60 illu-
strate two cases of interest.

Channel 2 is assumed to be NRZ in the first case and biphase-L in
tha second, while Channel 1 is assumed to be biphase-L in both cases. The
ratio of total power to the product of the single-sided spectral density
and Channel 2 rate PTIQNDRz) is taken to be 22 dB, which is the approxi-
mate expected return signal-to-noise ratio. Different signal-to-noise
ratios are shown in Appendix B. In all cases, the carrier tracking Toop
is optimistically assumed to be tracking perfectly. The effect of any
carrier tracking error L@C) is an additional degradation to the rms sub-
carrier jitter of cos e The selected values of power ratios in the
three channels are typical expected performance values of the return link
modulator in the SPA [20]. Table 10 shows the nominal values, as well as
the ratios used in the caiculations. In deriving the values Tor the rms
phase jitter, Channel 3 data was assumed to be NRZ data.

As is obvious from Figures 59 and 60, the subcarrier rmns tracking
Jitter changes drastically due to the above variations in power distribu-
tion for all values of Bi/RE’ which is the ratio of the two-sided arm
filter noise bandwidth to the Channel 2 data rate. The arm filter in
the analysis is assumed o be a first-order Butterworth {RC) filier with
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Table 10. Power Ratios in Mode 1
(PT=P]+P2+P3,

PSIPT PZ/PT P]/PT

Nominal 0.80 0.16 0.04

Case 1 0.82 0.14 0.04 Expected
Case 2 0.78 .19 0.03 Variations

a typical ratio between its two-sided bandwidth (Bi) and the loop single-
sided noise bandwidth (BL) of 104. It should also be noted that the per-
Tformance of the subcarrier tracking loop in terms of the rms jitter is
worse in the case of the biphase-L data in Channel 2 than it is when the
data is NRZ.

To obtain the tetal effect of the variation in power ratio distri-
bution on the pfobabi]ities of bit error, however, two factors have to
be taken into consideration:

(1) The variations in the loop phase jitter (céic) which, 1in
turn, affects the probabilities of error. This factor, however, has been
shown in [21] to be less than 0,14 dB under worst-case conditions. In
other words, the deviation from the ideal tracking case is negligible.

(2) The changes in signal-to-noise ratios in the various channels.

To illustrate this effect, a typical expected value of PTTZ/N0= 22 dB is
selected at the input of the subcarrier Costas Toop. Choosing R2= 2 Mbps
and R1= 192 kbps as an example, Appendix B shows that the resulting design
margins to achieve the specified probabjlities of bit error of 10'4 in the
lower two channels are still adequate for both cases of interest. Using
an estimated 2 dB for the TDRS bit synchronizer loss, the resulting design
margins are summarized in Table 11.

Table 11. Return Link Lower Rate Channels Design Margins

Channel 1 Channel 2 R, =10 Mbps, R2==2 Mbps,

Case 1 6.55 2.78 R, =192 kbps
Case 2 4.19 4.83 PTTZ/N0==22 dB

3
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The example clearly illustrates that, in spite of the expected
variations in the signal powers in the three channels, adequate design
margins exist due to the high return 1ink signai-to-noise ratios.

6.5 Return Link RF Signal Flow

In this section, the return Tink signal js traced through the
Deployed Electronic Assembly DEA. Since parts of the DEA are shared
with the radar mode, the main radar signals are pointed out with the
detailed discussion presented in Section 3.0.

The modulated communication signal {Mode 1 or Mode 2) leaves
the SPA unit at Point C (Figure 51) to be up-converted in the DEA
exciter subunit (shown in Figure 61) to the Ku-band communication
transmitter frequency of 15.003 GHz. This is accomplished by mixing
the incoming 1.876 GHz signal with a 13.128 GHz signal and filtering
it with a bandpass filter (BPF 1). The 13.128 GHz frequency is '
generated via a phase-locked Toop (PLL) using the 83rd harmonic
(12.972 GHz) of a 156.3 MHz reference frequency from EA-1. The Toap
is closed by a mixer which is used to form the difference frequency
between that generated by a swept Ku-band Gunn VCO and the 12.972 GHz
sighal. The resulting signal is compared via a comparator whose
reference level of 52.1 MHz which is derived by dividing the 156.3 MHz
signal by 3. Whenever the Gunn VCO tunes to a frequency for which
the output of the mixer MI equals any integral multipie of 52 MHz,
the output of the comparator will be detected by a zero beat detec-
tor (not shown in the figure) which, in turn, will stop the sweep
and phase-Tlock the VCO. The reason behind this implementation is
to allow easy generation of the five discrete radar frequencies
used in the passive mode by proper bandpass filtering of the output
of M1. The Tive radar frequencies are generated by proper VCO
frequency selection which ranges from 13.128 GHz to 13.336 GHz 1in
steps of 52 MHz and then by mixing with a 651 MHz signal which is
generated from the original 156.2 MHz reference. Switches SW1 and
$42 are used to shift from the communication mode to the radar mode
according to the Comm/Radar Enable command.

It should be noted that the output of the Gunn VCO is also used
as a first LO frequency in the forward 1ink (receiver) and that 573 MHz
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is also derived from the 156.3 MHz reference for use in the radar second
LO.

The up-conversion is followad in both the radar and communica-
tion modes by a four-stage, low-noise FET amplifier which is used to
increase the drive power of the traveling wave tube (TWT) to 7 dBm
and to reduce any amplitude modulation on the drive signal. Switch
SW3 is then employed to extract a TWT bypass radar signal which is
used in the radar short range operation. The signal is then passed
through an adjustable attenuator which selectively provides 0 dB,

12 dB, or 24 dB of attenuation to the signal. A TWT amplifier, which
operates between 1.-15 GHz to accommodate both radar and communication
modes, is then used to amplify the signal to a 60W nominal power at its
output (55 watts in the case of the radar).

In order to turn the TWT on, two signals are needed: (1) a
standby or ON command from EA-1 which enables the transmitter high
voltage, the TWT filament and the TWT modulating anode power supplies
and (2) a transmit enable command which enables the moduiating anode
after at least a three minute warm-up period following the first command.

There are isolator stages preceding and folTowing the TWT
which constitute part of the transmitter microwave subassembly in
which harmonics outside the radar and communication bands are filtered.
The signal then reaches the first diplexer, DI1, which consists of
bandpass/band-reject filters of multicavity Chebyshev design. DII
routes the return Tink signal to wavequide switch SW4 which, according
to the original design, routes the signal to either the DMA wide-beam
antenna in the TDRS acquisition mode or through a second similar
diplexer DIZ2 to the narrow-beam antenna to transmit the signal to
the TDRS after acquisition. In the original design, a polarization
switch is also implemented to select the proper radar or communication

poilarization. Since the TDRSS angle tracking circuits are limited in

the rate of change of received signal power, the switching from wide-beam
to narrow-beam is creating a problem. It was therefore necessary to
adjust the search procedure and use the GPC designate with only the
narrow-beam antenna as the primary mode. Axiomatix therefore suggests
that the polarization of the wide~beam antenna be changed to Tinear

polarization, which will assist the radar mode in sidelobe discrimination.
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The radar signal is routed by DI1 into a vadar switching unit (ferrite
circulator switch) which provides an 80 dB guard attenuation during the
receive mode. The output power level of the return Tink signal during
normal operation is approximately 50W (47 dBm).

Figure 61 shows only the necessary components of the return Tink.
A separate discussion of the forward 1ink is presented in Section 5.0.
Also not shown in Figure 61 is the Tow voltage power supply subassembly
[22] which 1s used to generate all the required DC voltages for operation
of the DEA.
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7.0 DEPLOYED ASSEMBLY

The DA consists of the deployed mechanical assembly (DMA) and
the deployed electronics assembly (DEA). This section is devoted to
describing the major functions to be performed by these units and to
identifying the major signals between these units and between the Ku-band
system and the Orbiter. In addition, the major potential problems are
summayrized wherever they might exist. In order to avoid duplication of
effort and since the signal flow in the various operation modes has been
discussed in Sections 3.0, 5.0, and 6.0, this section only describes the
major functional blocks within each subunit without any effort to analyze
the signal flow within each block. It should also be emphasized that
only the major signals are included to achieve a better understanding of
the system without cluttering the diagrams with extensive details.

7.1 Deployed Mechanical Assembly

7.1.1  Antenna System

The antenna system is composed of a 36-inch diameter graphite-
epoxy reflector fed by a quad-ridged circular waveguide radiator. The
present status is that problems exist in achieving the proper antenna
pattern performance on the antenna measurement range. The initially pro-
posed "crossed dipoles in a cup" feed was found to have unacceptahle
temperature increases resulting from the transmitter power levels which
will be used foir the integrated radar/communication system.

7.1.2 Antenna Feed Subsystem

The obvious restriction imposed by the stowage envelope within
the Shuttle bay has resulted in a design with an F/D ratio of 0.28,
which has created some problems in attaining the desired antenna patterns
by standard experimental iteration methods. Because of the Timited
space available, the number of available design options and alternatives
has been substantially reduced to the point where only minor adjustments
in dipole spacings, sum feed aperture height above the ground pliane, and
effective focal point placement can be readily accompiished. The present
design, with its limitations, has few modification options. A solution
might be subsequently found using the present techniques but it might be

prudent to first assess the existing design and then examine alternatives.
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The present design consists of crossed probes in a guad-ridge
waveguide section spaced such that circular polarization capabilities
were attainable. The quad-ridge waveguide section allows a wider RF
bandwidth and maintains isolation between the orthogonal Tinear polar-
jzations. The quad-ridge section tapers into a circular waveguide
section whose diameter is determined to avoid multimoding effects.

The radiating aperture itself is just the open end of the circuiar
waveguide, with no flaring or other impedance matching techniques used.
This abrupt transition at the circular waveguide-free space interface
is probably a significant cause of the relatively large input VSWR
measured. Also, due to the short feed Tength, mode control is
extremely difficult, and such techniques as corrugations appear to

be impractical. Under these conditions, it appears difficult to
control the illumination taper of the reflector and also determine

the effective phase centers for the feed at the two frequencies
involved except by purely experimental methods.

The incorporation of the four printed circuit dipoles composing
the monopulse tracking function has complicated the design somewhat
because of the mutual coupling effects between the dipoles and the
quad-ridged circular waveguide sum feed, which by reciprocity affects
both patterns. Again, iteration techniques must be employed to
minimize this mutual coupling since isolation is essential for
optimal perfermance.

The blockage effects of the protruding waveguide runs to the
feed have had demonstrated increased sidelobe contribution effects,
but this is inherent in the design and has been minimized by reducing
the waveguide cross-section to that of the narrow wall, with the three
waveguides stacked on edge. Also, the placement of the waveguide run
is important and seems to have been adjusted accordingly. For the
Tinearly polarized mode of operation, it is essential that the electric
field vector be perpendicular to electrically conductive pods for minimum
pattern disturbance. This not only appiies to the waveguide run but also
to support pods made of graphite epoxy, which is a reTatively good elec~-
trical conductor. The shape of the pod is alse critical, since a diamond
wedge shaped cross-section would have minimized the blockage cross-section
for an electric field vector perpendicular to the pod axis.
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7.1.3 Reflector

The RMS surface tolerance and thermal characteristics of the
reflector itself will not be addressed since the reflector shell is
cast on a precision machined surface. Care must be taken during
separation from the mold to avoid damage, and it is assumed that ade-
quate reinforcing joints are used to satisfy shock and vibration
requirements.

The two points of possible concern for the graphite-epoxy
reflector are metallization of the reflector surface and uncured
resin probiems. Since most radar and communications applications
do not reguire perfect reflection, it is a common practice to use the
high reflection coefficient of the dielectric mismatch of the cured
resin instead of an electrically conductive surface. Graphite-epoxy
is conductive; however, it is highly anisotropic since it depends on
the orientation of the Tibers in the fabric material over which the
resin is cast. Therefere, for some applications, it might be wise
to consider metallizing the surface. This would be true for the case
of a wide illumination angle such as 164° since the reflection coeffi-
cient might noticeably decrease at the extremes due to Brewster angle
impedance-matching. A recently decTassified materials measurement
report also indicated that graphite-epoxy is not as electrically con-
ductive as has been commonly assumed.

Another problem that has recently arisen and must be closely
monitored is the bubbling of a graphite-epoxy surface due to uncured
resins. This phenomenon, which is obviously deleterious, can be caused
hy a number of Tabrication problems such as nonstoichiometric mixtures
and nonuniform mixing. Although it appears trivial, it has become
apparent on flight-qualified refiectors after antenna pattern measure-
ments were taken on the SEASAT/NIMBUS G SMMR programs.

In addition to the above, the specifications reguire the antenna
sidelobes to be at Teast 18 dB below the main Tobe. The current test
figures show that the sidelobes can he as high as 14 dB below the main
Tobe, which is a potential source of probiems, especially in the radar
mode.

Finally, since the primary TDRS search mode is now the GPC desig-
nate because of the inability of the TDRS angle tracking circuitry to

s e et et et ML

i

e —

IEAESF RV

e o




135

withstand a large rate of signal power change, it is recommended that
the wide~beam horn polarization he changed to Tinear polarization. This
would help sidelobe rejection capahilities in the radar mode,

7.1.4 Possible Alternative Antenna Concepts

Although the presently committed HAC -design is probably adequate
and earlier proposal studies explored various other types of feasible
systems, Axijomatix would 1ike to consider some possible modifications
of the existing design.

The immediate concern for the existing design is the absence
of a well-defined null in the elevation (or azimuth) plane difference
channel. This phenomenon might be attributed to the geometrical
relationship of the dipoles to the incoming phase front on which
the monopulse tracking system is based. This phase front problem
would be more apparent for Tower F/D ratios of the antenna reflector
systems for one orientation of linear polarization. The incoming
phase front for the case of the Tinear polarization in the plane of
incidence suffers from a lack of phase resolution since it approaches
the dipole at a grazing angle. Because of this grazing angle of
incidence, the phase itself cannot be well characterjzed by the
dipole which is of the order of half a wavelength Tong. An attempt
to pictorially describe this phenomenon is shown in Figure 62a, which
shows that the phase front from the edge of the reflector is incident
on the monopulse dipole at close to a grazing angle. A more detailed
description is shown in Figure 62b, which shows the phase relationship
of the incident wave on the dipole for the ray path designated by A.
It is seen that the phase relationship cannot be well defined for
this orientation of polarization and this particular dipole orienta-
tion. This is not true for the ray path designated B since the
electric field vector would be oriented parallel to the dipole, and
a prominent null would exist. Similarly, the gain is degraded since
the incident electric field vector is not paraliel to the dipole.

If this hypothesis is valid, then some corrective measures
could be taken. One would be to use a curved dipole pair elevation
plane monopulse system, as shown in Figure 62c. This configuration
would most closely resemble the focused spherical phase front and
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would thereby avoid the null problem. This technique might be considered
for correcting the present HAC design.

Another configuration which might be conSTdered is the Casse-
grain system. The argument used in the Ku-band PDR {Vol. VI, DMA and
DA, Section 9-1, March 14-24, 1978) assumes that only horns would be
used for the monopulse system and, therefore, because of the spacing
problem, the horns would be widely separated. However, the same type
of printed circuit monopulse four-linear-dipcles system can be used
instead of the additional horns. The resulting larger F/D ratio
would help alleviate the null problem described earltier. In addition,
the absence of waveguide blockage would decrease the sidelobe Tevels.
The 2-inch diameter of the horn is due to the flaring of the hora.,
which results in a better feed pattern than the abrupt open-ended
0.5-1inch diameter circular waveguide, and the improved impedance
matching would result in a much lower input VSWR.

7.2 Deployed Electronic Assembly

A block diagram of the Deployed Electronic Assembly (DEA) is
shown in Figure 63, which includes five major blocks denoted as the
low voltage power supply, the exciter, the transmitter, the trans-
mitter/receiver microwave circuit, and the receiver. The Tow voltage
power supply receives an unregulated 28 +4 VDC supply from the main
bus on the Orbiter to provide all the required regulated DC voitages
to the DEA. The exciter uses a 156 MHz reference signal from EA-1 to
generate the communication Ku-band frequencies and the five radar Ku-band
frequencies and to upconvert the modulated communication signal from
the SPA to the Ku-band frequency of 15,003 GHz. 1In the radar mode,
the exciter receives three main signals from EA-2, namely,

(1) Radar power signal which controls the radar power selec-
tion by inserting 0/12/24 dB attenuation to the signal power or com-
pletely bypassing the TWT for proximity operations.

(2} Radar frequency select which chooses the required RF
frequency for frequency diversity purposes.

(3) T/R signal which switches the T/R switches for transmis-
sion and reception.
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The exciter also receives a self-test signal from EA-1 and generates
a radar target which is fed to the DMA for target simulation at four
selectable ranges. '

The radar/communication selection is controlled by a signal
from EA-T which acts as an interface between the Orbiter and the
various subunits. The exciter generates two stable frequencies for
downconversion purposes. The first LO is sent to the transmitter/
receiver microwave to downconvert the received signal to 651 MHz in
the radar mode and to 647 MHz in the communication mode. The second
LO signal is used to downconvert the muitiplexed radar signal to
78 MHz. The blanking switch signal is also sent from the exciter
to the receiver diode switches which are used to protect the receiver
from radar transmission leaks, in addition to switching the difference
(a) signal, the sum (z) signal or the multiplexed (:+A) signal
according to the mode. The upconverted modulated communication
signal or radar signal is fed into the transmitter where it is amp-
lified by the TWT. The ON/standby transmit command is used to warm
up the TWT and enable the high voitage sunply in the transmitter.
Actual transmission does not occur, however, before the reception _
of the transmit enable command from the SPA. g

The transmitted signal (radar or communication) Teaves the
transmitter to the transmitter/receiver microwave block where it is
diplexed and fed into the DA for transmission using the proper
antenna. EA-2 supplies the transmitter/receiver block with three
main signals, namely, the radar off signal, the AGC signal to control it
the first bandpass filter limiters, and a transmit gate signal to
assure the proper signal switching by the circuiator switch in the
radar mode.

The two received signals (a-channel and z-channel) in the
receive mode are bandpass filtered, gain controlled, and amplified
by low-noise FET amplifiers before they are sent to the receiver
block. In the receiver block, the A-channel and Z-channel pass the
blanking diode switches that protect the receiver and receive (1) a
z-channel enable command during radar search, (2) a A-channel enable
command during main/sidelobe discrimination or (3) both commands during
tracking. The communication channel (forward Tink signal) after the
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first bandpass Tilter (647 MHz) is passed along with the multiplexed
IF (647 MHz) communication track signal to EA-1. The radar signal is
downconverted to 78 MHz and bandpass filtered before handing it to
EA-2. The sample rate select signal from EA-2 is used to select the
bandwidth of the second IF filter as a function of range (10 Miz for
R<0.42 nmi and 3 MHz for R>0.42 nmi). It should be pointed out that
the transmitter/receiver microwave block has not yet been adequately
documented, which limits the ability of analyzing it in more detail
for any potential problems.

i
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8.0 ELECTRONIC ASSEMBLY 1

This section evaluates the available breadboard test data per-
taining to the Electronic Assembly 1 (EA-1). The general functional
description of EA-1 is presented in Section 8.1. The PN code tracking
performance is analyzed in Section 8.2 and compared to the test data.
Section 8.3 discusses the tracking performance of the polarity-type
(hard-1imited) Costas joop which is used to acquire and track the carrier,
while Section &.1 presents lower bounds on the expected pull-in time of
the loop at high signai-to-noise ratios and compares it with the test
data. The Costas Toop lock detector performance is presented in Section
8.5. Finally, Section 8.6 summarizes the areas of concern in the antenna
control electronics and points out the probiems that require design
modification.

8.1 Electronic Assembly 1 Functional Description

This unit is responsible for the mode control for the entire
Ku-band system in addition to being the major interface between the
Orbiter and the system, that is, most of the signals from the
Orbiter to the Ku-band system. The EA-T1 generates several refer-
ence signals for use in the various subunits, monitors the radar
self-test, downconverts the communication forward 1ink signal from
the DEA receiver, acquires the forward 1ink carrier and despreads
its signal (when PN spreading exists), and generates the angle search
and track servo signals which result from the communication or radar
mode angle error generation. The unit also provides the Shuttie with
the required computation capabilities to perform antenna coordinate
transformations. Figure 64 illustrates the major EA-1 blocks and
the major signals flowing into and out of these hlocks.

As in all other subunits, a reguiated low voltage supply is
used with a 28 #4 VDC input from the main bus to supply the unit
with the required regulated voltages.

The reference frequency generator implements a crystal oscil-
lator to generate several needed stable frequencies. A 156 MHz signal
is sent to both the DEA and EA-2 and a 1.875 GHz signal is sent to
the SPA. These signals are used by the respective units to generate
various other signals and timing clocks. A 625 MHz signal is sent
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to the forward 1ink sum channel downconverter to translate the sum
channel signal from 647 MHz to 21.88 MHz. The resulting signal is
processed through a swept polarity-type Costas loop to acquire and
track the carrier. A lock detector is used to declare carrier acqui-
sition and starts carrier tracking and, at the same time, supplies
the antenna control electronics (ACE) with a signal detect command

to stop search. When a PN code is used to spread the forward 1ink
signal, a “"swept" tau-dither Toop is implemented to work in parallel
with the Costas loop for acquirirg and tracking the PN code. A Gold
code generator is used to generate the Tocal code. A PN code lock
detector is used to stop the tau-dither loop sweep and declare PN
Tock to the Orbiter when code acquisition is completed. A data-good
circuit is added to declare that the carrier is acquired, despreading
is completed (when it exists}, and no residual DC voltages exist.
Once this step is completed, the 216 kbps bi-phase-l. baseband data

is sent to the SPA for buffering and/or data detection.

The EA-1 unit contains several major interface blocks between
the Orbiter and the Ku-band system. They are represented by two
blocks in Figure 64: (1) the multiplex/demultiplex (MDM) interface
block which interfaces with MDMI and MDMZ2 and (2) the analog and
discrete interface which interfaces with MDM3, the displays and
controls (D&C) unit, the ground command interface logic controller
(GCILC), and the antenna deployment actuator. These interfaces send
most of the contrel and status messages to the Orbiter and receive
most of the command and status signals from the Orbiter before
distributing them to the various Ku-band system units. Figure 64
shows double arrows connecting the interface boxes and the EA-]
program processor, which is basically a microprocessor, to denote
the numerous signals involved. The main signals involved are Tisted
below (only major signals are listed).

(1) Signais to MDM
-Roll and pitch angle and angle rate
~Range and range rate

-Status Word 1, which includes the communication/raiar
mode, antenna mode, angle data validity, self-test in
progress, and the Ku-band A/B select signals
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-Status Word 2, which includes the range and range rate
data validity, target status, data-good, frame syn-
chronization, and radar status signals

(2) Signals from MDM

These include the GPC acquisition information word
which controls the on/off switching of modes, the
pitgh and roll angles, and the range designation
words.

(3) Signals to Display and Controls

These include roll and pitch angle and angle rate infor-
mation, the radar range and range rates, the Ku-band
signal strength, and the search and track status and
scan warning flags.

(4) Signals from Displays and Controls

The main signals from the D&C are the search initiation
signal, radar passive/active mode, radar power selec-
tion, and the roll and pitch slew rates.

The program processor also recejves data from EA-2 and sends commands
to EA-2 over a low rate interface. The signals involved are:

(1) Signals to EA-2

These include the antenna ready signal, slew fast or slow
signal, and main or mini scans, provide the test target
signal and the active or passive data signal.

(2) Signals from EA-2

These incTude the four radar parameters good signals
(range, range rate, angle and argle rate), an angle
track enable signal, a target generating signal in
the self-test mode, and a miniscan signal.

The GCILC receives a forward 1ink data present signal from
the SPA and sends several signals to the SPA (see Section 9.0). The
signals received by EA-1, however, are:

(1) Radar and communication ON/standby signals

(2) GPC designate, GPC acquisition, manual or autotrack
signals.

The tast major function of the EA-1 unit, in addition to com-
munications and interfacing is antenna control. The communication
angle track demodulation block receives two clock rates of 739 Hz
and 369 Hz from the PN despreader hlock, which are the same as those
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used in the DA to multiplex the A+Z signal. These clocks are used
to demodulate and separate the AAZ and AEL signals. The AAZ and AEL B
signals are used by the antenna servo circuits (in the communication f 
mode) to generate the gyro torque control signals in the tracking mode.
In the radar mode, the antenna servo uses similar signals generated

by the EA-2 unit. There are two angle errors (azimuth and elevation)
in either the radar mode or the communication mode. These signals are
processed almost fdentically in two separate channels to control the
motor drive and adjust the antenna position. During scanning, the
program processor generates a scanning rate command which controls

the antenna motion and the search pattern.

The program processor alsc performs the required coordinate
conversion and initiates the required signals to control the self-
test mode.

One aspect of the PSK data demodulator design which requires
closer examination is that of using the 5.92 kHz "dither" signal in
modes other than CW reception. For the CW mode, the dither signal
is obviously required to provide the sideband which can be utilized
by an AC coupled Costas Toop for coherent carrier acquisition and 8
tracking. However, for the case when biphase-L data is beinhg
received, the requirement for a dither waveform is questionabie
because the spectrum of the data does not contain DC, i.e., the
carrier, anyway. Locking up to and tracking of such biphase-L
data with an AC coupled Toop should not present a problem.

The introduction of an asynchronous dither signal into the
received IF signal by bi-phase modulation and subsequent removal of
this signal from the baseband data by a chopper may result in
"glitches" which, in turn, may degrade BER performance.

Consequently, it is recommended that the function of the
dither signal during the reception of the biphase-L data be reexamined
and, if found not justified, the use of dither in the data receive
mode be discontinued.

As far as the scanning function of EA-1, the data presented
at the PDR points out that the 30% overlap specification is not met.
HAC digital simulation results show that the overlap is about 25% in
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the radar main scan and only 12% in the communications main scan. This
probtem deserves special attention due to its impact on system perform-
ance in the search mode.

8.7 PN Tracking Performance

During the spread spectrum mode of the forward Tink, the
recovery of data necessitates the removal of the 3.03 Mbps PH code
from the received signal. The removal of the code, in turn, requires
a local replica of a code which is in a near-perfect synchronism with
the incoming one. Thus, prior to the recovery of the communication
data, the Ku-band receiver searches out the phase of the incoming code
and subsequently locks the local code generator to the phase of the
received code. After establishing the initial synchronism, the local
code generator remains in lock with the received code by implementing
a tau-dither tracking loop.

The functions of code acquisition and tracking are performed by
the PN Tock detector and the PN tau-dither acquisition-gathering circuits,
whose block diagrams are shown in Figure 65. The main emphasis in this
section is placed on the performance of the circuit during tracking.
Specifically, the effect of the code tracking error on data demodulation
loss is considered.

In the spread spectrum mode, as shown in Figure 65, the code
tracking Toop supplies the punctual correlation code to the despreader
mixer ahead of the Costas demodulator. The noise error within the code
tracking Toop introduces a certain amount of signal degradation, which
ultimately affects the BER performance.

Quantitatively, the effect of the code tracking error is
expressed as an effective loss LT in dB [23]:

LT = 10 Tog (1-1.16 aT) s (20)
where op is the normalized error for the PN loop. This error, in
turn, can be computed from the following expression [24]:*

B

0T2 = 30.905(;;1.)4 " E).ass-(10Td51.)“1](ﬁ’_i7-)2(p1.)"2&-87'7, (21)

*For a finer analysis of 1, see [25]. With optimized bandpass
arin filter bandwidths, (21) is shown to be optimistic by about 0.9 dB.
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where Bi = two-sided noise bandwidth of the IF arm filters
BL = one-sided tracking loop bandwidth
Td = dither frequency period
N = number related to early/late code spacing (N22; for
correlator spacing of *t/2, N=2)
b, = c

i T WOBC® signal-to-noise ratic in the IF bandwidth.
07

To determine the effect of the tracking error on the data per-
formance, we calculate, using {21), the values of op as a function of
the C/N0 and then substitute these values into (20) to determine the
effect of oy on the effective data demodulation loss. The parameters
used are those of the Ku-band communication equipment:

Bi = 1 MHz

B, = 500 Hz (acquisition), 50 Hz (tracking)
Td = 0.168 msec (5.92 kHz)

N =2 (+1/2 chip spacing) .

Figure 66 shows the plots of both Op and the corresponding values
of LT as functions of the C/NO. The measured breadboard test data for
or is also shown. This data was obtained by the Ku-band equipment
contractor and reported during the March 14-24, 1978, Preliminary
Design Review [26]. The test data shown is for a temperature of 20°C
only, but 1t does follow the theoretical curve for BL= 500 Hz rather
wall. At temperature extremes, the RMS jitter op may deviate from the
values shown in Figure 66, but fthe reduction of the tracking bandwidth
to 50 Hz will provide a 5 dB reduction of the RMS value of the jitter,
thus insuring that it stays below the specified value of 0.022 chips
for the C/N0 in the range from 63.5 dB-Hz to 78.9 dB-Hz.

The examination of the LT values shown in Figure 66 indicates
that, even for the tracking loop bandwidth of 500 Hz, the effective
loss is relatively small compared to other typical implementation
losses. Specifically, for BL= 500 Hz, the LT is 0.2 dB at the acqui-
sition threshold of 60.8 dB-Hz. At the nominal tracking C/N0 of
63.5 dB-Hz, the effective Toss is 0.14 dB. With the tracking bandwidth
reduced to 50 Hz, these losses are reduced to negligible values,
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particulariy at C/N0 values above 63.5 dB-Hz. Consequently, one may
conclude that the PN tracking loop contributes relatively Tittle degra-
dation to the forward 1ink BER performance at C/NO values at and above
63.5 dB-Hz.

It is also interesting to note that, with the dither interval
of 0.168 msec (5.92 kHz) and the predetection bandwidth B of 1 MHz,
the factor (101H B, ) is negligible compared with 0.453:

-4

-1
(10T, 8,)7" = I:(]O)(O.]GBxTO'B)UOG):I = 5.95x1077 << 0.4. (22)

This considerably simpTifies (21) and the corresponding calculations.

8.3 Costas Demodulator Tracking Performance

The signal-to-noise ratio inside the carrier tracking loop of fﬁ
the Costas demodulator is an important parameter for considering the :
performance of the demodulator as a function of the C/NO. Therefore,
in this section, we will calculate the loop signal-to-noise ratio (SNR)
using the parameters of the Costas loop demodulator employed by the Ku-
band forward 1ink receiver. The functional block diagram for this
demodulator is shown in Figure 67, and the simplified diagram of the
Costas loop itself is given in Figure 68.

Note that, as shown in both figures, the Costas demodulator
employs a hard-1imiter to shape the I-channel signal applied to the
chopper multiplier. In fact, it is this feature of the Costas Toop
which allows the utilization of the chopper multiplier rather than an
analog multiplier, the latter being a frequent source of bias error. _
These Toops are frequently referred to as polarity-type Costas loops ;
with passive arm filters.

Consider now the SNR within the Costas Toop. The expression
for this SNR is

L N T TR e R

A RYA
o= (e ()5 (22)
0L
where p' = signal-to-noise ratio within the Costas loop
B, = one-sided loop noise bandwidth
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SL = squaring loss associated with the baseband multiplier
utilized by the Costas Toop.

For an analog multiplier, the expression for the squaring Toss can be
written in a closed form expression [27]:

D
5 = U (24)
L B./R,

Kat K 55—
D "L 2RdDm

where Bi/Rs is the ratio of the two-sided arm filter noise bandwidth to
data rate, Rd is the symbol signal-to-noise ratio, and qn,KL, KD are
factors determined by the data, the type of arm filter, and the combina-
tion of the two, respectively. However, for the Costas demodulator util-
jzing a hard-limiter and a chopper multiplier, the squaring loss deter-
mination is more complicated and needs involved numerical computation
techniques. The results of such numerical evaluation have been published
[28] and are used in our calculations.

Figure 69 shows the calculated SNR for the Costas demodulator
as a function of the C/NO. These results were obtajned by reading out
the values of the squaring loss SL read out from Figures 3 and 4 of [28]
and substituting these values into equation (23). For convenience, the
data contained in Figures 3 and 4 are presented here as Figures 70
and 71, respectively. The abscissa in these figures is Bi/Rs’ where
B, =f, and R is the data rate, which in our case is the 3.03 Mbps
NRZ PN code data. The fc is the 3 dB cutoff frequency of the arm
filters which is set equal to the code rate. Thus, for the case at
hand, Bi/Rs:=“ and the Rd parameter, which is the signal-to-noise ratio
in the code rate bandwidth is

Ry = C/Ny - 10 Tog (3.03x10°) = C/Nj - 64.8 dB-Hz. (25)

As can be seen from Figures 70 and 71, Rd and Bi/Rs are the parameters
which determine the value of the squaring loss as a function of C/NO.
The magnitude of the squaring loss as a function of C/N0 is shown in
Figure 69.

Examination of the Toop SNR shown in Figure 69 indicates that,
at a C/ND of 60.8 dB-Hz, which corresponds to the acquisition threshold
for the forward link, the Toop SNR is about 11.2 dB for the one-sided
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noise loop bandwidth BL of 5.5 kHz. This SNR is sufficient to satisfy
the requirement of 0.99 probability of acquisition of the carrier.

The noise bandwidth of the Costas Toop, however, can be as wide as

10 kHz during acquisition [26] with the concomitant reduction in the
loop SNR to 8.6 dB {i.e., a 2.6 dB reduction).

The experimental data, however, indicates that the acquisition
probability of 0.99 can be achieved by the Costas loop at a C/N0 of
61 dB-Hz over the temperature range of -?0°C to +65°C and a frequency
offset of +150 kHz [26]. Consequently, the possible widening of the
Costas Toop bandwidth during acquisition does not seem to present a
potential problem.

To determine the effect of the Toop SNR on the data demodula-
tion performance of the Costas loop, one has to consider the relation-
ship between the Joop SNR and phase noise in the I-channel detector.
For a Costas loop, this relationship is

(26)

G2 . 1
$ 4o’ ?
where I is the RMS phase error (in radians) at the I-channel (i.e.,
data) detector and p' is the Toop SNR defined by (23). The predicted
values of o¢ (in degrees) as a function of the C/ND are shown in
Figure 69 along with the corresponding values of the loop SNR. As
can be seen from this figure, the value of the RMS phase noise is
less than 10 degrees at C/N0 values above 60 dB-Hz.

The significance of this Tact can be understood by examining
the curves given in Figure 72. These curves show the relationship
between the C/N0 and the bit error rate (BER) as a function of the
I-channel RMS phase error o,. The Tosses ahead of the Costas demodu-
Tator are assumed to be negiigible (see the discussion of the PN
tracking loss) in converting the Eb/NO into the corresponding values
of the C/NO.

It turns out that, as shown in Figure 72, the phase error of
10 degrees or less has a relatively negligible effect on BER degrada-
tion. This degradation is about 0.15 dB at a C/ND of 60 dB-Hz, ar.d
it decreases rapidly above this point due to rapid decrease of the ¢

¢
magnitude with the increasing C/NO values. The implication is therefore
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that, with the Toop SNR predicted for the Costas Toop of the forward
1ink, the data detection capability of the Toop is degraded very 1ittle
within the operational range of the C/N0 values.

Additional phase errors of concern in any tracking Toop are the
gain imbalance and the phase imbalance in the two arms. 1In the case
of a hard-1imited Toop {polarity-type), the gain imbalance does not
produce any additional phase errors because of the existence of the
hard-limiter in the in-phase arm. The phase imbalance along with the
phase splitter and the finite DC gains are believed to produce a small
phase jitter which is less than 7°. Elaborate anaiysis can be carried
out but is believed to be uhnecessary because the net phase jitter due
to all the above effects is small.

8.4 Costas Loop Acguisition Time

The hard-1limited Costas loop (polarity-type) used to acquire
and track the carrier in EA-1 has the following acquisition mode
parameters [13]:

Sweep time (Tsw) 40-185 msec
Sweep frequency range +175 kHz
Loop bandwidth (BL) 5.5-10 kHz
Frequency uncertainty (Af) +150 kHz

which impiies that the sweep rate Sf is in the range of 1.89-8.75 kHz/sec.
It is important to note that the sweep is varied over a range of 4 to 1.
This variation is implemented to reduce the probability of false lock

at high signal-to-noise ratios. The retrace sweep time is equal to

5 msec and thus will be neglected in the following computations.

The analysis of acquisition time for second-order Toops in the
absence of noise has been carried out in [29], and the extension of these
results to the Costas Toop is discussed in detail in Appendix C. These
results can be used as lower beunds on the acquisition time of the
polarity-type Costas ioop used in EA-1. Equation (27), which is derived
in Appuadix C, can be used to compute the acquisition time (Tf) in the
absence of noise as a function of the frequency uncertainty (Af) and
the loop bandwidth (BL) for a polarity-type Costas Toop with a perfect
integrator loop filter.
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Figure 73 jllustrates the value of TfBL as a function of Af/BL with
Sf/BLE2 as a parameter for a range of values of interest, while
Table 12 shows the value of Tf for the loop parameters implemented
by HAC.

It is obvious from Table 12 that, for the above parameters,
the maximum acquisition time at low sweep rate and narrow Toop noise
bandwidth in no noise is approximately equal to 70 msec. Investigating
the available Costas sweep test data [26] shows that the sweep period
(acquisition time) varies between 60 and 195 msec as a function of
carrier power to single noise spectral density (C/NO) ratio which is
varied between 60 dB and 80 dB. The sweep period shows Tittle sensi-
tivity to the variations of temperature when the temperature is varied
between -20°C and +80°C.

Since the requirements specify a worst-case acquisition time of
200 msec and, since the no-noise computations show that the worst-case
acquisition time with the specified Costas Toop parameters does not
exceed 70 msec in no-noise, it is believed that the Costas acquisition
time will not present any problem.

Table 12. Acquisition Time of the Caostas Loop (Tf) in msec

e i e R

Sf {kHz/sec)
B (kiz) 8.75 1.89
5.5 16.27 66.33
L 10.0 12.94 37.40

R ey
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8.5 Costas Loop Lock Detector

The primary purpose of the Costas lock detector subunit is to
sense the Costas loop signal acquisition state and send a “Costas lock"
signal to the acquisition and control Togic whenh indeed it decides that
the Costas loop has acquired the signal presented to its input. Since
the initial frequency search and carrier acquisition must take place
regardiess of the type of signal format received from the TDRSS, namely,
CW carrier, data modulated carrier, spread spectrum carrier, or spread
spectrum data modulated carrier, the lock detector must be capabie of
performing its sensing function under each of these conditions.

The basic carrier lock detector employed by HAC in the Ku-band
design is a dithered-type configuration and is illustrated in Figure 74.
This dithered lock detector, when contrasted with the more conventional
undithered Iz--Q2 type of lock detector, is not unlike a comparison
between a tau-dither Toop and a delay-lock Toop for PN tracking in
the sense that, in the former, the carrier reference (PN clock) is
time-shared over a single channel while, in the latter, it is simul-
taneously shared by two quadrature channels. In general, dithered-
type configurations (tracking Toops or Tock detectors) have the advan-
tage of being insensitive to gain imbalances normally present in two
channel configurations. On the other hand, because of the time shar-
ing of the locally generated reference, they potentially suffer a 3 dB
loss in performance as compared to the more conventional undithered-
type configuration.

In Appendix D, the technigques used in analyzing a PN tau-
dither tracking Toop [25] are applied to analyzing the dithered lock
detector of Figure 74. When the dither frequency is much smaller than
the data rate, the results resemble those obtained by LaFiame in [30],
except for a modification by a factor of 2 of the signal xnoise term
in the lock detector signal-to-noise ratio. On the other hand, choosing
a dither frequency much closer to the data rate can overcome much of
the 3 dB Toss commonly associated with dither-type configurations.

This conclusion has already been demonstrated in the comparison between
Toop signal-to-noise ratios of the PN tau-dither loop and delay-Tock
Toop made in [25].

")
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The actual HAC configuration includes a soft Timiter [31]
inserted prior to the square law detector to assist in discriminating
between strong signals received through high antenna sidelobes and
weak signals received through the antenna mainlobe. This is accom-
plished by desensitizing the front end gain variations in such a way
that the lock detector detects the weakest mainlobe signal but not the
strongest sidelobe signal. This configuration is considerably more
difficult to analyze. 1t is believed, howeveyr, that the addition of
the soft Timiter will allow a wider sidelobe discrimination margin and
hence improve the performance of the lock detector.

8.6 Antenma Control Electronics

The objective of this section is to point out problem areas in
the antenna control electronics (ACE) subunit. A very brief description
of this subunit is presented first in order to clearly identify the
problems. A detailed description of the ACE circuits is presented in
[13]. The operation of this subunit is controlled by a programmed
microprocessor which receives the commands from the Orbiter and sends
commands to the various parts of the subunit to perform the required
task.

The commands of the microprocessor are sent to the gimbal rate
servo circuit which has three major parts: the Toop shaping assembly,
the motor drive, and the rate integrating gyro driver (RIG).

The servo loop shaping circuit is used to provide the o and B
torque commands to the gimbal motor drivers. The o and B channels are
almost identical, with the only essential difference being the additional
gain changing stages in the a channel. Three different error signals
can be shaped to provide the torque command:

1. The a(B) coarse gyro signal.

2. The a(B) fine gyro signal, which can use either the communi-
cation track error ov the radar track error, depending on the mode.

3. The fine gyro signal.

There are four shaping stages and a temperature-sensing bridge which
sends a signal to the microprecessor to turn off the motor drivers in
case of excessive heat. The latest figqures indicate that shutting off
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takes place when the temperature reaches 248°F x£10°F. Since damage to
the motor can occur at temperatures higher than 250°F, it is recommended
that the current design be changed in such a way as to avoid any possi-
bility of motor damage due to heat.

The motor drivers can aiso be turned off if the gimbal turning
rate exceeds a given threshold. The current threshold is set at
90 +24 deg/sec. This is unacceptable because a maximum of 100 deg/sec
is required for the Ku-band antenna. A change in the tachometer cut-off
threshold has to be made for the system to meet specifications.

In addition, it was pointed out at the PDR that the current
design of the servo system is unstable in the hold mode, which is a
problem that requires a change in the design of the servo loop.

The other two parts of the gimbal rate servo unit are the motor
drive, which is used to torque the gimbal motors, and the rate integrated
gyro driver (RIG), which generates the required timing signals.

e
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9.0 SIGNAL PROCESSING ASSEMBLY

This section discusses and evaluates the performance of the
Signal Processing Assembly (SPA). Section 9.1 presents a general func-
tional description of the SPA. Section 9.2 presents a summary of the
expected performance of the bit synchronizer, derived in Appendix E,
and compares it with the available breadboard test data. Finally,
Section 9.3 presents the performance of the ambiguity resoiver.

9.1 Signal Processing Assembly Functional Description

The Signal Processing Assembly (shown in Figure 75) performs
data and signal processing for the forward Tink and return 1ink under
the direction of the management/handover Togic. As is the case with
the other assemblies, the SPA has its own power supply that regulates
the 28 VDC it receives from the main bus on the Orbiter. The manage-
mert and handover logic receives the Orbiter commands either directly
from the ground control interface logic circuit {GCILC) or from EA-1
(A or B). It has an input buffer, an output buffer, a memory, an SPA
cantroller, and a serial interface with EA-T [17]. The main signals
received from the GCILC are the A/B Ku-band select signal and numerous
signals to control the seTection of modes and data in both the for-
ward Tink and the return 1ink. The SPA management and handover logic
outputs numerous commands to the GCILC and to various parts of the
Ku-band system. The major output commands are:

~Forward 1link data present to GCILC
~-Transmit enable and communications ON to the DEA

~Modulation ON/OFF and mode select to mode selection
and modulation box of the return 1ink for Mode 2 (FM)
control

-A signal used to select a reference frequency from
A or B for QPSK modulation

-Mode select and data select to bit synchronizer for
forward 1ink mode and A/B data selection

-Data selection command to return link switching to
select the required data to be modulated.
In Mode T of the return Tink, the high data rate channel is
convolutionally encoded before being modulated. Once the data is
selected in the return link, three data channels are modulated in
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one of two selected modes. In Mode 1, the three channels are double
unbalanced quadriphase shift keying (UQPSK) modulated. Channels 1
and 2 are modulated on a squarewave subcarrier whose fundamenial fre-
quency is 8.5 MHz. The resulting subcarrier signal is modulated in
quadrature with Channel 3 on a 1.876 GHz carrier. In Mode 2, the
two lower rate channels are unbalanced QPSK modulated on an 8.5 MHz
squarewave subcarrier as in Mode 1. The resulting UQPSK signal is
bandpass filtered to obtain a sinusoidal subcarrier and then summed
with the third channel before being frequency wodulated (FM) on the
1.876 GHz carrier. The resulting modulated signal is sent in either
mode to the DEA exciter for upconversion to Ku-band freguencies.

The 216 kbps forward 1ink biphase-L data is buffered in
the SPA. One of two modes is selected via a command from the manage-
ment and handover logic. In Mode 2, the data is strictly amplified
and impedance matched (buffered) by line drivers and handed to NSP]
or NSP2 (network signal processor) on the Orbiter, while in Mode 1
the data is detected first before sending it to the Orbiter. The
data detection begins by generating a synchronous clock via an error
signal generator Toop which outputs a 6.912 MHz clock used in the bit
synchronizer and the frame synchronizer and decommutator timing. An
ambiguity resoiver is used to resolve the clock ambiguity and the
bi-phase-L data transition ambiguity. The bit detector receives the
correct phase from the ambiguity resciver and the biphase-L data
from the Costas loop and uses two integrate-and-dump circuits to
detect the data bits and to convert them to NRZ data before sending
them to the frame synchronizer. The frame synchronization is achieved
by searching for a correlation in a frame code. The establishment
of the frame synchronization enables the frame decommutator to
separate the 128 kbps payload data and the 72 kbps operations data
which are then sent to the Orbiter.

The major areas of concern in the Signal Processing Assembiy
are:

(1) The bit synchronizer is specified (Rev. A) to perform
with EB/N0==0 dB. The Preliminary Design Review presentation con-
cerning the bit synchronizer predicted that it will not maintain
synchronization except when Eb/NO> 2 dB. This basically is not
believed to be a major problem uniess a higher Eb/N0 is required

Ao
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due to the aging and tolerances of the hardware. In addition there are

a number of other problems pertaining to the bit synchronizer that should
be pointed out:

{a) The integrations in the hit synchronizer design occur
over half-bit intervals. While 1t is advisable fto "window" the
quadrature I&Ds (half a bit n the Hughes design), it is no’ neces-
sarily desirable to "window" the in-phase I&Ds. In fact, windowing
the in-phase I&Ds to half a bit as in the Hughes design results in
a 3 dB SNR penalty for making decisions on the midbit and between-
bit transitions relative to performing full-bit in-phase I&Ds [16].

{b} It is not clear how the counters in the ambiguity
resolver would behave if they have a zero count and receive a
decrementing signal.

(c) No definite number has been defined tov what is referred
to by HAC as the PR logic state in the counters when ambiguity reso-
Tution is achieved.

(d) The ambiguity resolver counters are 12-bit binary
counters. This number has to be chosen depénding on the data duty
factor which has to be bounded to assure adequate performance of the
bit synchronizer and the ambiguity resolver.

(2) The proposed asymmetry compensator should provide ade-
guate means for reducing the asymmetry in the forward link to within
the specified 10%. Test resuits are needed before passing a finai
Jjudgment on the effectiveness of the compensator.

(3) Since the software for the Ku-band is not completed yet,
the available information is not sufficient to evaluate its perform-
ance. Extensive software evaluation effort is needed once it is
completed.

(4) Care must be taken in designing the convolutional encoder
to eliminate the possibility of any dead zones due to timing. OQne
such dead zone was reported at 10 Mbps.

a.2 The Bit Synchronizer

The bit synchronizzr block diagram with the associated ambi-
guity resolver is shown in Figure 76. A detailed discussion of the
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A

operation of the circuit is presented in Section 5.3 and the analysis

of the bit synchronizer is presented in Appendix E.
The objectives of the circuit are to:

b et S e S e,

(1) Generate a 32x 216 kHz (6.912 MHz) synchronous signal
which is used to generate the 216 kbps clock, 2x 216 kbps clock, and
various other timing signals used in frame decommutation timing.

(2) Resolve mid-bit versus bit transition ambiguity of the
216 kbps biphase-l. data, as well as the 2x 216 kbps clock synchroni-
zation ambiguity.

The principles of operation of this synchronizer are summarized
as follows:

The synchronizer develops its timing waveforms from a twice-
bit-rate clock (512 kbps), while the ambiguity resolver determines
the correct timing phase of the bit rate clock obtained by dividing
down the twice-bit-rate clock by 2. The input signal is multipiied
by the twice-bit-rate clock and then the bit-rate clock or its com-
plement, which are both used to gate (in each bit interval) half-bit
segments of the multiplier outputs to in-phase integrate-and-dump
(1&D) circuits. For the mid-bit I&D, the half-bit separation sym-
metrically (assuming perfect timing) spans the mid-bit pesition. Thus,
the output of this I& after 2-bit digitization by Digitizer 1
reflects the polarity of the NRZ data bit stream (or, alternately,
the polarity of the mid-bit Manchester transition). For the between-
bit 1&D, the half-bit integration symmetrically spans the NRZ bit
transition position. Thus, the output of Digitizer 2 is a measure
of the polarity of the NRZ data transition. If no transition occurs,
the output will be nominally zero.

The input biphase-L coded signal is also gated by the bit
rate clock and its complement, without first being multiplied by the
twice-bit~rate clock, to between-bit and mid-bit quadrature I&D cir-
cuits, respectively. The outputs of these I&Ds are measures of the
timing offset between the input and the locally generated bit-rate
clock. Multiplying the respective in-phase and quadrature I&D outputs
and summing generate an error signal suitable for closing the bit
synchronizer loop.
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As discussed 1n Section 5.3, several comments are worthy of note
concerning the design of the bit synchronizer loop. First, the mid-bit
in-phase and quadrature I&D outputs are independent of the between-bit
in-phase and quadrature I&D outputs because of the orthogonality (in
time) of their respective integration intervals. This greatly simpli-
fies the computation of the equivalent Toop error curve and the equi-
valent noise spectral density at the error control point. Second, all
of the above integrations occur over half-bit intervals. While it is
advisable to "window" the quadrature 1&Ds (half a bit in the Hughes
design), it is not necessarily desirable to “"window" the in-phase I&Ds.
In fact, windowing the in-phase I&Ds to half a bit as in the Hughes
design results in a 3 dB signal-to-noise ratio penalty for making deci-
sions on the midbit and between-bit transitions relative to performing
full-bit in-phase I&Ds, as is done, for example, in [16]. In [16]. four
bit synchronizer configurations motivated by the application of maximum
a posteriori (MAP) estimation theory are developed and their performances
compared. Conceptually, the Hughes bit synchronizer design is closest
to Figure bc of [16], although fundamental differences between the two
do exist.

The timing diagrams, as well as the complete analysis of the
tracking performance of the bit synchronizer, are discussed in
Appendix E.

Figures 77 and 78 illustrate the normaiized tracking jitter
coefficient f(n,Rd,pt) as a function of the digitizer decision
threshold (n) with the bit energy-to-single-sided spectral density
defined as

B (28)

where Ey is the symbol energy and N0 is the single-sided noise spectral
density as one parameter and the data transition density (pt) as the
other parameter. The normalized tracking jitter coefficient is

defined in Appendix E as

f(n,Ry» by) = BRY/(BT) ol (29)
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where BL is the loop single-~sided noise bandwidth, T is the bit time,
and oy is the RMS timing error normalized by the bit time.
Several observations can be made:

(1) The tracking jitter increases with the increase of the
transition density P~

(2) For a given in-phase decision threshold (n) and a given
transition density (pt), the tracking jitter decreases with the
increase of the signal-to-noise ratio Rd' This is intuitively cor-
rect because better performance should be expected at higher signal-
to-noise ratios. It should be pointed out, however, that the test
data supplied by HAC [20] show a reverse trend. One example is that
shown in Figure 79 where the loss which is proportional to the track-
ing Jitter is shown to increase with the increase of signal-to-noise
ratio.

(3) The threshold is shown to have an optimal value which is
a function of the signal-to-noise ratio and the data transition density.
This optimal value is illustrated in Figure 80.

Since no threshold value has yet been supplied by HAC, a value
of n=0.3 has bheen selected to calculate the signal-to-noise ratio Toss

as a function of the input signal energy to single-sided spectral
density (Rd).

Using the available documentations in [27]1, the random data
case with pt==0.5 has been selected as an example. Since no value of
the Toop bandwidth (BL) has been quoted by HAC, a typical value of
B = 1072 is selected for illustration. Table 13 summarizes the Toss
of signal-to-noise ratio as a function of Rd.
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Table 13. Signal-to-Noise Ratio Degradation (AEb/NO)
as a Function of Rd= Eb/N0 with Threshoid
n=0.3 and a Transition Density pt==0.5

Ry= Eb/N0 (dB)
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The table shows that, for B£T=]0"2, the degradation in signal-to-
noise ratio due to imperfect bit timing does not exceed 0.75 dB for
Rd3_2 dB, which is well below the specification value of 1.0 dB and

in agreement with most of the available data. However, test data

taken at 85°C show that, at this high temperature, the loss can be
between 1.0 dB and 1.5 dB. Though such Tosses are not believed to
present any problem to the overall system performance, a closer look

at the data and the breadboard setting is needed to verify the validity
of the test data.

It is also worth noting that the selection of the value BLT is
a compromise between tracking accuracy and the ability of the loop to
track Tong streams of ones or zeros.

The material presented in [20] quotes that, in order for the
bit synchronizer loop to acquire and maintain lock over the full temper-
ature range of -20°C to +85°C, signal-to-noise ratios (E /N,y) of 2 dB
and 5.9 dB might be needed for random data and alternating data,
respectively. The available test data at the same time [21] show
that acquisition is taking place down to 0 dB with a wide frequency
pult-in margin that exceeds by far the specifications of +22 Hz.
Though a possible small margin of signal-to-noise ratio above 0 dB
might be warranted to allow for component aging, the value of 5.9 dB
is believed to be too high for such tolerances.

An additional area of interest is the pull-in frequency range
test data at various temperatures. As mentioned earltier, the data
shows that the pull-in frequency range has a wide margin that can
tolerate the specified %22 Hz data rate uncertainty. Some test data,
such as that shown in Figure 81, however, show an unusual behavior
where, at high temperatures, the pull-in frequency range for Tow
signal-to-noise ratios becomes higher than that at high signal-to-

noise ratios. This behavior is most probably attributed to the test
setup.

a.3 Results of Ambiguity Resolver Performance Analysis

The purpose of the Ku-band forward T1ink ambiguity resolver is
to distinguish between midbit transition times and data bit transition
times for the 216 kbps Manchester coded data. Section 9.3.1 describes
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the ambiguity resolver principles of operation, Section 9.3.2 presents
the results of numerical evaluation of the ambiguity performance analysis
described in Appendices F and G, and Section 9.3.3 gives recommendations
for future work on the ambiguity resolver.

The performance of the ambiguity resolver is a fuaction of four
parameters: n, the normalized threshold of the bit digitizer; v, the
counter decision threshold at overfiow; Pt’ the data transition proba-
bility; and-Rd, the bit signal-to-noise ratio. The results presented
show the behavior of the ambiguity resolver with respect to probability
of correct resolution in one pass and the mean time to overflow in one
pass as a function of the four parameters.

9.3.1 Principles of Operation

As shown in Figure 82, the ambiguity resolver consists of four
integrate-and-dump (I&D) circuits, four digitizers, two counters, and
threshold comparison and decision logic. -The input Manchester coded
data signal is mixed with a combination of the bit rate, its complement,
and the twice bit rate clock to form midbit and between-bit in-phase
and quadrature signals. The outputs of the I&D circuits are passed
to the null zone digitizers; the output of a digitizer is 0 if the mag-
nitude of the input is Tess than Ng» +1 if greater than Mgs OF ~1 if
less than -Ng- For the purposes of analysis, the threshold is normal-
ized to n==n0/A, with A the input signal amplitude.

The magnitudes of the digitized outputs are used to increment
or decrement couniers 1 and 2, as shown in Figure 82. We see that mid-
bit in-phase outputs increment counter 1 while midbit quadrature ocutputs
decrement counter 1. Counter 2 operates in a similar manner with the
between-bit outputs. The net effect, in the absence of nnise and timing
error, is to increment counter 1 and decrement counter 2 at each data
transition, and increment both counters when no data transition occurs.
If counter 1 overfiows and counter 1 exceeds counter 2 by a preset
threshold y, an ambiguity decision is declared and the bit rate clock
is assumed to be in-phase with the data. Similarly, if counter 2 over-
flows first and vy is exceeded, the complement of the bit rate clock is
selected. If no decision is made at overfiow, both counters are reset
and the process repeats.
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The purpose of the ambiguity resolver performance analysis is
to determine the performance of the ambiguity resolver in the presence
of noise, and the optimum values of n and y, the digitizer and counter
thresholds. Details of the analysis are presented in Appendices F
and G and summarized below.

The probability of correct ambiguity resolution in one pass is:

Pe = PelKIRcK) (30)
n

with Nnin the point of counter ovewflow (4096 for the 12-bit counter
being used). 4

PC(K) is the probability that the counter difference exceeds y
at overflow on the Kth step, and pc(K) is the probability of overflow
at the Kth step.

K .o =v=u(K
PC(K) = ]?4- %— erf ]—mm_ c (31)
V2 oC(K)
( (Km.n) K'szin K!
P.AK) = {\—%— - - -
c K N={0,2,4... (K“ﬂm’n Ny (K Kmin N), "
1.3,5... 2 ' 2 o
(K+K . -N}/2  (K-K . -N)/2
xpg @ Mt e K2 Ko (32)
Py = erf AO E% erfe At + %-erfc Ai] (33)
9 = erf AUIE - erfc A - %—erfc Ai] (34)
rg * erf AO - {1-2 erfc AO) E—er‘fc A++T§er'fc A’l
.
(35)
0 T — - A
AT = /Rd/z (2Zn), A = /Rd/z (en+1), A = VRd/z (2n-1)

(36)
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u k) = kG -2p,) E—erfc A+ ]? erfc A" - erfc Aﬂ (37)

c;cz(K) = K Erfc A0+ (1-2 erfc AO)(% erfe A - -;-erfc A-]:| :

2
- K2(1-'2Pt)2[%-erfc A+ %—erfc A" - erfc A?} . (38)

The mean number of steps to overflow in one pass is given as:

T KP_(K) . (39)

K=Kmin

Thus, given that a correct decision has been made, the mean time to reach
a correct decision in one pass is ﬁc(l) =rn0/R, with R the data rate
(216 kbps for the Ku-band system).

For the cases considered in the next section, with relatively 3@
high Rd’ the probability of incerrect resolution is zero, to the accu- :
racy of the computer. In those cases, the mean time to make a correct

=
]

decision is the mean time to overflow per pass, Mys times the expected
number of passes to make a correct decision, Nc‘

)2

N, = li’c+2(,1-Pc)Pc+3(1-PC PC+---, with P;=0. (40)

Thus, NC==1/P5><PC==1/PC, and the mean time to reach a corvect decision
tc=|nO/PCR.

Ll s it o L Ll b b

9.3.2 Results of Performance Analysis

In this section, we discuss the numerical results of the perform-

T ot

ance analysis for selected values of Rd, n», Ys and P In ail cases to i

follow, Pt is chosen to be 1/2, i.e., equally 1ike1ytones and zeros in
the data stream. The probability of correct decision and mean number of i
steps to correct decision are Tirst calculated as a functijon of v for '
fixed n and Rd; then, given a suitable vy, the calculations are performed
as a function of n for fixed Rd, and finally, given a suitable v and n,

the performance is calculated as a function of Rd.
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In Figure 83, Pc is plotted as a function of y for Rd= 10 dB,
n=0.3%, and Pt==0.5. Note that Pc is relatively insensitive to y until
y approaches the counter size, 4096. It is reasonable to expect the
probability of correct decision to decrease for very large vy, as this
implies 1ittle energy in counter 2 when, in fact, we expect counter 2
to be increasing. The mean number of steps has not been plotted, as the
results have shown it is a constant (equal to 5104) for the values of vy
setected.

in Figure 84, PC and my are plotted as a function of n for
Rd= 10 dB, y= 3500, and Pt= 0.5. PC is a monotonically decreasing func-
tion of n as n increases, where My has an "optimum” at n=0.3b, at Teast
for Rd= 10 dB.

Taking into account the results of the analysis as a function of
N, PC and m, are plotted as a function of Rd for y=3500, n=0.20, and
Pt= 0.5 in Figure 85. As expected, the probability of correct decision
increases and the mean number of steps decreases as Ry increases.

These results are also summarized in Table 14. The probability
of incorrect decision, which was also calculated, is not plotted, as it
is negiligible for the values of Rd used.

9.3.3 Conclusions and Recommendations

The preceding results are intended as a guide to the performance
of the ambiguity resolver as a function of the various relevant param-
eters and a verification of the analysis. The calculations are computa-
tionally intensive and, as a result, use significant amounts of computer
time. In particular, as Rd goes below 6 dB, g gets very large (over
10,000) and these results are not yet available.

It was hypothesized that additional precision might be needed,
particuiarly in Tight of "zero" probability of incorrect decision. Single
precision Fortran has a precision of 7 digits, and the calculations
involve summations of many (small} probabiiities. The program was modi-
fied to run double precision (17 digits), and one run was made at
Rd= 10 dB, n=0.35, and vy=3500. No significant change in the results
was evident. Since double precision takes longer to run and hence is
more expensive, the remainder of the runs were made under singlie preci-
sion. However, at Rd lower than 6 dB, we may have to revert to double

g
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precision. The problem arises at Tower Rd since the Tength of the sums
increases and truncaticn errors, which propagate, may tend to dominate
the calculations.

Now that the computer program to calculate the performance has
been debugged and run reliably in both single and double precision,
additional results can be obtained using the JSC computer in batch
mode. It is suggested that additional runs be made at the expected
operating point of the system (Rd= 0 to 6 dB) to determine optimum
values of n and v as a guide to HAC and to verify the performance of
the ambiguity resolver when the actual performance data is made avail-
able by HAC.
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10.0 PRODUCT DESIGN CONSIDERATIONS
10.1 General

This section summarizes the product design considerations for the
Ku-Band Integrated Radar and Communication Equipment for the Spare Shuttle
Orbiter. This equipment, as designed by HAC, 18 omprised of four Tine
replaceable units (LRU). One of these LRUs is a DA located within the.
payload bay and deployabie upon the opening of the payload bay doors.

The other three LRUs are installed in the avionics bay located inside
the Orbiter cabin [3,13,14,22,26].

Figure 86 shows the deployed assembly. As is shown in .the figure,
the DA consists of two major subassemblies, namely the DMA and the DEA.
The DMA includes all the necessary components for forming and steering
& highly directional antenna beam. These components are the gimbals,
the antenna reflector, and the feed with its support. The DEA houses
the electronics for transmission and reception of the radar signals and
the reception of the communication signals.

Figure 87 shows an overall configuratjon of an avionics bay LRU.
The three LRUs are EA-1, EA-2, and the SPA. The EA-1 is devoted primarily
to the communication function, but it also includes the servo electronics
for both the communication and radar operations. The EA-2 is used exclu-
sively for the radar function. The processing of the transmitted and
received communications data s performed by the SPA.

With the exception of the connector configuration, the mechanical
configuration of the avionics LRUs is identical.

The sections which follow contain a summarized description of
the product design of the Ku-band system subunits. The details are pre-
sented in Appendix H.

10.2 Deployed Assembly

The DA comprises that portion of the Ku-band radar and communica<’
tion system which attaches to the upper face of the Rockwell-supplied
deployment actuator and stows in the limited space between the payload
bay and the door radiators. Major elements of the DA are the DEA and
DMA. The DEA is a shop-replaceable unit (SRU) of the DA LRU of the
Ku-band integrated radar and communications equipment.
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The DA structure consists of three basic elements: the base
pedestal that bolts to the Shutile deployment mechanism and contains
the electrical connector interface; a structure frame into which the
DEA is secured; and a gimbal mounting bracket. These three elements
of the structure are electron beam welded together to form & single
assembly.

A1l exterior surfaces of the structure assembly are gnveya
with 0.005" silvered teflon theriaT Finish material. A1l lightening
holes in the base pedestal are closed with a film of this material to
prevent the entrance of solar energy (direct or reflected) into the
interior cavities. In addition, the exposed portions of the gimbal
and antenna support arm are painted with a white silicon thermal con-
trol paint.

Active thermal control is utilized for cold conditjons. Sensi-
tive items on the gimbal that need to be kept above the -65°F survival
Tevel are the encoders, the rotary joints, and the waveguide switch.
Heaters and thermal blankets are jinstalled to protect these items.

10.2.1 Deployed Mechanical Assembly

The major components of the DMA are the structure, antenna,
rotary joints, and gimbals.

The narrowbeam antenna assembly is a prime fed paraboloidal
reflector using a five-element monopulse feed. The 36-inch parabolic
reflector antenna is constructed of epoxy-impregnated graphite cloth
formed over four main supporting ribs. A ring stiffener is used at
the aperture plane. The epoxy-graphite construction provides a 1ight-
weight structure. The antenna shell and feed tube weight is 3.7 1b.
The monopod feed support edge mounting prevents the feed from mechani-
cally Toading the refiector surface by attaching to :the same edge
support structure used for the parabolic surface. The overall depth
of the antenna assembly is less than 12.5 inches, allowing the required
envelope clearance on each side of the antenna during stowage. ~Fligure
illustrates the antenna structure. ,

Two channels, sum and difference. of RF energ;,t?gberse the
dual-axis gimbals. The sum channel remains isolated from the differ-
ence channel in a dual-channel rotary joint, which consists of two
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rotary joint subassemblies, one for each axis. These subassemblies
are available as reliable off-the-shelf components. Only minor modi-
fications in the internal bearings are required to satisfy the Shuttle
temperature and vacuum requirements.

The DA gimbal assembly consists of the two-axis, servo-controlled
rotating mechanical and electrical interface between the deployed boom
structure and the antenna. Included are torquers, bearings, shaft
encoders, waveguides, coaxial cables, and other cabling. A Tlocking
device secures the assembly in the stowed position. Minimal gimbal
cost, weight, and trunnion cbscuration are achieved with the edge~
mounted antenna configuration.

The off-center gimbal configuration allows a maximum size (36"
dia) narrowbeam antenna. Disturbance torques due to Shuttle accelera-
tions are negligible; therefore, a centered Toad is not an operational
constraint.

10.2.2 Deployed Electronics Assembly

The DEA (Figure 89) houses the electronics for the transmission
and reception of radar and communications data. The electronics are
housed in an enclosure 31 inches Tong, 15.5 inches high, and 4.5 inches
deep. The overall estimated weight is 70.6 pounds. The enclosure is
mounted to the DMA structure by a flange that extends along the perim-
eter of the DEA chassis baseplate; 24 torque set screws hold the flange
in place.

The enclosure is a dip-brazed atuminum structure consisting of
a baseplate that also serves as the prime radiating surface, ribbed
side ptates to which are mounted RF connectors, a front plate that
serves as the mounting surface for the power and command input connec-
tors, and a rear plate to which are mounted the waveguide output flanges
and RF connectors for test access. The inside of the chassis is parti-
tioned into cavities by a wall that extends the length of the chassis
and a shorter wall that separates the receiver and exciter subassemblies.
These walls provide mechanical stiffness to the structure and RF shield-
ing between the subassemblies.

The cover for the DEA enclosure is a bonded honeycomb structure
consisting of two thin aluminum face sheets, an outer and inner flange,
and an aluminum honeycomb sandwich between the face sheets. The
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enclosure walls and cover, stiffened by the ribbing and honeycomb
censtruction, prevent excessive bending and dispiacement from the
pressure differential resulting from the space environment.

The DEA is functionally divided into five discrete SRUs that
fit into the enclosure. The subassemblies are arranged to optimize
the thermal distribution, minimi-e the length of critical RF inter-
connections, and provide access for testing and maintainability. The
five SRUs are plugged in and mounted directly to the base of the chassis
by means of captive hardware.

The walls that partition the enclosure provide RF separation
between SRUs. RF gasketing in the cover and RF shielded feed-through
terminals in the walls complete the subassembly and unit Tevel RF/EMI
shielding.

Replacement of an SRY in the DEA involves removal of the cover
hardware and cover. Each SRU is independentiy replaceably. Subassem-
blies are plug-in modules fastened to the chassis baseplate with
captive hardware.

Active thermal control technigques are utilized in the DEA to
provide adequate thermal control. During operation, internal dissi-
pation is radiated to the space environment by the external surfaces.
For nonoperating periods, the DEA will be augmented by thermostatically
controiled heaters to maintain acceptable temperatures.

The present maximum power dissipation is approximately 250 W
at 28 VDC input. The total radiating surface of the DEA is approxi-
mately 8.5 square feet. A silvered tefion finish is used on the prime
radiating surface (base plate) to minimize solar absorptance and
provide high thermal emittance. A white paint finish is used on the
remainder of the external surfaces.

An extensive Hughes thermal analysis of the DEA under specular
radiation from the sun has been conducted. In spite of the fact that
Hughes has been directed to not consider certain flight configurations
that cause the DEA to overheat, it should be emphasized that the use
of some criteria as the upper allowed junction temperature of 125°C
are believed to be highly unreliabile. A normal junotion temperature
of 105°C would lead to a more acceptable reliability. In addition,
tests on different other DEA modules should be conducted in order to
determine whether morz severe thermal conditions exist.
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The DEA enclosure incorporates an environmental seal that
ensures compliance to a leakage rate of 10‘4 cc per second when the
unit is filled with inert gas at a pressure of 15.2 psia at ambient
temperature.

The primary seal is made by a gasket molded into a groove
around the perimeter of the cover. Hermetic connectors are sedled
at the enclosure interface by O-rings. Hermetically sealed ceramic
windows are utilized in the waveguide adapter for the waveguide output
flanges. The adapter interface and the enclosure are sealed by means
of a gasket molded into a groove arocund the perimeter of the adapter.

10.3 Avionics Bay Assemblies - General Product Design

Chassis

Although the EA-T1, EA-2, and SPA chassis are different parts
(different connector patterns and different SRU/wire wrap plate mount-
ing patterns), the general design is the same for the thres units.

The chassis is a dip-brazed aluminum structure (see Figure 90). There
is a solid frame around each of the two access openings (SRU and wire
wrap plate access), two solid end panels, and side walls consisting

of two 0.040" aluminum sheets brazed to a corrugated sheet of 0.010"
thick aluminum (6061-T6 alloy).

Provisions have been included in the design to avoid trapping
brazing salts in the hollow side walls. Also, none of the machining
operations cut into a brazed joint, so that brazing salts entrapped in
the joint are not exposed to a corrosive environment.

After machining, the chassis is chromate coated per MIL-C-5541,
CL 1A, and the exterior surfaces are primed and painted. The structure
is also sealed per MIL-STD-276, Method B, to ensure against gas leaks
at any of the brazed surfaces.

Wire Wrap Assembly

The wire wrap SRU interconnection plate is machined from 6061-T6
aluminum alloy. The plate is 0.080 inch thick with 0.30 inch high
stiffening ribs between SRU connectors. This design will adequately
Timit deflection of the plate when the SRU conractors are engaged with
or withdrawn from the receptacles. (SRU conta.ts are a flat blade
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design, and the receptacles are a tuning fork design with a (.025"
square tail).

The wire wrap plate is electrically tied to the chassis, and
separate bus strips are provided for +5 volts and digital return {(D-RTN)
signals. Each bus strip is an aluminum strip with a cross-sectional
size of approximately 0.060x 0.40 inches. The bus strips are bonded
to the plate with epoxy-glass prepreg material. Electrical connection
between each designated contact and the appropriate bus strip is made
by installing a beryllium copper bushing over the 0.025" square contact
tail and pressing this bushing into a hole in the bus strip (see
Figure 91).

A separate harness is used for connections between the front
panel connectors and the wire wrap plate. There are three M55302/66-505
connectors and three M55302/66-60S connectors on the harness for mating
to receptacles (commercially identified as the Airborne WTAV**PW40JL
series) on the wire wrap plate. The receptacle reference designators
are marked on the plate, and the harness will be formed and tied so
as to prevent incorrect engagement of the harness connectors.

The 28-volt input power, motor driver output power, and signals
on coaxial cables are routed directly on separate harnesses without
going through the wire wrap interconnect wiring. These signals each
have special characteristics (high current, high frequency, and/or
EMI source/susceptibility) which can be handled best in this manner.

Cutouts in the plate provide for a clearance hookup of all SMA
coaxjal connectors. The coaxial conmnectors extend from the SRU core
through the interconnection plate to facilitate making this connection
using conventional tools (open-end wrench). All wire wrap conductors
are dressed and tied to the plate to prevent cold flow or abrasion
shorting over extended periods of time.

After the plate is wired and electrical integrity is verified,
the wire wrap pins and exposed conducting surfaces are conformal
coated to eliminate shorting in a zero gravity envirvonment by a
foreign object. Rework procedures will allow modification to the
conformally coated pins if such modification is required during the
1ife of the LRU.
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SRU

The two typical SRUs are shown in Figures 92 and 93. Each SRU
consists of an aluminum core with a printed wiring board (PWB} bonded
to each side and a connector fastened to one edge. The core is &
T-shaped part with two captive mounting screws (commercially identi~
fied as Deutsch HJCT-7800-8-B-2.5) and provisions for supporting the
SRU connector. The two mounting screws provide force for engagement
and disengagement of the SRU connector and for ensuring a good inter-
face for heat transfer. Since the aluminum core is the primary thermal
path for cooling the components, core thickness is dictated by the SRU
power dissipation.

Each PWB is a 5.3x 8.4 inch multilayer board (4,6, or 8 layers)
with an overall thickness of approximately 0.60 inches. The boards
are made from polymide-glass laminate material, and the exposed wiring
Tines are solder plated (solder subsequently is fused). The boards
are designed for surface mounting of all components, and the plated-
through holes (PTH) are not filled.

The SRU connector is fastenedd to the core with three screws.
Tails from the connector blade contacts are preformed to fit against :
pads on the PWBs, and these contact tails are then reflow soidered i
onto the PWB pads. a

Each SRU connector has two keying pins which establish a go/
no-go engagement of the connector contacts. In addition to this
mechanical keying system, there is a color stripe painted an the top
of each SRU core in a manner such as to make a single diagenal line
in the LRU. Also, the SRU reference designator is marked on the SRU
core and on the wire wrap interconnection plate.

Electronic components are attached to the PWBs by reflow ;
soldering preformed component Teads to the PWB with the polysuifide %5
adhesive-impregnated material. Larger round-bodied components and 1
can-type devices are bonded to the PWB with an alumina-filled poly=
sulfide paste (Hughes Aircraft Company, HP16-103, Type II). After
SRU test, the PWBs and components are conformally coated with a poly-
urethane coating material.
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THERMAL /
INTERFACE

CROSSOVERS
e ¥
- = i\ LT ‘
-~ 1! J
, == ~ KEY PIN
s
| Qs COMPRESSION SPACER
REGISTRATION N -\O‘.\/’
HOLES FOR AN A
BONDING |

256 CONTACT CONNECTORS

Figure 92. Typical SRU Digital Assembly
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Low Voltage Power Supply

The EA-1, EA-2, and SPA Tow voltage power supplies are basi-
cally the same physical design for all three units. The power supply
module is approximately 9.7x5.8x 71,95 inches in size and weighs -about
3.0 pounds. Other physical design features include (1) machined
aluminum chassis for structure support and minimum thermal impedance;
(2) single unit connector; and (3) captive fasteners for added main-
tainability.

An extensive effort was made to achieve commonal ity within
the three modules to both reduce design cost and the number of spare
parts required during the field support period. Over 98% of the parts
are common to all three designs. The Tinear regulator/logic printed
gircuit hoard is identical in all three designs. The major differences
in the three designs are the converter transformer secondary output
voltage forms which are designed to meet the requirements of each LRU.
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11.0 CUMULATIVE INDEX OF KU-BAND SYSTEM DOCUMENTATION

11.1 Introduction

This section consists of a cumulative index of major HAC documents
describing the integrated Space Shuttle Orbiter Ku-band radar/communica-
tions system. A Tist of the documents covered is contained in Section
11.2, and the alphabetical index is contained in Section 11.3.

The intent of the index is to provide a cohesive reference to the
various documents describing the system. Information relevant to any one
of the subsystems may be contained in several documents; the index should
help those who are familiar with the system to access needed {nformation
and those who are not to gain an understanding of the functions of the
system.

The documents referenced in the index (Tisted A through L in order
to make the index more compact) are defined explicitly in Section 11.2.

It is recommended that the index be expanded and updated as addi-
tional documents become available from HAC, as well as from other sources.
In addition, it is suggested that block diagrams of the Ku-band system
and major subsystems, including EA-T, EA-2, SPA and DA, be generated
which include references to the appropriate documents describing the
system. That is, each block would contain a Tist of the appropriate
references, as would each interconnect and interface.




1.2

List of Index Documents

Document

Title

A

| =

Hughes Preliminary Design Review
VaTl. 1, Ku-Band Subsystem

Hughes Preliminary Design Review
Yol. II, EA-1

Hughes Preliminary Design Review
Voil. III, EA-2

Hughes Preliminary Design Review
Vol. IV, DMA/DA

Hughes Preliminary Design Review
Voi. IV-A, SPA

Hughes Preliminary Design Review
Vol. V¥, DEA

Hughes Preliminary Design Review
Block Diagrams

Hughes Ku-Band Integrated Com-
munications Radar Equipment

Hughes Specifications, EA-T
Hughes Specifications, EA-2
Hughes Specifications, SPA

Hughes Specifications, Radar/
Communications DA

Document Ho.
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Date

HS237-15631-5

HS237-~1531

HS237~1531-3

HS237-1531~1

HS237-1531+4

HS237-1531-2

HS237-890-1

HS237-686A-1

HS237-710-3
HS237-712-2
HS237-713-2
HS237-708-2

3/14-24/78

3/14-24/78

3/14-24/78

3/14-24/78

3/14-24/78

3/14-24/78

3/14/78

3/16/78

11/1/78
3/2/78

3/10/78
3/10/78
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11.3 Index

Item

A

Acquisition,
Orbiter/TDRS

AGC, DEA
Interface,
DA
Radar

Ambiguity
Resolver

AM/PH Conv,

Angle Rate Filt.
Rate Status
Track Proc.
Transform,
Antenna

Antenna
Alignment

Cassegrain
Gain
Narrow Beam
Perf, Tests
Pitch/Roll
Status
Position Data
Interface
Scan
Servo
Analog Shp'g
Test Config.
Servo Error
Budget
Specs
Steering Ctl
Stow/Unstow
Higgle Test

Asymmetry, EAT
Clock
Return Link

43,45,72,143
83

11-12

20

42,142-143

121-122

11.36-1.53

1.21-1.24

1
D U e
]
- = ]

[ - J]

2.31-2.40

1.15-1.18

1.46-1.53

30, 37

a1

43

162-174

120-122
?4-28,32,37

113-114

51
60-63

51-60
56-57
53

27-35,60
64
64,66

110,112

69-73

76-77
42-43

74

62

94-98

02

47
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Baseband Data
Beacon
Bit Detector, SPA

Bit Error Rate
Degradation

Bit Error Rate
vs. SHR

Bit Synchronizer

Bite, DEA
EA]
EAZ
Radar

Blanking, Trans-
mit

Block Diagram,
Ambiguity Res.
Antenna
Antenna Servo
Bit Detector
Bit Sync.
Convol. Encoder
Corr. Detector
Costas Loop, SPA
DA

DEA

EAl

EAT Ref. Gen.

EA2 AGC

EAZ Analog Proc.

EA2 Angle Proc.

EAZ Detec. Proc.

EAZ Filter Proc.

EA2 Post-Detec,
Integrator

EA2 Preproc.

EAZ Processing

EAZ Range Trackr

EAZ Veloc. Proc.

Exciter, DEA

40

167-177

138

35
36

—
-J o

1.10

9.4-9.11

1.7

139-140

106

147

50

S0

52

91-96

74, B8

77-80

38

a1

72

PR

80¢
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Block Diagram, (Cd

Fi Baseband 1.5k

FM Modulator 1.72

Ft Modulator VCO 1.74

Forward Link {1-5) 99
Frame Sync 1.26

Ku System

LYPS 1.39

Mgmt & Handover 1.79

Microwave Assy. 1.23

QPSK Modulator 1.77

Rate Sensor, DA

Receiver 1.26

Return Link

Self-Test

SPA (1-2),(1-5) 100
SPA 1/0 Buffer 1.8

Transmitter 1.12

Break lock, Radar 158-159
Buffer, SPA 1.54

60¢



Item

Carrier Modula-
tion, Fwd Link

Carrier Recovery

Changes, Spec

Chanrels, Return
Link

Clock, MOM Con-
trol Word

Clutter

Code, Convol.

Code, MDM/Ku
Serial Data

Code, PN, For-
ward Link

Communications,
Data Interfaces
Detect. Flag
Performance

Forward Link
Return Link

Control Signals,
Interface

Controi SPA

Conv. Encoder
Verif. Data

Coordinates, DA

Coordinates, Orb,
Body

Correlation Det.,
SPA

Costas Loop Anal,
Costas Loop Sim.
Costas Loop, SPA

45
51-52

58-59

44

33-74
33-53
54-74

1.11-1.36

1.36-1.46

-
—_ it
—

A.T-A.53

1.28-1.30
9.12-9.24
9.25-9.34
1.28-1.30

101

7,15
137-139,149

7, 10, T4A
101-103

66, 77

97-119
97-110
111-119

7-38,48-50,
52-53,63-64

86-94

29, 174-177

45-47

50

23-36

61

42, 44

27-34
51-54

72-87
75-87
68-744A

10-19,
100

0Le
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Dn Block Diagram
Uescription
Performance

Data, Communica-
tions Interfaces

Data Good Flag

DEA, Block Diag.
Description
Verif. Data

Decommutator,
Frame, SPA

Deiay, RF

Displays/Ctl.

OMA performance

35

114-123

47-48

154-165

1.3-1.31

1.33

1.2
1.1-1.46
8.1-8.58

66-77
108-109

50

96-110

64-102

65-66,
70,79

93-102

Lieg



Item A B C D E F G H I d K L

e

q::

EAY, Block Diay. 36 1.3

Ctl/Stat.
Signals 78-87
Definition 1 .5 1.1-1.2 7
Drawings q. 7

JEAZ Ser-
ial Data B7-90
/MDA Interf. 5.1-5.8.1 13-41

Performance 1.4-1. 45-111
Ref. Gen. 1

Ref, Gen..
#8lock Diag. 1.7

Ref. Signals 1.6 110-113
RF Subunit 1.8-110

/SPA Serial
pata 88

Status/Dis- .
play Interf. 96-99

Sys. Ctl, 86~-90

EA2, AGC 1.
Analog Proc. 1.
Angie Proc. . 1.
Block Diag.
Definition
Detect. Proc. 1.24-1.26
Drawings Attachment 1
Filter Proc. 1.713-1.17
Interface 6, B-40
LOG Converter 1.20-1.21
Performance 124-128 ’ 41-83
Post-Detect.

Integrator 1.17-1.20
Preprocessor 1.10-1.13
Proc. Seq. 77-80
Range Tracker 1.26-1.28
Status logic 74,76-77
Tim'g/Control 1.5-1.9
VYelocity Proc. 1.28-1.30

EIRP, DA 18 65

1-
2-
0-
1.

o ~!

EMEC 23-27
Encoder, DMA 1.26

Encoder Inter-
face, DMA 61

Environmental
Conditions 205, 207

Exciter, DEA 1.31-1.36
38-40

Exciter Gate

ele



Item

K

Failure Mode
Analysis, Ku
System

Fault Protection,
DEA

Filter, Sum/Dif.

Flux Density,
Forvward Link

Fi1 Baseband Gen.
FHM Requirements

Format, MDH
Control Yord

Forward Link
Block Diag.
Fupctions
Modas
RF Signal
Yerif. Data
Performance

Frame Synch-
ronizer, SPA

Frequency, Comm,

Radar

Function Descrip.

63

34

33-53

114

9.41-9.69

1.55-1.70

1.4-1.33

8.2-8.29

1.22-1.28

101

15

98-99

97-98
104-105

97-100

45

12-19,35-39

89-90
75

35-36

71
70
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Item A D H K L
Gimbal 146,148 1.8-1.25 184 99,
101-192
G/T 19 65
Gyro Interface 61
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3

IF,

Comm Data
Comir Track
Radar
Receiver

Index, Hughes

Installation
Inteyrface,

Inte
S-8

Inte
DEA

Isol
Dif

Analog,
Status

Antenna/
Gimbal
DA Mech.

DA Power
Definitions
", DA

DEA/DMA

EAl Analog
Measure.
EAY Controi
EA1/DA

EAY Data
EAl1 Dig. Dis.
EAT/MDM

EAl Mechan.
EA1 Power

EAY Ref.
EA1/SPALEA2
EAZ2 Analog
EAZ Ct1/Stat.
EAZ/DA
EAZ2/EA]

EAZ2 Hechan.
EA2 Ref Freq
EAZ2 Ser. Data
EAZ2 Test

Rate Sensor
SPA,DA
SPA/EAT Data
SPA/NSP Data
SPA/Payload

rference,
and Spur

rmodulation,

ation, Sum/
ference

1-5,8-11,50,
yo-71,129-
39,148-151,
165, 168

1,41-42,49,
f.3-56,58,
60-62

5.1-5.9

5.3
5.2,5.5-5.7
5.9

5.7
1.32-1.33

1.70-1.72

1.8-1.23,
1.31

5.3-5-4

2.9-2,12
5.13,5.15

v-vii

1.80-1.82
1.68-1.69

9.1-9.19

45-46
45, 47-48

15-46

37-39
23-35

36-37
39-40
13-17,
99-109
7,10-12
41
40
18-22

22-24

20-22

25-39
12,14-25

6,10-11,13

25
12,14-25
40

39-43

25-26
12-15
15-19
18-25

54

52-53
81-84

10-11,
14-18

10-60
6-63
55-60

Gle
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80



Item A H K L
Life Requirements 184-185
Link Power Budget,
Forward Link 39
l.osses, Impleme-
nmentation 65-67

115,118

Losses, RF Gb
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(]

=

e

R

B TS

Mgmt & Handover,
SPA
Contralier
Flow Diagram
1/0 Buffer
Logic Proc.
Memory
Serial Inter-
face
Sofiware
" Listing
Manchester Code

MOM Interface,
Electrical

HDM 170 Channel

MOM/Ku Serial
Data

DK Serial Word
Format

tlachanical Inter
faces

Hicrowave Assy.,
DEA

Hode Control
Logic, EAl
SPA

Modes, Antenna
Steering
DA Modes
Fwd Link
Radar

Return Link

Modulation, For-
ward Link
Return Link

Modulator, FH

QpPsK

Motor Drive
Signals

Motors, Anienna
Gimbal

115-116
58

£3-64

1.25-1.26

1.80-1.81
1.85-1.158
1.102-1.147

1.31-1.32

1.55-1.67

1.17-1.72,
1.75
1.76-1.77

1.22-1.25

10

48-53
7-18

7-23,25-32,
39-48

15-18

77-95

143-144,
159

104,105
123-132,
14D-142
110-117

101
17-119

102

13-17

97-109

7,10-12

67-77

7,10"‘!] L]
13

35-37,39

39-50

10-19

6465

21,
30-32

55

FAYA
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Noise, Transmit

Noise Figure,
DEA

21

10,
74-780

77-78
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Item F H I it L
Obscuration Zone 180-182 64-65
Operational
Sequence, Radar 147-149
Orbit 2
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Item

A B~ - R S L O

Phase Imbalance,
DA

Phase Linearity,
Comm. RF

Phase~Locked
Gunn Source

Phase Shift, DEA

P/N Code,
Acquisitian
Forward Link

Power,
DA Interface
DEA
Division,
Ret. Link
bMA
EA1
EAZ
EA1 Interface
EAZ Interface
Interface
Ku System
Monitor
Radar Ct1.
Radar Sys.
Rate Sensor
Rate Sensor
Motor
SPA
SPA Interface
Transmit

Power Supply,
Low VYoltage
SPA

Probabitity of
Detection, Camm
" Radan
False Alarm,
Comm.
Radar

PROM Bits, SPA

Protocol, MDM
Control Word

a4
a4

59-61,64

14-17,28-29

16-17

21, 52,114

44

44

6.5-6.7

6.4

6.1

2.13
2.9

6.2-6.3

1.159-1.164

A.T-A12

9.34-9.36

6.1-6.2

1.37-1.45

107
101-103

4-6,22,32

22, 24
159-160

111,7123-124,
128-130

170,172-173

170,172-173

19-22

45, 47

7-9,35,41

6, B-9

63-69

65,77

74,77

85

6, B-10
89-90

74

21,30-32,
34-35,
69-73
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Item A F H J K L
Radar, AGC 128 69, 73
Amp. Estim. 69, 74-75
Analog Proc. 124-125
Angle Accur. 83-84,
109-110
Angle Error
Processing 48, 50-51
Angle Track
Loop Elec. 81-83
Clutter Perf. 61
Digital Prac.| 126-127
Equation 133
Flags and
Displays 155-158 155-158
Margins 87,92
Measurement
Timeliness 41, 48-49
Mode Req'mts 78,115 63-69,78-80
Performance 77-134 119-160 41-83 119-160
Proc. Seq. 164 77-80
Pulse Specs 115-116 125-127 30-32
Range Accur. |82-B6,94-96 41-44
101-107
Range Rate
Accuracy 82-84,97-107
RF Freg. 114 70
Search 79-80 144-177,
162-174
Short Range 9.32-9.33
Sidelobe
Discrim. 61-63, 79
Signal 157 123-132 21,30-33
SNR 134-135
Status Logic 74, 76-77
Waveforms 48, 52-61
2nd IF 119-12¢ 29,35,38-39 %2-53
Range Status 42
Range Rate
Status 43

Lee
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Rate Sensor,
Axis Defin. 2.4
Block Diag. 1.28, 2.10
DA 1.27-1.28,

2.1-.2.29

Environntl 2.17-2.20

Receive Gate 41-42

Receiver,
Bandwidth,DEA 117 3 76
Description 1.6-1.

5-1

Gain, DEA 76
IF 81-84
Limit'g ,DEA 75
Saturation 119 , 80

Reference,
Frequency, DA 36-37

Rejection,
Signal, DEA 79-80

Return Link,
Ctl. Hord 31-36
Functions 1.34-1.54
Performance 54-74 111-118
RF Signal 34-35
Verif. Data 8.30-8.79

Rotary Joints 1.12-1.16 94

444



Item

A

H

i Coaltl

K

Scan
Scan Warn Stat.
Search, Radar

42, 72-73

Servo, Antenna [137-152,123

Sidelobe Disc.

Signal Inter-
faces, DA

Display/EAT
MDH/EAYL

Signal Strength

Siew Rate,
Antenna

SNR, Radar

SPA, Baseband -
BufFer/Switch
Block Diag.

Drawings
Furictions

Performance
Power/Weight
Pata

Sig. Descrip.
List

Sys. Descrip.

Stability, RF

States Indica-
tors (D & F)

Sum/Difference
Channet, DEA

Synchronization,
MOM CtT Word
SPA, Data
Time to Acq.

System Defin.
Descrip .

74

46

49

1.17-1.28

162-174
a4

162-174

160-152,180

58-62

64-R8
48-53,58-60
109-110

28
134-135

100

38-48

T, 14A
107

-

4R-50

3.7

103

35-54

7-55

37

22-29,36,
38,42,52,
54-56,61-63

70,74

80
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Item

H

T BT LR

e

Target, Radar

TDRS Desig. ,HDM
Control Hord

Temperature
Interface, DA

TeSt) OMA
EAT Interface
/Test Eguip.,
Ku System

Thermal/DA

Time of Observaf

tion, Radar

Timing, Trans-
mit/Recaive

Tolerance,
MDM Ct1 Mord
Radar Perform

Tracking,
Commun.,
Radar

Transmit Gate
Transmit Power

Transmitter
Block Diag.
Description

TWT

Enable/Tisab.
H¥PS
Mode Switch'g

179-195
18

41, 45
a1, 44

52, 21, 14

132-133
27, 32

61, 62

136-137

13, 14
149-154

176,178-179

111,123-124,
128-130

35-36
42-43

13-17

29, 31-34,

36-37, 74

39

63
91-93

42-51,71,
85-87

41

73, 69
34-35,21,
30-32

¥de
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E H J K L
VCX0, SPA 1.13-1.15
Yerif. Data
DEA 8.1-8.58
Fud. Link 8.2-8.2%
Ret. Link 8.30-8.79
Yolume, DA
Stowage B6-94
VSR 93-24,
96,102

See



l1tem A F H J K L
Waveguide Switch 30
Weight, System 12-13
Wiring Inter-

face 62, 77,78 90
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SHUTTLE KU-BAND FORWARD LINK COMMUNICATION
RECEIVER PERFORMANCE EVALUATION
by
Sergei Udalov

1.0 INTRODUCTION

The function of the Shuttle Ku-band forward link receiver is
to acquire, track and demodulate the 13,775 MHz communication signal.
Because the primary mode for this signal is that of spread spectrum,
in addition to the bi-phase-L modulation, the received signal must be
despread prior to recovery of the data. Also, the frequency uncer-
tainties caused by oscillator drifts and residual doppler shifts
require carrier frequency search and acquisition prior to recovery
of the received data. The purpose of the material presented herein
is therefore to provide a Tunctional evaluation of the Ku-band
receiver and jts various subunits in terms of the specifications
imposed on this equipment.

2.0 RECEIVER PERFORMANCE

2.1 Input Signal and Noise Levels

The performance of the forward 1ink, of which the Ku-band
receiver is one of the major components, depends on the C/N0 ratio
at the receiver input. To determine the range of available C/NO
values, one must (1) calculate from the 1ink parameters the signal
levels at the output of the receiver's antenna and (2) determine the
effective system noise temperature based on the RF losses of the
front end and the receiver noise figure. Once the absolute vailues
of C and NO are determined, the performance of the recejver itself can
also be evaluated in terms of signal amplification and dynamic range
capabilities. Calculations of the C and NO levels are presented in
the following paragraphs.

2.1.1 Received Signal Power Level Calculations

The received signal appearing at the output of the antenna is
a function of the forward link flux density impinging on the Ku-band
antenna of the Orbiter. Multiplied by the effective area of the




antenna, the power density provides the value of the received signal
delivered to the output of the antenna.

The level of power density incident on the Shuttle Ku-band
receiver antenna is a function of the EIRP delivered by the TDRS,
the path loss, and the pointing geometry of both the TDRS and the
Shuttle antennas. To provide satisfactory forward Tink performance,
the Shuttle Ku-band communications receiver must accommodate a range
of received power levels. The purpose of the calculations presented
below is to determine the absolute values of the power density and
power levels expected at the Shuttle antenna over a range of opera-
tional parameters.

The one-way communication range equation provides the values
of the power density and the received signal:

1
P = P, x G{, x
rec t t 41TR2 re

N Mo
EIRP Path Effective Area
Loss  of Receiver
————— Antennas
Power Density

where P, = transmitter power (watts)
G, = transmitter antenna gain (dB)
= range (in selected units)
Are = effective area of receiver antenna {in selected unitsz).

Equation (1) shows that (a) the product of the first two terms is the
EIRP of the transmitter (TDRS, in this case) and (b) the product of
the first three terms is the power density incident on the receiver
antenna.

For simplification of the 1ink budget calculations, (1) is
usually written in decibels; thus,

. 2
Prec (dBW) = EIRP (dBW) ~ 171 dB - 10 Tog (R") + 10 log (Are)'

R e —
Path Loss

To proceed with the quantitative estimation of the power den-
sity and the power levels, we compute the expected values of the path

x A (1)

(2)
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loss term. For this purpose. the range units used for path loss must
be converted to the same units which are used for calculating the
effective area of the receiver antenna. Because it is convenient to
express the power density in watts/meterz, we also select the meter52
as the unjt for antenna aperture. Such selection necessitates a con-
versijon of the range units from nautical miles (used for specifying
system performance) to meters. Table 1 shows this conversion along
with the resulting values of path Toss.

Table 1. Path Loss Versus Orbiter-to-TDRS Range

Range Range Path-Logss

(rmi) (meters) (dB-m?) Comment
18,000 3.34x107 161.5 Minimum
22,600 4.19x10" 163.5 Nominal
25,000 2.63x107 164.3 Maximum

Note that the path Toss in Table 1 is expressed in units of
dB-m2 rather than in dB. The power density can thus be calculated
by uzing the first two terms of (2) and the path Toss values given
in Table 1.

As an example, let us assume that TDRS EIRP = 48 dBW.
Therefore, for the nominal range of 22,600 nmi, the power density
is

D (dBN/mz) 2

48 dBY - 163.5 dB-m

As the next step, the power at the output of an antenna of
effective area Ae is calculated. For this, we compute Ae based on
the measured gain of the Ku-band antenna at the operating frequency/
wavelength of the receiver. The expression used is

2
A - A8

e 4y (4)

where G is the measured maximum gain of the antenna and A is the operating

wavelength.

-115.5 dBM/m> . (3)

e Ak raate: ek




For the Ku-band forward 1ink receiver, the values of G and A are
as follows:
= 38.5 dB (7,080 value)
= 0.0218 meters (2.18 cm, f. = 13.775 GHz).

Calculating the Ae value, one thus obtains

2
(0.022% (7080) . g.067 2 (5)

or  -5.73 dB-mC.

For the previcusly used example of D = -115.5 dBW/mz, one thus obtains
the equivalent value of the power level at the output of the antenna:

P (dBW) = -115.5 dBW/m® - 5.73 dB-m

rec

]

i

-121.2 dBW or -91.2 dBm. (6)

Figure 1 shows the values of D and Prec as functions of TDRS EIRP

and path loss. The vaiues of Prec are for the Shutt]g Ku-band com-
munication receiver effective antenna area of 0.267 m™.

The higher values of EIRP, i.e., 50-55 dBW, are character-
istic of a "hot transmitter" {(a new tube, start-of-life-cycle oper-
ation) at the TDRS. These values are above a typical "minimum range
case” of +48.5 dBW minimum output [1]. The EIRP levels below the
+48.5 dBW value correspond to conditions existing when the TDRS
antenna is not pointed directly at the Shuttie. Therefore, the
Tower values of EIRP are the "effective" values presented to the
Shuttle antenna. These values typically occur during the spatial
acquisition phase of the Ku-band Orbiter/TDRS Tink.

Qut of the relatively wide spread of flux density and
received power levels shown in Figure 1, the values of -126.9 dBw/mz*
and -113.5 dBN/mz are used as the minimum and maximum Flux densities
with which the Ku-band receiver must meet its specifications [2].
Table 2 shows the conditions resulting in these flux densities and
the corresponding differences. As shown, the two differences are

*Th1s value is the Rev. A specification. Rev. B is currently
be1ng negotiated; this value will most probably be increased to -123.5
dBW/m? and the TDRS minimum EIRP will be 40.0 dBM.

1

:
:
41

1 e g A £ bt T e e e
Lty i s H



Power Received
i *
Deﬁ;]ty, D Power, Prae
dBi/n” 4 deil | dBm |
o
-1104 -80 !
-1051.. g
-115- -85
-110 L
1
2120 -90
-115 - 4
1
1y
~125 - -95 -
-120 R=18,000 nini .
22,600 nmi 3
-130 .|-100
~125
-132
25,000 nmi ¢
-135 4-105 _
-130 |-
¥ 2
Ae = ~5.73 dB-m
I ) | ] i i -
-135 30 35 70 45 50 55
TDRS EIRP in dBW
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11.4 dB due to EIRP and 2 dB due to range difference, resulting in
a total variation of 13.4 dB.

Table 2. Minimum and Maximum Flux Densities
at Ku-Band Antenna of Space Shuttle

Incident
Flux Deniity TDRS EIRP Path Loss Range
(dBW/m?) (dBW) (dB-m?) (rmi)
-126.9 36.6 ~163.5 22,600
{nominal)
-113.5 48.0 -161.5 18,000
(minimum)

4=13.4 dB A=11.4 dB A=2 dB

The actual signal Tevels corresponding to the specified minimum

and maximum values of flux density are obtained by taking into consider-
ation the effective antenna aperture and other pertinent Toss factors
existing during the acquisition, tracking and minimum range* operating
modes of the Ku-band system. Table 3 shows the respective received
power levels and associated conditions. The two extreme values,
-105.8 dBm and -89.7 dBm, are used in the subsequent evaluations of
the Ku-band iink performance in general and the Ku-band receiver in
particular. The intermediate value of -~103.1 dBm will be used for
evaluating tracking capabilities of the receiving equipment.

Table 3. Ku-Band Signal Levels at Acquisition,
Tracking and Nominal Link Operation Points

Acquisition  Tracking  Minimum Range

Incident Flux Densjty, dBW/m° ~126.9 ~126.9 -113.5
Antenna Area, dB-m -5.7 -5.7 -5.7
Polarization Loss, dB ~0.2 -0.2 ~-0.2
Pointing Loss, dB -3.0 -0.3 -0.3
Recejved Power, dBW -135.8 -133.1 -119.7
dBm (-105.8) (-103.1) (-88.7)

NOTE: 4 Received Power = -119.7 dBW - (-135.8 dBW) = 16.7 dB

(Max - Min)

*The minimum range mode is actually only 2 dB above the nominal
specification parameter mode which is based on TDRS EIRP of 48 dBW and
the nominal range of 22,600 nmi.




2.1.2 Front-End Noise Density Calculation

The front-end single-sided noise density N0 is calculated from
the equivalent system temperature, which is a function of such param-
eters as the antenna temperature, the waveguide losses, and the
equivalent noise temperature of the recejver itself. The correspond-
ing equation for the system temperature is

Tays = Ta* (L-T1)Tp + LT, (7)
where TA = gquivalent antenna temperature
L = waveguide losses
T0 = waveguide temperature
Te = receiver temperature.

For the Shuttle Ku-band communications receiver. these parameters are:

TA = 105°K
L =2.9dB (1.95 value)
TU = 290°K
Ty = 627°K {i.e., 5 dB noise figure) .

Substituting these values into (7), we obtain:

T

sys 105 + (1.95-1)290 + (1.95) 627

1600°K or 32.0 dB-°K. (8)

The corresponding value of NO for the Ku-band receiver is then

= ! .
Ng k (Boltzmann's Constant) + 10 log Tsys
= -228.6 (dBW/°K-Hz) + 32.0 dB-°K
= -196.6 dBUW/Hz . (9)

This single~sided noise density is used in the subsequent calculations
of the available C/NO ratios.

For determining the absolute Tevel of the receiver noise,
however, the noise figure of the receiver is used. Thus, at the input
to the receiver terminal (i.e., output of the antenna), the noise
density is

i
e
£
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1t

~228.6 (dBW/°K-Hz) + 10 log (290°K) + NF
-199 dBW/Hz or -99.0 dBm/MHz . (10)

From this value, the absolute Tevels of thermal noise at various
peints within the receiver can be determined by taking into account
the amplification (as well as the Tosses) and the bandwidth. The
noise values can then be compared to the corresponding values of the
signal (in the same bandwidth) to determine signal-to-noise ratios.

2.1.3 Carrier-to-Noise Density (C/NO) Ratios

Having determined the noise spectral density N0 of the
Ku-band communications receiving system, we can evaluate the C/NU
values available for the varicus modes of system operation using
the computed values of the received power given in Table 3. Con-
sequently, for the acquisition, tracking and minimum range modes,
we have

Acquisition Mode

C/N0 = -135.8 dBW - (-196.6 dBW/Hz)}) = 60.8 dB-Hz
Tracking Mode

C/N0 = -~133.1 dBW - (-196.6 dBW/Hz) = 63.5 dB-Hz
Minimum Range Mode

C/N0 = -119.7 dBW - (-196.6 dBW/Hz) = 76.9 dB-Hz.

The performance of various Ku-band receiver subunits will now be
examined within this range of C/‘N0 values.

2.2 Signal Level Profile

The Ku-band communications signal developed by the antenna
is applied to the input of the receiver where it is filtered, ampli-
fied, downconverted, and applied to a number of demodulation and
tracking functions. As the signal passes through the various stages
of the receiver, its Tevel changes along with the level of the amp-
1ified noise. For proper functioning, the asctive components (i.e.,
RF preamplifiers, mixers, IF amplifiers, etc.) of the receiver must

P
e




operate within their linear ranges to avoid the intermodulation and
signal suppression losses. Also, the Tevel of the amplified noise
must be kept in the proper relatijonship to the signal to avoid signal
suppression due to noise peaks. It is for this purpose that the
absolute signal levels must be traced through the receiver and com-
pared against the signal handling capabilities of various subunits
comprising the receiver amplification chain.

The specific receiver configuration considered here is that

of the Ku-band Shuttle communications receiver. The basic architecture

of this equipment is that of a two-channel monopulse receiver. One
channel is used for amplifying the sum () output of a two-axis mono-
pulse antemna; the second channel amplifies the time-multiplexed aAZ

and AEL signals developed by the monopulse bridge of the antenna. The

receiver utilizes double conversion with all of the data demodulation
related functions performed at the second IF. The time-multiplexed
angte tracking modulation, however, is detected at the first IF to
minimize the overall number of receiver components.

Figure 2 shows the functional block diagram of the Shuttle
Ku-band forward Tink receiver configured for the communications mode.
The gains and Tosses of the major subunits and the appropriate signal
levels, both maximum and minimum, are indicated. It is important to
point out that, as shown in this figure, the dynamic range of the
signal levels handled by the receiver is comprised of two components:
(1) the change in the input signal strength and (2) the variation in
the amplifier gains over the tempevature range. As explained in
Table 3, the change in signal level contributes about 16 dB of the
dynamic range requirement. Furthermore, examination of the Prelimi-
nary Design Review data [3] indicates that gain variations of the
receiver subunits contribute an additional 10 dB dynamic range
requirement over the specified range of the operating conditions.
Thus, the total dynamic range requirement imposed on the automatic
gain and Tevel control circuitry is about 26 dB.

2.2.1  Sum Channel Signal Flow

Consider first the signal flow through the sum channel of the
receiver. The received 13,775 MHz signal power output by the sum
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channel antenna feed, which is a part of the deployed mechanical
assembly (DMA), is passed through the rotary joint and applied to

a bandpass filter (BFA 1A) and a 1imiter. The function of the filter
is to couplie the incoming 13,775 MHz signals into the receiver and

to reject the communication transmitter signal. Although the band-
width of the communication signal is less than 10 MHz, the passband
of this first filter is 300 MHz wide to accommodate the frequency-
hopped signal of the radar when the receiver is in the radar mode.
Also, the amplitude Timiter is required primarily for the radar mode,
and thus it does not affect the signal amplification in the communi-
cations mode.

The combined loss of the antenna feed, the rotary joints and
the filter/Timiter subunit is about 2.9 dB. Consequently, the signal
developed at the output of the sum channel Ku-band antenna is attenu-
ated by this amount prior to reaching the RF low noise amplifier (LNA).
Quantitatively, it implies that the maximum and minimum input Tevels
of ~89.7 dBm and -92.6 dBm are reduced to -92.6 dBm and -108.7 dBm,
respectively.

The low noise RF amplifier (LNA) which follows is a three-stage,
gallium-arsenide (GafAs) field effect transistor (FET) unit. The
salient parameters of this amplifier unit are:

Noise Figure 5 dB
Gain 22 dB
1 dB Qutput Compression Point +5 dBm .

Because the maximum input signal in the communications mode is
-92.6 dBm, resulting in an output of about -70 dBm (input signal
plus amplifier gain), it is evident that this amplifier does not
present a dynamic range limitation to the communications signal.
Furthermore, the 13,725 MHz spur (a sixth harmonic of the 2287.5 MHz
S-band signal) is estimated at about -60 dBm at the input to this
amplifier. This results in a -38 dBm output, which is stjll signi-
ficantly below the 1 dB compression point. Thus, sufficient dynamic
range is provided for handling the spur as well as the signal.

A bandpass filter (BPF 2A) follows the LNA. The bandwidth
of this filter is sufficiently wide to accommodate the radar signal
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band (about 250 MHz), yet its rolloff is such as to provide at least
20 dB of rejection of the image frequency band.

After preselection by this bandpass filter, the recejved
signal is applied to a single balanced mixer where it is downconverted
to the first IF of 647 MHz. The output of the mixer is applied to
a Tirst IF preampiifier which compensates for the signal Tosses
incurred in the prefiltering and downconversion.

The FET LNA, bandpass filter (BPF 2A), mixer, and postconver-
sion preamplifier are contained in a single hermetically sealed sub-
assembly which is physically located close to the finput bandpass
filter/Timiter unit to reduce RF Tosses. The overall RF-to-IF gain
of this subassembly (shown by dotted lines in Figure 2) is 23 =2 dB
over the range of the environmental conditions. The corresponding
range of the minimum and maximum communication signal level is from
~-87.7 dBm to -67.5 dBm, respectively, at the output of this sub-
assembly. Based on a 300 MHz bandwidth, the min/max thermal noise
Tevels at this point are -63 dBm and -59 dBm, respectively. The cor-
responding signal-to-noise ratios are -24.7 dB and -8.6 dB.

After preampiification at the first IF of 647 MHz, the com-
munication signal is passed through a solid state diode blanking gate
and js applied to the first IF bandpass filter (BPF 3A). In the com-
munication mode, the gate does not affect the signal and thus the
signal is passed with a minimum amount of attenuation to the filter.
The purpose of this filter is twofold: (1) to provide sufficient
rejection of the S-band spur and (2) to provide good transient response
during the transmit/receive gating in the radar mode. For meeting the
second requirement, the configuration of this filter is that of a
four-pole Bessel type and the bandwidth (3 dB) is 18 MHz. The inser-
tion loss of this filter is 1.5 dB. As a result of tne reduction of
the receiver noise bandwidth from 300 MHz to 18 MHz, the signal-to-
noise ratio at the output of the Bessel filter is increased by 12.2 dB.

The output of the Bessel filter is appiied to a 3 dB power
divider. One output port of this power divider feeds the communica-
tion data IF amplifier. The signal emerging at the second output
port of the power divider is summed with the IF signal of the differ-
ence (A) receiver channel. (The reason for this is described in the
paragraphs dealing with the difference channel.)

e 1T G b AR A A




The communications data IF amplifier provides a nominal gain
of 56 dB with an estimated variation of #2 dB., The amplified commun-
ication signal, which appears at the output of this amplifier, leaves
the deployed electronics assembly (DEA) and is routed via an inter-
connecting cable to the electronics assembly #1 (EA-1) for further
amplification and processing.

As shown in Figure 2, the min/max Tevels of the amplified
received signal at the output of the DEA are about -38 dBm and
-14 dBm, respectively. This represents a range of 24 dB, which
includes an 8 dB increase over the received signal range of 16 dB.
The 8 dB increase is due to the receiver gain variations over the
range of the environmental conditions. The min/max levels of the
absolute noise at the output of the DEA are -25.7 dBm and -17.7 dBm,
respectively. The corresponding signal-to-noise ratios are -12.5 dB
and +3.6 dB. These ratijos are referenced to the 18 MHz bandwidth
of the IF filter located within the DEA, i.e., the four-pole Bessel
filter.

From the DEA, the communication signal is fed via a cable to
the input of EA-1. The cable Toss is presently estimated at about
3 dB which, at a 0.12 dB/foot cable Toss constant, corresponds to
25 feet of cable.

At the input of EA-1, the 647 MHz second IF communications
data signal is applied to a bandpass filter whose bandwidth is
14 MHz. The passage of the signal and noise through this filter
reduces the Tevel of the noise relative to the signal by 1.1 dB.
After this filtering, the signal is amplified and applied to a bal-
anced mixer where it is downconverted to the second IF of 27.88 MHz.
The net transter gain from the first IF to EA-1 to the second IF out-
put is 16 dB 1 dB. Subtraction from this gain of the 3 dB cable
loss results in min/max signal levels at the second IF output of
about -26 dBm and O dBm, respectively. The absolute min/max levels
of the thermal noise are -14.8 dBm and -4.8 dBm at this point. The
corresponding signal-to-noise ratios in the 14 MHz bandwidth are
-11.4 dBm and +4.7 dBm.

The amplification and conditioning of the second IF communi-
cations data signal continues within the automatic gain control {AGC)




and the automatic level control (ALC) subunits. The function of the
AGC subunit is to compensate for the gain variations of all of the
preceding circuits. This maximum variation is estimated at 10 dB.

The AGC circuit consists of a voltage controlled attenuator
which is operated by a noise level sensor. The sensor is implemented
by sampling the absolute value of the thermal noise within a spectral
region which is relatively free of signal power. The first null of
the PN spectrum is one such frequency region. Thus, within the AGC
circuit, the incoming signal is filtered by a 8.6 MHz wide bandpass
filter to remove undesired spectral components and then a 1 MHz wide
bandpass filter is used to select the "noise" segment of the filtered
spectrum. The bandpass filtered noise is detected and its level com-
pared to a preset reference voltage. The difference voltage is used
“p operate the AGC attenuator.

Because the AGC attenuator is controlled by the noise, 1t com-
pensates only for the signal and noise level changes caused by gain
variations within the receiver. The function of leveling the output
of the receiver in spite of external fluctuations is performed by
another circuit, namely, the automatic level control (ALC).

The ALC unit compares the level of signal-plus-nocise power
to the level of noise power only. The two respective powar levels
are developed by detecting the outputs of two different bandpass
filters. One bandpass filter is tuned to the center of the signal
spectrum and the other is tuned to the "signal free" region of the
IF BPF. Both filters are 1 MHz wide. The subtraction of the
"signal-plus-noise" voltage from the "noise only" voltage develops
a control signal which is used to stabilize the signal level at the
output of the ALC unit. The minimum range of ALC correction is 16 dB.

The combined signal stabilization capability of the AGC and
the ALC circuits is at least 26 dB. Out of this total range, 16 dB
is due to signal input level variation and the remaining 10 dB is
due to the aforementioned internal gain variation due to environmental
effects. The residual Tevel fluctuation is 2.5 dB.

Following the AGC/ALC unit, the second IF signal is applied
to a series of power dividers which distribute this signal to the
PN despreader, the PN tracking loop, and the PN lock detector.

14
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The PN despreader consists of two subsections. One is used for removing
the PN code from the data. This subsection is followed by the Costas
loop. The second PN .despreader subsection is followed by the Costas Tock
detector.

The min/max signal Tevels at the input to the PN despreader
subsections are -9.8 dBm and -4.8 dBm, respectively. The min/max
levels of the signal delivered to the PN tracking loop and to the PN
lock detector are -12.3 dBm and -7.3 dBm, respectively. The corre-
sponding signal-to-noise ratios, referred to the 8.6 MHz bandpass of
the AGC/ALC circuitry, are -9.3 dB and +6.8 dB.

2.2.2 Difference Channel Signal Flow

The difference (A) channel signal is developed by the mono-
pulse feed system which is a part of the same high gain Ku-band
antenna as is the sum channel feed. In the Shuttle Ku-band receiver,
the difference channel is time-multiplexed between the AAZ and AEL
tracking error signals. This reduces the total number of required
channels from three to only two. However, the requirement for
accurate gain and phase tracking between the sum and the time-
multiplexed delta channels still exists. For this reason, all of
the delta channel front end components which are Tocated in the DEA
are made identical to those of the sum channel, as shown in Figure 2.

Figure 2 also shows that, after conversion to the first IF
and bandpass filtering, the sum channel signal is coupled into the
diffarence channel. The ratio of coupling is 4 to 1 of sum to delta.
The purrase of this coupling is to provide a reference carrier to the
delta channel so that the time-multiplexed AAZ and AEL signals can be
envelope~detected Tinearly. If such a reference carrier were not
present, it would not be possible to determine the polarity of the
delta errors and, furthermore, their detection by the envelope method
would be highly nonlinear.

Because the AAZ and AEL signals are small during perfect
tracking compared to the sum channel signals, the delta signal
levels are not indicated in the block diagram of Figure 2. Instead,
the level of the sum signal which is coupled into the delta channel
is indicated starting with the 6 dB coupler where the sum signal is
injected into the delta channel.
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It must be noted that the absolute Tevel of the thermal noise
is increased by 1 dB at the output of the 6 dB coupler. This
increase is due to the combining of the z-channel and the A-channel
noise components. The combining is as follows:

_ . - Iy .
Ntota] = NETN& = Nz(]+4) = 1.25 Ng (1)

or +1 dB.

The one-fourth factor in the above expression is due to the 6 dB
coupling ratic of the two channels.

Following the 6 dB coupler, the combined A+ : signal is
amplified by 60 dB +2 dB and then applied to a 3-dB power divider.
One output port of this power divider feeds the signal to the radar
second mixer. The second output port feeds the cable which inter-
connects the DEA with the EA-1 unit. It is this second output port
that is used in the communication mode to provide the angle tracking
signais.

The combined A+ £ signal is applied to the EA-1, where it is
bandpass filtered, gain controlled, and envelope detected. As shown
in Figure 2, the min/max signal at the input of the EA-1 is -40.2 dBm
and -16.1 dBm, respectively. The corresponding noise levels at the
input to the EA-1 are -26.7 dBm and -18.7 dBm. Prior to the 8.6 MHz
bandpass filtering, the signal-to-noise ratios are +2.6 dB and -13.5 dB.
After passing through the 8 MHz filter, the signal-to-noise ratios
are increased by 3.5 dB, resulting in a range of SNR between +6.1 dB
and -10.0 dB at the input to the envelope detector. The nominal out-
put of the envelope detector is 0.5 volts peak-to-peak across 1 kq.
The time-multiplexed AARZ and AEL data appear as amplitude modulations
superimposed on this average voltage.

2.3 PSK Data Demodulator

2.3.1 General Description

The PSK data demodutator unit of the Shuttle Ku-band communi-
cations receiver performs the following functions:

(1) 1Initial frequency search and acquisition of the RF
carrier.
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(2) Tracking of the RF carrier.
{3) Coherent demoduiation of the received bi-phase modulated
data.

The initial frequency search and signal carrier acquisition
must be performed by the demodulator unit regardless of the type of
received TDRSS signal, which can be any of the following formats:

(1) CW carrier

(2) Data modulated carrier

(3) Spread spectrum carrier

(4) Spread spectrum plus data modulated carrier.

Figure 3 shows the functiconal block diagram of the PSK data
demodulator, which is comprised of five subunits:

(1) Costas loop demodulator

(2) Costas lock detector

(3) Acquisition and track control Togic

(4) Demodulator output circuit

(6) Voltage controlled crystal osciilator (VCXD).

The inputs of these subunits are suppiied by the second IF
AGC/ALC circuit and by PN code associated circuitry.

The Costas loop demodulator searches and acquires the incoming
RF signal. Once the acquisition is completed, the demodulator pro-
vides coherent tracking of the phase and frequency of the received
signal. It must be noted that the initial Costas loop lockup on
the incoming carrier takes place regardless of the PN code synchroni-
zatfon. This is due to the fact that the arm fiiters of the Costas
loop are made wide enough to accommodate the bandwidth of the spread
spectrum signal. Thus, the Costas loop handles the PN modulated
carrier as a baseband "data" of 3 Mbps and locks up the suppressed
carrier of this spread spectrum signal. The data recovery, which is
the primary function of the Costas demodulator, must be preceded by
PN despreading, however.

The capahilities of the Costas loop to acquire the recejved
RF signal within a relatively short time (about 350 msec) without
needing the PN code Tock makes the Costas Toop the primary sensor unit
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for the angular acquisition of the TDRS. Specifically, as the Shuttle
antenna beam scans past the TDRS, the Costas loop, which is constantly
swept in frequency, locks onto the TDRS signal and signals the antenna
microcomputer to terminate the antenna scan. The advantage of using
the Costas loop for acquisition rather than an energy sensor is

that the former uses ccherent detection which uniquely identifies

the TDRS signal, thus eliminating possible false Tockups due to sun

or earth intercepts.

The actual sensing of the Costas lToop signal acquisition state
is performed by the Costas lock detector circuit. This circuit
develops the in-phase ("I") and quadrature-phase {"Q") components
of the incoming signal and forms an 12~Q2 signal. When the Costas
loop is in lock, or close to it, the condition 12>> Q2 makes the
12-Q2 signal exceed a preset threshold. When this happens, the Tock
detector sends a "Costas lock" signal to the acquisition and track
control Togic.

As its name ‘implies, the acquisition and track control logic
performs the function of switching the Ku-band communications receiver
from the acquisition to the track mode. Specifically, upon receipt
of the "Costas lock" signal, the Togic circuit issues commands to
the antenna microcomputer and to the RF switching circuitry to ter-
minate the antenna scan and to initiate the angle tracking. In addi-
tion, the logic unit commands the Costas Toop to (1) terminate the
frequency sweep, (2) switch Toop bandwidth from wide (acquisition)
to narrow (track), and (3) initiate the DC tracking of the carrier
phase error. Also, the Togic unit provides a "data good" signal
which indicates that the TDRS/Shuttle communications 1ink has been
established and that the data received is valid. The "data good"
signal is generated when the following three conditions are met:

(1) Costas Tock established.

(2) PN lock established (or no PN used)}

(3) Incoming bi-phase-L data is properly demodulated (no
DC component).

The sensing of the DC component {or absence thereof) is per-
formed in the demodulator output circuit. This circuit accepis the

I
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I-channel raw data from the Costas loop and conditions it for trans-
mission to the signal processing assembly (SPA) for further processing.
Furthermore, the demodulator output circuit develops the AGC voitage
used by the Costas demodulator for stabilizing the data amplitude.
The demodulator output circuit also samples the DC component of the
demodulated data to determine the validity of the data format received
from the Costas Toop demodulator. Because the Ku-band forward 1ink
data is always in a bi-phase-L format, no DC compenent should be
present at the output of the demodulator when it operates properly.
The VCX0 is the fifth subunit of the PSK data demodulator.
The VCXO provides a stable, yet tunable (over a Timited range) source
of Tocal IF signal reference for generating the 1 and Q signals
required by the Costas 1oop demodulator. A compromise between the
conflicting requirements of stability and tunability is achieved in
this particular design by mixing the output of a stable 4.12 MHz
voltage-controlled L-C oscillator with the 26 MHz output of a crystal
oscillator. The resultant difference of 21.88 MHz is used as the
local reference for the Costas Toop. The tuning range of this VCX0
is #220 kHz and the residual uncertainty of the nominal VCXO frequency
is £35 kHz. This residual uncertainty is well covered by the acqui-
sition sweep range of +175 kHz.

2.3.2 Subunit Functional Description
2.3.2.1 Costas Loop Demodulator

Figure 4 shows the functional block diagram of the Costas Toop
demodulator. The salient features of this demodulator are (1) AC
coupling of the signals used for developing the carrier tracking error
and {2} hard-1imiting of the I-channel signal. These two techniques
minimize the DC bias component of the carrier tracking error, thus
providing for reliable Toop operation over a wide range of input
signal-to-noise ratios and environmental conditions.

The input to the demodulator is the 21.88 MHz second IF signal
supplied by the ALC circuit. At the demodulator unit, this signal
is passed through the balanced mixer U6 and is then applied, via power

divider U3, to the I-channel and Q-channel mixers U2 and U4.
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The primary role of mixer U6 is to provide PN code despreading
for the data after the completion of the acquisi*ion phase. The
secondary role of this mixer is to impose the 5.92 kHz dither modu-
Tation onto tne CW signal, which is one of the signals to be handied
by the Costas loop. The presence of the 5.92 kHz modulation eliminates
the requirement for DC tracking capability during the reception of
the CW signal.

In mixer U2, the IF signal is mixed with the 0°-phase (in-phase)
of the local reference oscillator. Therefore, when the demodulator
Toop is in Tock, i.e., it is tracking coherently the phantom carrier,
the output of the I-mixer is a bipolar signal whose amplitude is
proportional to the amplitude of the received signal. Depending on
the nature of the received signal, the output of U2 is either an NRZ
PN coude (3.03 Mbps) or a bi-phase-L data stream {up to 216 kbps) or
a 5.92 kHz squarewave. The latter, of course, is the result of
biphase modulating the recejved CW signal (if that is the mode) with
a 5.92 kHz "dither" squarewave.

The mixing of the incoming signal with the 90°-phase (Q-phase)
local reference is performed in mixer U4. It is this mixer, therefore,
which develops a signal proportional to the carrier tracking phase
error. The error signal developed by the Q-mixer, however, changes
its polarity according to the polarity reversals of the incoming
signal, whether it be a PN code, a data stream, or a squarewave modu-
lated carrier. Consequently, to remove these polarity reversals, the
grror signal developed by U4 must be multiplied with the I-mixer output.
This multiplication is performed by the chopper multiplier.

Prior to the application of the I and Q signals to the chopper
multiplier, both of these signals are passed through the lowpass
filters to remove the out-of-band noise and the higher harmonics of
the IF signal. The Towpass filters are 2-pole Butterworth designs
with a 3 dB cutoff frequency of 3.0 MHz, this frequency being deter-
mined by the bandwidth of ine PN code.

In addition to lowpass filtering, the I-channel data is passed
through a hard-Timiter prior to application to the chopper multiplier.
It is this Timiting which permits the so-called “third multiplier” of
the Costas Tloop to be replaced by the chopper unit. The chopper
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implementation is simple and therefore provides fewer problems with
DC drift, signal asymmetry and distortion.

It must also be noted that the I and Q signals are AC coupied
to the chopper multipliier. Such coupling removes all the DC bias
errors developed by the circuitry which precedes the chopper multi-
plier. Furthermore, during acquisition, the error signal developed
by the chopper muitiplier is also AC coupled to the control terminal
of the VCX0. This removes the resjdual DC noise components present
during the frequency search. Upon‘acquisition of the signal, the BC
coupling is restored by the command from the Costas Tock detector
circuit.

The loop filter which deteymines the noise bandwidth of the
Toop during the acquisition and tracking phases is an active device
with a transfer function

S'r2+'i
F(s) = Sty S'r3+] ? (12)
where T = 0.84 msec
Ty = 0.13 msec
g = 0.33 usec.

Because T3 << T and Tos the Toop is predominantly second-order,
and the function of T3 is primarily to remove the high frequency
"hash" from the control line to the VCXO0.

Together with all other pertinent locop parameters, the time
constants ry and t, determine the noise bandwidth B, (one-sided)} of
the Costas Toop during acquisition and tracking. The respective
values of BL are 10 kHz and 7 kHz. The reduction of the bandwidth
is accompiished by Towering the gain of amplifier AR3 upon command
from the Costas lo' % detector.

The ioop filter, being primarily an integrator, is used to
generate a sawtooth voltage required for the frequency sweep of the
VCX0 output during acquisition. The sawtooth voltage is genarated
by applying a squarewave to the loop filter/integrator. The Timits
of the sawtooth voltage thus developed are sampled and used to reverse
the sweep direction when the sweep control signal reaches its excursijon
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limits. The quantitative parameters of the frequency search circuit
are:

Acquisition sweep range 175 kHz
Forward sweep time 40 to 180 msec
Retrace sweep time 5 msec .

It is important to note that the forward sweep time is variable over
a range of at least 4 to 1. This variability is implemented to reduce
the probability of false Tock at high values of C/NO. The forward
sweep time is thus controlled by summing the sweep voltage with the
signal strength indicator voltage.

In concluding the functional description of the Costas loop
demodulator, the consideration of the power levels at the input of
the Toop is in order. The Tevels up to and incTuding power divider
U5 have been followed through in the earlier discussion on the signal
profiles (see Section 2.2.1). Thus, at point A, the signal and noise
levels, as well as their ratios, are as indicated in Figure 4. HNote
that these ratios correspond to the maximum signal Tevel of -5 dBm
and the maximum noise level of -0.7 dBm. Consequently, the noise
power is the ore that has to be handled properly by mixers U2 and U4
without causing their saturation.

The ~0.7 dBm noise level, however, is reduced by about 1.5 dB
in mixer Ug and by another 3 dB in power divider U3. Thus, at inputs
to U2 and U4, the noise level is about -5.2 dBm. The local reference
power level applied to these mixers is +8 dBm, resulting in a differ-
ential of 13.2 dB in favor of the Tocal reference. This is consistent
with the safe design rule which requires that the level of the LO
drive be at lewst 10 dB above the rms noise level at the mixer IF
input port.

Table 4 summarizes the Costas Toop design parameters as they
were presented by the Ku-band system contractor [3].

2.3.2.2 Costas In-Lock Detector

The functional biock diagram of the Costas in-Tock detector
is shown in Figure 5. The signal applied to the detector is the
21.88 MHz second IF, which appears at the output of the power splitter
Ug shown in Figure 4. Consequently, the signal and noise levels, as
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Table 4. Costas Loop Design Parameters [3]
Characteristic Max imum Minimum
General Parameters
Input C/ND for acquisition, dB-Hz 58.5
Input C/NO Ffor tracking, dB-Hz 59.0
Acquisition sweep range, kHz 175
Forward sweep time, ms¥* 185 40
Retrace sweep time, ms 7 3
Maximum input signal level variation, dB 2.5
Maximum Toop gain variation (including
dynamic range), dB +3.9
YCX0 sensitivity (nominal), kHz/V 205
DC loop gain (tracking) 1.0x109
Quadrature phase error, deg +2.3
1/Q arm frequency response (13 dB, MHz) 3.2 2.8
Acquisition Parameters (C/Np = 60.8 dB-Hz)
Phase detector gain, mV/rad 160 71
Loop stress, rad 0.715 0.06
Loop natural frequency, rad/sec ].56x104 1.04x104
One-sided Toop noise bandwidth, kHz 10 5.5
Loop signai-to~noise ratio, dB 12.7 10.1
Loop damping factor 1.058 0.70
Tracking Parameters (C/Ng = 63.2 dB-Hz)
Phase detector gain, mY/rad 70 32
Loop natural frequency, rad/sec ].04x104 7.0x103
Loop damping factor 0.70 0.47
Loop noise bandwidth, kHz 7.0 5.5
Loop signal-to-noise ratio, dB 17.5 16.4
Static phase error, deg 9.3
RMS jitter, deg 5.6

*Depends on input C/NU
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well as their ratios, are the same as those at point A (see Figure 4)
which is the input to the Costas loop demodulator.

Depending on the presence or absence of PN spectrum spreading,
the incoming IF signal is either passed through mixer M] unaffected*
(PN present) or is spread by the locally generated PN (PN absent).
The reason for this function is to ensure that the detector circuitry
always handles nearily the same signal regardless of the modulation
mode of the received signal.

The second mixer M, mu]tiﬁlies the IF by the time-multiplexed
local reference signal, wh;ch alternates between the 0° and -90°
phases. Mixers MS and M4, driven by the complementary phases of the
1.48 kHz dither waveform, provide the required time-multiplexed,
phase-orthogonal reference signals.

Because the signal and noise Tevels of the input to mixer ME
are the same as those of the Costas demodulator and because the
reference Tevel supplied to M2 is +8 dBm, the operation of this
mixer is satisfactory over the expected range of input signal
variations.

The output of M, is Towpass filtered to 1.65 MHz, amplified
and applied to a soft-Timiter. The function of the soft-Timiter is
to provide for a better discrimination between the main lobe and
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sidelobe signals which are applied to the detection decision threshold.

Specitically, at Tow C/N0 values, the noise dominates the linear
aperture of the Timiter; thus, the signal is suppressed along with
clipping of the noise peaks. At higher C/ND vaiues, the maximum
amplitude of the signal is relatively steady, and thus the signal
"slides under" the limiter boundary without being considerably
affected by clipping. The limiter is féllowed by amplifier A3.
Because the baseband signal is bipolar from the output of M,
to the output of amptltifier AS’ regardless of the data mode, this
signal has to be "rectified" before its average value can be measured
to determine the "in-lock" condition. The squarelaw detector provides
this rectification. The rectified output of the squareiaw detector
is passed through an 18 kHz lowpass filter and is applied to a switch

*It is only attenuated by about 7.5 dB.




driven by the 1.48 kHz dither signal. The function of the switch is
to provide the DC restoration to the filtered output of the sguarelaw
detector and to gate the 12-Q2 peaks into the prethreshold lowpass
filter whose bandwidth is 5.4 Hz.

The filtered 12-Q2 output is fed to the threshold detector,
which is actually a voltage comparator IC. The detector compares the
magnitude of the 12-Q2 signal against a preset threshold and outputs
the "Costas lock" signal when the threshold is exceeded. To prevent
the output signal "chatter" due to noise, the comparator is provided
with a small amount of hysteresis between the setting of its "ON" and
"OFF" thresholds.

2.3.2.3 Acquisition and Track Control Logic

The block diagram for the acquisition and track control logic
is shown in Figure 6. This logic unit receives, processes, generates
and buffers various signals and commands required to control the
acquisition and tracking modes associated with the receiving of the
Ku-band forward Tink communications signal. The primary functions
of the acquisition and track control Togic unit are:

(1) Supplying the Tocal, on-time PN code to the Costas loop
PN code/dither mixer,

(2) Providing either the PN code (spread spectrum OFF) or
the bias {spread spectrum ON) to the PN code/bias mixer of the Costas
lock detector.

(3) Generating the 5.92 kHz signal for the Costas loop dither
mixer and for the chopper of the demodulator output circuit.

(4) Controlling of the Costas loop bandwidth and AC coupling.

(5) Determining the “data good" status from the "Costas
lock® and DC present signals.

Supplying of the local PN ¢ode to the Costas demodulator
circuit takes place only after the PN lock signal is received. Before
leaving the logic unit, the PN code is multipiied with the 5.92 kHz
dither squarewave signal. The multiplication logic (actually
moduio-2 addition) is such that, regardliess of the presence or
absence of the code, the dither modulation i1s supplied to the Costas
loop demodulator. The 5.92 kHz dither waveform is developed in the
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togic circuit by dividing by 2 the incoming 11.84 kHz signal supplied
by the PN master timing circuit.

The delivery of either the PN code or a bias signal to the
balanced mixer located at the input of the Costas lock detector
unit (Mixer M1 in Figure 5) is determined by the status of the
spread spectrum ON/OFF command input to the logic unit. When the
received forward link signal is spread, which is the primary mode
for this link, the logic unit is commanded to provide a bias to
Mixer M]. This bias makes the mixer act as an RF gate in the "ON"
state and thus the incoming spread spectrum signal is applied to the
in-Tock detector.

Because the in-Tock detector is optimized for the spread spec-
trum signal, its input must be deliberately spread when the Tink is
operating in the CW or “data only" modes. Application of the locally
generated code accomplishes this function.

Table 5 summarizes the signals applied to the mixers preceding
the Costas demodulator and the in-lock detector.

Table 5. Costas Loop and In-Lock Detector Mixer Drive Signals [3]

Costas Demodulator In-lock
Mixer Detector Mixer
Spread 6 kHz*
Spectrum Parameter 6 kHz* PTus PN DC Bias PN
Costas
. X X
0FF Acquisition
Costas Track X X
Costas
Acguisition X A
On Costas Track X X
Costas Track % ¥
and PN Lock

*Actua] value is 5.92 kHz.
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Both the Costas Toop bandwidth and the AC coupling control
are determined by the Costas lock signal. The bandwidth control
causes a narrowing of the Costas Toop bandwidth after the initial
signal acquisition. The AC coupling control provides for AC coupling
of the carrier tracking during acquisition and, upon receipt of the
Costas lock, restores DC coupling to the Toop.

The "data good" Togic provides the "data present" sighal to
the SPA. This signal is generated if, and only if, the following
signals are present:

(1} Costas lock
(2) DC Present
(3) PN Lock or PN OFF.

The significance of the first two signals is self-explanatory. The
third signal, however, results by OR-ing the two alternate conditions.
Thus, if the system is in the spread spectrum mode, "data present”

does not appear until the PN lock is established. If the system is

in a mode other than spread spectrum, the first and second conditions
are the determining factors for declaring the "data present" condition.

2.3.2.4 Demodulator Output Circuit

Figure 7 shows the block diagram for the demodulator output
circuit. The primary function of this circuit is to process the
I-channel data received from the Costas demodulator and to deliver
this data via a balanced, differential 1ine to the SPA.

As shown in Figure 7, the incoming I-channel data is passed
through a phase inverter (splitter) followed by a chopper multiplier
which removes the dither modulation from the data. The "undithered"
data 1s then passed through an active, 4-pole Butterworth lowpass
fiTter and is supplied to the following three circuits:

(1) Data output driver
(2) AGC detector and amplifier
(3) Data detector.

The data output driver is a differential unit which supplies
the balanced data signal to a 71-ohm cable. The outputs of this
driver are protected from momentary shorts of the output lines to
high voltages.
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The AGC detector senses the amplitude of the I-channel data
signal with a pair of temperature-compensated diodes. The data applied
to the amplitude detector is prefiltered by a single-pole filter with
a 414 kHz 3 dB bandwidth. After detection, the AGC data is passed
through an active integrator circuit whose unity gain is at approxi-
mately 10 Hz. The AGC voltage smoothed by the integrator is delivered
to the gain control unit of the Costas data demodulator.

The data detector consists of two voltage comparators whose
outputs are wired to provide an "OR-ed" signal. The thresholds of the
comparators are set in such a manner that any positive or negative
voltage exceeding a squﬁ;hargin/gives an output indication of the
presence of a positive‘or negative DC component of the 216 kbps
bi-phase-L data. The data applied to the comparators is passed
through a 3 Hz Towpass filter which provides a high degree of data
smoothing. .

2.4 PN Code Acquisition and Tracking Circuits
2.4.1  Functional Descriptioh

The recovery of the forward Tink data requires the removal
of the 3.03 Mbps PN code from the recejved signal when the incoming
signal is in the spreéd spectrum mode. The removal of the code, in
turn, requires a local replica of a code which is in near-perfect
synchronism with the incoming code. Consequently, prior to the
recovery of the communications data, the Ku-band receiver must
search out the phase of\the incoming code and then Tock its Tocal
code generator to the pﬁase of the incoming code. Once the initial
synchronism is established, the local code generator must remain
in Tock with the receivea code.

The functions of boﬂ$ code écquisition and tracking are per-
formed by the PN tau-dithé? gcquisif§0n~tracking and PN Tock detector
circuits, whose functiona1%p1hck diagrams are shown in Figure 8. The
PN tau-dither acquisition-tiacking circuit is in the upper portion
of the figure. Consider fi%st the tracking mode of this circuit.

The IF signal is applied to Eixer MAT’ where it is multiplied with
the lTocal reference. This Tocal reference is time-multiplexed between
two bi-phase signals, one modulated by the "early" code (+t/2) and

Fa Bt Wz,
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the other modulated by the "late" code (-t/2). The rate of mulitiplex-
ing, which is generally referred to as the "tau-dither" rate, is
equal to 5.92 kHz for this particular system.

The output of MAT is bandpass filtered and applied to a square-
law detector. The squarelaw-detected signal is then AC coupled to
the demultiplexer, where the detected IF outputs corresponding to
the +¢/2 and -t/2 conditions are separated. After separation, these
two components are subtracted and the difference filtered and applied
via the Toop filter to the VCXO.

The VCX0 is tunable over a Timited range; the code track error
developed by the tau-dither circuit is used to keep the VCX0-driven
code generator in synchronism with the received code.

For the acquisition phase, the scan circuit develops a voltage
which offsets the VCX0O frequency from the nominal frequency of the PN
code. This offset causes the local and incoming codes to siip past
each other until a synchronism is achieved.

Once synchronism is achieved, the tau-dither tracking function
takes over and the PN code stays in Tock despite the scan signal
voltage. This voltage, however, is disconnected once the PN Tock
detector declares code Tock.

As shown in Figure 8, the PN Tock detector also uses time-
multiplexing for developing the Tock signal. The signals used for
the time-muitipiexed local reference are the "on-time" and the "late-
late" codes. The Tatter is displaced from the on-time code by 1.5
chips. The multiplication of the IF signal with these two local refer-
ence signals takes place in mixer MLD‘ The output of this mixer is
bandpass Tiltered and rectified by a squarelaw detector. The detected
signal is AC coupled to the demultiplexer. Both multiplexing and
demultiplexing are done at the 739 Hz rate.

During code acquisition, both detected time-multiplexed
signals provide the same voltage, namely, that due to thermal-pTus-
uncorrelated PN code noise. Upon code Tock, the on-time signal pro-
vides considerable output, which exceeds the threshold of the threshold
detector. When this happens, PN lock is declared and the scan voltage
is removed from the VCXO control terminal. The bandwidth of the code
tracking loop is also narrowed down for the track mode.

5
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It must be noted that the timing generator, which is driven
by the VCX0, develops all the required dither signals for both the
PN code tracking/lock detection circuit (5.92 kHz and 739 Hz) and
the Costas lock demoduiator (11.84 kHz and 2.96 kHz).

2.4.2 PN Tracking Performance

In the spread spectrum mode, the code tracking Toop supplies
the punctual correlation code to the despreader mixer ahead of the
Costas demodulator. The noise error within the code tracking loop
introduces a certain amount of signal degradation, which ultimately
atfects the BER performance.

Quantitatively, the effect of the code tracking error is
expressed as effective loss Ly [4]:

LT = 10 log (]"1’160T) s (13)

where Op is the normalized error for the PN loop. This error, in
turn, can be computed from the following expression [5]:

2 B
2 -1 N, 2B,

where B, = Two-sided noise bandwidth of the IF arm filters
BL = (ne-sided tracking loop bandwidth
Ty = Dither frequency period
N = Number related to early/late code spacing (N > 2; for
/2, N=2)

To determine the effect of tracking error on the ‘a-a perform-
ance, we calculate the value of o at C/N0 = 63.5 dB-Hz, using the
following parameters:

Bi = 1 Mhz

BL = 500 Hz

Ty = 0.168 msec (5.92 kHz)
N =2 (+£1/2 chip spacing) .

I

(14]
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Substituting the above parameters into {14), we obtain oy = 0.019, or f
1.9%. Substituting this value into (13), we obtain a degradation of
only 0.14 dB. Consequently, one may conclude that the PN tracking
Toop contributes relatively Tittle degradation to the forward 1ink
performance at C/NO values at and above 63.5 dB-Hz.

3.0 SUMMARY AND RECOMMENDATIONS

The performance of the Ku-band forward Tink receiver has been
examined from the standpoint of functional interaction between its
subunits and also with respect to the flux density variations® at the
antenna.

It appears that the receiver architecture, including the data
demodulation and PN despreading circuits, is consistent with meeting
the required performance within the specified range of incident flux
densities from ~126.9 dBW/m® to -113.5 dBW/m®.

One aspect of the PSK data demodulator design which requires
closer examination is that of using the 5.92 kHz "dither” signal in _
modes other than CW reception. As was shown in Table 5, the 5.92 kHz ¢
dither signal (labeled as "6 kHz" in the table) is applied to the L
mixer preceding the Costas demodulator in all modes of received
signals. ;

For the CW mode, the dither signal is obviously required to ;
provide the sideband which can be utilized by an AC coupled Costas f

loop for coherent carrier acgquisition and tracking. However, for the ;
case when bi-phase-L data is being received, the requirement for a y!
dither waveform is questionable because the spectrum of the data does
not contain DC, j.e., the carrier, anyway. Locking up to and tracking
of such bi-phase-L data with an AC coupled loop should not present

a problem. However, the introduction of an asynchronous dither sigral
into the received IF signal by bi-phase modulation and subsequent

removal of this signal from the baseband data by a chopper may result
in "glitches" which, in turn, may degrade BER performance. =

Consequently, it is recommended that the function of the dither
signal during reception of bi-phase-L data be reexamined and, if found :
not justified, the use of dither in the data-receive mode be discontinued. i
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EFFECT OF POWER RATIO FLUCTUATIONS IN MODE 1
ON THE RETURN LINK SUBCARRIER TRACKING
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Marvin K. Simon :

o

1.0 INTRODUCTION

This appendix presents the analysis of the effect of power ratio .
fluctuations in Mode 1 on the return 1ink subcarrier tracking of TBRS.
Three channels exist in Mode 1, with a nominal power distribution of
80% for the highest rate channel (Channel 3). The remaining 20% is
split, with 80% going to the next highest rate channel (Channel 2) and 3
20% to the Towest rate channel {Channel 1); equivalently, PT/RT= 0.04, ff
PZ/PT==0.16, and P3/RT= 0.80, where P, is the power in the ith channel
and PT is the total power. The two higher rate channels (Channels 2
and 3) represent independent data channels, with Channel 3 being NRZ
data with data rate R3 up to 50 Mbps while Channel 2 has a rate R2 that
does not exceed 2 Mbps but can be either NRZ or bi-phase-L data. Chan-
nel 1 consists of bi-phase-L operational data at a rate R] of 192 kbps.
Due to hardware components uncertainty, actual power ratios will differ i
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frun nominal values. Two extreme expected cases are: (1) P1/PT==O.O4,

P2/PT==0.14, P3/PT= 0.82; and (2) P1/PT= 0.03, PZ/PT= 0.19, PS/RT= 0.78.
The effect of this power ratio fluctuation on the tracking jitter of the |
subcarrier loop and the resulting error probability performance in p;
dempdulating the data are investigated.

2.0 THREE-CHANNEL MODULATIONS

The structure of the modulator in Mode 1 forms an unbalanced E;
quadr:phase signal wherein the high data rate signal /5§m3(t) is biphase |
modulated on the in-phase carrier J?sirxwot, and the sum of the two
lower rate signals Jﬁgmz(t) and ﬂf;m](t) (after being demodulated onto
squarewave subcarriers Sinu%ct andIBOSu%Ct, respectively) is biphase
modulated onto the quadrature carrier /fc051»0t. The resulting signal,
now a multilevel signal s(t), is then bandpass hardlimited and power

amplified, as shown in Figure 1.
The modulation procedure is carried out at the SPA unit of the .
Ku-band communication/radar system with a carrier frequency f0= 1.876 GHz fi

generated in EA-1 and a squarewave subcarrier first harmonic frequency
of 8.5 MHz generated by a squarewave oscillator in the SPA unit.
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The signal generated by the moduTlator is

s{t) = v2[C{t) cos u,t + S{t) sin wot] ,

0

1]

where C(t) @mz(t) sin w t + Jﬁ?nh(t) Gos u  t

J'P—z s5(t) + ﬂ?sl{t) (1)
s(t) = Fymg(t) & /Py slt). (2)

It was shown in [1] that, due to the hardlimiting effect on the signal,
the power distribution at the output of the amplifier is different
from that at the input. Assuming equal output and input powers, the
output signal can be written as [11:

z(t) = v2PC “z: -C @’WD‘] 2(t)+[c1f“— c J“ZT}'-"—]S (t%coswot
+ @;161 Pa/Pr 54(t) = €y Po/Pr 5q(t) sz(t)ss(t)% sin wgt  (3)
2(t) = /iwg s3(t) - JB, s;(t)s,(1) SB(t)i sin ugt
+ 2| Jfy syte) + By s, (t)] cos gt (4)

where the new signal powers are

~ 2

2
Py = Eﬁ‘/p;‘cz‘f‘ﬂ

R T A

<
1l

- 2
P, = P3Cy . (5)

ﬁd represents the power in the cross-talk signal 54 (t) sz(t) s, (t). In
the nominal case, for example, P /P =0.8, P2/P 16, and P /P 0.04,
which yields P3/P = (.8157, PZ/P 0 1503, P /PT-O .0287, and Pd/P =
0.00529. If the power distribution due to hardware considerations
become {as in Case 2) Pa/Pqy = 0.78, P2/PT=0.19, P3/P;=0.03, then the
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output power distribution is ﬁ3/PT==o.7936, ﬁz/PT==o.1818, ﬁ1/RT= 0.0200,
and Pd/PT = 0.0046.

The resulting signal is upconverted to a Ku-band frequency
of 15.003 GHz and transmitted to the TDRS.

3.0 THREE-CHANNEL DEMODULATION

The demodulation is carried out in two steps: {1} recovering the
carrier by a Costas Toop, and then (2) using the guadrature arm signal
as an input to a subcarrier Costas tracking loop to recover the sub-
carrier and allow for the demodulation of the two Tower data rates
mz(t) and my (t).

Figures 2 and 3 illustrate the carrier Costas loop and the sub-
carrier Costas loop, respectively. The bandpass filter in Figure 3,
if included to recover the first harmonic of the subcarrier, resuits
in a Toss of (8/1r2)2 in signal power. Detai’=d discussion of the
jmplementation considerations is presented in [2].

Since the subcarrier recovery is more sensitive to power ratio
thanges, its performance in terms of the rms phase jitter is treated
next. The effect of the power ratic variations on the carrier loop
is considered in [1].

To avoid repetition, the results of [3] are quoted here and
applied to find the numerical evaluation of the rms phase jitter in

the subcarrier loop. The rms phase jitter on the subcarrier output
data streams is given by

1
- L 6
c%c PS5 (6)
where, as derived in [3], p is the loop signal-to-noise ratio of a
phase-Tocked (CW) loop operating on the total power PTé ﬁlé-ﬁz%-ﬁ3+~§d
or

P

.
P = R (7)
No By

with BL denoting the equivalent single-sided Toop noise bandwidth.
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is the loop squaring loss. The following definitions are used in (8):

ne

ks i=1.2.3 0)
Tl.' IjT 1 (
Wt (10)
A J' IGG(J"’)|4dw
[~ 1Bg(d0) 1* 52
Dy : J:msmi w) mO(J-mnE-g%; i=1,2 (12)
Dy © _iwsmz(w) Sm](m) [so(jm)|4 %:% (13)
I (%)2 ]}2 [_msmz(m) IGU(.}'w)I4 %% +n, Lm Sm1 () |Go(jw)|4 %_{:_:_
I !GO[J(M msc)]]B‘ g_:’r
J \iGU[j(m- )][4 daJ. (14)

In equations (11) through (14}, the transfer function Go(jm) repre-
sents the cascade effect of the bandpass filter H(jw) and the Towpass
filter G{jw) 1in the subcarrier loop, and the arm filter bandwidth Bi
is defined by

A 1 . 412
5, & 30| Iegtiull® e (15)

In the above equations, Smi and Smd represent the power spectrums
of the signals Si(t) and sd(t), respectively.




It is easy to see from (8) that the main effect of the carrier
tracking Toop on the subcarrier phase jitter is a degradation of
c052 @ in the rms jitter of the subcarrier loop, where Py is the
phase error in the carrier Toop.

In order to evaluate (6) numerically to find the value of the
subcarrier vins tracking jitter S Pgc for a fixed ratio of arm Filter
noise bandwidth to Toop noise bandwidth (BifBL)’ three assumptions
are made:

(a) The carrier loop is tracking perfectly; thus, ¢c==0.

(b} The bandwidth of H{w) is much wider than that of the
arm filter G{jw).

(c) The arm filters G(w) are assumed to be single-pole
Butterworth (RC) filters, or
|2 1

G{jw) )
|63 1+ (m/mc)2

where w, is the cutoff frequency in radians.

For illustration purposes, two sets of performance curves
are drawn to demonstrate the effect of power ratio variations at the
transmitter on the rms phase jitter of the subcarrier loop. Figures
4 and 5 iTlustrate the nominal power ratio case (PT/PT==O;O4,
PZ/PT==0.]5, and PB/PT==U.80) with the signal-to-noise ratio
(PTTZ/NU) as a parameter. It is observed that the changes in the
subcarrier rms tracking jitter as a function of B]./R2 are more obvious
when mz(t) and m1(t) are hoth Manchester codes (Figure 5) than when
mz(t) is NRZ and ml(t) is Manchester.

Figures 6 through 9 illustrate the rms phase jitter for the
two power ratio cases of interest, namely, Case 1 (PB/PT==0.82,
PZ/PT=D.14, P]/PT=0.U4) and Case 2 (PS/PT=U‘78’ P2/PT=O.19,
P1/PT==0.03) for two values of PTT2/N0 and R, as a parameter. The
chosen vaTlues of PTTZ/NG’ though extremely pessimistic when compared
with the actual Tink values, serve to illustrate the behavior of the
demodulator under consideration. Figures 6 and 8 illustrate the
case when m2(t} is NRZ, while Figures 7 and 9 illustrate the case
when mz(t) is a Manchester code with m](t) and ms(t) being Manchester
and NRZ, respectively, for all figures, as is actually the case in

= —1l (16)
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the Ku-band return Tink. It is obvious from the figures that the
power ratio change greatly affects the subcarrier vms phase jitter:
hence, care must be undertaken in designing both the transmitter and
receiver to minimize the variations and to assure adequate recovery
of the data in the three channels.

4.0 PROBABILITY OF ERROR PERFORMANCE

The error probability performance of unbalanced QPSK demodu-
lators is discussed in detail in [4]. This section is devoted to
obtaining numerical values for the probability of error in demodu-
lating the data in Channels 1 and 2 with R2=>R] Tfor both cases of
power ratios. To detect the data, the outputs of the phase detectors
in the two arms of the subcarrier tracking loop are used as inputs
to the channel data detectors which are assumed to be matched filters.
Denoting the ratio of the two data rates by

¥r = Ry/Ry 21, (17)

the probabilities of error in the two channels are shown in [4] to be

Rgv, -
=] ry L1271 ' s 52| 2
Per = 2 oTC fRpypm 2] —— exp {-Rp YT“T)E+2RT2"2 “‘12}405(:

R.,n/ —
- 1_ N l E__g_ 1 t "’2 2
Pra = 7 °0TC [Rppmy ¥ g [ @b (-Rpy ”2)& + 2R My '"12] 9, (18)

where 62, is the phase jitter calculated using (6), n% is defined as
5C
ﬁi
ng T T i=1,2 (19)
P1+P2

and RT2 is the total signal-to-noise ratio in the high subcarrier
data rate bandwidth defined by

R, = —----(P]+P2)T .

T2 ND 2
The factor ﬁfz, which is a cross-modulation factor, is defined in [4]
and shown in Table 1.
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The variation of the power ratio distribution has two effects
on the probabilities of error given in {18):

(1) It causes variations in the Toop phase jitter (U%psc) 5
which, in turn, affects the probabilities of error. This effect, L
however, has been shown in [4] to be less than 0.14 dB under worst
conditions. In other words, the deviation due to phase jitter from
the theoretical value with ideal tracking is negligible.

(2) It causes changes in the signal-to-noise ratios in the
varfous channels [the first terms in {18)]. To illustrate this
effect, a typical expected value of PTTZ/NO==22 dB is selected at
the input of the subcarrier Costas loop [5]. Choosing R2==2 Mbps
and Ry = 192 kbps as an example, Table 2 summarizes the resulting bit
energy-to-noise spectral density in the two cases of interest.

[ S

TR P T i e R e T i

Table 2. Bit Energy-to-Noise Spectral Density Ratio
at the Subcarrier Loop (dB)

g T‘:'J"."';._‘_‘_f‘_'.‘“.‘?‘. el e

Channel 1 Channel 2 R3==TO Mbps, R2= 2 Mbps,
R]= 192 kbps £

PTTZ/NO =22 dB

Case 1 16.95 13.78

Case 2 14.59 15.23
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Since 8.4 dB of signal energy-to-noise spectral density is
needed to achieve the specification probability of error® of 10'45 a

wide margin exists in both cases in spite of the expected fluctuation
in power ratios. Using an estimated 2.0 dB for the TDRS bit syn-
chronizer loss, the resulting design margins are summarized in

Table 3 for the chosen data rates.

Table 3. Return Link Lower Rate Channels Design Margin

Channel 1 Channel 2 Ry =10 Mbps, R,=2 Mbps,
Case 1 6.55 2.78 Ry =192 kbps

Case 2 4.19 4.83 PTTZ/NU= 22 dB

To summarize, it could be concluded that, although the fluc-
tuations in the power ratios between the three channels produce
appreciable changes in the subcarrier phase jitter, adequate design
margins are still expected due to the high existing signail-to-

-

noise ratios in the return 1ink. v

*
The erfc (x) is defined as

oo

erfc (x) = _gi]‘ exp(—tz)dt
T “X
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APPENDIX C

ACQUISITION TIME PERFORMANCE OF POLARITY-TYPE COSTAS
LOOPS OPERATING IN THE FREQUENCY SEARCH MODE

by
Marvin K. Simon

1.0 INTRODUCTION

A report by the author [1] considered the frequency acquisition
performance of polarity-type Costas loops in the absence of acquisition
aids of any type. As such, the initial frequency uncertainty was
required to be within the pull-in range of the loop (expressions for
which were derived in [1] as functions of the loop parameters). Under
these conditions, equations were developed for the frequency acquisition
time of second-order polarity-type Costas loops with imperfect integrating
Toop filters. Specific numerical results were presented for the important
practical case of single-poie arm filters and both NRZ and biphase-L
data formats.

More often than not, the carrier Toop is required to acquire
over an initial frequency uncertainty range much greater than the pull-in
range of the loop itself. The Toop is then said to operate in the
"frequency-search mode" and an appropriate acquisition aid is employed
to drive the Toop voltage-controlled oscillator (VCO) toward the fre-
quency of the incoming signal. The most common fovm of freguency
acquisition aid consists of adding a ramp voltage e(t) =Dt to the output
of the loop filter (input of the VCO)} where Sné KVD is referred to as
the "sweeping rate" in rad/sec/sec with KV the VGO gain in rad/sec/V.

The problem then is to derive closed-form expressions (if possible) for
the frequency acquisition time of a second-order polarity-type Costas
loop as functions of the initial loop detuning or uncertainty, the Toop
parameters, e.g., loop filter time constants, Toop noise bandwidth, and
the sweeping rate.

In the literature, one finds two approaches which are helpful
in solving this problem. The approach taken in [2] follows that used
by the same author [3] to derive the acquisition performance of unaided
generalized tracking systems. It was also used in [1] to derive the
unaided frequency acgquisition performance of polarity-type Costas loops.
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Unlike [2], however, the results in [3] apply only to the case of a
perfect integrating Toop filter. In [4], the quasi-stationary approach
suggested by Richman [5] is used to analyze the frequency acquisition
time performance of second-order tracking loops with arbitrary phase
detector characteristics and either perfect or imperfect integrating
Toop filters. Since this approach is toumewhat more general in that it
allows computation of acquisition time performance for either type of
loop filter, we shall follow it in our attempt to characterize the
acquisition performance of polarity-type Costas Toops. It should be
pointed out that both approaches ([2] and [4]) have the limitations
concerning the absence of noise and the hypothesis of a large difference
between the initial frequency of the input signal and the quiescent
frequency of the VCO. Nevertheless, analogous to what was done in [1],
we can partially account for the effect of noise in the case of the
polarity-type Costas Toop by treeting it as though it were free of
additive noise but possessing a phase detector characteristic which

is signal-to-noise ratio dependent. With regard to the large initial
loop detuning requirement, it has been found that both approaches give
accurate results (when compared with the numerical solution of the differ-
ential equation of Toop operaticn) as soon as the initial loop detuning
is several times greater than the equivalent noise bandwidth of the Toop.

2.0 IMPERFECT INTEGRATING LOOP FILTER

In ‘the absence of noise, the differential equation of a second-
order, sweep-aided, tracking loop with arbitrary phase detector charac-
teristic g{x} is given by (in Heaviside operator notation):

P, = 2 - AKF(p)g(e,) - S, t, (1)

where ¢, is the Toop phase error, A2 is the power in the synchronizing
signal, K is the total open loop gain, @ is the initial frequency
detuning, and F(s) is the loop filter transfer function which, for an
imperfect integrating Toop filter, has the form

14+

5
F(s) = 1‘;7;%1; - (2)




Applying the quasi-stationary analysis approach in [2], we arrive at a
general result for frequency acquisition time performance (see (10} of
[21) which when rewritten in the notation of [1], becomes

o L0
@ |l e

1 Ym Y
4-3(Y) Y
Y
12u(—m)
- 11 - ————-5%;72 exp |- (——
+-3(3)

where Tf is the acquisition time, nm is the radian pull-in range of the
unajded loop, and

K.
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AKFU m AKFO
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A 1Y) ('I) A 2
v (s R (4)
AI(F0 Y 0 3

Since (3) is transcendental in nature, the solution for Tf/TT must be
found by iterative methods.

If the sweep ajding is removed {i.e., u=0), then {3) can be
solved in closed-form with the result

¥ \2
‘5) !

OO b || AN . (5)

R = A (R o

m

Clearly, (5) results in real values for Tf/r] only when Y/Ym <1,
i.e., the initial Toop detuning is within the pull-in range of the
loop.

To allow comparison with the results for the unaided Toop
given in [1], it is convenient to renormalize Te by the Toop bandwidth
BL rather than the loop filter time constant Ty Since, for a second-
order loop with imperfect integrating loop filter, we have that (see

{5) of [1]):




4
= r+1 (r+1) 1
B = - e [ (6)
L 4'['2 4 0 T']
then,
T 4F
f _ 4
where réAKFO 2 is a parameter proportional to the loop damping.
Also, from the definition of u in (4}, we have that
S (r+1)
u(ym) _ 591'1 i Q 4FD
Y ARFgY 2B,
Eg_(r+1)
Bf 4F0
-~z (8)
Q/BL
Alternately., in terms of the loop natural frequency s which is
related to BL by
2 =~ r 2
w = (16 B,") , (9)
n (r+])2 L

equation (8) becomes

() - () )

Finally, from (4), Ym/y can clearly be written as

T Sl

—_— (11)
Y Q/BL

Applying the results of (3), (5), (10), and (11) to the
polarity-type Costas loop, we note the following replacements,

S9 + ZSQ H ‘Qm

-+ 41rfac

q‘,

Q + 4duaf,

(12)

H
!
's
;




where fac is the actual pull-in or frequency acquisition range of
the loop ?see Figure 2 of [1]) and Af is the initial frequency offset.
In terms of these replacements, (10) and (11) become

u("_\x{n_) i (m}nm)(ri])(ﬂ :-'O) (Af}BL) (13)

and
f B
Tm | __@9./_1-_, (14)
Y Af/BL

Finally, substituting (7), (13), and (14) in (3) gives the desired
result for BLTf as a function of FD’ r, Af/B acq/BL’ and S /( 2/2)
Figures 1 through 4 illustrate BLTf versus norma11zed frequency offset
Af/B for fixed values of r and F with normalized sweep rate S /(w /2)
as a parameter Also held fixed 1s the normalized unaided frequency
acquisition range facq/BL which can be ralated to the Toop parameters

r and FO’ data format, arm filter bandwidth-to-data rate ratio, and
detection signal-to-noise ratio as per the results in Figure 2 of [1].
Figure 5 illustrates the acquisition time performance of the sweep-aided
polarity-type Costas loop for a fixed sweep rate and several values of
unaided frequency acquisition range. Clearly, as the initial frequency
uncertainty Af far exceeds the pull-in range facq’ the acquisition time
performance becomes independent of the latter quantity and primarily
dependent on the sweep rate. In fact, asymptotically for large Af,

we would have that

S T. = 2uaAf (15)

or, in normalized form,

_ |wreny?] 878
BT, = . (16)
L [ o] syt

For example, for r=2 and Sg/(mf/2)= 0.2, (16) yields BLTf==618.5 for
Af/BL==35 which agrees well with Figure 5.
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3.0 PERFECT INTEGRATING LOOP FILTER
For the perfect integrating loop filter described by the
transfer function
T+S'rz
Fs) = = (17)

the frequency acquisition time can be found as a closed-form expression
(rather than by iterative solution). Again applying the quasi-stationary
approach to the differential equation of (1) gives the general result
(see (12) of [2] rewritten in our notation)

2, 2
2
B. T =BT (9)_ AS +16r<g(X)>(BT)
L'f LbijZ'ﬂ'BL 71'(\""‘]) 172(7"‘1‘])3 L'b

x In

where T, & 218 /S is the time the VCO would take to sweep the band-
width BL if the loop were open. Thus,

) 7r(r'+]!2
BT, = T = ar . (19)
L'h 5 5
SQ/BL SQ/(mn/Z) -

For a tracking Toop with perfect integrating loop filter as
in {(17), it is possible to determine the maximum sweep rate to guarantee
Tock (in no noise) with a given probability [4,71. In particular, to
guarantee 100% Tock, we require that

Sg < ap<at(x)> - (20)

Furthermore, in order to acquire frequency Tock at all, it is necessary
that

Sq < 2(0n2<92(x)> . (21)

..:.qw__a..—-—i_-#
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Applying (18) and (19) to either the conventional or the
polarity-type Costas loop requires that we first make the replacements
of (12). When this is done, (18) simplifies to

-1 -2
2/ S . S
BT. = a{r+1)° [y) > ATY r J + r+ i Q 22 >
L°f 4p wf}Z (BL) w(r+1) ( 4 ) m2/2 <g"(24)

( 2 > + <g®(20)>
mn/2 '

s (22)
_(r;iu(gf)(_?a_) + <g(28)>

Yl
L n/2

x In

Then, for the conventional Costas Toop (assuming no noise), we have
that [1 ] ’

<2e)> = | P dze) = L, (23)

i
N !

with the further requirement that

S
7 < % (24)
wn/2

for 100% Tock, and

S

_251- < 1 (25)
mn/Z

for frequency acquisition at all. For the polarity-type Toop, we o
observed in [1] that (assuming no noise),

<?(28)> = 2 (26) .

and thus, from (20) and (21) with the replacements of (12),

s

—?‘3/5 < 2 (27)
W
n
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for 100% lock and
—2——59 4 (28)
< 28
wn/2

for frequency acquisition at all. Substituting (26) into {22) and, in
addition, letting r=2 (the case of most practical interest) gives the
frequency acquisition time performance of the sweep-aided polarity-
type Costas lozp with perfect integration loop filter, namely,

-1 S -2
97 AT 2 3 2
BT, = = RN L
Lf 8( /2) [(BL) 3*] ( /2)

S
() *3
wn/2
S -
3u (af\[ g
2 (BL)(wn2/2> ¥ 2

Figure 6 i1lustrates BLTf of (29) versus Af/B with Sf/B (8/9m) x
(S /(o /2)) as a parameter. (NOTE: Sf S /Zw is the sweep rate in
Hz/sec.)} The corresponding results for the convent1ona1 Costas loop
as computed from (22) together with {23) are illustrated in Figure 7.
Ciearly, the polarity-type loop offers superior frequency acgquisition

time performance relative to the conventional loop.

X In (29)

A11 that remains is to present the theory for the unaided loop
frequency acquisition time performance corresponding to the curves so
labeled in Figures 6 and 7. From (5) of [6]1, we have the general result
that, as F0-+0 and AI(FO remains finite (limiting case of perfect inte-
grating loop filter),

F TTYZ

2<aP(x)>

—
|

(30)

Recalling the definitions of vy and BL given in (4) and (6), respectively,
we obtain after some simplification,
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e = (P:Z])s (128<;2(X)>)(§L-)2 ' <

Applying (31) to the Costas loop (conventional or polarity), we simply
Tet 9=4nAf [as was done in (12)] and x=2¢ which results in

e (r:; : (a<g‘222 ¢)>)(§)2 ' )

Finally, the unaided Toop curves of Figures 6 and 7 are obtained by
using either (26) or (23) for <g2(2¢)> in (32).

We conclude by noting that, analogous to the approach taken
in [1], one can from (22) and (32) evaluate the freguency acquisition
time performance of a polarity-type Costas Toop with perfect integrating
loop filter in the presence of noise. Al1 that is necessary is to
once again use the appropriate expression for <92(2 $)> which is a
function of data format, detection sighal-to-noise ratio, and arm
filter bandwidth-to-data rate ratio. We once again point out, however,
that the noise is accounted for only insofar as its effect on the joop
S~curve and not its additive effect.
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APPENDIX D

IN-LOCK PERFORMANCE OF THE KU-BAND COSTAS LOCK DETECTOR

by
Marvin K. Simon

1.0 INTRODUCTION

The PSK data demodulator unit of the Shuttle Ku-band forward
link communications receiver is comprised of five subunits, one of which
is a Costas Tock detector. The primary purpose of this subunit is to
sense the Costas loop signal acquisition state and send a "Costas Tock"
signal to the acquisition and track control logic when indeed it decides
that the Costas loop has acquired the signal presented to its input.
Since the initial frequency search and signal carrier acquisition must
take place regardless of the type of signal format received from the
TDRSS (CW carrier, data modulated carrier, spread spectrum carrier, or
spread ‘spectrum data modulated carrier), the Tock detector must be
capable of performing its sensing function under each of these conditions.

The basic carrier Tock detector employed by Hughes Aircraft
Company (HAC) in the Ku-band design is a dithered type configuration
and is illustrated in Figure 1.* This dithered lock detector when con-
trasted with the more conventional IZ--Q2 type of lock detector illu-
strated in Figure 2 is not unlike a comparison between a tau-dither
Toop and a delay-lock Toop for PN tracking in the sense that, in the
former, the carrier reference (PN clock} is time-shared over a single
channel while in the Tatter it is simultaneously shared by two quadrature
channels. 1In general, dithered type configurations (tracking loops or
Tock detectors) have the advantage of being insensitive to gain imbalances
normally present in two channel configurations. On the other hand,
because of the time sharing of the locally generated reference, they

potentially suffer a 3 dB Toss in performance as compared to the more
conventional undithered type configuration.

*

The actual HAC configuration inciudes a soft Timiter inserted
prior to the square-law detector to desensitize this detector to front
end gain variations [3]. A detailed analysis of the dithered lock detector
with soft limiter is considerably more difficult than that treated here
and will be discussed in a future report. Suffice it to say that the
basic analysis technique used here to account for the effect of the
dither can also be employed for a Tock detector with soft limiter.
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In this report, we apply the techniques used by the author in
analyzing a PN tau-dither tracking lcop [1] to analyzing the dithered
lock detector of Figure 1. When the dither frequency is much smaller
than the data rate, then the results resemble those obtained by LaFlame
in [2] except for a modification by a factor of two of the signal x noise
term in the lock detector signal-to-noise ratio. On the other hand,
choosing a dither frequency much closer to the data rate can overcome

much of the 3 dB Toss commonly associated with dither type configurations.

This conclusion has already been demonstrated in the comparison between
loop signal-to-noise ratios of the PN tau-dither Toop and delay-lock
Toop made 1in [1].

2.0 DITHERED LOCK DETECTOR MODEL AND ANALYSIS

Consider the dithered lock detector illustrated in Figure 1
whose operation is described as follows. The received signal plus noise
is alternately (as opposed to simultaneously) correlated with quadrature
(90° phase shifted) versions of the reference signal generated by the
carrier tracking loop VCO. The correlation so produced is Tlowpass
filtered, square-law detected, and alternately inverted by the dither
signal q(t). This gives rise to a signal which, when further lowpass
filtered to remove the dither frequency and its harmonics, is (in the
absence of noise) proportional to the cosine of twice the phase error
between the input signal s(t,8) and the VCO reference. Comparison of
this signal {in noise) against a reference threshold allows determination
of whether the loop is in-lock or out-of-lock. The remainder of this
section is a mathematical characterization of the above statements.

For the purpose of analysis, it can be shown {analogous to the
approach taken in [1]) that, when the dither frequency is low relative
to the noise bandwidth of the lowpass filter preceding the square-Taw
detector, then the dithered Tock detector has the equivalent loop model
illustrated in Figure 3. The received signal x(t) = s(t,e)ﬁ-ni(t) can
be modeled as™®

*Ne pursue in detail here the case where the input signal is a
data modulated carrier. A1l other cases corresponding to the other
possible input signal formats can be easily deduced from the results
derived and presented here.
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x(t) = /25 m{t) sin &(t) + n.(t) = s(t) + ni(t) , (1)

where &(t) 4 woti-e(t) with ty the radian carrier frequency and
o(t) = 9ot + 8, the input phase to be estimated, S is the average signal
power, m{t) is the'data modulation (az1 digital waveform), and ni(t) is the

additive channel noise which can be expressed in the form of a narrowband
process about the actual frequency of the input observed data, i.s.,

ni(t) = J?‘{Nc(t) cos o(t) - Ns(t) sin o(t)}, (2)

where Nc(t) and Ns(t) are approximately statistically independent, sta-
tionary, white Gaussian noise processes with single-sided noise spectral
density N0 W/Hz and single-sided bandwidth B-<m0f2w. Since the equiva-
lent of the dithered reference signals, namely, r](t) and rz(t), can

be represented as

1}

ri(t) v?'KT sin &(t)

rz(t) = J?'K] cos &(t), (3)
then letting Km denote the input multiplier gain and ignoring second

harmonic terms, the signal input to the Towpass filter with transfer
function H(s) is given by

e(t) z](t)-zz(t)

KE K2 SiP(t) [ay(t) cos? ¢(t) - qy(t) sin® ()]
+ K ig,f{ﬁf{t) [oq(t) sin® $(t) ~ g,(t) cos® ¢(t)]
# 82(t) [ay(t) cos® 4(t) - q,(t) sin® o(t)]

+ Exc(t) R (t) sin 2¢(t)

- 275 R(t) E;](t) cos o(t) (A_(t) sin o(t) + R_(t) cos o(t)

+ qz(t) sin ¢(t) (ﬁc(t) cos ¢(t) - ﬂs(t) sin ¢(t)i]}

(4)




where ¢(t) A a(t) - 8(t) is the phase error between the input signal
s{t.8) and the equivalent VCO reference r](t), and the "hats" on m{t),
Nc(t) and Ns(t) denote filtering by the Towpass filter with transfer
function G(s}). The signal component of €(t) [the result of passing
e{t) of (4) through H(s)] is easily seen to be

9(26) = skf k2 (e Cay(t) cos? g(t) - qy(t) sin o(t)])  (5)

where the overbar denotes statistical expectation and <> denotes time
averaging produced by the lTowpass nature of H(s) relative to the data
rate of m(t) and the fundamental dither frequency = T/Td of q](t)
and qz(t). Since the loop bandwidth is ordinarily designed to be much
narrower than the dither frequency, we can ignore the time dependence
of ¢(t) relative to that of q](t) and qz(t). Furthermore, it has been
previously shown that, for m(t) a random pulse train, i.e.,

m(t) = n=z_ma” p(t—nTs); a, = x]

Efa,apt = & (6) ?i
with p(t) denoting the symbol pulse shape, time limited on the symbol :
interval (0,T ), then L

b
A A ® : 2 ;
Gftey & oy = | sy00 latizen)? ef (7)

with Sm(f) Jenoting the power spectral density of m{t). Thus, since [
from the illustrations of q](t) and q,(t) in Figure 3, it is obvious ﬁ
that

Gyt = Gt = L (8)

we have, after combining (5), (7) and (8), the result

g(2¢) = Kf&fsnm(mzz‘ﬁ). (9)

The equivalent signal for the conventional 12-Q2 Tock detector of

Figure 2 would be identical to (9) except multiplied by a factor of 2.




3.0 STATISTICAL CHARACTERIZATION OF THE EQUIVALENT NOISE

The equivalent noise component of e{t} (ignoring the self-
madulation noise) is easily seen to be*

ng(t) = kFkZni(t) , (10)
where

ni(t) = -gp(t) R2(0) + qy(0) R2(E) - 2vE gy (0 REYAL(E) . (1)

The power spectral density Ne of the equivalent noise process
at the input to the threshold comparator can be determined by approxi-
mating né(t) as a delta~correlated process with correlation function

<né(t) né(t +r)>

e

Re(t)

¢ 2 2
[Ry, (<) + Ry ()1[2 (<) + R (0)]

2
- RZ(0) Ea%qg(r) " quq](r)] I LOENOENOPIIE

where

SO SNCINGS

Rep(T) & BB 5 77)

Ryya,(7) T G(EFT)

Rq2q1(T) = qy(t) gq(t+1) (13)
and

Rﬁ]('r) 4 <ﬁ1(t) ﬁl(t’+1‘)> = [: Sm(f) ]G(j‘?nf)lzejzwﬁ df

) - - - N i .
Ry () 4 N(E)N(t+) = Ng(E)N(t+7) = TJ |G(;i2m°)|2e~"'2“fT de. (14)

*Since the carrier Toop signal-to-noise ratio is typically large,
it is only necessary to evaluate the equivalent lock detector noise at
¢=0.




Then,

e

4 .4 .,
K1 Km Ne

1Km[fr{(z d{l, (15)

From the defining illustrations of q,(t) and qz(t) in Figure 3 and
their autocorrelation and cross-correlation functions illustrated in
Figure 4, we find that

Rq1q2(T) = ng](T)
Rq]('r) = q2(T) = ;—-Rq]qz('r) A NOP (16)
Substituting (16) into (12) gives
R(x) = (4R (x)-1) RE(0) + 3R () Ry (%) + 45 Ra(x) Ry(%) Ry (1) - (17)
Noting that
[: [4Rq('r)~'l) dt = 0 (18)

and using Parseval's theorem gives the alternate frequency domain inter-
pretation of Né, namely,

N = 8 [ Isprssp(nI s (-0) af + 8 [ IS(FIrs(AIsy(-f) o, (39)

where the asterisk denotes convolution and

S5(f)

5&(f)

Sq(f)

il

n

{Ry(1)}
F{Ry ()}

FRy ()}

N
2 [6(32n)|?

s (f) [6(32nf) |2

LTan «d 1 (h%;)za(f- ?"E) : (20)

e e i T A oL Sl L

e e s St kAL S .
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R () = R, (7) =R ()

e
e —

B i g b ko et Sy

A A

1/2f~——=

Figure 4. Autocorrelation Functions of qy(t) and qz(t) and Cross-
Correlation Function of q1(t) and qz(t)




1T,

Substituting (20) into (19), we obtain, after much simplification,

KI
Kl + L
1 2 D p'i Dm
NL = SNy DS (—p20 (21)
m
where
K K. +2 3 (2)21(
! = + =
D n=1,3,5...\17 By
Kt E’ 2 \2
= K +2 (——) K
L L n=1,3,5...\7 Ly
* . 2 . n 2
J s (F) |&(32nf] ‘GE]ZH(:I.——-‘F):H df
K, o= = d
Dy ® . 2
[ syt (atienr) | ar
J G{j2nf)| l [:21r (——'-‘F):H df
K= == (22)
Ln 2
J |6{j2nt) |2 af
with

jl s (f) 16(dzr)|”

-~
e

Jl 5 (F) |6(32nF) |2

er 6(32xF) | df

A .1

KL - P 2 H (23)
J |G(j2nf) |2 df

and Bi denoting the two-sided noise bandwidth of the arm filter
G(jenf), i.e.,

e

r 16(j25F) |2 df . (24)

e s i o B L L

PR .




Also, in (21),

denotes the signal-to-noise ratio in this bandwidth.

4.0 QUTPUT SIGNAL-TO~NOISE RATIO

Since the single-sided noise bandwidth BH of the output 1ow-
pass filter H(s) is much less that the dither frequency fys then the
output &(t) of this filter (threshold comparator input) is a Gaussian
random var1ab1e with mean &(t) =g(s) [see (9)] and variance o?-N H
= K] Km NeBH where Né is given by (21). Thus, the Tock detector
output signal-to-noise ratio Py which determines the possibility of
detecting lock when the carrier loop is indeed in lock, is given by

2,2 2

o 2
3} (B(1)) ) S Dm cos 24
Po 2 K
E 5 570
) P m
4SNq D o B,

where

e
=3

is the dithered lock detector "sguaring loss" factor. The equivalent
expressions for the conventional 12-Q lTock detector would be

- 1 ( S ) 2
o, = S, cos 2¢ ,
0 4 NOBH L

where

12

(25)

(26)

(27)

(28)

(29)

.
e

P IR FUP RO L T T i B T g s P S S T T I - S Ty LT P S R A T LT
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Thus, a comparison of the performances of the dithered and undithered
(conventional) lock detectors depends simply on the ratio of Si to 8, ,
namely,

KL
Sll. KD+ p.D
L _ im
R (30}
CoKt
Pi m
Clearly, from the definitions of KDn and KLn as given in (22), we see
that KDn< KD and KLn< KL for any n, in particular, n odd and Td
finite. Thus, from (22),
8 o 1
K< Ko+ <5 ) - K. = 2K
D 1T2 n=15355-.- n2 D D
Ko< K+ y ko= o . (31)
7 n=1,3,5... n
Substituting the bounds of (31) into (30), we find that
Sl
L 1
EE b E’ (32)

or equivalently, the output signal-to-noise ratio of the dithered Tock
detector is, at worst, 3 dB poorer than that of the unditheved type.
Equation (32) approximately holds with equality when the dither fre-
quency is chosen much lower than the data. This appears to be the case
corresponding to the present Hughes Aircraft Company Costas lock
detector design where the dither signal is a 1.5 kHz square wave and
the data rate for a data modulated carrier is 216 kbps. Thus, for

this situation, we have from (26) and (32) that

- 1T1/(_s 2
Py - E-[;'(NOBH) 5, cos 2%] s (33)

with 5. given by (29). This result agrees with that obtained by
LaFlame in [2] if the signal x noise term in his squaring Toss (not
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the same definition as used here) is divided by 2. The reason for this
discrepancy between the two results is that LaFlame upper bounds the
output noise rather than computing it exactly. Thus, despite the fact
that he recognizes that the signal x noise term in the output noise "is
absent during the second half dither period" (see page 10 of [2]), he
fails to divide its contribution by 2 to account for this effect.

In conclusion, we reiterate the fact that the dithered Tock
detector 1s 3 dB worse in output signal-to-noise ratio only when the
dither frequency is much Tess than the data rate. If the dither fre-
quency is raised to be on the order of (but still Tess than) the data
rate, then analogous to the results obtained in [1], the 3 dB "dither
penalty” can be significantly reduced.
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APPENDIX E

PERFORMANCE ANALYSIS OF THE KU-BAND FORWARD LINK
BIT SYNCHRONIZER

. by
Marvin K. Simon

1.0 INTRODUCTION

The Signal Processor Assembly {SPA) for the Ku-band forward
link performs data and signal processing in one of two (special/nominal)
operating modes. An important part of the signal processing function
is the establishment of an accurate bit synchronization reference clock
in order that data detection be accomplished with a small signal-to-
noise ratio (SNR) degradation. Since, in the nominal mode, the data
is a 216 kbps biphase-L (Manchester coded) waveform, then the bit rate
clock established by the bit synchronizer will possess a half-bit phase
ambiquity, i.e., the Toop can Tock with equal probability either
in-phase or half a bit out of phase with respect to the input
biphase-L waveform. Thus, the SPA must alsc incTude a phase ambiguity
resolver whose purpose is to resolve which of the two possible bit

rate clock phases is indeed in-phase with the input data waveform.

This appendix presents an analysis of the performance of the
bit synchronizer which is proposed and being implemented by Hughes
Aircraft Company (HAC) for the Ku-band forward Tink to the Space
Shuttle Orbiter (SSO) vehicle. Preliminary analysis results obtained
by members of the Space and Communications Group of HAC were reported
in June 1977 [1]. A description of the principles of operation
of the bit synchronizer and ambiguity resolver also appeared in that
document and later in the SPA Preliminary Design Review [2]. We shall
begin by reviewing these principles of operation (see also [3]) and
then proceed to characterize the average Toop S-curve and power spectral _
density of the equivalent additive noise which are both necessary to §f 
represent the bit synchronizer as an equivalent phase-locked Tloop. %333
Finally, the steady-state tracking performance of this loop will be e
given.

it ieame g’ .




2.0 BIT SYNCHRONIZER PRINCIPLES OF QPERATION

A block diagram of the Hughes Ku-band bit synchronizer suitable
for analysis purposes is illustrated in Figure 1. Assuming SPA nominal
mode of operation, the input is a 216 kbps Manchester coded data wave-
form plus additive white Gaussian noise with single-sided power spectral
density NO' The synchronizer extracts its timing information directly
from the above input (data-derived or self-synchronization) and produces
a twice-bit-rate {812 kHz) clock as a timing reference. The bit rate
clock and its complement are obtained by dividing down the twice-bit-
rate clock by a factor of 2. These three clocks (twice-bit-rate, bit-
rate, and bit-rate-complement) are used to process the input in
in-phase and quadrature channels whose outputs when multiplied form
the components of the Toop error signal. The details of this process-
ing are described as follows.

The input signal is multiplied by the twice-bit-rate clock and
then the bit-rate clock or its complement which are both used to gate
(in each bit interval} half bit segments of the multiplier outputs to
two in-phase integrate-and-dump (I&D) circuits. For the midbit I&D,
the half-bit integration symmetrically (assuming perfect timing) spans
the midbit position. The output of this I&D is two-bit digitized by
Digitizer 1 in a way which is equivalent to null-zone detection of the
polarity of the NRZ data bits (alternately, the polarity of the midbit
Manchester transition). For the between-bit I&D, the half-bit integra-
tion symmetrically spans the NRZ bit transition position. Thus, the
output of Digitizer 2 is equivalent to null-zone detection of the NRZ
data transitions.

The input Manchester coded signal plus noise is also gated by
the bit-rate clock and its complement, without first being multiplied
by the twice-bit-rate clock, to between-bit and midbit quadrature I&D
circuits, respectively. The outputs of these I&Ds are noisy measures
of the timing offset between the input and the localiy generated bit-
rate clock. Multipliying the respective in-phase and quadrature I&D
outputs and summing their sample-and-hold values generate an error
signal suitable for closing the bit synchronizatijon Toop.

Timing diagrams of the various waveforms formed within the loop
in the absence of noise are illustrated in Figure 2a for 03)\5_%—11/2
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and in Figure 2b for %5_1\5.12-- n/2, where A is the relative timing error
{normalized to the bit time) between the input and locally generated bit-
rate clock and n is the threshold (normalized to the signal amplitude)
of the null-zone detection. The corresponding loop error curve is
illustrated in Figure 3 and is obtained by statistically averaging the
error signal formed above over the data sequence {assuming an NRZ
transition probability pt). Far the more realistic case where additive
noise is present, a more detailed analysis is required to specify the

bit synchronizer performance. This analysis is the subject of the next
section.

3.0 STEADY-STATE TRACKING PERFORMANCE OF THE BIT SYNCHROMTZER

The techniques that will be employed in carrying out the steady-
state tracking performance analysis of the HAC Ku-band bit synchronizer
are analogous to those given in [4] where they are used to characterize
the comparabie performance of symbol synchronizers (with Manchester
coded inputs) motivated by the maximum a posteriori (MAP) estimation
approach. Similar techniquas were previously used by the author to
characterize the performance of $ymbol synchronizers with NRZ inputs [5].
Namely, under the assumption that the input timing offset e is essen-
tially constant over a large number of bit intervals and the usual
assumption that the loop response & is very slow with respect to a
bit time T (i.e., Bir<< 1, where BL is the single-sided Toop noise
bandwidth), the bit synchronizer of Figure 1 can be mathematically
modeled as the continuous phase-Tocked Toop given in Figure 4. Develop-
ing the equivalence between Figures 1 and 4 relies on finding (1)} the
average loop S-curve g(A) as a function of the normalized timing error
A8 (e-8)/T, and (2) the two-sided power speciral density S{w,A) of the
equivalent additive noise nA(t). Once having determined these quanti-
ties, the steady-state performance can be found by application of the
Fokker-Planck equation [5].

Referring to Figure 1, the signal and noise components of the
various I&D outputs can be expressed mathematically as follows:

i)
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Midbit -’
Ve 5 Cp v ¢, = TJ s(t,e)dt - TI “s(t,s)dt
(k-3/4)T+2 (k-1/2)T+&
1 ((k-172)T+2 p ((k-1/4)T48 g
v = TJ n(t) dt - -T-f n(t) dt
(k-3/4)T+8 (k-1/2)T+8
My Ny
(k-1/4)T+€
zy & by *+ w3 bk = TTJ s{t,e) dt
' (k-3/4)T+&
wo= 1] () dt = M N
(k-3/4)T+e
I, & sqguily, ;s e, = z,1 (1)
g - SIub Yys o & k 'k
Between-Bit
1 (KT#E 6.) 1 ((k1/4)TH8 by
¥y, = cp +t v ; c'=—J s(t,c dt-—f s(t.e)dt=c
ko kK ko T k1/aymee T ke keljz
s
vl o= = n(t)dt -—f n(t)dt= v "
ko T ke T Jirse SUC
e N
A 1 ((k#178)T48 toe) B
z! = b+ b’=—J s(t,e)dt = b i
k k Pk kK T ) (ke1/8)T08 k+1/2 i
: I(k+1/4)*r+§ " %
U, = = n(t)dt=M + N =
K7 T (ke1a)T8 k * "k~ Mk+1/2 b
: A 1. ' X ;
Ik 2 sgnull Vi & = zka. (2) :
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In (1) and {2), the function "sgnull x" is the input-output character-
istic of a "dead-zone" hard-limiter and is defined hy

1:  x2n
sgnull x = 03 Ny X < my (3)

-1 x<-n0

Also, the input signal s{t,e) is the random pulse train

[+~

s(t,e) = A } dnp(t-nT-e), (4)

HERS

where A is the pulse amplitude, p(t) is the unit Manchester pulse

_ 13 Osts_%
]J(t) = T
—]; "2- t T

<t < (5)
and d is the polarity {£1) of the nth NRZ data bit. The sequence
{dn} is assumed to be composed of uncorrelated bits, i.e.,
y 135 m=n
E{d_ d .} = ¢ =
mon mn 0; m#n (6)

with a priori probabilities p 2 Prob {d =1}, and g 2 prob {d, = -1}
Thus, the transition probability Py of the NRZ data sequence is given
by p; = 2pg.

The noise random variables Vies Hpos vé, “é are all zero mean
Gaussian with variance 02:=N0/4T. Also,

E{“kvk+m} = E{\)I'(v}f{_,_m} = E{“k“k-!-m} = E{“ll(“pl;-km} = 0 for all m#0

E{vkv}'&m} = E{vkp;{_[_m} = E{“k“l'wm} = E{”kvftﬂ-m} = 0 for all m

E{vkuk+m} = E{véué+m} 0 for all m . (7)
The actual Toop error signal g(t) is a piecewise continuous

function (see Figure 3) which is formed by summing the multiplications

of the sample-and-hold vaiues of the in-phase and quadrature I&D output

e ATl e

T S U
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corresponding to the midbit and between-bit pesitions.. In particular,
if we define

e(t) & e 5 (k—%)na <is< (k+%)T+§
e'(t) & el (k+DT+E st < (k+D)T+e (8)
k, 4 —— . — q‘ 3
then
g(t) = e(t) + e'(t)

A . R
e tep 156 (k--}l-)T*"e 5ti(k+"})7+€

1

ne

e tep 2gl (k+1_)7+egt_<,(k+%)'r+a. (9)

These relations will prove useful in deriving the equivalent Toop
S-curve and noise power spectral density perturbing the Toop.

3.1 Characterization of the Loop Nonlinearity

We define the Toop nonlinearity (S-curve), g(a), by

: £, (e rep Vs (k-gT+e st < (kegT+e
a(a) = E, fe(t)]a} -

E, slle red b s (k+%)T+asts(k+%)T+e

(10)

where En S{x|A} represents the conditional expectation of x on A both
with respect to the additive noise and the signal (bit sequence). Ws
begin by computing the midbit component of g(i), namely,

A
NOVBE IR CHIVE ()

Performing first the average on the noise, we have from (1) that
En{eklx} = b E, {sgnut1 (ck+-vk)} + En{pk sgnull (cki-vk)} . (12)

If x is a (D,ax) Gaussian random variable, then from the
definition of sgnull x given in (3), it is easy to show that

R
it
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n.t+a Nn-4a
Ey [sgnull (azx)} = --}z-er'fc 0 + %er‘fc [0 :l, (13) Pt
172—0' v/?_TU ;
where é‘
1
erfc x 2 _2__J exp (-t2) dt (14) :

T X

is the complementary error function.
Applying (13) to the first term in (12) gives

b na+c Na~C
0 “k 0 "k

b, E_ {sgnull {c, +v )} = k - erfc + erfc . (15)
ko koK 2 /Z o /Z

Furthermore, since from (7)., My and v are uncorrelated, then

E, {u, sgnull (c, + v )} En{pk} E {sgnull (c) +v,)}

= 0. (16)

Thus, substituting (15) and (16) into (12), we get

b nntc Na-C §
En{ek[A} = 3# - erfe 2Kl 4 apre |- K|Y (17) %
V2 o 2 o

It now remains to average En{eklh} over the signal distribution.
From (1), together with (4) and (5) (also see Figure 2), we find that

] 1

Adk(z;\) 3 G <A = E

1 e o o giiriyg

Adk(EJ s if dk""dk—T

A (5= 20) ; D<aret

k'2 ? =% =4
C 3 =
k d, +d _.
k" Tk-1\{1 . 1 1 1
A(—-—-z——)(-z—- 21\) 4 T A 5 (18)

Substituting (18) into (17) and averaging over all (four) possible
sequences formed from the bits dk-] and dk’ we get the desired result:




15 S

(

Ax {- erfc [%Rd/2 (2n+-1-4ki] + erfc [?ﬁgff (2n - 14.4hi]} : .

. 0= s_%- 'éi
g.p(1) = <
A“ - pt) }.

—5——(1 - 21) 4~ erfc E’Rd/? (2n+1 —4A)] +erfc E/R—d'ff(zn -1 +4A]:[ it

Tsrsed (19) i,

\ .

where n 4 nO/A and Rd a AZT/N0 is the detection signal-to-noise ratio.
Note that gmb(h) is independent of k.
Similarly, the between-bit compunent of g{i), namely,

gpp(A) g Ensieplals (20)

can be found by applying similar averaging techniques to those used
in deriving (19) from {11). In particular, the average over the noise
distribution results in an equation analogous to (17), namely, e

bl nn+cl n _Cl
k S 'k 0 "k
E je'la = = {-erfc |-———2] + erfg |—= . (2'])

Again, combining (1), {4), and (5), we can arrive at expressions
for the between-bit signal components of the in-phase and quadrature
integrate-and-dump outputs, namely,

(Rt o L s TR

A (22) s ifdy =dy } ey el
¢ 1 . s . -7 4
—Adk(]"zﬂ; Eihié‘
d, +d
ko Tk+1Y (1 . ]
-A(-"—"g"——)(g-@\) ; Os_As_-d-
c, =
‘ Ad, (£-22) : Loael (22)
e ] ? 4="=2 :
Substituting (22) into (21) and averaging over the four possible .

sequences formed from the bits d, and d,, gives the desired result: i
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(Ar (1 -pt) {- erfc [#Rd/E (2n+1- 4?«)_1 + erfc I:JRd/Z (Zn-1+4A):l} :

0 <2 s.%
gbb(") = < 1-2
A '2 A {— erfc [\’RdIZ (2n+1 -4A):{ + erfc E/Rd/z {2n-1 +4A)]} ; ﬁ
\ %s_ A s% (23)

which is independent of k.
Finally, adding (19) and (23), we get the loop nonlinearity
defined in (10) or, normalizing by the signal amplitude,

g (1) & 2
/2;\(1 -E,}){- erfc [/ﬁé??(znﬂ-m:{mrfc [Jﬁd/—uzn-naa)]}; 13!
» 0 <A 5_-]4— 4
(1-2x) (1 -1—321) {~ erfc [/ﬁd_/f(znﬂ -4}\)]+er'fc [/R_d/—Z(Zn-1+4A)]}; |
\ Tersy (24)

I

Also, it is straightforward to show that g{-A) = -g{A). Note that, as

Ry+e (no noise), (24) simplifies to !
2(2)\)(1 BI'-) 5 0 <2Az= 1.n !
"zl Rl
g (A) = 0 . .l_...D_ < A < J_-{-E
n 4 2=""4 2
p
—2(1—2?\)(]-%) ;%+-T'2‘-5.Asg_,— (25)

For small values of A, gn()‘) of (24) can be approximated by the
Tinear function K_ A, where Kg is the slope of the normalized loop
S-curve at the origin, namely,

K = 2(1—1—33){- erfc [/_R_dﬁ(ZnHﬂ + erfc [@?(zn—njj} . (26)
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3.2 Characterization of the Equivalent Noise Spectral Density

The two-sided spectral density S{w,A) of the equivalent additive
noise nA(t) is defined by

S{w,A) & F{<R(t,t3A)>) 3

R(tst3a) = E_ _{n t)ni(t-+r)|;t} (27)

ns il

where the symbol & denotes the Fourjer transform operation, the symbol
< > denotes time average, and the equivalent noise process nh(t) is
defined by '

m(t) = &(t) - £, fe(t)]a} = g(t) - 9(a) . (28)
Substituting (28) into (27), we see that

R(ttsa) = B, felt)e(t+e)[a} - g2() . (29)

Evaluation of the conditional expectation needed in (29) requires [see
(9)] that we study the discrete correlation functions E, s{£k£k+mlx},
Enss{gk£&+m|x}, and Enas{£é£é+mlh}. Using the definitions given in

(9), it is straightforward to show that

2 , 2 .
En,s{ek |A} + En’s{ek_]lh}, m=0
En,s{gkgk+mlk}
0 m# 0
2
En,s{ek Ixa}s  m=0
X _ 2 .
En,s{gkgk+m|A} - En,s{ellc—]“} 3 m=-l
0 m# 0,-1

2 2131 . e
En,s{ek |A} + En,s{eé IA}s m=0

1

E,st6k Skiml M

0; m# 0 (30)

T
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Since nk(t) is conditionally cyclostationary (i.e., its autocorrelation
function R(t,t3A) is, for fixed tand A, periodic in t with period T),
it is sufficient to evaluate R(t,t;A) over a T-sec interval. Thus,

for 0 < 1£T/2,

Tyr, 2 .
(E, JEAE - g% s (k-pT+est < (ktT-7+2

£, S(EEpa - g%0) 5 (ke pT-r+E st < (ke )T+

R(,52) = ¢ E, 1501 - g2 (2) ; (ke PT+2St < (ke T 42
| Ensl8iEagt - 6005 (ke T-crests (keTee
(31)
and
1 (k+3/4)T+8
R{t32) = <R{t,m3A)> = TJ R(t,T3A) dt

(k-1/4)T+&

£y 521 £y (A2 - 282 0)](5 - )

: ' 2L, T .1
¥ E:n,s{gk Ek“}+ En,s{gk Ekﬂlk} - 29 (A)]T i Oegs3

rof—t

Similarly, for s <17,

(Bl B (Al - g HOF (k-%)ﬂés.ti (k+%)T-r+é
, 3 \ Ty, =
0 (k+Z)T~r+estg(k+E)T+e
R(t,T31) =<
By 8 613l - 2005 (ke pTiest s (keRT-v e

\o ; (k+DT-rse et < (ke T4
(33)

and, correspondingly,

S per s B T e
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res) = (B, o s + By lg ) - 2620 (1-F) 5

%5%51. (34)

Finally, for 1 > T,
R{tsA) = 0. (35)

Also, R{t3A} is an even function of t. Thus, from the definition of
S{w,A), we have that

T
S(w,A) 2 I R(t3;A) cos wr dr

0

2 J;/Z {R(O;A)E— -2.%:- + R(-g—;)\) (-ZTT-)} €0s wt dt

, 2 ﬂ/z R(32)(2- &) cos wr dr (36)

where, from (32) and (34),

1l

R(0 ;1) %—Ezn,s{gkzla} + En,s{gl'cgh}] - gZ(J\)

R(%*) ) %En,s{gk MEV En,s{ﬁgikﬂlk}] - g%(n) . (37)

Since, as before, it is assumed that BLT << 1, it is sufficient to con-
sider only the value of S{w,)) at zero frequency-—that is, S{0,A)—and
assume a flat spectrum of this value for all frequencies of interest
(within the bandwidth of the bit synchronization loop). From (36), we
get

$(0,1) = —}Ez(o;;\) + ZR(;ZF-;A):[ : (38)

Furthermore, since in any practical system 1ittle data degradation due
to imperfect symbol synchronization can be tolerated, then extreme
accuracy is required in establishing symbol synchronization. Since
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this implies very large loop signal-to-noise ratios, then the value of
S{(0,A) is essentially the noise spectral density seen by the loop at
A=0, viz., §{0,0). Thus, we have that,

1 2 2 :
5(0,0) E-En,s{a_k} +E, g }] + B Jlg gt + By (g Ek+1}]

| —t

_ IT, 2 1 2 3 2
T2 __gEn,s{ek} + ZEnss{e;'g-'[} + 2En,s{ek }] , (39)

where, for simplicity of notation, we have dropped the dependency of
the conditional expectations on A, understanding that we are now speci-
fically referring to their evaluation at A=0, and also recall that
a(0) = 0.

From the definition of N given in (1}, we compute the mean-
squared value as

2 2 2
En,s{ek} = En,s{(bk*‘”k) sgul1” (¢, +v, )}
= bZE {s nu]?z(c +v )} +2b,E_ _{u, s nu]Tz(c +v )}
k “n,s 139 k™ Vk k Fn,s Mk 59 k™ Yk
FE {2 sgnuli? (v} . (40)

Evaluating first the average on the noise and recalling Mg and vy are
uncorrelated, we have that

E{el = (b2 +ad)E, {sgnul1? (c, +v )} . (41)

Analogous to (13), it is straightforward to show that

E. {sgnul1? (a £ x)} Darge 10720 4 1 e [P072 (42)
s5anu at X = = eric + = erfc .
X 2 /7?2 o 2 V2 g

Thus, applying (42) to (41) with x= v and a=¢p gives the desired
noise average

2, 2
b~ +0o +c Ny = C
2y _ (k ) "o " %k 0~ °k
E_ {e = erfc + erfc |——; . (43)
n o) 2 { [1‘2 a] [\fz‘ oj|}

s Bt S e gy e

ot asRre B
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Since from (18) we have that (at A=0)
b = 03 ¢, =Ady (%) . (44)

then

En,s {ekz} -%E{erfc E/’R_GTZ— (2n+1)] + erfc [@Eﬁ (Zn-l):l}. (45)

which is independent of k.
Similarly, for the between-bit error signal component, we have

2, 2
b/“+a nn+C U - C;
2 k 0" "k 0 "k
E {ef = [———}{erfc + erfc |—|; . (46)
n{ k } ( 2 ){ l:\/Z 0] [\/2 0‘:”

and from (22) evaluated at r=0,

d, +d, - L
b= oQ- Y A S < AT g
bk 0; C A( ; )(2) . (47)

that

Combining (46) and (47) and performing the average over the data gives

2
E, o {e['(z} = 92— {pt erfc |::/Rd/2 (Zn):[ + (1-p)

) (e'"fc R (e )| ¢ erfe | VR ‘2““”])} (48)
which is also independent of k. Finally then, substituting (45) and i

(45) into (39) gives the desired result for the equivalent noise spec-
tral density, namely,

s(0,0) = NEO—{%E erfc [fﬁ;}f (Zn):l + (1— p—zt—)

x (erfc [W (2n+]):]l + erfec l:/lgl_Z (2n-1)])} .

(49)
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3.3 Application of Fokker-Planck Technique to Obtain Performance

The stochastic differential equation which describes the Toop
illustrated in Figure 4 is

A= -KF(p) [g(n) + n, ()], (50)

where p is the Heaviside operation, the dot denotes differentiation
with respect to time, and K s the loop gain. In writing the above,
we have assumed zero static timing error.

In dealing with equations of the above form one can, at hest,
hope to find the probability distribution of A(t), viz., p{a,t), from
which the mean-squared timing jitter cf(t) can be calculated. Under
the assumptions previously made regarding the equivalent additive noise

process nk(t), the solution for p(A,t) can be found via the Fokker-Planck

method. In particular, for the Tirst-order loop case, i.e., F(p)=1,
A(t) is a fTirst-order Markov process whose probability density function
satisfies the diffusion equation [5]:

2

ap{245t) 3

at

2
8)\0

where K1(Ao,t) and Kz(lo,t) are defined by the conditional expectations

Ggit) = Tin 3 E{DA(E+t) -2 (DIA(E) =3g)
Ky(Agot) = AlimoA—]EE{[A(t-i-M‘.)—A(t)]zf}\(t)=)«0}. (52)

Of interest is the case where p{ix,t) converges, with time, to a station-
ary probability density function independent\of the initial condition,
which can be used to evaluate the steady-state behavior of the symbol
synchronizer. Denoting

p,(x) = Tim p(x,t}, (53)

t+=

we obtain from (51) the stationary equation

+ 820 [K](J\Ust) p(Aost)] = ']2' _—[Kz(laat) p()\ost)] (5])

R TR o T 5 VY kL SOURE me s S e s A

RPN
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Lk () p, (01 = %f}[xzu) NP (54)
where
Ki(a) = -Kg(a)
Kp(1) = K2s5(0,0) = kZ5(0,0) . (55)

Substituting (55) into (54) and solving gives the probability density
function

2[g(x) o :
P, {A) Cyexp |~ Fgpoy | 3 Osrsy

p,(3) (56)

]

where C1 is a normalization constant chosen such that
1/2
[EROTISE P (57)
-1/2

Upon examination of Figure 3 and the general expression (in the
presence of noise) for the loop nonlinearity g(A) [see (24)], we
observe that g(A)==g(lir% . Thus, pA(A) as defined by (56) on the
interval -%is.x s_%-would be bimodai, i.e., the Toop can Tock up at
A=0 or A==i§-with equal probability. After resolution of this half-bit
timing ambiguity by the ambiguity resolver (i.e., determining that,
indeed, A=0 is the correct Tock.point), it is appropriate to talk only
about A modulo %3 which has the probability density function ZpA(A) on

the interval . A <.l

F<A< g, For]convenience of notation, we shall herein
use A to represent the modulo §-reduced random variable and ignore the
factor of 2 in front of pA(l) since, instead, we can choose the normal-
ization constant such that (57} holds when the t%—integration Timits
are replaced by i%w

Recalling that g(A) =}\gn(A) =A.Kg(gn(A)/Kg), where gn(}x)/Kg is
now a nonlinearity with unit slope at the origin, then the argument of
the exponential in (56) becomes
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fgn(h)
cso.0 g[SRI
0
Noting that the single-sided loop bandwidth for a first-order loop is
given by
AKK
= 9
then (58) can be rewritien as
f g,(2) .
2 —— dA
2[g(x) da YA K
K $(0,0) Ng/\AKK T/ (5(0,0
L) NO
» [ 9n(2) q
A
_ Rykg <1> %
2 BLT (S 3,0 )
0
g,(%) )
RdGng J Ky A
= (60)
N 2

where §é 1/BLT is the bit rate-to-loop bandwidth ratio. For large Rds
{but not necessarily large Rd), it is sufficient to replace gn(A) by
Kgh s thus, under these conditions, (60) simplifies to

2 [g(r) da _ (Rdckgz )h_% o)

K${0,0) 25(0,0) | 2
N
0

and, substituting (61) into (56), pA(h) is approximated by a Gaussian
distribution with variance

2(5(0,02)

2 No

0‘A = -——2—- B (62)
Ry 8 Kg

RN
s

ek L . e e "
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Finally, substituting (26) and (49) into (62) gives the desired result {{
for the mean-squared tracking jitter, namely,

ag

;\2 = ('8_};[;"5) f(ﬂstspt) 3 (63)

R, Ry R, ;

P erte L/Td(zn)] +{1- Ezt—){erfc[ 5 (21 )] +erfc [ < (2n-1 )] } 4

) ) Ry | R, 2 |
l:(1--—2ti) {- erfc U—zg (2n#] )] + er'fc[ -24 (2n-1 )] ” i

(64) !

4.0 NUMERICAL RESULTS

S

Figure 5 illustrates the normalized tracking jitter coefficient
f(n,Rd,pt) as a function of the in-phase decision threshold n with
detection signal-to-noise ratio Ry and NRZ data transition probability
Py as parameters. Clearly, for given va?ues of Rd and Pgs @n optimum
[in the sense of minimum f(n,Rd,pt) or o, ] threshold exists. Figure 6
is a plot of this optimum threshoid versus R for three values of Py

Several observations can be made from the resu]ts in Figure 5. First,
we note that the mean-squared tracking jitter is considerably more
sensitive to values of decision thresheld greater than "opt than it

is to n < Nopt” Second, this sensitivity itself diminishes with L
decreasing Py and increasing Rd‘ Finally, at fixed Rd’ one concludes 8
that the mean-squared tracking jitter decreases with decreasing Py (NOTE:
decreasing NRZ transition density implies increasing between-bit transi-
tions in the Manchester coded waveform; in fact, pt¥=0 results in a

square-wave data waveform at twice the bit rate).

I1lustrated in Figure 7 are the normalized Toop S-curves for
random data (pt= 0.5) and detection signal-to-noise ratios of 0 dB,
5 dB, and 10 dB. The values of detection threshold were, in each case,
chosen equal to the optimum values as determined from Figure 6. We note
the continuity of the S-curves when noise is present in comparison with
the discontinuous no-noise S-curve of Figure 3 as described by {25).
Also, it is clear that the slope of gn(k) at the origin (namely, Kg)
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and hence the equivalent Toop gain, degrades with decreasing Rd‘ In
fact, for small Rd” we have from (24) and (26) that

ZRd
4?\]—-—— —-(1-4a) i O0<ax

ne

g,()

2R
2(1-2A)<1-E~) (] 4)) 3 %—shs%— (65)

and

bt

2 P
Ky = 4(1 - p;)\/—-i—d . (66)
which are both independent of the detection threshold n.

We conclude by noting that a complete performance analysis of
the accompanying phase ambiguity resolver will follow in a future
report. Clearly, since the bit synchronizer and phase ambiguity
resolver work hand in hand, a complete understanding of both devices
and their interaction is essential to the overall performance specifi-
cation of the SPA.
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APPENDIX F
PERFORMANCE ANALYSIS OF THE KU-BAND FORWARD LINK
AMBIGUITY RESOLVER
(Part I -- Selection of the In-Phase Bit Rate Clock)

by

Marvin K. Simon
Waddah K. Alem

1.0 INTRODUCTION

The Signal Processor Assembly (SPA) for the Ku-band forward Tink
incTudes a timing phase ambiguity resolver whose purpose is to resolve
which of the two possible bit rate clock phases (spaced half a bit apart)
is indeed in phase with the received data waveform.® While the purpose
of Appendix E was to document the performance analysis of the bit syn-
chronizer on this link, this appendix proffers the companion analysis
for the phase ambiguity resolver. Such performance characteristics as
probability of counter overflow before ambiguity resolution, probability
of incorrect (or correct) ambiguity resolution, and appropriate choice
of counter difference threshoid setting will be discussed.

2.0 AMBIGUITY RESOLVER PRINCIPLES OF OPERATION

A block diagram of the Hughes Ku-band ambiguity resolver suit-
able for analysis purposes is illustrated in Figure 1. Assuming SPA
nominal mode of operation, “he input is a 216 kbps Manchester coded
data waveform s{t,e) plus additive white Gaussian noise n(t) with
singie-sided power spectral density NO’ This total input is correlated
with combinations of the bit rate clock, complement of the bit rate
clock, and twice bit rate clock and procest=d by integrate-and-dump
circuits (I&D) to produce the midbit and between-bit in-phase and
quadrature signals necessary for forming the bit synchronizer error
signal. Threshold crossings (positive or negative) of the midbit
in-phase I&D output, as detected by digitizer 1A, increment counter 1,

*

Other functions of the ambiguity resolver are to detect bit
synchronization lock and loss of Tock. The performance analysis of
these functions will be covered in a future report.

e s i RO 3

PP T T .
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while threshold crossings (positive or negative) of the midbit quadra-
ture I&D output, as detected by digitizer 2A, decrement counter 1.
Similar statements can be made for the between-bit I&D outputs with
respect to counter 2. Thus, in the absence of noise and timing error,
counter T is incremented and counter 2 is decremented each time there
is a data transition. The net effect of this is to cause an increase
of two counts in the contents of counter 1 relative to that of counter 2.
When no data transition occurs, both counters are incremented by one
count and thus the difference between the contents of the two counters
is unaffected. When counter 1 overflows and the contents of counter 1 fj
exceeds that of counter 2 by a preselected difference threshold, then i1
a timing phase ambiguity decision is declared and the bit rate clock ‘
is assumed to be in phase with the input data stream. If counter 2
overflows and the contents of counter 2 exceed that of counter 1 by
the same preselected threshold value, then the bit rate complement ~g
clock is chosen as being in phase with the input. If, however, the
difference threshold is not crossed {positively or negatively) at the
time either counter overflows, then both counters are reset to zero
and the ambiguity search continues. ;
In determining the performance of the ambiguity resolver, we o
shall use the same notation as that used in Appendix E to characterize
the bit synchronizer. Wherever possibie, we shall refer to results
obtained in Appendix E relative to the statistical averages of the
various I&D and digitizer outputs.

% e At

T S

3.0 PERFORMANCE ANALYSIS

3.1 Statistical Characterization of the Differenced Counter Output

Referring to Figure 1, the various digitizer outputs can be ;j
expressed mathematically as follows:

I, = sgnutl (ck + wk)

J = sgnull (bk + ”k) §i
Ié = sgnull (c& + v&) %
dy = sgnull (by + ug) (1)




where the signal and noise components of the midbit in-phase and quad-
rature I&D outputs, namely, Ch> Vi bk’ and W are defined in (1) of
[1] and the corresponding between-bit components ci, vé, b&, and ”&
are defined in (2) of [1]. Further, the Ffunction "sgnull x" is the
input-output characteristic of the digitizers and is defined in (3) _;4
of [1]. The inputs to counters 1 and 2 are the absoJute values of the )
I&D outputs. In order to compute the ambiguity resolver performance, we
shall need the statistical averages of these signals over the noise -and
data modulation probability distributions. Proceedings as in [1], we
first evaluate the average over the additive noise distribution. Thus,

i

E {lsgnull (g +v )|} = En{sgnuH2 (e + v )}

natcC Nn = C ‘
= —;-er-fc H + %er‘fc [0__ ﬂ s (2)
2o V2 o

where g is once again the decision threshold in the bit synchronizer
digitizers. Similarly,

] N T LY
E “J |} = = erfe |—=2| + = erfc . -
nt'k 2 5 o

E {11}

)

]
—
S
Q

neatcl] nn - C) |

E {111} = Terfc [kl & Jerfc |-2K :
ng+ byl ng - by | :

E I = %—erfc 0k} .4 %—erfc 2k (3) i
/2 o RACH ;

Averaging (2) and (3) over the signal distribution (see (18) and {22)
of [1]} evaluated at a=0,%

1 Ry ] Ry
En,s{lIkl} = é-erfc 7§-(2n4‘1) + 7 erfe 7?-(2n—7) (4a)

*For simplicity of analysis, we shall assume perfect bit synch
insofar as the ambiguity resolver is concerned. This avoids the addj-
tional average over the probability distribution of the bit sync timing
grror.
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Rd
E, o119/} = erfc | |55 (2n) (4b)
, Rg Ri
En,s{llkl} = p, erfc 'E—(Z") (1-pt) erfc | [ (2n+1)
+ —erfc |: 2d 2n-1)]§ (4c)
En,s{|J"<|} = (1-p,) erfc l;/z {2n) +pt{%- rfc —(2n+1)]
+ —er'fc D-zﬁ 2n~1}]2 (4d)
Defining
B © llki - |Jkl
B = 1Tl = 19l (5)

then the outputs of the two counters in Figure 1 are, respectively,
A
Y(K) = T8
k=1 K

(6)

e
It 175
w
= -
w

Y (K)

where K denotes the number of bit intervals which have elapsed since
the time the counters were last reset. Finally, the difference of
the counter outputs is simply

ne=

k) & YK - V(K = § g

k=1

kgl{DIkl -1al] - [t - |Jf<ﬂ} (7)

i}

¢ e e e
N T e

i e e e
T P R S R T S NP S
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Substituting (4) into (7), it is straightforward to show that the mean

of ¢, 1is
k
Ry 1 Re ]
2p,. ¢- erfc 3;'(2n) + 5 erfc 7;-(2n'+1)

= -
+;—erfc rJTd (2n-1) }

&
e st gy s

En,s{gk}

N T

i

z s (8)

which is independent of k. Thus, from (7), the differenced counter
output has mean

Ry 1 Ry
E, lZ(K)} = 2Kp, {- erfc 5 ()| * s erfe | [ (2n+1)
R 5
+ 32- erfe [ Td (2n - 1)]} , (9) -

which in the absence of noise (Rd-+m) reduces to 2Kpt, namely, two
times the average number of NRZ transitions in K bits.
The variance of Z(K) is given by

s {10 0]

K K B
En.s {kZ Z][ck-c][c£-23} . (10)

=] g¢=

I

2
97

e

]

i
b
|

From the definitions of Ik’ Jk’ Ié, and Jé, we observe that

En,s{IIk||1k+m|} =0 m# O
Enos gt = 0 m# 0
B s T Ty 1

Ep st gt = 0 m#0 . (11)

I
L=

m#0
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Thus, from (6), we have that
- I _

B lByBramt = ElBgBpt = 0 m# 0 (12)
Similarly, since for A =0, Ik and IL'<+m are uncorrelated for all m and
likewise for Jk and Jllc’ we further have that

1 —
B slBkBend = O for all m . (13)
Thus, since from (6) and {7), Ty is dafined by Ly = Bk-Bi'(, we conclude
that Ty and ¢, are uncorrelated for k#2. In view of this, (10) simpli-
fies to
K
2 2 Z2-2
a = z g K-t
z {k 2 K }
K
- 2 22
- k£1 Enss{ck} - K &
K 2
- 1 [E. () + By 807 - 25, (15 DLARC: -2 e

From the definitions in (5), we require evaluation of the mean
square values of |I; |, |J], ]I&], and ]J]'<| at A=0. Since IIk|2 = IIkl
and similarly for [Jkl, |1, 1> and IJ}'(|, we trivially obtain the results

:

RIEN R A -erfc[—dwnﬂﬂ erfc[—d(zn-
(15a)

2 i Ry
En sl = E ({19} = erfc ) /5= (2n) (15b)

il

R R
p, erfc l:/—éq- (En):l +(7 ~ pt){%erfc l: z—d {

£, Y = B (1T

2n+'])]

Ry
+ -;— erfc l:/—zE (Zn-Tiﬁ (15¢)

St

e a0 Pk kL et 3 K e e I R

g anr Pt U T

L

o i A A S o & Vo Eraams = E 2 ee = s wer wbem it o



[Sa]

E %Y = B {19L]} = (1 Ry ] Rd
n,sUghr = Ep tldll = (T-py)erfe| /5= (2n) | +py5erfe (2n+1)

R
+ -;’2- erfc l:/-zﬂ (2n - 'l):” . (15d)

The last evaluation that we require to obtain UéiK) from (14) is the
correlation of lIk] with {J, | and similarly the correlation of |Ip | with
]J&|. While it is true that |Ik| and |Jk| are noisewise uncorrelated
and similarly for |I | and [J;|, these same pairs of random variables
are not uncorrelated with respect to averaging over the signal distri-
bution., Thus, from (3) and [1: (18), (22)], we have

E I = t [ - f [ﬁd_' 1 fuﬁgl— N
nsUTH9 1} = En,s{|1k||dkl} = erfc ,j'ir (2n) |37 erfc| [5 (2n+1)

1 Ry ]
+§-er‘fc /—2—~ (2n -1) }

Combining (15) and (16) together with the definitions of Bk and Bk
given in (5) produces the results

E, (81 = ns{[zkl m]} A%+ € 113,15

26 LT 9 1
R, - R, R
= erfc |;/--é(i (Zn)]"" ]E er'fc|: Td (2n+1ﬂ + %erﬂ: [/;:I(Zn -1):'
R R R,
—ZMﬁCL/T;&nﬂ{ mfc[/;;wn+1ﬂi~%mfc[-%iﬂn—lﬂ}
(17)
and

En,s{ﬁff} = En,s{sf} ) (18)




where both (17) and (18) are independent of k. Finally, substituting
(8). (17), and (18) intc (14} gives the desired result:

R, ~ R R
022 = 2K {1 - 2 erfc [“/Td (Zn):{”%erfc b/—;(znﬂ{'-!- %er‘fc{: Td (2n—1{{}

Rd 7]
+ 2K erfc > (2n)

2.1 Ry ] Ry
-2K[1~2pt+2Kpt] §erfc T(Znﬂ) +§erfc 7(2“"”

Ry 2 |
- erfc I: - (Zn)] . (19)

For Targe accumulation size (K), the random variable Z(K) is
approximately Gaussian distributed with mean given by (9) and variance
given by (19). Similarly, when A=1/2, namely, the equiprobable stable
Tock point of the bit sync loop which is half a bit shifted from the
true lock point, Z(K) is once again {for large K} Gaussian distributed
with mean equal to the negative of (9) and the same variance as in (19).

3.2 Evaluation of Ambiguity Resolution Probabilities

As previously mentioned, an ambiguity decision (correct or
incorrect) is made whenever the differenced counter output Z{K) exceeds
a preset threshold y where K is now & random variable which specifically
represents the number of bit intervals at which either counter first
overflows. In particular, the ambiguity decision algorithm may be
stated as follows. If counter 1 overflows when A=0 (i.e., the bit
rate clock is in phase with the input NRZ data transitions), then if
counter 1 minus counter 2 exceeds the threshold y, a correct ambiguity
decision is made in favor of the bit rate clock. If counter 1 overflows
when a=1/2 (i.e., the complement of the bit rate clock is in phase with
the input NRZ data transitions), then if counter 1 minus counter 2
exceeds v, an incorrect ambiguity decision is made in favor of the bit
rate clock. If when counter 1 overflows, counter 1 minus counter 2
does not exceed vy, then both counters are reset to zero and the test

-
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continues. In a similar fashidn, if counter 2 overflows, then if vy is
exceeded by counter 2 minus counter 1, an ambiguity decision is made
in favor of the complement of the bit rate clock. This decision will
be correct if it occurs when A =1/2 and will be incorrect if it occurs
when A =0. Again, if counter 2 overflows and the differenced counter
outputs do not exceed the threshold, then both counters are reset to
zero and the test for an ambiguity resolution continues.

Because of th=2 symmetry in the above algorithm with regard to
the overflow of counters 1 and 2, it is straightforward to show that
for each independent trial following reset of both counters, the con-
ditional probability of co}rect1y resolving the ambiguity after K bits
(K large) assuming A =0 is given by

Pi(K) = Prob {Z{K)>v[2=0, Y(K)=K . }. (20)

Similarly, the same unconditional probability assuming A=1/2 is given
by

P 2(}() = Prob {-Z(K)>vy[r=1/2, Y'(X) =K (21)

c min} '
In (20) and (21), Y(K) and Y'(K) are, respectively, the outputs of
counters 1 and 2 at the time of overflow and Kmin is the capacity of
each counter before overflow. For the Hughes Ku-band ambiguity resolver,
Kain = p12 (12 bit storage capacity for each counter). Since from (7)
we have that Z{K) = Y(K) - Y'(K), then (20) and (21) can be rewritten as

(22)

Pq(K) = Prob {Y!(K)<K . ~y[rx=0, Y(K)=K . |

(23)

Peo(K) Prob {Y(K} <K . -v[r=1/2, Y'(K)=K

min}'

From the results of the previous section, Y(K) and Y'(K) are
both Gaussian (for large K) random variables with conditional means

[see (4)]

[i=g

i (K) 2 E K =0} = E{Y(K)[x=1/2)

K(1-2pt){%-erfc A +-% erfc &A™ - erfc AO} (24)

It

g e st i e e g : -




11
and conditional variances
2 A ; 21, 2 - 21, -
oo (K) & E{[Y'(K)-u (K)I7a=0} = E{LY(K) ~u (K)3*]a=1/2}
= K{erfc A0+ (1-2 erfe AO)(%-erfc e %—erfc A7}
- K2(1-2pt)2{%-erfc At +‘%-erfc AT - %—erfc AD}E . (25)
where
R
08 j?‘(zn)
R,
A= de (2n+1)
- Ry
A = 7?-(2n-1) . (26)
Thus, from the foregoing and the symmetry of the decision algorithm,
- A
we have that Pc1(K) = Pcz(K) = PC(K), where
' =Y -1 _(K)
PK) = % + +erf [K"““ ] . (27)
\/E"GC(K)

To obtain the unconditional probability PC of correctly resolving
the ambiguity in "one pass," we must average (22) and (23) over the
probability distributions* (frequency functions) of K for counters 1}
and 2, Letting

po(K) = Prob {Y(K)=Km.n|1\=0}

1

Py (K) Prob {Y'(K) =|<m.nl>\= 1/2} (28)

then since A=0 and *=1/2 are equally 1ikely {each haz probability of

*

The frequency functions of the number of bit intervals to
first cause an overflow of counters 1 and 2 will be discussed in the
next section,

. . . X B .
T T T L o T N S A S U VAP E TR UM Yo Sy

T .y T ST T S
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occurrence equal to one-half) and pc1(K) = pcz(K) 4 pC(K), we have the

desired result:

where

or

and

P =

]

1
2

=~} ..l <o
WILCCIEURS SR LFCINE
I Pk p ). (29)

in

By similar reasoning, the probability of incorrectly resolving
the ambiguity in "one pass" is

P1(K)

Py(K)

p;(K)

1)

SRR CIYCE (30)
in

Prob {Z{K)>y[r=1/2, Y(K)=Km.n}

Prob {-2(K)>v|x =0, ¥'(K)=K . ] (a)

Prob {Y'(K) <K . -y[A=1/2, Y(K)=K . }

Prob {Y(K) <K : -v[x=0, Y'(K)=K . } (32)
Prob {Y(K) =K. [r»=1/2}
Prob {Y*(K)=K . |r=0}. (33)

From the resuits of the previous section, the conditional means
of Y(K) and Y'(K) required to evaluate (32} are

uI(K)

H

E{v'(KY|a=1/2} = E{Y(K)|r=0}

1

Kﬁ% erfc A + & erfc A - erfc AO} (34)

2

S
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and the corresponding conditional variances are

of(K) & E{LY'(K) -y (0P =172} = E{IV(K) - u ()P [a= 0}
= Klerfc A0+ (1~ 2erfc AO)(%-erfc AT+ %-erfc A7)}
- Kz{%-erfc A+ %-erfc A - %-erfc AO}2 . (35)
Thus,
ey e (K
Pr(K) = 3+ Lerf [K'“’“ v e (36)
xfo—cI(K)

Finally, the probability of not making an ambiguity resolution
when counter 1 or counter 2 overflows for the first time is

P = K;f. PCZKj p (K} + Kj_ P (K] py(K) (37)
m n
where
PLRY & Prob {Z(K)<y|r=0, Y(K) =K . }
= Prob {~Z(K) <y[x=1/2, Y'(K)=K . } (38)
and
PIKT £ Prob {Z(K)<y|x=1/2, Y(K)=K .}

Prob {-Z(K) <y[r=0, Y/ (K} =K . } (39)

——_—e

Clearly, since PCIKE = 1-—PC(K) and PI(K) = 1-PI(K), we have that

ﬁ=1~PC-PI. (40)

3.3 Probability Distributions of K (The Number of Bit Intervals
at Which Countér 1 or Counter 2 First Overfiows)

We begin this section by characterizing the random variables By
and s& which increment counters 1 and 2, respectively. Since the digi-
tizer outputs (see Figure 1) I I&, Jk’ and Jé can take on values 0,z1,
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then from the definitions of B and Bé in (5), we observe that they too

take on the same values.

Thus, the ocutputs of counters 1 and 2 behave

1ike a particular type of random walk wherein for each bit interval, their

values either remain unchanged or are incremented by +1 or -1 in

accordance with the corresponding values of By and Bé.
We have already evaluated the mean and variance of Bl and B&

{see, for example, (8), (17), (18),

of A=0 and »=1/2.

as follows.

(24), and (34)] under the hypothesis

The probability distributions (frequency functions)
of these random variables under the same hypotheses are readily found

Letting

-
>
n

and

Prob {8, =+1[x=2g} .

Prob {g, =0{r =14}

Prob {8, = -1{x =1}

Prob {8 =+T{a =2g}
Prob {g) = 0[r =24}

Prob {8 =-T[x=2g}

where A0==0 or 1/2, depending upon whether the bit rate
complement is in phase with the input data stream, then

e

E{B |2 =25} EA_O
2 _ L2
E{g, 11 =25} B*O

Solving for pAC= qAO

1x

, and r

szp +02xr‘

p, +O0xr
Ao A0

2
+(-1)
A0 A9

gives
Ao

+(~1)qug

x q?\o

It

(41)

(42)

ciock or its

P, ~g
Ao o

Pro Mg

Ao

(43)

T L AR I

et i
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1 7, — g

p = « |B,~ +B8 5

AO 2 _l AO_} _:..%

5, = B[

0 | "0 0_]

r, = 1-8 (44) iy

"0 ‘o

Similar relations to (44) hold for p;LO, ry_and g _ in terms of g,
and B'{O' Using the relations previously developed, we find that
pg = erf 1Y Ez— erfc A” + -]2- erfc Aj

I

rg = erf AO - (1-2 erfc AO)E? erfc At + —;— erfc A'i[ ’f’%

!
qg = erf %1 - %er’r‘c At - 32— erfc Aj (45) ‘i:
.
and
Pizz = % 3

! -

/2 ra

' -

Y72 ° Py (46)

Also,
- 0 1 + l &S 0

p(‘) = (erf A~ - pt)lj2 erfc A + 5 erfc A:l + Py erfc A
r['] = erf AO - {1-2 erfc AO)EE erfc At + ]2_ erfc Aj

: 1 + 1 - 0

9 = (erf A0 - (1- pt))Ez- erfc & + 5 erfc A:l + {1 -pt) erfc A (47) ;

and

Pz = %% Tz T Tor G2 T Pp (48)
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From the definitions of A+, AO, and A~ in (26), we observe the
following 1imits as Rd + w3

po""] p6+“-pt)
qo + 0 q6+pt
rg 0 r'[') +~0. (49)

Using these probability distributions for the random walk random vari-
able, we desire to compute the probability distributions of the number
of bit intervals (K) at which counter 1 or counter 2 first overflows.
Two approaches to this computation are discussed in Appendix D. The
principal result of these discussions is as follows. If Kmin denotes
the overflow level of either counter (e.g., 2]2 for the Ku-band ambi-
guity resoiver), then

p_.(K)

K-K .
(Kmin) ijn Kl

) - - -
¢ K et (M Kain = M), (K- Kin =)
11,3.5... 2 ) 2 '
KtKpin N “Kyin ™V
P 2 N .
and
(K) (Kmin K'ﬁ?in Kl
p =\ . - .
I K e (OEsde K Qnin ™M) (5 i MY
1,3,6... 2 : 2 s
K+Kmin'N K~Km1n—N \
2 . 2
B 2w 2o Kaky. G0

where the sum of N runs on the even integers if K"Kmin is even or on
the odd integers if K-K . 1is odd.

e e .

winan

e T B 14 i i i, i rR — 3 D20 L
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3.4 Mean Time for Ambiguity Resolution

As discussed in the introduction, the ambiguity resolver declares
an ambiguity decisijon whenever the difference between the counter that
overflows in a particular pass (trial) and the other counter exceeds a
threshold y. If, however, no ambiguity decision is made, then both
counters are reset to zero and the ambiguity search is continued with
a new independent pass. The process is continued until ambiguity reso-
lTution is achieved.

The probability of resolving the ambiguity in n passes becomes

-1
Paln) = Pyt (1-P)Pp+...+ (1-P)"70 Py (52)

which is a geometric series with a sum

PR(n) = 1-(1- PD)‘ (53)

where PD is the probability of resolving the ambiguity in one pass
whether correctly or incorrectly; that is,

Py = PptP, (54)

where PC and Py are given in (29) and (30), respectively.

In order to find the mean time to achieve an overall ambiguity
resolution probability in n passes PR(n), we must find the mean time
for a decision per pass ED' It is easy to show that

(PcmC + PI mI)

ED = R . (55)

where M. and My are the means of the probabilities of overflow of the

counter Teading fo a correct decision and an incorrect decision, respec-
tively; that is,

m, = E KP_(K) and  my = E KP{(K) » (56)

C - —
K=Knin K=Kinin

where PC(K) and PI(K) are given by (50} and (51), respectively. P, and

5 325 i ) v—

T A i i i e e S e s T ey
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PI are the unconditional probabilities of making a correct decision and
incorrect decision given by (29) and (30) respectively, and R is the
data rate which is also the rate at which the counters are incremented
or decremented. For the Ku-band ambiguity resolver, R=216 kbps. The
numerical evaluation of the probability of correct ambiguity resolution, E
incorrect ambiguity resolution, and éveralil probability of resolution
in n passes will be presented and compared to HAC test results in a
future report.

1
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APPENDIX G

MARKOV PROCESSES, RANDOM WALKS, AND THEIR APPLICATION
TO THE PERFORMANCE CHARACTERIZATION OF THE
KU~-BAND BIT SYNC AMBIGUITY RESOLVER

by

Waddah K. Alem
Marvin K. Simon
Charles L. Weber

1.0 INTRODUCTION

Markov processes have for a long time been extremely useful as
models for physical systems exhibiting random behavior. Many important
features of these processes, which have emerged from their application,
are best illustrated by the so-calied "random walk." In most random walk
problems discussed in the applications Titerature, the mathematical model
is physically described by an individual who takes a series of steps.

Each step moves one unit to the east and either one unit to the north

or one unit to the south. This individual decides the direction of his
walk (northeast or southeast) by making a Bernoulli trial with probability
p of success and q=1-~p of failure. Arbitrarily, it is assumed that

he goes northeast on a success and southeast on a failure.

A typical question of interest in such a random walk is: How
many steps does it take for the individual to first reach a certain dis-
tance to the north {or south)? It is desirable to characterize this
so-called "first passage time" problem by such measures as the probability
distribution (frequency function) of the number of steps to first reach
the boundary and the mean and variance of this distribution. Note that
after n steps, the individual will be n units to the east of his starting
point. His distance north relative to his starting point will be the net
humber of successes minus failures during the n step walk. Also, the
number of successes plus failures must, of course, be equal to n. We
shall shortly see that these simpie properties, which come from physical
reasoning, are extremely useful in a particular mathematical approach to
solving the first passage time problem.

In investigating the performance of the Ku-band bit synchroniza-
tion ambiguity resolver for the Space Shuttle Orbiter (SS0) Signal Pro-
cessor Assembly (SPA), it became apparent that the solution to a somewhat




more complicated random walk problem was required. In physical terms,
this problem can be described by an individual who once again takes a
series of steps. Now, however, in addition to going east on each step,
he moves one unit to the north with probability p, one unit to the
south with probability q ., or neither north nor south (i.e., due east)
with probability r=1-p-q. As before, we are interested in the proba-
bility distribution of the time to first cross a given boundary and the
mean and variance of the distribution.

It is surprising that, to the authors' best knowledge, this type
of random walk and its first passage time behavior have not been formally
treated in the appTicatidns Titerature. This appendix is an attempt to
i1l this gap. Several approaches for mathematically modeling this
problem will be discussed and the ensuing results will be shown to be
equivalent. To begin, we shall illustrate the approaches by first apply-
ing them to the classical random walk mentioned in the beginning of this
introduction.

2.0 APPRCACH BASED ON THE REFLECTION PRINCIPLE
2.1 Classical (Two-Way) Random Walk

Consider the typical random walk path illustrated in Figure 1
which originates (n=0) at Sg=1 and terminates (n=m) at the boundary
§“= i+ K. Here, n denotes the number of steps taken to the east, m is
the value of n at which the random walk first reaches the boundary,
which is K units above the originating point, and Sn is the value of the
random sum at the nth step of the walk. In mathematical terms,

s = 3 Xy 3 (1)

where Xk is a random varijahle which takes on values of +1 and -1 with
probability p and q, respectively. Letting N, represent the number
of positive steps and N_ the number of negative steps in any given path
from i to i+K, then from the properties previousiy discussed, it is
clear that

N, -N = K (2)

P ———




i+K

.
=

NI

Figure 1.

Typical Random Yalk Path
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and
N, + N, = m. (3)
Solving (2) and (3) for N, and N_ gives
. MK, . m-X
N+ 2 s N_ "—""2 . (4)
Since each positive step occurs with probability p and each
negative step with probability g, then the probability of any path
originating at SU= i and terminating at §n= i+K is
pN-l-qN... = p(m+K)/2 (-] - p)(m~K)/2_ (5)

The only question that remains in arder to compute the probability
distribution of m is: How many paths, with probability given by (5),
originate at SD= i and reach for the first time the Tevel i+K at n=m?

The total number of paths Ni,i+K(m) originating at S;=1 and
ending at §,= 1+K (irrespective of whether Sy = i+K for any n<m) is

equal to the number of ways of having N, successes in m Bernoulii trials,

j.e.,
I m
U™ T )T e ) (6)
+ 2

where (E) is the binomial coefficient defined by

(E) B k!(_:i'k_rl. . (7)

To obtain the number of paths with SO==i, 5= 1#K, and 5 < i+Kfor all
n<m, we must subtract from (6) the number of paths which reach the
boundary prior to n=m. Actually, rather than do this, we can simplify
the problem one step further. Since every path which reaches i+K for

the first time at step m must have come from i+K-1 at step m-1 and also
i+K-2 at step m-2, we can first compute the total number of paths origi-
nating at i and terminating at i+K-2 at step m-2 [a smaller number of
paths than Ni,i+K(m) of (6)] and then subtract off those for which S, = T+
for any n<m-2. This total number of paths is ciearly

T S Py ;. -




m-2 m-2
N. . (m~2) = (8)
'IQT‘I'K"'Z m_2+ K_z M _
2 2

We next compute the number of paths for which SU= i, Sm_2= i+K-2,
and Sn= i+K for one or more values of n<m-2. For each such deviant path,
we can select the smallest value of n (say nD} for which Sn0==i+K and
reflect the portion of the path preceding this value of n about the
o= i+K axis (see Figure 2). The reflected portion, together with the
original portion having n>ng will form a new path with SU= i+2K and
Sy.p = 1+K-2. However, every path with S,=1+2K and 5§, = 1+K-2 must
have Sn==0 for some O<n<m-2. Thus, there is a one~to-one correspon-
dence between each deviant path between i and i+K-2 and every path
between i+2K and i+K-2. Thus, the number of deviant paths between i
and i+K-2 is

m-~ 2 m-2
Nisog, sek-2(m2) = = : (9)

m-2+ k-2 - 2K mK _,/
2 7

Subtracting (9) from (8) gives the number of paths which originate at i
and cross for the first time the boundary i+K at n=m, i.e.,

m-2 m-2 \
N = - . (10)
mEk m-K _ 5
2 2

Finaliy then, the probability distribution of m (the number of steps to
first cross the boundary K units above the originating point) is

m-2 m-2

p(m) = - p
11 S m-K

(meK)/2 (g _ oy (mK)/2 .

2 2
m= K, K+2, K+4, ... (11)

The number of paths N as computed by (10) can be simplified to
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Thus, the final form for the probabiltity distribution is

m
SmKY/2 (g (m-K)/2

mtK
2
©om=K, K2, K+, .

=

p{m) =
(13)

The probability of first reaching the boundary in any number

of steps is

pb = ) p{m) . (14)
m=K,K+2,..
Substituting (13) into (14) and Tetting i= (m-K)/2 gives
oo b [2ieK) K i
Py = K2 (m)(1+x)*’ (1-p)
i=0
K% (2i+K-1)! i
= Kp _Z L‘%qqmgjlg-'fp(1 Sk
i=0
2
= pK{1+Kp(Lp)-fK(ms)LRgéful—
3 1
+ K(Ked) (K+5) L “3", " ; , (15)

From [1, pp. 34-35, Series No. (187)], we have that

-1
Ty D81 \2, nled) (i) (3, o Ly ATy L (1)

2

Comparing {158) and (16) and letting n=K, y=p(1-p), gives

K
2p 1 . (17)

P =
b {1 + V1-p(l-p)

Figure 3 illustrates Py versus p for K=10, 100. WNote that, for p<1,
there is always a finite probability of not reaching the boundary given
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by 1- Pb' Furthermore, as K gets large, the probability of reaching
the boundary becomes an extremely sensitive function of p.

2.2 Three-Way Random Walk

Consider now the random walk at each step can proceed in one of
three directions, namely, northeast with probability p, southeast with
probability g, and due east with probability r=1-p-gq. An exampie
of this type of walk is {illustrated in Figure 4. Once again, the net
number of positive steps to reach the boundary is given by K, i.e.,

(2) still applies. However, the total number of steps m must now include
the number of steps during which no advance in the north or south direc-
tion is made. Letting NU denote this number of flat steps, then the
equation corresponding to (3) would be

Ny #N_+ Ny = m. (18)

Selving (2) and (18) for N, and N_ (dependent now also on NU) gives

m+K-N m-K-N
N =——-—-§-—9; N o= —— O (19)

+ - 2
Since now each positive {(north) step occurs with probability p, each
negative (south) step occurs with probability q, and each zero (due
east) step occurs with probability r, then the probability of any path
originating at SO= i and terminating at %n= i+K is

N, NN (m+K-N_)/2 (m-K-N.)/2 N
P g r0=p 0 q 070, (20)

Once again, to compute the probabjlity distribution of m, we must find
the number of paths which originate at i and first reach the boundary
i+K at step n=m.

The total number of paths Ni,i+K(m;N0) originating at Sg= i
and ending at Sm= i+ K {irrespective of whether Sn= i+K for any n<m)
is a trinomial coefficient, namely,

! I N,

2 0

2

. - m! - m!
",k (milg) = TR (m+K-NO) (m-K—NO) ' (21)

" o
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Also, the minimum value of m for which a path can reach the boundary
ism=K+ NO.

As in the iwo-way random walk, each path which reaches i+K at
step m for the first time must have come from i+K-1 at step m-1. Now,
however, at step m-2, the random walk could be either 5 ., = i+K-2 or
Sm~2 = j+K-1. The total number of paths originating at i and terminating
at i+K-2 is ”1,1+K-2(’“‘23”o)' Using the reflection principle once again
(see Figure 5 for an example of its application), the number of deviant
paths with S =1 and S ,=1+K-2 is Ni+2K,1‘+K—2(m"2;ND)' Thus, the
number of paths Ny with Sy=1, 5 o= 1+K-2, and S < 1+K for all
ign<m-2 is

M= N rekea(m2N) - Rigg jak o (m-23Ng)

= (m-2) 1 _ (m-2)1
mrE-N m-K-N m-K-N m+K-N ’
0 0 0 Q
(R iy PP A W L
(22)
By applying similar arguments as those above, the numbai of paths N2
with Sj=1, § _,=1i+K-1 and 5 <i+K for all T<n<m-2 is
Ny = Wy qagg (m2ilgoT) = Nypop g (m-23Ng-1)
(m-2)! _ (m-2)! (23)
m+[r(-N0 | m—K—N0 m—i{-NO | m+K-—NO | )
- I - - -
(om0 H s} Y NEY VR (i 152 g
Thus, the total number of paths N which reach the boundary for the first
time at step m is N= N1 +N2, and the corresponding frequency function
of m (conditioned on Ng) is
(m+K—N0)/2 (m-K~NO)/2 N0
p(msNg) = Np g o (24)

Finally, the unconditional probability distribution of m is obtained
by summing over NO’ i.e.,

kg sl

|
N
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m-K
) p(m;NO) : m-K odd
NO=1,3,5,..
p(m) = m-K (25)
) plmsNy) m-K even
N =0,2,4.,..

0

The defining expressions for N1 and N, given in (22) and (23),
respectively, can be simplified and combined to yield

= - [ K m!
No= Npehy = (m) m+K-N m-E-N ? (26)
=) (=)

2 2

which is analogous with (12). Combining (24), {25), and (26) gives the
final desired result

K miK il p(m+l<-1\10)/2 q(m-K-ND)/z rND '
" Ng=1,3,5,. . (MM [MRRo) L
Z 2 0
m= K+1,K+3,...
p(m) = (27)
_}S IHEK m! p(m'{-K—NO)/gq(m—K-NU)/Z rNO .
M N=0,2,4,.. (T Mo, MK
2 2 0

m=K,K+2,K+4,...

The probability of first reaching the boundary in any number of
steps is

Py = 1 o) . (28)
m=K

After considerabie algebraic manipulation, {28) can be put in the form

0 L
Py = kof oyt (-pl, (29)
where

o« Hoa - r--i
Cy = 1.20 s (1K++%1”! (;,—) (30)

i ki i £ R 5 ik mam i e

o e 2 s o kB s 1
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Unfortunately, however, the authors have been unable to arrive at a
closed form expression for (29) analogous to (17).

3.0 PROBABILITY DISTRIBUTION OF THE DURATION OF THE RANDOM WALK

USING THE GENERATING FUNCTIONS METHOD

The probability distribution of the duration of the random walk
js determined by use of generating functions [2]. The random walk is
assumed to have absorbing barriers at 0 and A. The barrier at A wiil
be allowed to extend to infinity after the probability distribution
has been determined.

Assuming, as in Figure 6, that a particle starts at a height K i
with probability p of making a positive step to a height K+1, proba-
bility q of making a negative step to a height K-1, and probability
v=1-p-q of remaining at the same height K, the probability of reach-
ing the zero height in m steps is developed with a finite A and then
with infinite A which reduces the problem to that solved using the
reflective principle approach.

It should be noted, however, that in the end result the roles
of p and g should be interchanged to obtain the results in (27). .
This is due to the fact that, as is obvious in Figure 6, in this
approach p is the probability of moving away from the crossing level,
contrary to the assumption made in the first approach.

Absorbing Boundary :?

Random Walk

Absorbing Boundary 2
0 ‘ m "
Figure 6. Notation for Generating Function Approach for the :

Random YWalk Problem 4
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Definition: Let pK,m be the probability that the random walk
described in the previous sectioh and in Figure 1 will terminate at 0
in m steps, given that the particle (or register setting) was initially
placed at K, with K and m positive integers.

Definition: Let 892 ys Ay +es be a sequence of real numbers.
If

G(s) = § aksk (31)
k=0

converges in some interval |s| <Sps then G (s) is called the generating
function of the sequence {ak}. The variable s itself has no significance.

Definition: Let PK(s) be the generating function for the set
of probabilities {PK qt for a given K. In particular,

Pels) & 1 P S - (32)

Gjven that the random walk started at position K at m=0,
after the First step the position is K+1, K, or K-1. As a result, we
conclude that, for 1<K<A-1 and m>1,

p (33)

kol = PPratm * 9Pk T PPk

This is a homogeneous difference equation depending on the two variables

K and m, where K is analogous to amplitude and m {s analogous %o time.
The boundary conditions are

Po,m = 0, m =

Po.o = 1

PA,m = 0, mz>0

Peo = 0 K>0 . (34)

If the generating function for the set of probabilities {PK m}
is PK(s), then the generating function for the set {PK m+1} is
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bt PK(S)
6(IP g} 2 nzo Pl S = —5—- (35)

With (35), the generating function for both sides of the differ-
ence equation in (33} can be written, with the result that

PK(s) = s[p PK+](S) + q PK-i(S) +—r-PK(s)] . (36)

The boundary conditions in (34), when converted to generating
functions, lead to the Tollowing boundary conditions on PK(S):

Po(s) =

Pp(s) = 0. (37)

The evaluation of the homogeneous generating function (36) with
the boundary conditions in (37) can be carried out as follows. Assume
a solution of the form

Pels) = [as)1" (38)

for some function A(s). Substituting (38) into (36}, we find that A(s)
is the solution of the quadratic equation

S]JAZ(S) -~ {1-rsya(s) +sq = 0, (39)

which has solutions

2 2
H(s) 1—rs+wjﬁ-rs) -4pags (40a)
2ps
and
2 2
A(s) = 1-rs—J(1—r-s) -4pgs” (40b)
2ps

Therefore, the solution for the generating function is of the form

Pels) = ¢y(s) g ()1€ + () Day(s)1%, (a1}

5 oy 1o WL a1
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where the coefficient functions of s, ci(s), 1=1,2, are to be deter-

mined from the boundary conditions in (37). Via direct substitution,

Po(s) = 1 = cj(s) + cz(s) {42a)
and
Pa(s) = 0 = cy(s) ()T + cpls) ()17, (42b)
from which we obtain
o B y(s)1° (a32)
c.{s) = 13a
‘ ()" - [aq ()T
and
-Da(s)1?
c(s) = A (43b)
2 [ap(s)I* - [ ()1
Substitution of (43) into (41) yields
D)1 I ()1% - g (9)7* 1)1
PK(S) = A i\ (44)
[7\2(3)] - [;\1(5)]
where li(s) are given by (40). Using the relationship
A(s)ay(s) = g-, (45)
this simpiifies to
A-K A-K
K -
Pels) = (ﬂ) )] . [AZ(S)JA _] (46)
Pl g1t - Dyt |

This is the generating function for the probability of reaching
{probabiTity of ruin or probabiiity of absorption at 0) at the

mth step. If PK(s) could easily be expanded into a power series as in
(32), then the coefficient of s™ in (46) would be PK,m‘ Unfortunately,

expanding (46) into a power series does not Tend itself to being
tractable.

0 level
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4.0 SOLUTION BY THE METHOD OF PARTIAL FRACTIONS

The generating function in (46) depends formally on a square
root but is actually a rational function. To see this, note initially
that an application of the hinomial theorem to the denominator in (46)
reduces the denominator te the form

1 \A 7 7 & [
(@) Jo-rotam® L (1)

k odd

fl

[ ()18 - D)1

k-1
X (]—-rs)A"k[(1-rs)2 - 4pq52] 2

1

s A \/(]" rs) - 4pq52 PA(s) , (47)

where PA(s) is an even polynomial of degree A-1 when A is odd and of
degree A-2 when A is even. The numerator is of the same form except
that A is replaced by A-k. Therefore, PK(s) is the ratio of two poly-
nomials in s whose degrees differ at most by 1. Conseguently, it is
possible to develop an explicit expression for the probabilities PK,m
by the method of partial fraction expansion.

The computations simplify greatly by the introduction of an
auxiliary variable ¢, which we define in terms of s via the relationship

-1 '
s = [% /pq cos ¢ + E] (48a)
or, equivaiently,
cos ¢ = IS (48b)
2sVpgq

Upon substitution of (48) into (40), we obtain the simplifications

A(s) = Ya/p exp (~14) (49a)
and
Az(s) = /q/p exp (+i¢). (49b)
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As & resuit,

K/2 _.
o - (7 iy

The roots sy, Sq5 .-.» 5y 1 Of the denominator in (50) are all
simple and hence there exists a partial fraction expansion of the form

(Q)K/E sin [(A-K) ¢]
p sin (A ¢)

Py(s)

A-1 P,
a+hbs+ } — - (51)

v=0 “v

n

In principle, the 1inear contribution at+bs must be formally
written to account for the fact that the degree of the numerator may be
one larger than the degree of the denominator. Since a and b con-
tribute only to PK,O and PK,T’ respectively, which are both zero if
K=2, we know a=b=0, Also, we should only consider the roots s, of
the denominator which are also not roots of the numerator. If an S,
is such & root, however, then PK(s) is continuous at s-= S, and the
corresponding p,= 0. Since such canceling roots do not contribute to
the right side of (51), we need not treat them separately.

The roots sgs Sy5 -+ Sp.q correspond to the roots

sin (A¢) = 0,

which has solutions
‘b = 'TA_\} L] \’=0:---5A"1 . (52)

No additional roots need be considered, since any other values of v in
(52) will not produce any new values of s in {48). Therefore,

-1
s, = [Zn/pq cos (wv/A)-i-r] 3 v=0,T,...,A-T . (53)

This expression is not valid when v+=0, A is even, and v=A/2. If such
is the case, however, then 9, is also a root of the numerator and this

T Wi ST iR s e

R T

T DR PR LA
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root vanishes in the final result. This lack of validity can therefore
be ignored.

Since all of the roots are simple, p, can be computed from the
following:

p, = Sljrg (s, -s) Py(s)
v
K/2 _.
. . - q sin [{A-K)¢]
- 51_:“; (Sv s) (p) sin (A ¢)
v

i)

E.K/Z _ ' (s- su)
(}3) 51N (Kd)v) 5].:[;] m .
v
The Tast timit can be determined from L'Hospital's rule and

using implicit differentiation of (48), with the result that

do 1
dt 2vpq 52 sin ¢

and

Lo

vz (Ko ) 1 1
p. = sin ¢ im .
v (p) v s+s [A cos (A¢) %%

Substituting (565) into (56),

= {4 2vpq_ 2 . .

o, (p) A sin (K¢v)sv sin (¢v),

0= 0,T,.. AT,
Note that, since ¢G==0, pg = 0, and the v=0 term can be neglected.
The generating function PK(s) therefore has the representation
A-1 A-1 p /s
= - Vv

PK(S) - z] S -§ T- S/Sv ’

v=] “y v=1

Each term in the above sum can be expanded into the power series

(54).

(55)

(56)

(57)

(58)

S ire i oy s

i
3
~.




21

pu/sv Py s \P
T-s/s, ~ (?)mo(_g\:) | (59)

Substituting (59) into (58),

o [A-]
PK(S) = Z [Z ;:]:lsm- (60)

m=0 [v=] S,

Comparing the power series representation of PK(s) in (60) with that in
(32), we have that the probability of absorption is given by

T o (61)
P = —_— 61
K,m v=l Sm+.l
AY)

Substituting (40) and (43) into (61), this probability reduces

to
m+K m=K m-1
X a-1

om 2 2 A . vy . [wvkK TV r
P = —==—9q"°p ¥ sin (——) sin (-—-——) €os — +* ~——— . (62)
K,m A vel A A A Zlfﬁ

This is the probability of absorption at 0 at the mth step, when starting
at K, with an additional barrier at A>K.

The barrier at A is eliminated by passing to the Timit as A + =,
with the result that

m-K m+K

m~1
2 2 . . r
P = 2M pP°q [ sin (wx)} sin (Kex) {cos (wx) + :] dx . (63)
Km 0 2 /.

This can also be written as

m-K mk m-1-k

1

-1
PK,m _ Zmp 2 q 2 m): (ml-(l) (,___I'___) f sin {(mx) sin (Kwx) [cos (Trx)]k dx .

k=0 2v/pq 0

(64)

This is the probability of absorption at zero at the mth step, when
starting at K, and no other absorbing barrier.
The integral in (64) can be evaluated in the following manner:

B S AT

catihic

i e candes

P

NP |




o
2ir

PR3
el

%

22
/
0 n+i odd
n 1 n-1 ‘ R
2 I cos (wx) sin (wx) sin (#ix) dx = {0 n<i (65)
0
"N
(n+l) T n+i even
\_._-_

As discussed before, interchanging the role of p and g and using (65)
resuits in

K m-K m-1-k
A '“il m-1\( v k-1 KA (66)
K,m P 1 - k — Krk+1 § K1 7
k=K-1 2Vpq 5
k+K+1 even

Changing the summation variable to N0=[n—1-k reduces (66) to (27),
namely,

K m+K—N0 m-K-Ng "

It

!NO!

T ! 0
Pe o = pm) = “‘ p 2 q 2 r°.  (67)
Kom 0. (m+K-NO)I(m-K~NO)

]3'0 '

n
n 2

or 2

5.0 NUMERICAL RESULTS AND SPECIAL CASES

Using (27), the probability of reaching the threshold K in m
steps is plotted in Figures 7 and 8. Figure 7 assumes a threshold K= 10
and p=0.7 and varies q and r such that ptg+r=1. The mean and the
variance in each case is also shown in the figure. It is obvious from
these calculations that, for a constant K and p, the mean and the vari-
ance increase with the increase of q (the probability of taking a step
in the wrong direction) and the decrease of r the probability of taking
a step parallel to the threshold). In Figure 8, the probabilities p, q
and r are held constant and the threshold is used as a parameter.

Figure 9 iTlustrates the cumulative probability of crossing a
threshold (K=10) versus the number of steps for a given set of proba-

bilities p, q and r. The cumulative probability Pi?ﬂ is defined as
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Two interesting special cases can be derived; the first is the

26

classical two-way random walk problem and the second is a two-way random

walk problem with q (the probability of going in the wrong direction)

equal to 0.
A. Case 1: r=20

Substituting r=0 into (63) and using (65) results in

(r=0) K{ ™ E%E' E§E
PK - = -[h- m+}( q H m=K3K+2,K+49--.

2

which is identical to the expression in (13).

B. Case 2: q=10

Substituting q=0 in (67) and realizing that all the terms in
the summation are 0 except when N0=|n~K results in

ola=0) ]3( m )pKrm~K'
Kam M\ -k

Fquations (68) and (69) represent the two special cases of a two-way
random walk derived from a three-way random walk.

(68)

(69)

P RSP U

e e i T AL e a L A B a1 T



REFERENCES:

1.

2,

27

L.B. W. Jolley. Summation of Serises. New York: Dover Publications,

W. Feller.

An Intreduction to Probability Theory and Its Applica-

tions - Vol. I. 3rd ed. Wiley, 1968.

pn— ity P



CAPPENDIX H
PRODUCT DESIGN CONSIDERATION

g



APPENDIX H

PRODUCT DESIGN CONSIDERATION

by
Sergei Udalovy

1.0 INTRODUCTION

This appendix describes the product design considerations for the
Ku-Band Integrated Radar and Communication Equipment for the Space Shuttle
Orbiter.

This equipment, as designed by the contractor {Hughes Aircraft
Company), is comprised of four line replaceable units (LRU). One of
these LRUs is a deployed assembly (DA) located within the payload bay
and deployable upon the opening of the payload bay doors. The other
three LRUs are installed in the avionics bay located inside the Orbiter
cabin.

Figure 1 shows the deployed assembly. As is shown in the figure,
the DA consists of two major subassemblies: (1) the deployed mechanical
assembly (DMA) and (2) the deployed electronics assembly (DEA}. The DMA
includes all the necessary components for forming and steering a highly
directional antenna beam. These components are the gimbals, the antenna
reflector, and the feed with its support. The DEA houses the electronics
for transmission and reception of the radar signals and the reception of
the communication signals.

Currently, in the baseline, each Orbiter will be equipped with
two deployed assemblies, i.e., deployed assembly A and deployed assembly
B. The mechanical portions of the two deployed assemblies are identical.
The electronic assemblies of the A and B equipments, i.e., DEA-A and
DEA-B, have identical configurations except for certain shop-replaceable
units (SRU) which are radar-related. Because the B configuration equip-
ment is used only for the reception of the communication signals, the
radar-related components are removed fraom the B assemblies. It should
be noted that there is no work being done at Hughes on the'B assemblies,
and NASA is reviewing the need for the B assemblies.*

*At the time of this report, NASA has deleted Comm B and hence
the deployed assembly B. Therefore, any discussion of the B equipments
refiects REV A and not future specifications.
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Figure 2 shows an overall configuration of an avionics bay LRU.
The three such LRUs are electronics assembly 1 (EA-1), electronics
assembly 2 (EA-2), and the signal processing assembly (SPA). The EA-1
is devoted primarily to the communication function, but it also includes
the servo electronics for both the communication and radar operations.
The EA-2 is used exclusively for the radar function. The processing of
the transmitted and received communications data is performed by the SPA.
With the exception of the connector configurations, the mechanical con-
figurations of the avionics LRUs are identical.

The detailed description of the product design for the Ku-band
system subunits is presented in the sections which follow. The material
included in these subsections is abstracted from the Contractor's Pre-
liminary Design Review documents, dated March 1978.

2.0 ASSEMBLY DESCRIPTION
2.1 Depioyed Assemblies

The deployed assembly (DA) comprises that portion of the Ku-band
radar and communication system which attaches to the upper face of the
Rockwell-supplied deployment actuator and which stows in the Timited
space between the payload bay and the dooyr radiators. Major elements
of the DA are the deployed electronics assembly (DEA) and the deployed
mechanical assembly (DMA).

2.1.1 Deployed Electronics Assembly

The DEA is a shop-replaceable unit (SRU) of the DA line replace-
able unit (LRU) of the Ku-band integrated radar and communications
equipment.

2.7.1.1 Physical Description of DEA

The DEA (Figure 3) houses the electronics for the transmission
and reception of radar and communications data. The electronics are
housed in an enclosure 31 inches long, 15.5 inches high and 4.5 inches
deep. The overall estimated weight is 70.6 pounds. The enclosure is
mounted to the DMA structure by a flange that extends along the perim-
eter of the DEA chassis baseplate; 24 torque set screws hold the flange
in place.
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Figure 3. Deployed Electronics Assembly

2.1.1.2 Enclosure

The enclosure is a dip-brazed aluminum structure consisting of
a baseplate that also serves as the prime radiating surface, ribbed
side plates to which are mounted RF connectors, a front plate that
serves as the mounting surface for the power and command input connec-
tors, and a rear plate to which is mounted the waveguide output flanges
and RF connectors for test access. The inside of the chassis is parti-
tioned into cavities by a wall that extends the length of the chassis
and a shorter wall that separates the receiver and exciter subassemblies.
These walls provide mechanical stiffness to the structure and RF shield-
ing between the subassemblies.

The cover for the DEA enclosure is a bonded honeycomb structure
consisting ot two thin aluminum face sheets, an outer and inner flange,
and an aluminum honeycomb sandwich between the face sheets.
Manufacturing techniques for the DEA enclosure involve numeri-
cally controlled machining and dip-brazing procedures. The forms are
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utilized in fabrication of the mounting baseplate so that SRU mounting
posses and heat flux patterns can be incorporated. Numerically con-
trolled machining is also used in fabrication of the rib structure of
the two side walls to achieve a maximum strength-to-weight ratio. The
machined flange and baseplate provide the necessary jigging to position
the four sides and internal partitioning for the dip-brazing process.
The flange also serves as the sealing surface for the RF and environ-
mental seal in the cover.

The enclosure walls and cover, stiffened by the ribbing and
honeycomb construction, prevent excessive bending and displacement from
the pressure differential resulting from the space environment.

The DEA is functionally divided into five discrete SRUs that fit
into the enclosure as shown in Figure 4. The subassemhlies are arranged
to optimize the thermal distribution, minimize the length of critical
RF interconnections, and provide access for testing and maintainabiTity.
The five SRUs are plugged in and mounted directly to the base of the
chassis by means of captive hardware.
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The walls that partition the enclosure provide RF separation
between SRUs. RF gasketing in the cover and RF shielded feed-through
terminals in the walls complete the subassembly and unit Teve] RF/EMI
shielding.

Replacement of an SRU in the DEA involves removal of the cover
hardware and cover. Each SRU is independently replaceable. Subassem-
blies are plug-in modules fastened to the chassis baseplate with captive
hardware.

2.1.1.3 Thermal Design Concept

Active thermal control techniques are utilized in the DEA to
provide adequate thermal control. During operation, internal dissipa-
tion is radiated to the space environment by the external surfaces.

For nonoperating periods, the DEA will be augmeﬁted by thermostatically
controlled heaters to maintain acceptable temperatures.

The present maximum power dissipation is approximately 250 watts
at 28 VDC input. The total radiating surface of the DEA is approxi-
mately 8.5 square feet. A silvered teflon finish is used on the prime
radiating surface (haseplate) to minimize solar absorptance and provide
high thermai emittance. A white paint finish is used on the remainder
of the external surfaces.

Hughes has extensively analyzed the thermal design of the DEA
under specular radiation from the sun. It was found that, for certain
Orbiter attitudes and DA positions, the solar radiation was great enough
to cause the DEA to overheat. Hughes has since been directed to not
consider these few Orbiter attitudes and DA positions that lead to the
deleterious solar radiation in the thermal design. Therefore, Hughes
is analyzing the normal operating temperatures and the qualification
temperatures to determine if the thermal design is adequate. It is
important for Hughes to use the right criteria for analyzing the thermal
design. In previous analyses, Hughes used a junction temperature of
125°C as the upper limit allowed. However, this high a temperature
during the normal thermal environment will lead to greatly decreased
reliability. A normal junction temperature of 105°C would lead to a
more acceptable reliability.




2.1.1.4 Environmental Sealing Techniques

The DEA enclosure incorporates an environmental seal that
ensures compliance to a leakage rate of 10"4 cc per second when the
unit is Filled with inert gas at a pressure of 15.2 psia at ambient
temperature.

The primary seal is made by a gasket molded into a groove around
the pefimeter of the cover. Hermetic connectors are sealed at the
enclosure interface by O-rings. Hermetically sealed ceramic windows
are utilized in the waveguide adapter for the waveguide output flanges.
The adapter interface and the enclosure are sealed hy means of a gasket
molded into a groove around the perimeter of the adapter.

Internal module mounting is accomplished with blind hardware
in the baseplate.

2.1.1.5 DEA-B Confiquration

The DEA-A and DEA-B configurations are identical except for the
Exciter, Receiver, and Transmitter Microwave SRUs. In the B configura-
tion, the radar-related components are deleted from these subassemblies.

Physically, the subassemblies retain the same interconnections
and mounting interface dimensions so that Tdentical chassis and related
hardware can be utilized.

Externally, the DEA is symmetrical with the exception of LRU
electrical connectors. Mounting of the DEA-B to the DA boom is accom-
plished by rotating the unit approximately 180 degrees about its Y axis
so that the RF output waveguide flanges remain oriented toward the
antenna. The difference in the DEA-A and DEA-B installation is a minor
shift in LRU connector Tocations.

2.17.2 Deployed Mechanical Assembly

The DMA descriptions are separated into discussions of antenna,
rotary joints, structure, and gimbals.

2-1.2.1 Antenna
2.1.2.1.1 Narrowbeam Antenna

The narrowbeam antenna assembly is a prime fed paraboloidal
reflector using a five-element monopulse feed. The 36~inch parabolic
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antenna 1is constructed of epoxy-impregnated graphite cloth formed over
four main supporting ribs. A ring stiffener is used at the aperture
plane. The epoxy-graphite construction provides a lightweight structure.
The antenna shell and feed tube weight is 3.7 pounds. The monopod feed
support edge mounting prevents the feed frem mechanically Toading the
reflector surface by attaching to the same edge support structure used
for the parabolic surface. The overall depth of the antenna assembly

is less than 12.5 inches, allowing the required envelope clearance on
each side of the antenna during stowage. Figure 5 illustrates the
antenna structure.

2.1.2.7.2 Monopulse Feed

The radiating feed elements are printed circuit dipoles. Thin
copper clad stripline material is etched to form the dipole on one side
of the dielectric and the balun circuit on the other side.

The monopulse elements and sum feed are shown in Figure 6. The
four monopulse elements are single dipoles giving fixed linear polariza-
tion. They are located approximately a quarter of a wavelength above
a ground plane formed by the aluminum housing for the monopulse cir-
cuitry. The sum element is a crossed probe fed horn. This quadridged,
circular waveguide radiator has a 0.5 inch diameter aperture and fits
into the opening between the tracking channel dipoles and is flush with
the ground plane.

2.1.2.2 Rotary Joints

Two channels of RF energy traverse the dual-axis gimbals. The
sum channel remains isolated from the difference channel in a dual-
channel rotary joint, which consists of two rotary joint subassemblies,
one for each axis. These subassemblies are available as reliable off-
the-shelf components. Only minor modifications in the internal bearings
are required to satisfy the Shuttle temperature and vacuum requirements.

A1l rotary joint interconnections are interior to the gimbal
assembly housing to minimize Tength and provide environmental protection.
A1l exposed surfaces are gold plated and the interior of the gimbal is
vented through desiccant filled filter cartridges. Dry sealed, lead
coated steel bearings with lead-tin-bronze retainers are used. Pres-
sure release vents are provided on both sides of the bearings to minimize
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Figure 6. Antenna Feed

air in-rush across bearings during reentry pressure equalization. Wave-
guide windows at input and output prevent circulation of dust beyond the
unsealed area.

2.1.2.3 Structure

The Deployed Assembly structure consists of three basic ele-
ments: the base pedestal that bolts to the Shuttle deployment mechanism
and contains the electrical connector interface; a structural frame into
which the DEA is secured; and a gimbal mounting bracket. These three
elements of the structure are electron beam welded together to form a
single unitized assembly.

The U channel of the frame provides the DA cable harness wire
paths, the gimbal connector bulkhead, and supports the thermal shields
located around the periphery. Attachment of the DEA within this frame
is by 24 boits passing through both the DEAR radiator plate and the frame
1ip, and held by self-locking nuts in 19 places. The remaining five DEA-
to-frame fasteners are blocked by the base pedestal or the gimbal mount
and threaded into blind hole instailed locking inserts.
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A1l exterior surfaces of the structure assembly are covered
with 0.005" silvered teflon thermal finish material. ATT1 Tightening
holes in the base pedestal are closed with a film of this material %o
prevent the entrance of solar energy (direct or reflected) into the
interior cavities.

In addition, the exposed portions of the gimbal and antenna
support arm are painted with a white silicon thermal control paint.

Active thermal control is utilized for cold conditions. Sen-
sitive jtems on the gimbal that need to be kept above the -65°F survival
level are the encoders, the rotary joints, and the waveguide switch.
Heaters and thermal blankets are located to protect these jtems.

2.1.2.4 Gimbals

The DA gimbal assembly consists of the two-axis, servo-controlied
rotating mechanical and electrical interface between the deployed boom
structure and the antenna. Included are torguers, bearings, shaft
encoders, waveguides, coaxial cables, and other cabling. A locking
device secures the assembly in the stowed position. Minimum gimbal
cost, weight, and trunnion obscuration are achieved with the edge-
mounted antenna configuration.

The off-center gimbal configuration allows a maximum size (36"
diameter) narrowbeam antenna. Disturbance torques due to Shuttle accel-
erations are negligible; therefore, a centered load is not an operational
constraint.

Cabling used to pass through the gimbal is a printed circuit
flat ribbon carrying 55 conductors (20 shielded groupings), and two
RG 178 coax leads. The cable terminates at a terminal board on the
gimbal output where the hook-up is made for distribution to the various
tocations on the gimbalied load.

2.2 Avionics Bay Assemblies

2.2.1 General Product Design
2.2.1.1 Chassis

Although the EA-1, EA-2, and SPA chassis are different parts
(different connector patterns and different SRU/wire wrap plate mount-
ing patterns), the general design is the same for the three units. The

i




A

12

chassis is a dip-brazed aluminum structure (see Figure 7). There is

a solid frame around each of the two access openings (SRU and wire wrap
plate access), two solid end panels, and side walls consisting of two
0.040 aluminum sheets brazed to a corrugated sheet of 0.010 thick
aluminum (6061-T6 alloy).

Provisions have been included in the design to avoid trapping
brazing salts in the hollow side walls. Alsa, none of the machining
operations cut into a brazed joint, so that brazing salts entrapped
in the joint are not exposed to a corrosive environment.

A maghined datum A is shown upon which the interconnection plate
ultimately will be fastened. Both the upper and lower surfaces are
machined from the A datum with a surface roughness compatible for the
environmental seal integral with the two covers. Two holes that accept
nonconductive registration pins are driiled in the A datum plane. These
two holes constitute a datum point and line for all subsequent holes
numerically machined for bushings or connectors in the chassis structure.

After machining, the chassis is chromate coated per MIL-C-5541,
CL 1A, and the exterior surfaces are primed and painted. The structure
is also sealed per MIL-STD-276, Method B, to ensure against gas leaks
at any of the brazed interfaces.

The two nonconductive pins also align the SRU guide structures
during the bonding operation, as well as the interconnection plate when
installed. This control ensures precise alignment within allowable
tolerance buildups. A fixture is used during the bonding operation to
ensure accurate alignment with respect to the tooling pins for the wire
wrap SRU interconnection plate.

A1l fastener holes for the enclosure covers are either outside
the walls or terminated as blind hoies. Self-locking inserts of the
Rockwell International MD115-2002 series are used throughout. The only
holes that penetrate the cavity walls are for hermetically sealed front
panel connectors.

2.2.1.2 Wire Wrap Assembly

The wire wrap SRU interconnection plate is machined from 6061-T6

- aluminum alloy. The plate is 0.080 inch thick with 0.30 inch high stif-

fening ribs between SRU connectors. This design will adequately limit
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deflection of the plate when the SRU connectors are engaged with or
withdrawn from the receptacles. (SRU contacts are a flat blade design,
and the receptacles are a tuning fork design with a 0.025 square tail).
The wire wrap plate is electrically tied to the chassis, and
separate bus strips are provided for +5 volts and digital return (D-RTN)
signals. Each bus strip is an aluminum strip with a cross-sectional
size of approximately 0.060 x 0.40 inches. The bus strips are bonded
to the plate with epoxy-glass prepreg material. Electrical connection
between each designated contact and the appropriate bus strip is made by
installing a beryllium copper bushing over the 0.025 square contact tail
and pressing this bushing into a hole in the bus strip (see Figure 8).
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1l | 1] 1
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Figure 8. Wire Wrap Plate Connector Details
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Finish on the plate and both hus strips is a Type II anodic coat-
ing per MIL-A-8625, except for the holes and selected areas on the plate
which have a Class 1A chromate coating per MIL-C-5541. The anodic coat-
ing is applied before bonding, and the chiomate coating is applied after
bonding and drilling.

A separate harness is used for connections between the front
panel connectors and the wire wrap plate. There are three M55302/66-50S
connectors and three M55302/66-60S connectors on the harness for mating
to receptacles (commercially identified as the Airborne WTAV**PW40QJL
series) on the wire wrap plate. The receptacle reference designators
are marked on the plate, and the harness will be formed and tied so as
to prevent incorrect engagement of the harness connectors.

The 28-volt input power, motor driver output power, and signals
on coaxial cables are routed directly on separate harnesses without geing
through the wire wrap interconnect wiring. These signals each have
special characteristics (high current, high frequency, and/or EMI
source/susceptibility) which can be handled best in this manner.

Cutouts in the plate provide for a clearance hookup of ail SMA
coaxial connectors. The coaxial connectors extend from the SRU core
through the interconnection plate to facilitate making this connection
using conventional tools {open-end wrench).

A1l wire wrap conductors are dressed and tied to the plate to
prevent cold flow or abrasion shorting over extended periods of time.

After the plate is wired and electrical integrity is verified, .
the wire wrap pins and exposed conducting surfaces are conforﬁgl coated
to eliminate shorting in a zero gravity environment by a foreign object.
Rework procedures will allow modification to the conformally coated pins
if such modification is required during the Tife of the LRU.

2.2.1.3 SRU

The typical SRU {see Figures 9 and 10) consists of an aluminum
core with a printed wiring board (PWB) bonded to each side and a ‘connec-
tor fastened to one edge. The core is a T-shaped part with two captive
mounting screws (commercially identified as Deutsch HJCT-7800-8-B-2.5)
and provisions for supporting the SRU connector. The two mounting
screws provide force for engagement and disengagement of the SRU
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connector and for ensuring a good interface for heat transfer. Since
the aluminum core is the primary thermal path for cooling the components,
core thickness is dictated by the SRU power dissipation.

Each PWB is a 5.3 x 8.4 inch multilayer board (4,6, or 8 Tayers)
with an overall thickness of approximately 0.60 inches. The boards
are made from polymide-glass laminate material, and the exposed wiring
iines are solder plated (solder subsequently is fused). The boards are
designed for surface mounting of all components, and the plated through
holes (PTH) are not filled.

The PWBs are simultaneously bonded onto the core, in front-to-
back registration under heat and pressure, maintaining electrical isola-
tion from the metal core but retaining thermal conduction, with a poly~
sulfide adhesive-impregnated material (Hughes Aircraft Company, HMS 16-1965,
Class 1). This material provides the bonding agent and also an insulator
between wiring 1ines and the SRU core. Other considerations are rela-
tively Tow cure temneratures (200°F or Tess) and Tow bonding pressure
{not more than 15 psi). These factors make jt practical, if necessary,
to remove and replace one PWB on a completed SRU without damage to the
assembly or the components on the opposite PWB.

The SRU connector is fastened to the core with three screws.
Tails Trom the connector blade contacts are preformed to fit against
pads on the PWBs, and these contact tails are then refiow soldered onto
the PWB pads.

Each SRU connector has two keying pins which establish a go/no-go
engagement of the connector contacts. In addition to this mechanical
keying system, there is a color stripe painted on the top of each SRU
core in a manner such as to make a single diagonal Tine in the LRU.

Also, the SRU reference designator is marked on the SRU core and on
the wire wrap interconnection plate.

Electronic components are attached to the PWBs by reflow solder-
ing preformed component Teads to PWB pads. Flatpacks and other flat-
bodied components are bonded to the PWB with the polysulfide adhesive-
jmpregnated material., Larger round-bodied components and can-type
devices are bonded to the PWB with an alumina~filled polysulfide paste
(Hughes Aircraft Company, HP16-103, Type II). After SRU test, the PWBs
and components are conformally coated with a polyurethane coating material.




19

2.2.1.4 Low Voltage Power Supply

The EA-1, EA-2 and SPA Tow voltage power supplies are basically
the same physical design for all three units. The power supply moduie
(see Figure 11) is epproximately 9.7 x5.8x1.95 inches in size and weighs
about 3.0 pounds. Other physical design features imclude (1) machined
aluminum chassis for structural support and minimum thermal impedance,
{(2) single unit connector, and (3) captive fasteners for added maintain-
abiTlity.

An extensive effort was made to achieve commonality within the
three modules to both reduce design cost and the number of spare parts
required during the field support perjod. Over 98% of the parts are
common to all three designs. The linear regulator/logic printed circuit
board is identical in all three designs. The major differences in the
three designs is the converter transformer secondary output voltage
forms which are designed tc meet the requirements of each LRU.

Internal to each module are heavy magnetics, rectifying diodes,
and power transistors. Certain portions of the circuit are packaged
using printed circuit board (PCB) techniques, while the heavy components
and most of the high thermal dissipating devices are mounted directly to
the aluminum chassis. Those circuits which are mounted directly to the
chassis are the line filter, pass stage and driver transistor for the
Tinear regulator, the converter transformer and switching transistors,
and the inductors used for the filtering of the converter transformer
outputs.

Four PCBs are also used in each unit. These boards are the
interconnect board, linear reguiator/logic, rectifier and resistor/
capacitor. The interconnect PCB is the hub of the design because it
serves to distribute voltage forms to various physical Tocations
throughout the unit, including the inputs and outputs through the con-
nector to which it is reflow soldered. The rectifier PCB contains the
rectifiers for the output volitages of the converter transformer, while
the resistor/capacitor PCB contains the capacitors for the same output
voltages. Also included on the resistor/capacitor PCB are bleeder and
test access resistors.
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2.2.1.5 SRU, Chassis, and Wire Wrap Plate Interface

Figure 12 shows details of the interfaces between the SRUs,
chassis and wire wrap plate. Two edges of the SRU are heid in the
chassis guides which locate the SRU relative to the wire wrap plate.
Details of the guides are shown in the inset section A-A. The guides
consist of aluminum extrusions containing a Tow coefficient of friction
s1iding interface and a resilient backup material to accommodate adjust-
ments in tolerance buildups. As mentioned earlier, the precise location
of the bonded extrusions is Tixtured from the two index holes in the
A datum plane.

Details of the SRU edge connector mating with the wire wrap
plate mounted connector are shown in the other inset of Figure 12. The
force for engagement and disengagement of the connector is developed
with No. 8 jacking screws on the SRU. The jacking screws engage captive
inserts in the LRU chassis edge. They also insure good thermal contact
from the SRU to the chassis.

The wire wrap pins are recessed beiow the chassis flange to
prevent damage to the pins during bench handling.

2.2.1.6 Environmental Sealing

As described in the chassis section of the general product
design previously, the chassis is sealed at the brazed structure and
all fastener holes are outside the walls or are blind holes. 0O-ring
seals are used at the front panel connector openings. The covers have
seals molded into channels milled around the two cover perimeters.

The LRU is filled with a gas mixture of 99% nitrogen and 1%
helium. Internal pressure is 15.2+ 0.3 psia. Sealing has been designed
to achieve a leak rate of less than 1x107" cc/sec of nitrogen in the
pressure environment. The avionics equipment bay pressure environment
specified while operating is 12.36 psia continuous, 8.0 psia for Tless
than 165 minutes, and 18.0 psia maximum. For nonoperating conditions
of transport (at 36,000 feet altitude), it is 3.28 psia and 35.8 psia
during Orbiter cabin Teak test.

2.2,1.7 Thermal Analysis

Heat generated in the EA-1, EA-2 and SPA LRUs is dissipated to
the Shuttle cold plate. The path the heat energy takes to this sink
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was analyzed to determine the resultant temperdture. A model analysis
modeling the thermal resistances is il1lustrated in Figure 13. Heat is
conducted from the SRU core to the thermal interface at the jacking
screws of the SRU. From thére, it goes into the chassis side walls to
the LRU cover through a dry cover to chassis interface. Thence, the
heat spreads laterally through the LRU cover while being simultaneously
shunted to the Shuttle cold plate, also a dry interface. Both of ‘these
dry interfaces are influenced by the number of fasteners available to
help conduct the heat.

Specifications for the Shuttle cold plate in the avionics bay
while operating are 35°F to 120°F. A summary of the expected tempera-
ture rise given to thermal conductances of about an order of magnitude
range and operating voltages of 28 and 32 volts is given in Table 1
for the EA-2 SRUs.

2.2.2 EA-T LRU
An EA-1 LRU side view showing the 10 SRU modules in place is

given in Figure 14. Mechanical details of component heights, connectors
and module enclosures are shown.

2,2.3 EA-2 LRU

The EA-2 LRU is similar to that of EA-1 with 9 SRUs. No similar
mechanical drawing was available for detail.

2.2.4 SPA LRU

The SPA LRU side view is shown in Figure 15. WNine SRUs and other

mechanical details are shown. ;

3.0 SUMMARY

The above sections are a condensation of reports and engineering
data which describe the product design of the deployed and avionics bay
assemblies. Five basic units covered are the DEA, DMA, EA-1, EA-2, and
SPA. Consideration is given to the mechanical design, produceability,
thermal design, and environmental sealing.

Many of the procuct design features are used in common and thus
are described in general sections rather than duplicated in describing

each subunit.
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Table 1. Summary of EA-2 SRU Temperature Rises
Chassis/Module Interface
Power AT Above Cold Plate

Dissipation 5 5

(watts) h=0.549 W/in“ °C h=5.1 W/in" °C

Module Assembly
Designation Module Name Number 28V 32V 28V 32V 28V 32v
Al Analog Processor 3555610 8.0 8.0 4 4 1 1
A3 Preprocessor Control 3555620 7.0 7.0 9 9 4 4
A4 Digital Timing 3555630 5.0 5.0 10 10 5 5
A5 Filter Processor 3555640 2.0 2.0 10 10 4 4
A6 Mag. PDI/Log Control 3555650 1.0 1.0 10 10 4 4
A7 Detect. Disc. & AGC 3555660 2.0 2.0 10 11 4 4
A8 Range & Velocity 3555670 1.0 1.4 10 11 4 4
A9 Angle & Serial Data 3555680 2.0 2.0 1 12 4 4
Al3 Low Voltage Power Supply 3555690 38.05 | 44.35 27 31 13 15
TOTAL POWER 66.05 | 72.35
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