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ABSTRACT

This report describes the spatial acquisition. tracking. and pointing system of the MIT Lincoln Laborator\
Laser Intersatellite Transmission Experiment (LITE) flight package which was to be integrated on the NASA
Advanced Communications Technolog\ Satellite (ACTS). The overall design approach and underlying
rationale are also discussed. Considerable attention is given to the characterization of the spacecrafts
dynamic environment and its impact on acquisition and trackiihg subsystem design and performance.

Aooession For
NTIS GRA&I

DTIC TAB 0
SUn ,nnounced 0
Just Iftiatlo

By

Distrbution/
Availability Codes

Avail and/or
Dist Speolal

.I 

I



TABLE OF CONTENTS

Abstract i

List of Illustrations vii

List of Tables ix

List of Acronyms xi

1. INTRODUCTION

1.1 Background 1
1.2 Experiment and System Overview 2
1.3 Organization of Report 6

2. SYSTEM REQUIREMENTS 9

2.1 Pointing Requirements 9
2.2 Tracking Requirements 11
2.3 Acquisition Requirements 11

3. FLIGHT PACKAGE DESIGN CONSIDERATIONS 13

3.1 Mechanical Design 13
3.2 Thermal Design 15
3.3 Spacecraft Attitude Control and Disturbance Environment 16
3.4 Point-Ahead Requirement 23

3.5 Atmospheric Eft'ect 24

4. SYSTEM DESCRIPTION 27

4.1 Optical System O\er\'ie%\ 27
4.2 System Initialization 31

4.3 Alignment 32
4.4 Spatial Acquisition 39

4.4.1 Overview 39
4.4.2 Angular Uncertainty Budget 41
4.4.3 Acquisition Strategy 42
4.4.4 Implementation 50

4.4.5 Performance 52

4.5 Hand-Off from Acquisition to Tracking 62
4.6 Tracking and Pointing 64

4.6.1 Overview 64
4.6.2 Servo Description 65

4.6.3 Tracking Error Sensor 71
4.6.4 Pointing Budget 77



5. CONCLUSION AND DISCUSSION 79

ACKNOWLEDGMENTS 83

REFERENCES 85

APPENDIX 89



LIST OF ILLUSTRATIONS

Figure
No Page

1 LITE Operational Overview 3

2 Spatial Acquisition Sequence 4

3 Impact of Tracking and Pointing Errors on BER Performance 10

4 Spacecraft-to-OMS Interface 13

5 Finite Element Models of Optomechanical Subsystem 14

6 Spacecraft-to-OMS Acceleration Transfer Functions 15

7 Simulated Spacecraft Pitch Disturbance Due to ESA 18

8 Simulated Spacecraft Pitch Disturbance Due to SAD 19

9 Simulated Spacecraft Pitch Disturbance in Transition between
ESA and Gyro Attitude Control 20

10 Simulated Spacecraft Pitch Disturbance Due to Gyro 20

I 1 Measured MWA Acceleration Spectrum 21

12 Calculated Spacecraft-to-OMS LOS Transfer Function 22

13 Simplified OMS Schematic 27

14 OMS Optical Prescription 23

15 Top and Bottom Views of OMS 29

16 Source Stabilization Loop Block Diagram 32

17 Source Stabilization Loop Optical Diagram 33

18 Boresight System Block Diagram 35

19 Boresight Optical Diagram 36

20 Telescope LOS-to-Spacecraft System Alignment Block Diagram 37

21 Telescope LOS-to-Spacecraft Optical Diagram 38

22 Acquisition LOS-to-Spacecraft System Alignment Block Diagram 39

23 Acquisition LOS-to-Spacecraft System Optical Diagram 40

24 Acquisition System Block Diagram 43

25 Acquisition System Optical Diagram 44

vii



26 CPM Azimuth Jitter Performance 45

27 Acquisition Signal and Matched Filter Response 46

28 Acquisition Signal Spectrum 47

29 Main and Dither Scans for Acquisition Threshold Detection 48

30 Multiple Region Acquisition Scan 49

31 Acquisition System Signal Processing 50

32 Acquisition Time/Jitter Trade-Off 60

33 Acquisition Margin/Jitter Trade-Off 60

34 Tracking Disturbance Spectrum 62

35 Tracking System Normalizing Angle Error Detector 63

36 Simplified Tracking and Pointing System 65

37 Tracking System Block Diagram 66

38 HBO Loop Block Diagram 67

39 CPM Azimuth Loop Block Diagram 68

40 Tracking System Closed-Loop Rejection Performance 71

41 Tracking System NEA Performance 73

42 Tracking S\steni Operating Ranges 74

43 Pointing and Tracking System Block Diagram 76

44 Pointing and Tracking Optical Diagram 77

A-I Pick Maximum Dither Scan Performance (Nighttime Earth Background) 91

A-2 Pick Maximum Dither Scan Performance 'Daytime Earth Background) 92

viii



LIST OF TABLES

Table
No Page

I Key ACTS/LITE System Characteristics 2

2 Spatial Acquisition System Options 5

3 LITE Spatial Acquisition/Tracking System 5

4 Highlights of ACTS/LITE Acquisition System Specifications 6

5 Highlights of ACTS/LITE. Tracking System Specifications 7

6 Acquisition Angular Uncertainty Budget 16

7 Spacecraft Disturbances 17

8 LOS Disturbances Due to MWA 23

9 Periscope-to-Spacecraft Alignment Accuracy 34

10 Telescope-to- Spacecraft Alignment Accurac\ I

11 Line-of-Sight Jitter During Acquisition 44

12 Matched Filter Characteristics 51

13 LEO-ACTS Acquisition Link Budget 53

14 Acquisition and Tracking S\stem Noise Parameter,

15 Acquisition System Performance Summary 61

16 HBO Loop Parameter 69

17 Azimuth CPM Loop Parameter, 6()

18 Tracking System Uncompensated Closed-Loop Jitter 70

19 Tracking System Link Budget 75

20 Pointing System Budget 78

ix



LIST OF ACRONYMS

ACTS Adanced Communications Technology Satellite
AGC Automatic Gain Control
ANT Antenna Assembl,
APD A\ alanche Photo Detector
ATD Acquisition and Tracking Detector

BER Bit Error Rate
BW Beam\,, idth

CCD Charge Coupled Device
CG Center of Gra\ it\
CID Charge Injection Device
CPM Coarse Pointing Mirror

DAC. D/A Digital to Analog Con\erter
DDLT Direct Detection Laser Transceiver
DM DiagnosticN Module

ESA Earth Sensor A,,.ernbl\

FOV Field of \'ie.

FSK Frequenc\ Shitn Ke\ inc
F\VH\I Full-\Width-\a-Maximum

GEO Geostatlonjr\ Earth Orbit

HBO High-Bandyidth Opti .

ICD Interface Control Document
I/F lnterlace

LEO Lo'k Earth Orbit
LITE Laser Intersatellite Transmission Experiment
LCS Line of Sight

MWA Momentum W'heel Assenibl\

NAED Normalizing Angle Error Detector
NASI RAN NASA Structural Ana, ois Prooram
NEA Noise Equi aleni Angle
NEB Noise Equivalent Bandwidth

OMS Optomechanical Subsystem

PAM Point Ahead Mechanism
PIN P-Type Intrinsic N-Type
PDR Preliminary Design Reviev
PM Primary Mirrot

xi



RDC Resoker to Diial Converter
rss Xoot-Sum Square

SAD Solar Arra\ Drive
SAD A Source Alignment Detector Assemnbl
SAP Spatial Acquisition Processor
S/C Spacecraft
SM Secondarx, Mirror
SSNI Source Seici Mirror

TIA Transimpedlance Amplifier

WIFE Wasetront Error

xli



LASER INTERSATELLITE TRANSMISSION EXPERIMENT
SPATIAL ACQUISITION, TRACKING, AND POINTING SYSTEM

1. INTRODUCTION

1.1 BACKGROUND

The potential ad, antages of laser communications over RF systems in intersatellite links. particulal
for higher data rates. have become wx idel\ recognized [ 1-21. These include smaller aperture,, wk hich are more.C
easily integrated with the spacecraft, relative freedom from interference (intentional or other%, ise j. and the
a ailability of extremely large bandwidths. Recent advances in optical device technolog., particularl, in
sem ccnductor laser,. have spurred considerable research and development efforts in laser transmitter and
receiver subsvstems. HowAever. for intersatellite links, accurate pointing of an optical communication, beam
as narrow a,, a fe, microradian,, to a distant terminal also presents a significant challenge to the s\ tcm
designer. The problem i, complicated by issues such as uncertain platform attitude and on-board anuklr
disturbances hich can be ntan\ beaniy, idis In magnitude. T hi report discusses the spatial acqu ition tnd
tracking problem in the contei of an optical coinimunications demonstration to have been conducted h\ N Ii
Lincoln Laborator% on the NASA Advanced Communications Technology Satellite (ACTS). As such it

represents the detailed description of a point design. Although the flight portion of this demonstration \k a,
cancelled due to lack of,,ufficient funding, an engineering model of the opto-mechanical module i, being built
to ,alidate the design techniques and thu, reduce risk for future lasercom flight program,.

Since 19',5. Lincoln Laborator\ ha,, been in, ofled in the deign and development o' an experimctJ{
optical communications subsx stem on ACTS. which \,\as to be launched into a geostationar\ orbit sometime
around 1990. RCA is the ACTS spac.ecraft contractor. The ACTS program w\as to demonstrate a ,'ariet\ of
both micro%\,ave and optical space communications technologies. At RF it provides a number of high data
rate channels via a 3)-GHz uplink and 20-GHz dokknlink. usin, toko multibeam antenna,,. The optical
communication, experiment was to test both heterodyne and direct-detection systems as candidate,, ftor ture
intersatellite links. NASA's Goddard Space Flight Center was to provide the direct-detection hardy, are \k huil
the heterod\ ;., system .as the responsibilit\ of Lincoln Laboratory. The Lincoln portion of the experiment
has been designated as the Laser Intersatellite Transmission Experiment (LITEi. The direct-detection
system, called the direct-detection laser transceiver (DDLT). was to be implemented as an add-on subs\ stem
to be delivered to Lincoln Laboratory for integration in the total optical communications package and \A ith
ACTS. The LITE design includes acquisition, tracking. and pointing subsystems which are the subliect of
this report. The design of a major part of this opto-mechanical subsystem (OMS). has been performed jointl\
by Lincoln Laboratory and by Perkin-Elmer Corporation under contract to Lincoln.

In January 1988, after successful OMS preliminary and critical design reviews and a successful LITE

preliminar design re\ie\., the LITE program \.as rescoped from a flight program to an engineering
model due to funding cutbacks.



Because laser satellite communications technology is still in an emerging state. there is limited
information in the literature about the acquisition and tracking problem based on experience A ith an actual
satellite platform 13-14]. The intent of this report is to identify the problem areas requiring attention and
careful design b\ the acquisition/tracking subsystem designer and to present a design solution in the context
of ACTS/LITE. Models for the attitude accuracy and disturbances environment of a candidate satellite
platform and applications of key component technologies are highlighted. Although the discussion is specific
to LITE. the basic approaches should be applicable to other future laser communications satellite systems.

1.2 EXPERIMENT AND SYSTEM OVERVIEW

The LITE portion of the experiment \ as to demonstrate a one-way transmission of data at rate, up to
220 Mbps from ACTS to a receiving terminal. Data was to be sent from the ground over the 30-GHz uplink
to ACTS where it \kas to be demodulated and then retransmitted optically to the receiver. An on-board
pseudorandom sequence generator was provided for bit-error rate (BERt testing. Initial experiments were
to ne conducted using a special purpose ground station as a substitute for another satellite. Thi,, station ., a,
to be located at an astronomicall\ favorable high-altitude site in the southwestern United States. such as MI.
Wilson in southern California. to mitigate the effects of atmospheric turbulence on optical beam propagation
through the atmosphere. This arranEement would ha\ e provided a relativel\ simple and inexpensi\ e \k a\ to

verift performance in advance of the launch of another satellite terminal in the future. Follok-up
demonstrations of a complete satellite-to-satellite link could have involved a second LITE-compatible
package on board a lov, -earth orbit iLEO )satellite. This report will focus on the later scenario. Although
wke Vill briefl\ comment on atmospheric effect,. they are not included in the various s\ stem budgets.

The key systen characteristic,, of LITE are listed in Table 1. k, hile Figure 1 provides a simplified
experiment O\er\ ie\k. Spatial acquisition and tracking betveen the t\,ko ends of the link are performed
cooperati\el\. The receiving terminal "ill find and track a beam from ACTS and in turn w\ill point a return
beacon to ACTS (Figure 2). This beacon will not carry data modulation and is provided solel\ for acquisition
and tracking.

TABLE 1.

Key ACTS/LITE System Characteristics

Link GEO to Ground, GEO. or LEO

Aperture Size 20-cm diam.

Transr,,it Beamwidth 4.3 irad FWHM. Diffraction-Limited

Transmit Laser Power 30 mW. Beacon and Data Transmitters

Wavelength Plan LITE Transmitter: 8634 - 8656 A
Acq/Track Beacon: 8591 A

Polarization Opposite Circular for Transmit'Receive

Data Rates 27.5. 55. 110. 220 Mbps

Modulation 2-ary or 4-ary FSK

2
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The design of the acquisition svstem imo]\e, a choice of illumination and reception strateie,,.

Generally speaking. these can be categorized as either serial or parallel [151. (A third possibility. namel\

zooming. can be considered as a serial/parallel h\ brid.) Table 2 summarizes the characteristics of serial and

parallel acquisition schemes. The ACTS flight package design evolved into one which ernplo\ s a wide-beam
parallel illumination strategy for the transmit beam and a serial-scan receiver using an APD front end. The

other terminal employs a charge coupled device (CCD) parallel-search acquisition receiver and uses a

moderately widened (several times diffraction limit) transmit beam.

The spatial tracking system can adapt conventional RF angle-tracking techniques - monopulse or

beam-dithering (conical scan or sequential lobing) - to the optical domain. The principles of these

techniques are well documented in the radar literature. Tracking system design also involves selection of a

sensor technology (heterodyne versus direct detection) and associated hardware (photodetectors, front-end

design). The flight package uses a monopulse direct-detection tracker which shares the APD front-end \ith

the acquisition system. The other receiving terminal, which carries a heterodyne data receiver. will perform

tracking in the heterodyne mode 14].
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I- 181grad) WHILE
COARSE TRACKING

/ \ 
\\
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Figuie 2. Spatial a quisition sequienc.
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TABLE 2.
Spatial Acquisition System Options

Transmit Receive

Serial Scan Narrow Beam Scan Detector (e.g., APD)
via Steering Mirror FOV via Steering Mirror,

Serial Processing

Parallel Broadened Beam Wide FOV Detector
Array (e.g.. CCD),

Parallel Processing

A summary of the key characteristics of the spatial acquisition/tracking systems is given in Table 3.
Highlights of the specifications for the ACTS/LITE acquisition and tracking systems are given in Tables 4
and 5. with a discussion on most of these later in this report. Only the flight package system on board ACTS
is considered. %Nwith the intention of focusing on the issues of performing acquisition and tracking in space on
an actual satellite platform. Closely related issues. such as the thermal and mechanical designs. are also
discussed briefl\.

TABLE 3.
LITE Spatial Acquisition/Tracking Systems

Detector Heterodyne / Acq 'Track Transmit
Direct Detection Receiver Beamwidth

(FWHM)
Acquisition

Flight Quad Direct Serial 1 mrad
Package APD Detection Scan

Receiving CCD Direct Parallel 18 p.rad
Terminal Detection Search

Tracking
Flight Quad Direct Monopulse 4.3 iprad
Package APD Detection

Receiving Quad Heterodyne Monopulse 4.3 p.rad
Terminal P-I-N Detection

5



TABLE 4.

Highlights of ACTS!LITE Acquisition System Specifications

Specification Comment

Detector Quadrant APD Quadrants Summed,
20 jirad FOV

Received Beacon 8591 A. 54 kHz Avoids DC offsets and
Square-Wave Low Frequency
Intensity Modulation Interference at Receiver

Optical Filter < 30 A Background Rejection

Scan Parameters Spiral Pattern
Diameter 1.25 krad
Velocity 160, 40, 10, 2.5 mrad's
Overlap 5, 10, 15 tirad

CPM Tracking Slew Rate 0 - 300 p.radls LEO

Search Time Variable 0.5 - 26 s Per 1.25 mrad diameter
Region

Detection Threshold or Detection Filter
Pick Maximum Matched to Scan Rate

Open-Loop LOS < 6 p.rad rms Spacecraft SAD and
Jitter (OMS and S CI ESA off. Gyro on

Signal Margin 9.7 - 18.5 dB Varies with Scan Rate.
Detection Mode. and
Background
(> 0.98 Prob. Acq.)

1.3 ORGANIZATION OF REPORT

Section 2 defines the top-level requirements imposed on the acquisition and tracking subsystems.
Constraints on system design. including package size, weight, and power. satellite launch and orbital
environments, and the special case of atmospheric effects on the ACTS-to-ground link are discussed in
Section 3. The details of system design and operation are given in Section 4 in the form of a walk-through
of the key system functions, beginning with system initialization and culminating in cooperative pointing and
tracking. A conclusion is found in Section 5.
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TABLE 5.

Highlights of ACTS/LITE Tracking System Specifications

Specification Comment

Detector Quadrant APD Monopulse Detection.
20 prad FOV

Received Beacon 8591 A. 54 kHz Avoids DC offsets and
Square-Wave Low Frequency
Intensity Modulation Interference at Receiver

Optical Filter < 30 A Background Rejection

Loop-Crossover 500 or 1000 Hz, Disturbance Rejection
Frequency Selectable vs NEA

CPM Slew Rate 0 - 300 .rad/s LEO

Tracking Error < 0.215 Rirad rms Jitter < 1 dB Comm. Loss
< 0.086 p.rad Bias

Signal Margin 18.8 dB Night Earth Background
18.5 dB Day Earth Background
0.5 dB Solar Background

Disturbance Amplitude 17 dB Low Frequency Sources
Margin 3.0 dB Momentum Wheel

7



2. SYSTEM REQUIREMENTS

2.1 POINTING REQUIREMENTS

The two types of pointing requirements can be separated as those during communication and during
acquisition. This section deals with the requirements during communication. and Section 2.3 discusses
requirements during acquisition.

The purpose of the pointing system is to deliver power to and receive power from a distant receiver. In
the case of a communication system the quality of pointing can be quantified in terms of the effect on link
BER. Several papers have been published on the effect of pointing errors on communication performance
either in terms of average BER or probability of burst errors [ 14,16-201. A major topic of these publications
is optimizing antenna gain for a given pointing error. The optimized antenna diameter is obtained b\ a
compromise between the increase in power that results from increased antenna gain and the eventual decrease
in power that results from increasing pointing errors due to decreasing antenna beamwidth. Many of the
assumptions used in their analyses are invalid for our system. For instance, it is typically assumed that the
tracking errors are Gaussian and independent of signal power. Our pointing budget reveals that the dominant
source of jitter is composed of approximatel\ equal parts of Gaussian and non-Gaussian jitter, that the
Gaussian component is a function of signal power. and that a large component of the pointing error is due
to bias.

Our philosophy has been to avoid regions in which pointing errors are a significant limitation on the
BER. Once the antenna aperture is big enough to close the link for the margin, data rate. and modulation
format desired. and assuming the spatial pointing system can support that link. increasing the antenna aperture
Aould only be detrimental to overall system performance. This approach will minimize susceptibility to
modeling errors. ensure that the pointing s\ stems at the transmitter and recei\ er are uncoupled and remain
in their linear range. and minimize the need for reacquisition due to loss-of-lock. Minimizing loss-of-lock
is important not only because spatial. frequency. and timing systems must reacquire. but re-acquisition can
require a time-consuming interface with the spacecraft control system.-

The effect of pointing tand tracking) errors on communication performance will be characterized in
terms of the increase in transmitter power required to maintain a constant average BER [20]. It is assumed
that both the transmitter and receiver aperture diameter are fixed, and that the modulation format is
noncoherent 4-arv FSK modulation with rate 1/2 convolutional coding. However, the results are represen-
tative of other systems. too. The dependence of the BER conditioned on received signal power has been
presented [21 ]. It is a complicated function that depends on many parameters. one of which is received signal
power. For a heterodyne communication system the received IF signal power is a function of the pointing

2 Acquisition on board ACTS requires a command to stop the spacecraft solar array drive in order to

reduce line-of-sight motion.
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error from the transmitter and the tracking erroi at the receiver. The power loss. L(E). due to radial pointing
or tracking error. E. is eas\ to derive and is well approximated by

2 J I(IrE)(1
L =-

where f has been nucmalized by the transmitter or receiver FWHM beamwidth (\/d). The increase in
transmitter signal power required to maintain a specified average BER can be found by averaging the
conditional BER over the respective pointing and tracking error probability densities.

Figure 3 shows a special case of our analysis. Here we have assumed an average BER of 10( 6 and that
each of the four integration axes (azimuth and elevation at the transmitter and receiver) have probabilit\
densities that are independent identically distributed Gaussian random variables. On the ordinate is the rms
single-axis error and the plots are parameterized by radial bias (i.e.. total transmitter bias = total receiver bias
= 0.2 BW).

10
rms POINTING ERROR=

9 rms TRACKING ERROR
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8 <BER> 10 -
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For each curve in Figure 3 there is a value of rms error beyond which the powerpenalty quickly becomes
prohibitive and that value decreases \ ith increasing bias. Our goal for the transmitter pointing system is to

keep both the bias and jitter to less than 0.1 beamwidths (BW). Under the assumptions, this would allow a

power penalty of less than I dB. Note that a more elaborate analysis has been performed using the actual
models for pointing errors (Section 4) and yields a similar result for the power penalty.

2.2 TRACKING REQUIREMENTS

As indicated earlier, it is desirable to keep the pointing errors less than 0.1 BV. For our 20-cm aperture

and wavelength of 0.86 p.m. this corresponds to 0.43 pgrad. Since the spacecraft has disturbances many orders
of magnitude larger than this value (see Section 4.6.1 ). a beacon must be sent from the receiving terminal to

the transmitter to be used as a reference for the ACTS pointing system. Although inertial reference units and
star trackers can be used to correct for some of the spacecraft disturbances (principally at low frequencies).
dynamic thermal and vibrational environments still dictate the need for an optical beacon reference.

The accuracy with which the spatial tracking system can track the beacon is a lower bound for pointing
system accuracy. In addition to tracking errors, there are many other contributors to pointing error (see
Section 4.6.4). Each item must be allocated a fraction of the overall pointing budget. For instance, to the

tracking system we allot to each axis a budget of 0.05 BW to rms tracking error and 0.02 BW to tracking bias.

2.3 ACQUISITION REQUIREMENTS

In order to reduce the large spatial uncertainties at the transmitter and receiver to the point \here

cooperatix e pointing and tracking of diffraction-limited beams can begin, a spatial acquisition s5stein Is

needed. There are a number of ob\iou, goal, for thi, system: ( I ) that after transferring \ arious ephemeri-

data and acquisition parameters. the acquisition sequence be autonomous: (2) that after mo\ ing the coarse
pointing optics to the region of interest, the time required for acquisition be less than -I min: (3) that the
probability of a failed acquisition be small (- 10'2 ): and (4) that the acquisition system be simple so as not

to dominate overall system risk. complexity. weight. and poxer. A few papers have dealt with optical spatial

acquisition [15.22.231. Although a cooperative serial illumination/parallel search best satisfies the first three

requirements. it was decided a parallel illumination/serial search at the transmitter and parallel illumination/

parallel search at the receiver would best satisfy all four requirements. Parallel illumination helps minimize
the coordination needed bet een transmitter and receiver, and although a parallel search requires less signal

power and search time. a serial search at the transmitter allows the acquisition system to share much of the
hardware that is required for the tracking system.

The acquisition algorithm is depicted in Figure 2. First, the transmitter (on ACTS) illuminates the
receiver with a spoiled beam. Next, the receiver performs a parallel search with a CCD and acquires the

spoiled beam. Since there is not enough power to accurately track the beam. a broadened beam is pointed
open-loop to illuminate the transmitter. The amount of broadening is chosen to be larger than the nominal

pointing uncertainty. Next. the transmitter scans its uncertainty zone with the tracking detector array.
acquires. and begins tracking the beacon. The transmitter then collapses its broadened beam down to a

11



diffraction-limited beam and add, the appropriate point-ahead angle. The increase in received power allows
the recei ,o begin tracking. Finall\. the receiver can collapse its beam down to the diffraction limit and
also adds the appropriate point-ahead angle.

This acquisition sequence dictates two pointing requirements. The first is that the errors introduced by
the mechanical pointing devices themselves should not significantly add to the total receiver uncertainty. As
will be seen in the Section 3. the attitude uncertaint\ of the ACTS platform is -1 mrad. Therefore the open-

loop pointing system accuracy requirement was chosen as 100 pkrad. Second, since a serial acquisition using
the tracking detector FOX is used. the LOS jitter during the acquisition scan must be less than the FOV to

ensure no gap., in coverage of the uncertainty zone. Section 4.4 shows the budgeted value of 6- grad rms for
LOS jitter is consistent with the tracking detector FOV of 20 ptrad.

12



3. FLIGHT PACKAGE DESIGN CONSIDERATIONS

As is the case with any spaceflight package there are a number of constraints that can affect the system
design and performance. These include the constraints associated with the launch and operational
environments, which in turn. affect the mechanical and thermal design. Pointing and tracking performance
are affected by the spacecraft attitude uncertainty and disturbance environment. In addition. the point-ahead
requirement is significant for space- based platforms. Finally. the LITE experiment design was influenced
by the requirement of establishing a link through the atmosphere. This section addresses these issues.

3.1 MECHANICAL DESIGN

The major mechanical design drivers are launch loads, a fundamental resonance mode requirement
from the spacecraft contractor, and the on-orbit LOS jitter environment. The first obvious mechanical

requirement is to ensure package survival through launch. The spacecraft contractor requires that the

fundamental modes of the optical module be kept above 50 Hz to keep it from interacting with the lok
frequency rocket accelerations and to minimize coupling into the spacecraft attitude control system. In

addition. while on-orbit the mechanical structure should either isolate, where possible, or minimize
amplification of spacecraft mechanical disturbances (i.e.. solar arra\ drive, momentum A heels).

To meet the fundamental mode requirement and simultaneousl\ satisfy the operational vibrational

i,olation requirement,, a three-point kinematic mount is used in the spacecraft-to-optical module interface
(FiuLre 4). The kinematic mounting helps minimize bench distortions due to thermal misalignments bet ecn
the ,pacecraf and the ONIS. The geometr\ and materials used in the mounting struts allow\s the interface to

PERCENTAGE OF TOTAL MASS PARTICIPATION
PER MODE IN THE SIX FUNDAMENTAL MODES

DIRECTION

MODEL X Y Z a y az
RESONANCE (Hz) Z Z

497 716 935 214

554 732 13.4

621 1,7 18.9 23 1.9 9.4

1369 63 30 24 560

144.9 23.3 16.7 80zY

X 151.5 929 60.7 26

Fji're 4 Spa+ e raji-r1 -OMS interc, .

13



be tuned to optimize for vibration isolation and launch loads. Also contained in this figure is the total mass,

participation per mode in the si' fundamental modes. Verticall\. this table indicates extent of total ma-,
contained in the first six modes. Horizontall\. it indicates to what extent the modes are coupled. This data.
as well as data on launch loading and vibrational isolation. were determined by a detailed NASTRAN model.
The nodal representations of four of these finite element models are shown in Figure 5. These models \kere
used extensively and often coupled ", ith thermal, optical. and servo models to accurately determine s\stemn
performance. As an example of the utilit\ of this model, Figure 6 shows the acceleration transfer functions

along the Z-axis to various points within the optical module. Note the fundamental resonance at 50 Hz. Belo'A
this resonance both launch and on-orbit disturbances are transmitted direct]\ into the optical module: at thi,

resonance the, are amplified: abho c this resonance the\ are attenuated.

3.2 THERMAL DESIGN

Maintenance of \xavefront quality and accurate pointing are tightly coupled to the thermal stabilit\ of

the optical module. Temperature changes and ,,ariation in termperature gradients. if not controlled. can
induce misalignments and mechanical deformation of key optical components (i.e.. mirrors and len,e,s). The
varying solar loading of both the electronics and the optical modules and the varying amount of electronic
A a,,te heat lead to a thermal enm ironnent kk ith lare dynamic,, and the need for precise thermal control

Operatim o\ cr thennal e\tremc, t1 l ,un to no sun in the aperture and/or full ,un to no sun on the radal,;-
s% a, required. To achie\ e these and other thermal coals, a thermal control ',\ stem that utilizes, both ati\ C and

pa,,,j e technique,, i, used. To nmiwtain preci,,e local control. the optical bench is divided into 24 act \ c
thermal control zones, each utili/tn. a h\ brid temperature controller. The set point,, for the variou, contlol
zone,, ran tc from I 5 to 2"  C %, it h a ,tabi t lhi\ of approinmatel ± I 'C. The pas,,i c ,\,lsem ut li/c, a ,olla
reic.ion \ indo\\. thern l radiaior,,. 22-la er ipton film-insulated blanket- on c\terior ,ur1,.c,. and
conducts lt\ tubular ,upport tr'V- t0 the ,paccraft-to-O.IS intertac. To minimi/e thenal \ inducd
drift,, in the trackin y,\stem I 11.ilni. dueC to temperature sensitiv it\ of the APD detectors). the temperature
reCulation sk ithin the detector housing is tighter. being' 20 _ 0.2"C. The pointing budget contained in Section
4.6.4 accounts for some of the,,e eflect,. The electronic,, module. ks hich requires lc,s strict thermal conttol.
is allossed to var\ between -35 and -6(6 C.

3.3 SPACECRAFT ATTITUDE CONTROL AND DISTURBANCE ENVIRONMENT

One of the main drivers of the acquisition sy stem design is the size of the angular uncertainti region.

This uncertainty limits the accuracy with which initial acquisition of the received beam. as \,ell as pointing

of the transmit beam, can be performed. The three dominant components to angular uncertaint\ are U I
limitations within the spacecraft attitude control system and thermal warping of the spacecraft structure: (2)
the open-loop pointing accuracy of the OMS relative to the spacecraft body: and (3) inaccuracies in orbital

ephemeris data. The ACTS spacecraft body orientation determines the basic pointing accuracy of the LITE
package. The platform pointing accuracy in pitch. roll. and yaw is shown in Table 6. This table include,,
worst-case values derived from the LITE/ACTS ICD (241. as well as best-ca,,e values derived from internal

RCA design specifications (as of ACTS PDR) [25-281. We expect the actual tolerance to be closer to the best-
case values: however, the system is designed to accommodate both. Also included in this table are estimated
values for uncertainty due to ephemeris and OMS open-loop pointing (Section 2.3). Section 4.4.2 discusses
the angular uncenaint\ budget in more detail.
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TABLE 6.
Acquisition Angular Uncertainty Budget

Ephemeris 0.1 mrad

OMS Open-Loop Pointing 0.1 mrad

ACTS Attitude Control Best Case Worst Case

Pitch ±0.5 mrad ±1 .75 mrad

Roll ±0.3 mrad :1.75 mrad

Yaw -_2.0 mrad -4 4 mrad
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Vibrational disturbances are another major design driver for the acquisition. tracking. and pointing
system, The data a% ailable on the spacecraft disturbances v as limited. In order to account lr uncertamntic,

in the models, an amplitude margin of 7 ( 17 dB) . as assigned to all the disturbances except the momentum
\heel assembl\ (NI\A) and g vro (margins used in the MWA model,, are discussed later). In addition. all

the disturbances are assumed to be present in each angular axis even though the models often predict the

disturbance to be present mainl\ in one axis. Table 7 contains a list of the major platform disturbances.

During spatial trac, n. noise in the spacecraft earth sensor assembl\ (ESA) combined vith quantization
effects in the attitude control system and momentum wheel speed granularity give rise to a low frequency

angular disturbance in pitch. Figure 7 is a simulated time history of the disturbance 125-28]. the band\ idth
of hich is limited by the maximum update rate of the M\VA of I Hz. This disturbance is modeled as a second

order Buttermorth spectrum ,, ith a bandw idth of 1 Hz and an rms amplitude of 100 1 irad (7X margin not
included).

TABLE 7.

Spacecraft Disturbances

Earth Sensor Assembly (ESA) 100 Lrad rms. 2nd-order Butterworth spectrum.
1 Hz -3dB frequency

Solar Array Drive (SAD) 70 1irad peak. Triangle Wave. 0.75 Hz
Antenna Assembly (ANT) 30 p.rad peak. sine wave. 1 Hz

10 p.rad peak sine wave. 2 Hz
Gyro

Drift < 200 prad'h
Noise < 2 gtrad rms

Momentum Wheel Assembly (MWA)
Harmonic Peak Harmonic Amplitudes (spacecraft coordinate system)

Resonance Accelerations igi Rotational Displacements (pLrad)

(Hz) x y z H H 0x y

100 0.04 0.036 0.036 0.40 0.20 0.20

200 0.006 0,002 0.002 0.010 0.02 0.02

300 0.016 0.030 0.018 0032 0.03 0.03
400 0.008 0.012 0.006 0.0028 0.001 0.001
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The stepping of the solar arra\ drive interacting with the lo,-frequency vibrational modes of the solar
panels gives rise to a lo\N -frequency angular disturbance in pitch. Figure 8 is a simulated time histor\ of the
disturbance [25-27J which is modeled as the first five harmonics of a triangle wave at a frequency of 0.75 Hz
(this is the dominant mechanical mode that interacts with the stepping frequency of 0.25 Hz) and a peak
amplitude of 70 I.trad.

To minimize LOS jitter. and thereby simplify the acquisition algorithm, during acquisition the solar
array drive is tumed off and the ESA is replaced with a evro. The use of a gyro for attitude reference is a
preexisting operational mode of the ACTS attitude control system of which the LITE package is able to take
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advantage. Thus before acquisition begins, an interaction with the spacecraft is required to make the switch
from ESA to gyro attitude control. Figure 9 is a simulated time history showing the transition from ESA to
gyro control [27-29]. Figure 10 sho san expanded version of the gyro disturbance. There are two principal

components to the gyro angular error: (1 ) a long-term linear drift, not expected to exceed 200 p.rad/h. and (2)
a short-term jitter. not expected to exceed 2 prad rms. The short-term jitter model is a second-order
Butterworth spectrum with a bandwidth of 1 Hz.

The stepping of the solar array drive also has the potential of interacting with the vibrational modes of

the microwave antenna assemblies. This disturbance is modeled as two sine waves wkith amplitudes of 30

and 10 p.rad. at frequencies of I and 2 Hz. respectively.
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Mass imbalances in the spacecraft momentum wheels, as well as imperfections in their bearings, can

give rise to high-frequency jitter. This disturbance is later shown to be one of the dominant sources of tracking

and pointing error as well as LOS jitter during acquisition (see Section 4.6). To model this disturbance.

measurements of the acceleration jitter spectrum on an operational momentum wheel (over the operational

spin frequency range 6000 rpm ± 8 percent) mounted on a similar (SPACENET) spacecraft were made 130-

33]. Three-axis accelerometers were mounted on the MWA as well as at three mounting locations that were

weighted to simulate an OMS. Figure 11 shows a typical acceleration jitter spectrum at the MWA [33.34].

Note that the imbalance of the MWA used was measured at -35 mg whereas the specification allowed for

70. Therefore the measured responses were doubled when used in subsequent analysis (Table 7 includes this

doubling). In addition. acceleration transfer functions (magnitude and phase) from the MWA to the mounting

locations were determined using impact hammers and network analyzers [30.31]. At high frequencies the

transfer functions were determined to be very dependent on the actual spacecraft bus design. Therefore a

conservative approach was adopted. to assume that all the energy is transmitted from the MWA to the OMS

mounting locations.
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The disturbances at the spacecraft mount~ng plane are modeled using six degrees of freedom at each
MWA harmonic. The results for a wheel speed ( '000 rpm are given in Table 7. The operating range for
the MWA is 5600 to 6400 rpm. Small but significarw differences over this operating range are taken into
account [35]. There are however, much larger differmces in the response of the OMS as a function of
frequency (see Figure 12). The rotational disturbance inputs are derived assuming the disturbances travel as
a shear wave from the MWA to the OMS mounting locations [34,35]. At a given frequency. the LOS
responses to the various inputs are absolute summed, while responses at different frequencies are root-
summed-squared.
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To reiterate. four different levels of conservatism are built into the MWA model: (1 ) a worst-case MWA
mass imbalance of 70 mg: (2) a transfer function of 1 from the MWA to the OMS mounting locations: (3)
all disturbances at a given frequency add in phase: and (4) the worst-case operational MWA speed is assumed
in the subsequent tracking analysis.

The disturbances discussed so far are the result of the host spacecraft to which the optical package is
attached and represent the angular disturbances present in the OMS-to-spacecraft mounting plane. Extensive
NASTRAN modeling of the optical components, mounts, and mechanical transfer functions was necessary
to determine the actual LOS variations induced in the pointing system by these disturbances. By taking into
account the relative motion of the various optical components. transfer functions of the form shown in Figure
12 are obtained. There are 12 different transfer functions to be considered (6 inputs, each with 2 outputs).
Multiplying the transfer function with the appropriate input disturbance spectrum yields the LOS jitter. Table
8 shows the LOS jitter that result from the MWA [37]. Similar information is used in subsequent acquisition
LOS jitter calculations and tracking and pointing error calculations.

TABLE 8.

LOS Disturbances Due to MWA

Frequency* North/South East/West
(Hz) (l.rad) (prad)

107 0.440 3.900
214 0.640 0-120
320 0.460 0.180
427 0.006 0.003

rss Total 0.90 3.90

* MWA @ 6400 rpm

3.4 POINT-AHEAD REQUIREMENT

Another constraint imposed by the orbit in which LITE operates is the necessity to account for the
relative motion of the transmitting and receiving platforms in a point-ahead angle requirement [5.8.38]. This
is the lead angle by which the outgoing beam must be offset in order to illuminate a moving target. The point-
ahead angle can be approximated by the following expression (which assumes a small angle approximation
and neglects relativistic terms)

PA= 2 -L  (2)

C
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where V is the component of differential platform velocity which is perpendicular to the LOS. The point-
ahead angle between a platform in geosynchronous orbit and a ground station is -21 pgrad and does not change
with time. The magnitude of the point-ahead angle between a GEO and a LEO platform can be as large as

50 ptrad (70 .rad for a LEO in a retrograde orbit) and varies as the LEO platform passes from the edge of
the earth's disk to directly below the satellite. A point-ahead angle slew rate of 0.5 gtrad/s and a LOS slew
rate of 300 trad/s are sufficient to follow most LEO platforms.

In addition, the tracking system must have enough low-frequency loop gain to track a LEO over ±10"
or to maintain lock on a GEO at ±90".

3.5 ATMOSPHERIC EFFECTS

The ultimate goal of the LITE system is to operate over a space-to-space link. However. as pointed out
in the introduction, initial experiments over a GEO-to-ground link are planned. Therefore we will briefl.
comment on some atmospheric effects that must be considered for optical transmission through the
atmosphere.

Atmospheric effects at optical wavelengths can be divided into three categories: absorption. scattering.
and turbulence [39.40]. With the exception of clouds. absorption and scattering primarily reduce the received
signal po. er and are very slow 1\ varying functions of time: consequently. with sufficient signal po%\ er the\
can be overcome. To minimize absorption. a wavelength of 860 nm was chosen for the uplink and downlink.
A window at this wa\ elength avoids most of the molecular water absorption lines at shorter wavelengths (i.e..
800 to 840 nm) 1411. Measurements of absorption and scattering indicate that at 860 nm the losses are
expected to be less than I dB at a good site on a good day (no clouds).

The effect of turbulence on optical beam propagation and communication link performance has been
the subject of many studies 142J. For a space-to-space link with small pointing and tracking errors, the signal
power at the receiver is relatively constant. Howe,er. for transmission through the atmosphere, turbulence
can cause significant distortion of the optical beam. For a beam transmitted from a ground site to a GEO
satellite receiver, the phase front at the receiver is essentially an ideal plane wave but the power is subject to
fades. This is due primarily to twAo causes. The first is that transmission through the atmosphere (first fek
kilometers) can corrupt the phase front. The resulting propagation of this corrupted phase front to
geosynchronous orbit can be such that it destructively interferes in the far-field, and the receiver experiences
a signal power fade. The ratio of transmitter aperture to atmospheric transverse coherence length (d/ro). plays
an important role in determining the statistics of this effect [43]. For a beam transmitted from a GEO satellite
to a ground receiver and for relatively small ratios of receive aperture to transverse coherence lengths (d/r-I I ).
the receiver experiences phase front fluctuations composed mainly of tilt, the total power being relatively
constant [39.43].

The second cause of degradation is that the uplink and downlink beams do not traverse exactly the same
paths through the atmosphere due to the point-ahead offset. Hence the tilt correction on the downlink imposed
by the ground station may not be completely correct for the uplink. The isoplanatic angle 0.. and the antenna
beamwidth X/d. play important roles in determining the statistics of this effect [43]. The differences in
atmospheric paths can be compounded by ground tracking and pointing errors.
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The LITE ground station location minimizes atmospheric effects by selection of a site at high altitude

(to be above the worst of the atmospheric turbulence) and by limiting link operation to "good seeing" periods

of the day (typically in the vicinity of dusk or dawn). It is expected that. even at an exceptional site, the

atmosphere will meet the good seeing conditions less than 5 percent of the time. Furthermore, even under

good conditions, the atmospheric degradation can easily exceed 10 dB [43]. Despite the large amount of

research devoted to quantifying atmospheric effects, the present analytic models are imperfect, and thus some

uncertainty as to the performance of the communication, acquisition, tracking, and pointing systems in the

presence of turbulence remains.
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4. SYSTEM DESCRIPTION

4.1 OPTICAL SYSTEM OVERVIEW

A simplified schematic of the LITE OMS package is shown in Figure 13. A more detailed optical

prescription is shown in Figure 14, and a pictorial diagram of the OMS is shown in Figure 15. The discussion
that follows will brietl describe some of the elements shown in these figures. To achieve the required angular
coverage of± 90" in east/west and ± 10" in north/south while satisfying the constraints of package volume and
wavefront quality, tile system utilizes a coarse pointing mirror (CPM) and a fixed telescope. The CPM desin
affords an additional 90 rotation in the east/west axis to allow the CPM to rotate into the stow and spacecraft
alignment positions. In the stow position, the optical module is partially sealed to minimize contamination

during ground testing. launch, and thruster firing during satellite station keeping. Each axis contains a 22-
bit inductosyn to provide position and velocity feedback. The east/west motor is a 2-phase 24-pole brushless
dc motor. The north/south motor is a limited-angle. permanent-magnet torque motor. Proper bearing
selection for the CPM is essential to meeting the performance requirements. Low starting and running torque
are critical to minimize LOS jitter during ,lewing (see Section 4.3) [44-46].
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The CPM is designed with two thin ultralow expansion (ULE) glass facesheets frit-bonded to an egg-

crate core in order to make it lightweight, thermally and mechanically stable, and radiation resistant.

Mounted onto the CPM assembly entrance aperture is a window which is an integral part of the thermal
control subsystem. It helps to maintain a constant thermal environment as the sun passes in and out of the
FOV. With the sun in the FOV. 80 percent of the incident solar flux is rejected while tranimitting 90 perconIt

of the signal energy at the beacon and communication wavelengths.

The telescope is a modified Dall-Kirkham design (ellipsoidal primary and spherical secondary) in that
a collimating correction tertiary lens group is included. The entrance pupil is 20-cm-diam. and is located on
the f/1.7 primary mirror. To maintain the critical primary-to-secondary spacing. super invar metering is used.
The telescope has a 15 percent linear obscuration. an afocal magnification of 11.5, and a field stop that limits

the FOV to 1.5 mrad (full width). The overall system optical wavefront quality is X/15 at 0.86 pm with an
optical throughput loss of -3.9 dB in the transmit path and -2.5 dB in the tracking receiver path.

As seen in Figure 14. the 3.5:1 relay is next in the optical train. It is used to image the input pupil onto
the high-bandwidth optic (HBO) so that pupil walk is minimized. This is important not only for optical
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throughput. but for proper tracking performance as well [3] .The HBO is used to track the received beacon
and to scan the acquisition and tracking detector (ATD) FOV during acquisition. During tracking the HBO
is controlled by error signals from the ATD. and during acquisition it is controlled digitally by the acq/irack
microprocessor. The HBO is a two-axis device driven by two pairs of linear voice coil actuators. Each pair
is driven in push-pull. It has internal differential eddy current angular sensors, a 1-cm-diameter mirror. a
mirror normal angular range of ±13.5 mrad (local space) in each axis. angular acceleration capability
of 15 krad/s'. and a -3 dB closed loop band" idth capability in excess of 5 kHz.

The incoming and outgoing light are orthogonally polarized and are separated via polarization
diplexing. The light reflected off the HBO is sent through a quarter-wave plate to convert the incoming
circular polarization to linear and the outgoing linear polarization to circular. A polarization diplexer then
separates the incoming and outgoing light. The received beacon is sent through a 25-A interference filter and
then focused onto the ATD. Incoming light at other wavelengths, such as the DDLT communication beam.
is reflected off the interference filter and into the DDLT receiver.

The ATD is a quadrant avalanche photo-detector (APD). An APD was chosen over PIN detectors.
photo-multiplier tubes, and CCD detectors since it offers significantly better performance for both acquisition
and tracking under the various operational scenarios. A quadrant detector-based tracking system is chosen
over detector arra\s with more than four element, as well as single element detector tnutation) tracking
systems since it offers essentially optimum tracking performance ,k hile pro\ iding estimates of tracking eno,
via simple sum and difference circuit,, 13]. Unfortunatelv. there are no commerciall\ available monolithic
quadrant APDs that meet our requirements of lo\, noise. narro k dead zone. and gain uniformitx. Therefore
one is created usine an image splitting cube and four discrete detectors. A four-u a, image splitter i, placed
in the focal plane along kkith a pin hole to define the FOV. Four lenses, each placed bet\, een the image splitter
and the APD. are used to collect the reflected light beams and image a pupil onto each of the detector,.
Imaging a pupil a- opposed to focusing) onto each of the four detectors minimizes the motion of the Npo:
across the detector surface and therefore minimizes the effect of gain nonuniformities across the face of the
APD.

There are five laser sources. Four are contained in the MIT/LL transmitter and one in the DDLT
transmitter. The source select mirror SSMI is a tmxo-axis mechanism that selects one of the fi\e sources and
can route it to one of three paths. The required range of the elevation axis of the SSM is small (±5 mrad):
therefore it is drixen Aith a linear actuator and has a diffirential edd\ current sensor to provide position
information. The required range of the azimuth axis i, large (52 'i. The azimuth assembl\ consists o1 a
precision duplex ball bearing mount, a brushless dc motor, and a 17-bit inductosxn for position information.

There are three optical paths. The first off the SSM is to the diagnostics module (DMI. It is used to
determine the transmission quality of the MIT/LL sources [471. The second path is to the periscope and is
used during acquisition to spoil the beam to I mrad. As discussed in Section 2.3. it is necessary to spoil the
beam while scanning the ATD FOV over the uncertainty region. The method chosen to achieve this is to
demagnify the selected source, route it around the telescope. and onto the CPM. This avoids complicated
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counter scan and zoom lens techniques. The periscope is basically an extended comer cube and therefore is
insensitive to alienment errors. The third path is through the telescope. As the outgoing beam passes through
the diplexer. a small amount of light (-2 percent) is split off and routed to the source alignment detector
assembly (SADA). The SADA is used to stabilize the transmitted beam relative to the ATD and also to
implement the point-ahead function.

The SADA and its focusing lens are strategically located next to the corresponding elements in the ATD
to minimize the effect of thermal drift and thus maintain the optical alignment of the receive and transmit
beams.

The purpose of the point-ahead mechanism (PAM) is to implement the point-ahead function and to
allo\ for boresighting. It consist!, of tmo orthogonally mounted 12.5 mm BK7 glass plates. Each platc is
driven b% a limited-angle, permanent-magnet. torque motor to provide a range of± 6". Position and % elocit\
sensing is provided b\ a resolver. As the tilt-plates are rotated. the focal spot is translated at the SAD.-\
detector. This displacement is sensed by the SADA error electronics and compensated for b\ using the SSNI.
Therefore. as the PAM rotates. a bias or offset is added to the SSM. The PAM provides ver\ high angular

gain. For 1 ptrad of far-field displacement. -1.5 mrad of PAM rotation is required. The actual PAN tilt to
focal spot displacement is nonlinear and to minimize the error associated wNith using this mechanism, a third-
order polynomial fit to the nonlinearit\ \Aas implemented [48]. This high sensitivity and lo%, dynamic range
provides better pointing stabilit\ than other methods (such as adding offsets directl\ to the SADA/SS\I loop

or using translational lem, dri\es. Furthermore. placing the PAM in the SADA path does not introduc
additional WFE into the transmitted or recei\ed beams. PAM accuracy is listed in Section 4.6.4.

The SADA is similar to the ATD in that it involves an image splitter and imaging len,es. Ho\\ ev er, sinc
sufficient signal power is axailable. PIN detectors instead of APD are used. This axoids the need foi

adjustahle high-o wItage supplies and reduces senitivit\ to temperature and gain unifornit\. Also. since the
transmitted bean i, not intensit\ -modulated. tracking inl',n~ tion i., derived at baseband. A, hereas the ATD
receives an intensit\-modulated beam.

The follo\k in subsections discuss in more detail the operation of this system. The\ are arraned in an
order that mimics the actual s\stem operation. i.e.. initialization. alignment, acquisition. hand off. tracking.
and pointing.

4.2 SYSTEM INITIALIZATION

This section describes the initialization sequence which follow\s a pover up from standby mode. While
in standb\ mode the entire LITE package is off except for those electronics necessary to keep the optical ben,.h
temperature above the minimum allowable (-20"C>. This temperature is necessary for the survival of the
super-invar elements. After a power-on command. the bench temperature and temperature gradient,, :re
stabilized, and the link management processor is initialized. This is necessary to minimize thermallx induced
distortions and misalignments Awhich contribute to both WFEs and pointing and tracking errors. Thermal
stabilization takes -30 to 50 min. General housekeeping functions are performed during this interval.
including calculation of the ephemeris and scan generation look-up table. and the selection and stabilization
of the transmit laser.
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4.3 ALIGNMENT

Possible changes in alignment due to launch loads, as well as thermal and mechanical on-orbit
disturbances, dictate the need for an on-orbit alignment capability. The four major tasks discussed in thi',
section are ( I ) to internally align and stabilize the laser source: (2) to align the transmit and receiver path,
(boresight): (3) to align the transmit path to the spacecraft: and (4) to align the acquisition path to the
spacecraft.

The first step in aligning and stabilizing the laser source is to locate it on the SADA. To do this. the acq/
track microprocessor commands the PAM to its electrical null and the SSM to point the selected laser to the
SADA. The SADA pointing information is contained in memory. Each time the selected source is located
and centered on the SADA, its previous position information is updated with the new location information.
if necessar\. The pointing information accurac\ and the s\stem thermal and mechanical stability, combined
% ith the large SADA FOV (- 4.9 mrad) ensure that the selected source will land on the SADA. Ho%, e\ er.
the s\stem has the ability to scan the selected source with the SSM to locate the signal on the SADA. Once
signal power is detected on the SADA, control of the SSM is switched to the SADA error signal,.

The purpose of the SSM in this mode is to internally stabilize the source with respect to the SADA.

Electrical and optical block diagrans illutrating the concept of the SSM control loop are showx-n in Figure,
16 anJ 7. reI p cri\ l\ The loop band\\ idih, must be sufficient to overcome both the lo" -frequenc\ i,)JI
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The electrical block diagrams sho% n here and elsewhere are often conceptual in nature in that certain optical
path, hak.e been ,,mpfi lcd. Ihc optical diagrams are often closer to actual hardy, are.
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body modes and the high-frequency vibrational modes of the SSM. transmitter housing. and various optical

components. Under microprocessor control. the SSM has 50-Hz position loops in both axes and a 400-Hz

velocity loop in the azimuth axis. The position loop bandwidth is limited by the update rate of the

microprocessor under loading. Under SADA control the elevation axis position bandwidth is increased to

500 Hz. However, a structural resonance at -I kHz does not allow the azimuth bandwidth to be increased.

The LOS pointing jitter due to linear and rotational disturbances at the base of the SSM. as well from other

angular disturbances such as the transmitter housing, were analyzed using NASTRAN and played through

the servo system to predict the contribution to LOS jitter (see Section 4.6.4). The limitation of a 50-Hz

position loop during acquisition resulted in a large MWA-induced jitter (see Table 9).
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Nox that the source is internally stabilized, it must be aligned to the receiver path. This boresight

procedure is begun with a command to rotate a mirror, located after the X/4 plate. into the transmission path.
This mirror directs the light onto a retroreflector. The reflected light therefore has the same polarization as

the received beacon and is directed to the ATD. The mirror is designed to attenuate the reflected light to a

power level comparable to the received beacon. The alignment tolerances are such that with high probabilit\

the light should focus onto the AID. If not. the light can be scanned using the PAM to locate the signal on

the ATD.
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Once signal power is detected on the ATD. the gains of the four front-end channels must be balanced.

Each APD can have a slightly different gain dependence on bias voltage and temperature. At high APD gains.
small differences in these parameters can lead to large differences in APD gain [49,50]. Furthermore, not

all the effects of aging and radiation on the parameters of the APD have been quantified [511. This, combined
with the stability and accuracy of the gains of the front-end transimpedance amplifiers (TIAs) and bias voltage

supplies, lead to the need for autonomous gain balancing.

TABLE 9.

Periscope-to-Spacecraft Alignment Accuracy

(p.rad)

Spacecraft Reference Mirror 50.00
CPM Accuracy 48.33

Position Accuracy 29.00

Servo Error 16.00
Structural Drift 10.00
Bearing Runout 32.00
Orthogonality 10.70

Alignment Residual 56.62
CPM Azimuth Resolution 0.75
CPM Elevation Resolution 1.50
SSM Azimuth Resolution 21.70
SSM Elevation Resolution 42.80

SADA 30.00
Jitter 57.93

Azimuth Servo 1.40

Elevation Servo 2.80

Structural Vibration 2.50
SSM Elevation 57.40
SSM Azimuth 7.13

rss Total 106.76

Before error signals can be generated by the ATD. the transmitter laser must be intensity-modulated at
54 kHz to be detected by the receiving electronics. To balance the front-end gains, the bias voltage

corresponding to the desired gain for APD No. I is found using a look-up table. This bias voltage is applied
to all four APDs. The signal power incident on APD No. I is maximized by monitoring the voltage (at 54
kHz) out of the corresponding TIA and using a hill-climbing algorithm and the microprocessor to steer the
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PAM. Once the signal is peaked. it is stored as a reference for the other three channels. The signal out of
the next channel to be balanced is peaked using the same algorithm. Once peaked, the bias voltage is servoed

until the output voltage is equal to the reference voltage. The gain balancing procedure is adequate to set the

average gain of the four channels to within ±10 percent of the desired gain and the gain of an individual
channel to within ±2.5 percent of the average gain. The temperature stabilities of the ATD and bias voltage

supplies are sufficient to ensure that their contribution to tracking system bias remains less than 0.086 pirad
per axis (see Section 4.6.4).

Once the front-end channels are balanced, the boresight procedure can be completed. Electrical and

optical block diagrams illustrating the concept of the boresight loop are shown in Figures 18 and 19.
respectively. To achieve boresight. the transmit beam must be simultaneously centered on the SADA and
ATD. To accomplish this. the PAM is slaved to the ATD error signal via a digital loop that involves the

microprocessor. Once the beam is centered on the ATD. the position of the PAM is measured and stored as
the zero reference for the point-ahead angle. The accuracy with which the ATD and SADA can be aligned
is dependent on many factors. These are enumerated in Section 4.6.4. but a detailed discussion of the

individual items is beyond the scope of this report.
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Figure 19. Boresight optical diagram.

Once boresight has been accomplished, the transmission path is aligned to the spacecraft (Figures 20
and 21 ). The CPM is moved from its stowed position to point the LOS to a reference mirror located at the
OMS/spacecraft interface. The reference mirror is located at the base of one of the interface struts which is
next to a spacecraft alignment cube. Also located close by is the earth sensor assembly (ESA) reference used
by the spacecraft attitude control system. The close proximity of the reference mirror to the ESA helps ensure
that proper alignment to the spacecraft axes is maintained in the presence of thermal changes. An acquisition
scan is then implemented to locate the return from the reference mirror with the ATD. The acquisition scan
algorithm is discussed in Section 4.4. To achieve power levels comparable to the received beacon. the
reference mirror diameter is sized to be 4 cm and a neutral density filter is placed in the alignment path. Once
the reference mirror is located, the CPM is slaved to the HBO position signal. When the HBO reaches its null,
the CPM position is sampled and used as zero point reference for subsequent open-loop pointing. The
estimated accuracy with which the transmit path can be aligned to the spacecraft is equal to 86 pLrad. Table
10 lists the some of the dominant factors that determine this accuracy.
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Telescope-to-Spacecraft Alignment Accuracy

(pLrad)
Spacecraft Reference Mirror 50.00
CPM Accuracy 48.33

Position Accuracy 29.00
Servo Error 16.00
Structural Drift 10.00
Bearing Runout 32.00
Orthogonality 10.70

Alignment Residual 1.68
CPM Azimuth Resolution 0.75
CPM Elevation Resolution 1.50

Telescope LOS Change 50.00

rss Total 85.66
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Figure 21. Telescope LOS-to-spacecraft optical diagram.

Now that the transmit path has been aligned to the spacecraft, the acquisition path must be aligned
(conceptually shown in Figures 22 and 23). This is accomplished by directing the source through the
periscope, off the reference mirror, and back onto the SADA. while the CPM is held in its reference position.
A polarization diplexer and the X/4 plate separate the transmitted and reflected light. The SADA focusing
lens and the PIN detectors are sized to accommodate the lateral shift in the beam from its nominal nonspoiled
beam mode. The SADA FOV and the open-loop pointing accuracy of the SSM should be sufficient to ensure
that the return from the reference mirror will be immediately detected on the SADA. However, a scan for
the return can be implemented using the SSM.

Upon detecting a signal on the SADA, control of the SSM is switched from the microprocessor to the
SADA. Once the beam is centered on the SADA, the position of the SSM is monitored. The SSM then
redirects the light from the acquisition path to the telescope path where the SSM/SADA control loop is
reestablished. The increment in the SSM position from the telescope path to the acquisition path is stored
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for use during acquisition. Storing the increment in the SSM position rather than the SSM position itself, helps
minimize drift errors during the time it takes the CPM to slew to its targeted position (-30 min). Table 9 lists
acquisition path alignment accuracy and some of the dominant factors determining the periscope alignment
accuracy.
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4.4 SPATIAL ACQUISITION

4.4.1 Overview

The acquisition system on ACTS has two major functions: (1) to illuminate, with a beacon, the
uncertainty region containing the other terminal, and (2) to detect and locate the return beacon from that
terminal so that a hando cr to the LITE spatial tracking system can be performed. This section focuses
primarily on the second task.
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A spiral scan search is performed by using the HRO to scan the FOV of the APD acquisition detector.
The angular dimensions of the spatial region, which is both illuiainated and scanned, are determined by the
a priori uncertainty in the location of the other terminal. Section 4.4.2 gives a budget for the spatial
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Figure 23. Acquisition LOS-to-spacecraf? s tem opiel diagram.

uncertainty. The output of the detector is passed on to signal detection electronics, and the position of the
HBO when a hit is detected gives the location of the detected beacon. Acquisition strategy is discussed in
Section 4.4.3, with details of the acquisition system implementation described in Section 4.4.4. Detection
performance depends upon many variables, including received signal power, the various sources of noise.
and LOS jitter. Section 4.4.5 gives the detection analysis.
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4.4.2 Angular UncertaintN Budget

The angular range which must be searched depends upon the a priori pointing uncertainty which arises
from a variety of sources. Here we give the budget for open-loop angle uncertainty between ACTS and a
receiving station, and discuss the variables which influence pointing accuracy. For purposes of analysis,
angular errors have been divided into three categories: (1 ) biases which are stable in orbit but are not known
or predictable prior to launch: (2) long-term errors which are defined as the time-averaged angle deviation
kf tim iiil ddiuk. ' ,c,, . i lakc! " ,,cr the duration of the longest anticipated acquisition
(several minutes) after subtracting biases: and (3) short-term errors, referred to here as "'angle jitter."
representing angular deviations occurring within an acquisition time interval. Acquisition angle uncertaint%
is related main1% to long-term error and thus the uncertainty budget given here includes only that. It is
assumed that biases can ev,.ntuall\ be estimated and calibrated out on-orbit after performing man\
acquisitions. The residual long-term errors then represent unknown. slowly varying deviations in angle
which appear essentially fixed over the course of a single acquisition but may vary from one session to the

next. Short-term errors are manifested as line-of-sight jitter during the course of an acquisition scan and are
dealt with separately.

In order to compute a best-estimate initial pointing angle for the target terminal, orbital elemcnt, for both
ACTS and the terminal are supplied as inputs to an on-board spatial acquisition processor (SAP). which
perfnrms an orbit-fitting routine and computes pointing angles. Errors in orbit-fitting of ACTS translate to

an estimated pointing error ot u. i I mod (--e Tahle 6). An error of 0. 1 mrad is representative of the accura 2
of moderate-complexit% orbit-fitting programs which can be accommodated by the SAP. If the other terminal
is a LEO satellite, another ephemeris-related issue of on-board clock accuracy must be considered. That is.
if the computed pointing angle for a specific time is not implemented at the correct instant because of time-
of-dax errors at the satellite. an additional pointing error is incurred. For example. the angle slewk rate of a

LEO terminal as seen from ACTS can be as high as 250 pirad/s. A 0. 1-s clock error then results in a 25-pLrad
pointing error. For a geostationary-to-geostationary link. however, the pointing angle is nominall\ time-
invariant and clock accurac\ is thus not an issue. In practice. imperfect station-keeping results in some
residual drift in the satellite orbit and thus some small angle slew rates may be encountered. Open-loop
pointing error account,, for the CPM open-loop pointing accuracy, that is. the difference between commanded
and realized open-loop pointing angles. The error includes effects of CPM-to-spacecraft alignment and
errors intrinsic to the CPM (see Tables 9 and 10).

The dominant term in the budget is spacecraft attitude control accuracy. Even if satellite ephemeris i,
known perfectly, uncertainty in the attitude of the platform with respect to inertial space produces uncertaint\

in pointing. Table 6 gives the best- and worst-case numbers over which ACTS attitude control performance
can vary. For an ACTS-to-LEO link. pointing is relatively insensitive to yaw error. The indicated attitude
control numbers are representative of the performance of a well-designed geosynchronous satellite, assuming

a star tracker is not employed. A resulting rss total of 0.60 mrad best case and 2.50 mrad worst case (omitting
yaw errors) are acquisition spatial uncertainty bounds.
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4.4.3 Acquisition Strategy

As shown in Figure 2. the ACTS terminal initiates the acquisition sequence by illuminating the
uncertainty region with the transmit beam broadened to I -mrad FWHM. corresponding approximately to the
best case total spatial uncertainty specified in Table 6. The other terminal acquires the beam and after a
detection is made, points a return beacon in the estimated direction of ACTS. This beacon is pointed open-
loop since the received power density of the spoiled received beam is too small to initiate closed-loop
tracking. Because of residual pointing uncertainties at the other terminal at the completion of acquisition.
the return beacon at this .,tagc is broadened to 18 [irad to minimize signal power loss at ACTS due to pointing
errors. A broader beam would have a larger loss at the receiver from the increased beam divergence, whereas
a narroker beam would suffer greater pointing losses. In the case of a LEO terminal, the effects of LEO
platform instabilities on uplink pointing and ephemeris uncertainties in maintaining open-loop pointing when
slew inc is involved must be considered in the selection of the uplink acquisition beamwidth.

After a time-out period of a few seconds. during which the receiving terminal search is completed and
the return beacon is sent out. spatial acquisition is initiated on ACTS. The HBO performs a spiral scan
beginning at the center of the region being illuminated. The use of the periscope approach. by which the
transmit beam bypasses the HBO. allows the receive FOV to be scanned while at the same time maintaining
fixed pointing of the I mrad transmit I,:am as the other terminal wait,, for ACTS to acquire the beacon.
Electrical and optical diagrams illustrating the concept of the acquisition s\stem are shoxn in Figures 24 and
25. rc,pcctix el\. The spiral angular diameter is 1.25 mrad. which allo, s for a small amount of o\er-scanning

of the illuminated area. In the acquisition mode. the outputs of the four quadrani '1PDs are summed togcchcr
an'. pro\ ide a circular FOV of 20- gLrad diameter. The \ alue of this FO' is a compromise betwkeen acquisition

and traki cqL, rement'. given that both s\ stem,, have been constrained to employ the same detector. A

sma!;cr FOV is optimum for taci:ing whereas larger FOV , ould reduce scanning time in acquisitiion.

The scanning rate is set by command to one of three values: 10.40. or 160 mrad/s tangential velocit,
givell in terms of rate of coverage of angle in object space. (A fourth velocit\ of 2.5 mrad/ is reservod for
the d:thcr scan w. hich is discussed belo\ .) The lo\\ er velocities provide longer dv, ell times to increase mar,-I

\hen ncce.,,ar\. Also. to fill in gaps in coverage caused by LOS jitter. scanning redundancy is introduced

b o erlapping successive tracks of the spiral. Overlap can be set to 5, 10. or 15 prad.
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Fiqti e 24. Acquisition system block diagram.

Table 11 lists the LOS jitter during-cquisition. The MWA and gyro components were discussed in

Section 3.3. The CPM and HBO servo components were derived from computer simulations and measured
laboratory results [52]. They are the result of both mechanical and electrical imperfections in the respective
servo systems. Bearing variabilities are a main source of CPM servo jitter, and quantization and sensor noise
dominate the HBO servo jitter. Figure 26 shows sorle of the simulation results for azimuth CPM jitter while

slewing at 300 pLrad/s. Note that the 3. 1 rad entry in the budget allots for an equal amount of jitter in the
elevation axis (which is optically multiplied by a factor of two). The reaction torque components are due to
uncompensated torques coupling into the various mechanical modes resulting in the LOS jitter. The actual
values are difficult to calculate since it requires coupling the NASTRAN models with the servo modes. In

addition, the values depend on what mode the OMS is in (i.e., acquisition or tracking). The entries for these
components were allotted the remainder of the budget. However, some analysis was completed to show that

indeed these are safe upper bounds to the actual values.

43



RETRO

ADIPLEXER
ODLT/ OEIHTRANSMITTER RESIGHTNDO

~ Iii 91(9HBO

6,25:1 FWP

F X/2 SSMPEICE
MIT, LL PERISCOPE OTU

TRANSMIT'TER INPUT

SAOAJ E0 oil /.:
PAM

ATO

NBF DOLT
RECEIVER 

0

Foizre 25. Acquisitioi svsfom optical diacwanr

TABLE 11.

Line-of-Sight Jitter During Acquisition

Source Budget
(pLrad)

Spacecraft MWA 4.0
Gyro 2.0

ServoCPM 3.1
HBO 1.0

Reaction CPM 2.1
Torques HBO 0.2

Total (rss) 6.0
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The return beacon is intensity-modulated w ith a 54-kHz square-wave to shift the signal as detected at

the APD output a,.'av from dc and los frequenc\ disturbances such as APD dc dark current, background

photo-current. and various /f-tvpe noises in the front end, all of Ahich %ould impair signal detection. A
frequenc\ of 54 kHz \ as available from an existing source and A as high enough to avoid these problems.

but not so high as to stress receiver front-end bandwidth requirements. At the receiver, only the fundamental

frequenc\ of the modulation is used for detection, which i, carried out by bandpass matched filters centered

at 54 kHz. The use of square-" a\ve instead of sine-wave modulation of the beacon laser transmitter has the

advantage of better utilization of semiconductor laser peak-power limitations (the fundamental-frequenc.

power is greater in the square ave than a sine wave for the same peak puwer) and the minimization of

frequency-chirping and possible mode-hopping of the laser under modulation.

SiGnal detection is performed by passing the summed APD outputs into a bandpass matched filter

centered at 54 kHz. The filter bandy. idth is matched to the duration of the expected signal pulse produced

b,, scanning the detector FOV over the target source at the specified rate. For example. w ith " 20-ktrdd FOV

and a scan rate of 160 mrads. the pulse duration is about (20 prad - 160 mrad/s) = 125 ls. The corresponding

filter band\, idth is then ( 125 jis) 1 = 8 kHz. although the exact. optimal bandwvidth depends upon the actual
filter transfer function. For example. kith a ;econd-order bandpass (i.e.. the bandpass equivalent of a tk o-

pole lm pass) Butter\ orth implementation. a \' idth of about 7.6 kHz i, close to optimal. Three matched

filters ire pro% ided tor the three possible scan rates. The post-filter signal-detection logic can be operated in

either a threshold-detect io1 or pick-mraximun mode.
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The actual shape of the pulse envelope which is produced b) scanning the received spot across the
center of the detector at 160 mrad/.s is illustrated in Figure 27. (For other scan rates, the pulse duration scale,,
inversely to the scan rate.) This is a calculated result which takes into account the actual detector size and
shape. the beam diffraction pattern profile. and a smalt dead zone in the quadrant APD. In this figure. a
normalized amplitude is shown -a pulse height of unit) is obtained only for an infinitely wide detector with
no dead zone. The indicated maximum pulse amplitude of less than one is attributable to the finite detector
size and the resultant loss of some signal po% er beyond the edges and w\ithin the dead zone of the APD. The
baseband pov er spectrum of the pulse envelope is shown in Figure 28. A -3-dB bandwidth of slightly less
than 4 kHz is obser\ ed. Note that if the scanned spot is offset from the center of the detector, then the received
pulse is some, hat shortened temporally, and its spectral band idth is increased slightl\. Also shokkn in
Figure 27 is the calculated response of the tx o-pole Butter\orth matched filter to the pulse.
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In threshold detection. a threshold level is computed before the start of acquisition based on a

measurement of receiver front-end noise. During the search, the scan is stopped each time the matched-filter

output exceeds the threshold and the hit is investigated a second time by means of a dither scan which provides

a simple and robust transition to tracking and a means of recovering from any false alarms. The dither scan

is a spiral of 100- grad diam.. centered at the observed hit location. Since the main scan cannot stop

instantaneously at a hit but. instead, overshoots the location and must back up, the dither provides

considerable tolerance for error in returning to the actual hit location in attempting to relocate the beacon.

Figure 29 shows an example of this acquisition scan where the error in the return to the hit location has been

exaggerated. If a second hit is observed during dither, a hand over to the tracking loop is immediatel\

triggered. The dither uses only the smallest scan velocity of 2.5 mrad/s to allow adequate time for the trackin-

loop to pull in while the target is still in view. The dither scan uses the maximum overlap of 15 pgrad and takes
-0.6 s to reach its maximum diameter of 100 lirad. If a second hit is not obtained during dither. the first is

assumed to have been a false alarm and the acquisition scan resumes from that hit location. The probabilit\

of two successive false alarms - in the main scan and immediately afterwards in the dither - is made negligible

by choosing the detection threshold to provide a suitably small false alarm rate. Thus in the threshold-

detection mode. the search terminates after the first valid detection before the entire spiral has been scanned.

Since the target is generally more likely to be found near the center of the uncertainty region. the combination

of spiral scanning and threshold detection usually provides for more rapid acquisition than the alternate pick-

maximum mode.
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In the pick-maximum approach. the entire uncertainty region is scanned, looking for the largest
matched-filter output over the whole region. At the conclusion of the scan. the HBO is returned to the location
where the largest output was observed, and the dither scan is initiated as in threshold detection. In the dither
scan, a threshold value based on the magnitude of the largest recorded matched-filter output is calculated and
a hand over to tracking is initiated if the threshold is exceeded. If no hit is observed, the acquisition search
is resumed. This mode holds a possible advantage in certain scenarios in which, in the threshold detection
mode, the system may attempt to lock onto false sources such as stars. However. because the acquisition
beacon is expected to be stronger than most stars. the pick-maximum mode will correctly choose the beacon
over stars. Based on a calculation using statistics of star brightness, in a region of the size being scanned
(- 1 mrad). the probability of a star intensity exceeding that of the acquisition beacon in a 25-A filter is on
the order of only 10- 3 [53].

If the target is located within the region being illuminated and searched. the acquisition should be
completed after one spiral scan. On the other hand. if the other terminal is not contained within the region.
the first acquisition attempt " ill fail with high probability since the mispointed acquisition beam w ill prevent
the other terminal from acquiring the beam and. in turn. prevent ACTS from acquiring the returned beacon.
If no successful acquisition and hand over is accomplished after the first spiral scan. the CPM is repointed
to a predetermined adjacent region and the "hole process of illumination and search is repeated until a
detection occurs (Figure 3(. This process is carried out autonomously without intervention b\ ground
control. It %k as deemed impractical to increase the transmitted beam divergence and the size of the spiral scan
to cover the worst-case uncertainty in a single search because of I ) an unacceptable loss of acquisition margin
due to the reduction in received signal power density, which falls off as the square of beamwidth. and (2)
angular dynamic range limits of the HBO. relay lenses, and telescope.
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4.4.4 Implementation

In this section we describe the implementation of the hardware in the acquisition system. The front-
end detection hardware (four-quadrant splitter. APDs. TIAs, and sum/difference amplifiers) are common
with the tracking system. and are described in Section 4.5. Here we focus on the hardware unique to the
acquisition process. These areas include the matched detection filters, the decision logic, the threshold setting
logic, and the acquisition scan generation hardware. The acquisition electronics are shown in Figure 31.
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Figure 31. Acquisition system signal processing.

50



The acquisition detection electronics are designed to amplify and detect a 54-kHz pulse the width of

which varies from 125 is to 8 ms. depending upon the scan rate during the search. To attain robust acquisition
performance. the electronics are designed to operate over a signal power dynamic range of 60 dB. This

ensures sufficient range to accommodate a combination of pointing errors, receiver locations, and transmitter

power variations.

Gain compression is used in the first amplifier of the acquisition section in order to reduce the dynamic
range seen by the demodulation and detection circuits. The compression is shaped to keep noise from being
nonlinearly amplified at the lowest signal levels and to keep the detection circuits from saturating on the

highest signal levels. The compression curve is piecewise linear, and has three separate gain regions. 450.

50. and 0.

A combination of bandpass and post-detection low-pass filters is used. The signal path is chosen to
provide filtering matched to the pulse shape produced by scanning the FOV through the received beacon at
one of the four available scan rates. Bandpass filtering alone followed by envelope detection is used for the

two fastest scan rates (160 and 40 mrad/s). For either of the two slowest scan rates (10 and 2.5 mrad/s, an

additionai pc-,-detection low-pass filter is used to further narrow the detection bandwidth (Table 12).

TABLE 12.

Matched Filter Characteristics

Mode 1 2 3 4 Dither

Scan Velocity 160 mrads 40 mrad's 10 mrad s 2.5 mrad's 2.5 mrad s
(Object Space)

54-kHz Butterworth 7.6 kHz 1.9 kHz 1.9 kHz 1.9 kHz Same as
Bandpass Filter Main Scan
Bandwidth
(-3dB Full Width)

Post Detection None None 240 Hz 240 Hz Same as
Lowpass Filter Main Scan
Bandwidth
(-3dB Half Width)

The matched filter output is converted to a 12-bit digital word at a 31.25-kHz rate. After each
conversion the resultant digital word is compared to a reference value. For threshold detection the reference
value is the value set according to preacquisition receiver noise estimates. During threshold detection the

reference value is not changed during the course of acquisition. During pick-max detection the reference
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value is always the largest matched filter output since the start of the acquisition scan. Whenever a larger
value occurs, it replaces the previous reference value. For each type of hit detection logic, signals are

generated which initiate sampling of the scan position at the instant of the hit detection.

Because the mirror acceleration is excessive near the center of the scan if a constant velocity scan is
commanded, the scan is modified such that the tangential velocity ramps from zero to the preset velocity as

the radial distance of the FOV increases from zero to 200 prad (32 percent of the total scan pattern radius).
Such a soft start limits the maximum drive frequency in either the azimuth or elevation channels to -150 Hz

(see the Appendix).

Commands are calculated prior to the start of the scan and stored in a digital look-up table. The velocity

ramp is built into the stored commands. When the scan begins, the azimuth and elevation position commands
are read out at a uniform 4-kHz rate. converted to analog voltages in a pair of 12 bit D/As and sent to the

azimuth and elevation HBO position servos. If a slower scan velocity than the maximum 160 mrad/s rate is
desired. the same look-up table is used. Commands are read out from the table at I kHz. 250. or 62.5 Hz. and
digital interpolation is used to fill in the gaps so that fresh azimuth and elevation position commands are still
sent to the mirror position servo every 250 ms.

The response of the mirror position loop exhibits 20 to 30 percent. peaking between 150 and 250 Hz.

Because this peaking would cause unacceptable distortion in the spiral scan pattern. an analog prefilter is
inserted after the D/A conversion, to cut the gain in the command path. The overall closed loop gain distortion

is held to within -1 percent from dc to 500 Hz.

For the threshold-detection mode. the value of the threshold is determined by a semi-adaptive

procedure. Prior to the start of each acquisition. 2 large number of samples of the front-end noise are taken
at the output of the acquisition processor to form estimates of the mean and rms values. The CPM is in it ,
stowed position at this time so that any externall) introduced background noise is negligible. and only APD
dark current noise and front-end electronics noise are measured. The threshold is then set equal to a scaled
multiple (which can be varied) of the estimated noise standard deviation to obtain the desired false alarm rate.
Because background noise is not included in the noise estimate. the actual noise levels are underestimated
when a strong background. such as daytime earth. is actually present during acquisition. However. in the
following section. it is shown that even the %A orst-case earth background of daytime snow and ice causes onl\
a slight increase in total receiver noise. A real-time running average adaptive threshold was considered for

dealing with time-varying background levels, but was eventually discarded because of its additional
complexity and only modest projected improvement in performance over the present fixed-threshold mode.

4.4.5 Performance

In this section. an analysis of acquisition performance is given. The emphasis is on a statistical

characterization of both the threshold-detection and pick-maximum modes of operation. The effects of LOS
jitter are also discussed. Since performance depends upon received signal power and total noise, these two

parameters are quantified first. A budget for the LEO-to-ACTS link is presented in Table 13.
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The post-APD electrical rms signal power. P, in the 54-kHz fundamental-frequency component of the

square-wave intensity modulated beacon the detected signal is given by

p =--( ±mG "'') (3)

2 7E hy

where -i is the quantum efficiency of the APD. e is electronic charge. m < 1 is the modulation index of the

54-kHz component. G is the APD gain. PS is the average optical power of the signal incident on all four APD.s.

h is Planck's constant, and v is the optical frequency.

TABLE 13.

LEO-ACTS Acquisition Link Budget

Transmit Laser (dBW)" -18.2
Transmit Optical Losses -4.6

Laser Module Phase (Xi20) -0.4
Laser Module Amplitude (EOL) -0.3

Optical Train Phase Loss (V1 5) -0.8
Optical Train Amplitude Loss (EOL) -1.7
Obscuration (15% linear + spiders) -1.3
Polarization Error (150) -0.1

Beam Spoiling (18 grad) -15.9
20 cm Transmit Aperture Gain (ideal) 117.3
Spatial Pointing Loss -1.9
Space Loss (42700 km) -295.9
20 cm Receiver Aperture Gain (Ideal) 117.3
Receiver Optical Losses -2.5

Obscuration (15% linear + spiders) -0.1
Optical Amplitude Loss (EOL) -1.8

Polarization Error (150) -0.1
Interference Filter (25 A) -0.5

Detected Power (dBW) -104.4
Number of Photons/s at Detector (dB-Hz) 82.0

Losses -1.8
Implementation -1.0

Finite Detector Size -0.8

* 15 mW average power (30 mW peak power)
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Noise at the receiver arises from several sources: shot noise from signal and background radiation. APD
dark current noise, and front-end electronics noise. In the frequency band of interest around 54 kHz, the noise
in the sum of the four APD channels can be modeled as spectrally white with the following densitx (single-
sided) [49]:

No=2eI FG+[e(1-+ b)+41 ]+4Id I +4N, (4)NO  2 {FG [ti (hv b~ t IdbN

where F is the excess noise factor of the APD. Xb is the rate parameter of the background radiation incident
on all four APDs. Idb is the gain-dependent component of a single APD's dark current (usually the bulk-
generated current), Id, is the gain-independent component of a single APD's dark current (usually the surface-
generated current), and N is the effective (single-sided) current noise of one channel of the front-end
electronics. The excess noise factor F is given approximately by

F=kG+(2---)(1-k) (5)
G

where k is the APD ionization rate ratio. The APD gain G can be chosen to optimize detection performance
(Section 4.6). In practice, however, the perfornance turns out not to be a strong function of the gain and a
single fixed value of gain is near-optimal for the scenarios of interest. G = 100 is used in the numerical
calculations.

The backgrournd rate parameter K is scenario dependent and can be time varying. Among natural
sources of background radiation, the sun is the strongest source of noise. For acquisition of an earth or LEO
terminal, we shall be concerned with the earth as a background. (A LEO satellite at the edge of the earth can
appear with the sun in the background, but this infrequent event is ignored in the present acquisition
discussion.) Radiation from a nighttime earth background consists primarily of earthshine (thermal radiation
emitted b\ the earth and its atmosphere) and reflected moonlight. In a 20- prad FOV and a 25-A filter in the
0.8-pLm region. the received nighttime background level is so low in comparison with other sources of noise
that it can be considered to be essentially zero [54]. On the other hand. the daytime earth background radiation
is dominated by sunlight reflected from the earth's surface oi from clouds. For diffuse scattering, a

background of winter snow and ice has the highest reflectance around 0.8 p.m. producing a worst-case
spectral irradiance N(K) = 25 mW cm-2 sr- IpJm-1 [see Reference 54]. A spectral irradiance of N k) = 1800
W cm -2 sr- I jim1 is used for the sun [54]. The background rate parameter X is given in terms of N(K) by [55]

Xhb = (4 )-V A, Or D- N(,) L (6)

where AX is the optical filter pass-hand width. 8r is the angular FOV of the detector. D is the aperture diameter.
and L is the receiver throughput loss.
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Table 14 summarizes the numerical data used to calculate the total system noise ii, the acquisition
analysis. The APD parameters were obtained by laboratory n. ,asurements of the RCA C30902S APD [511.
The values listed are conservative and in addition assume a worst-case operating temperature of 35"C. For
the anticipated operating temperature of 2 "C. the gain dependent dark current would be a factor of-4.6 lower
and the gain independent dark current a factor of -3.3 lower 1501.

TABLE 14.
Acquisition and Tracking System Noise Parameters

Wavelength, xs  0.86 tim
Telescope Diameter, D 20 cm
Quantum Efficiency. -n 0.80
Gain Dependent Dark Current, Idb 0.052 pA
Gain Independent Dark Current, Ids 6.8 nA
Ionization Rate Ratio, k 0.02
Acquisition APD Gain 100
Tracking System APD Gain Range 1-200
TIA Input Current Noise Density, Nc  2.2x10 -27 A2/Hz

Modulation Depth 1.0
Interference Filter Bandwidth. Ax 30 A
Detector FOV. H 20 firad
Background Rate Parameters

Solar Backgrcind 6.5xl 011 s-'

Strong Daytime Earth Background 8.0x10 6 s-1
Nighttime Earth Background 0 s1

Background Throughput 5.5 dB

includes polarization (-3 dB) and throughput (-2.5 dB) attenuation in calculations

The preceding APD noise parameters do not account for the effects of radiation. Preliminary
experimental measurements of radiation from the natural environment indicate two dominant effects on the
APD [511. The first is increased noise due to increased gain-dependent dark current as a result of bulk damage
in the active region of the APD. The second is an increase in noise due to radiation-induced photocurrent.
Bulk damage is a "total dose- effect that gradually takes place over the operational lifetime. It is anticipated
that at the end of a four-year lifetime a small amount of shielding will keep the APD exposure to less than
50 krads (Si). causing a decrease in acquisition and tracking signal power link margins of between 1 and 4
dB (depending on the received signal level and background). The more serious problem is the uncertainty
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in the efiects of radiation-induced pholocurrent. Although its level is relatively low even during magnetic
storm,, i< 4.4 pA primary current in active region), the impulsive nature of the current (which can easily be
1000 primar\ electrons/event in the active region depending on the radiation type energy ) is of concern. This
effect i', more difficult to quantify since it is a probabilistic phenomenon that is very dependent on the exact
nature of the external radiation environment, the type of shielding, the acquisition and tracking algorithms.
and the signal power level. Further work to quantify both of these effects remains to be done.

The acquisition detection analysis is simplified by approximating the statistics of the total noise as
Gaussian. In reality, the APD-generated component of the noise has a non-Gaussian distribution [49,561
while the front-end electronics noise is well modeled as Gaussian.

The threshold-detection mode of acquisition is considered first. The problem is to detect a signal of
unknown arrival time. Although the arrival time gives the spatial location. it is not necessary to estimate it
with great precision. For our purposes it is sufficient to determine only that the signal is present so that the
main scan can be stopped and the dither scan started. Detection performance is measured in terms of
probabilities of detection and false alarm. The statistics of the output of the matched-filter/envelope detector
output are Rayleigh when only noise is present and Rician (or noncentral Rayleigh) when both signal and
noise are present. If signal arrival time were known, it would suffice to take a single sample of the matched-
filter/en elope detector output at the instant the signal component peaks. Performance of threshold detection
systems using single-sample observations is well know n 157). Because arri\ al time is unknown. the approach
taken here is to monitor the output continuously for a threshold crossing and. in effect. many samples are
observed.

The probabilit\ of detection PD at large signal-to-noise ratios can be approximated accurately b\ the
detection probabilit\ of a system k here signal arrival time is known [58]. If the signal is large enough to be
dtect 'A i,h hK'h l,- hhilit\ at the instant where a sample would be taken wkith arrival time infornlationl.

it is also large enough to cause the threshold in the present system to be exceeded since the threshold
corresponds to a level much smaller than the expected peak of the signal. For an ideal matched filter. PD can
then be expressed in termn, of the well-known Marcum Q-function.

PD = Q(a.b) (7)

Q(a.b)= rexp[ ( r - + a- 10 (ar)dr (8)
f 2

b

where a = ",E/N. E being the peak detected electrical signal energy (E = 2PT). for rms signal power P. signal
duration T (assuming a square pulse). and b = p/'N B. where p is the detection threshold and B is the matched

0

filter noise bandwidth. In practice, the detection filter is not perfectly matched to the signal - the signal itself
is not completely deterministic since the exact temporal characteristics of the received pulse depend upon
what portion of the APD array the target crosses, and the implementation of the filter used in the ACTS/LITE
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system is actually a second-order Butter\ orth approximation of an ideal matched filter. Therefore the value
of the signal energy-to-noise density ratio E/N, as used above will be degraded somewhat (I dB) from the
ideal.

The probability of a false alarm occurring during the course of the entire search depends upon the search
duration T. To avoid dealing with a random T. we calculate the false alarm probability PFA using a worst-
case T. namely the time required to complete an entire scan of the 1.25-mrad-diam. region. (The possibility
of needing to scan multiple regions is ignored for now.) At a single instant in time. the probability P * of
a false alarm is

PFA=f r exp (-T) dr (9)

b

=exp 1-0)

Exact calculation of PFA for continuous-time observations is complicated. One approximation for the
probabilit\ of false alarm in T seconds is 158]

_ 3 T,_-_- p:
PFA r 2 __N o  expi-NoB] {11

'j tN, "B 2~ N,

where 3 is the rms band\\idth of the lo\\-pass-equivalent receiver noise process. The factor , p/h2N is
typically on the order of unit\. The time-bandwidth product 13T represents approximately the number of
independent time samples produced b\ observing the matched-filter/envelope-detector output for T seconds.
Thus PFA can be related to P as

PFA 3TP FA(2

The detection threshold p can then be selected to produce a specified PFA as

P FAp 2 N 0 B n(-) (13)

N B is obtained from the estimation procedure described in Section 4.4.4.
7
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With matched-filter detection, the product 3T is determined only by the number of spatial cells which
are covered by a complete scan. For the maximum scan overlap ( 15 pgrad). 3T is .4x 104 for a 1.25-mrad-
diameter region. and thus the threshold p must be set so as to produce a single-sample false alarm probability
P FA' which is much smaller than the desired overall probability PFA'

In the LITE system. extremely low false alarm rates are not required. The main issue is whether the
acquisition system can recover "'gracefully" from false alarms, and the dither scan provides such a means of
recovery. Failure to detect a target in the dither scan after an initial false hit merely results in additional time
spent in performing the dither scan before eventual resumption of the main scan.

The analysis of the pick-maximum mode uses many of the same parameters as in threshold detection.
and this discussion summarizes the main results. Although the receiver observes the matched-filter/envelope
detector output in continuous time, an analogy is made to a discrete-time receiver to simplify the analysis.
Assume that in T seconds. the receiver output process can be represented by approximately 3T equally
spaced, independent samples as in the threshold-detection analysis. The corresponding discrete-time
receiver picks the largest magnitude time sample as the one with the beacon. The probability of a correct
detection in the continuous-time case is then equated with the corresponding probability in the discrete-time
receiver. The latter is a classical NI-ar\ detection problem. where M = 3T. Using the union bound, the
probability PE of choosing the wrong sample can be shown to be

P 3T-l N E (14)1+- N(o2 exp[- F Il
N1 - N 01 + N 02

0] (12I
N0 1

where NO, and N,, are the receiver noise densities when signal plus noise and onl\ noise are pre,ent
respectively. This result assumes implicitly that only one time sample contains the signal whereas the
assumed discretized version of the receiver may actually produce more than one such sample. depending
upon details of the sampling. Nonetheless. the number of samples containing signal is on the order of unit,.
and the above expression may be used as a good approximation. As indicated previously, with matched-filter
detection PT depends only on the number of spatial cells being searched.

At the conclusion of the scan. the HBO returns to the location where the largest detector output \k.as
obtained.and a dither scan with a threshold detector is begun. similar to the dither scan in the threshold-
detection mode. There are differences in detail. however, between the pick-maximum and threshold-
detection dither searches. In the latter, the detector threshold is computed on the basis of a preacquisition
receiver noise measurement. In the former, the threshold-setting procedure is modified to the following: the
threshold is simply set equal to one-half the value of the detector output obtained at the maximum-signal
location during the acquisition scan. No knowledge of any other signal. noise. or system parameters is
required. This choice of threshold can be justified on the basis that in a wide range of scenarios, the dither
false alarm and missed-detection probabilities turn out to be comparable. i.e.. PFA = I - PD. Both probabilities
are then made to decrease simultaneously with increasing received-signal power. This approach differs from
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that used in the threshold-detection mode in which the receiver operates as a constant false alarm receiver
where PF A remains fixed but PD varies with signal pow er. Analysis of the dither performance can be found
in the Appendix.

The preceding analysis for both threshold and pick-maximum detection assumes that the effects of LOS
jitter on the actual detection probability are negligible. This is true only if the magnitude of the jitter is much

smaller than one FOV of the detector. The main issue is whether gaps in the scanning pattern created by the

jitter result in the target bein rnissed entirely. There is also a secondary issue of determining a precise target
location in the presence ofjitter even if the target is detected. Location determination errors can occur because
the apparent target position may be displaced from the true position or because the target image ma\ even

be smeared by the jitter. However, these secondary issues can be ignored here because the present system
needs only to estimate the location with accuracx sufficient that the target can be relocated during the dither
scan. Cross-axis jitter. i.e.. jitter in the direction orthogonal to the direction of scanning, is of greater concern
than jitter in the scanning direction. A complete statistical analysis of missed detections caused by LOS jitter

is complicated. Hovever. with overlap, a simple. conservative rule of thumb which follows from purel\
geometric considerations is that the target will always be within the detector FOV if the peak-to-peak
magnitude of the cross-axis jitter does not exceed the amount of overlap. The interpretation of peak value

depends upon the nature of the jitter. For a random process. the peak value might be identified with a 3- value.
For sinusoidal component.s. the peak corresponds to the peak of the sinusoid.

A more exact analysis of jitter effects must take into account the statistics and temporal behav ior of
the jitter. Only the main issues are highlighted here. If the scan is fast enough and the jitter amplitude small
enough. any jitter-induced target motion may appear to be frozen over one or more scans in the neighborhood

of the target. In the ca.,e of ACTS. the jitter spectrum is spread over a band between 0 and 300 H7. The largcst
single disturbance i, produced by the 100-Hz fundamental of the momentum wheel (see Table,, 8 and I11.
The spiral scan frequenc\. that is, the frequenc\ associated \\ith the period of one ring. varies with the
scanning velocity and radial position in the spiral. The peak spiral frequency is 160 Hz occurring in the 160
mrad/s scan. and the minimum is less than 0.6 Hz during the 2.5 mrad/, spiral. Thus during portions of the
160 mrad/s scan. the lo\\-frequency Jitter (in the region ofa few Hertz) can be considered to ha\e negligible
effect. whereas the momentum k heel disturbances cannot.

Jitter margin must be traded against either signal-power margin or acquisition time. Figures 32 and
33 illustrate the principles of this trade-off. In Figure 32 the amount of overlap has been set equal to the peak-

to-peak jitter amplitude, or twice the peak value of jitter, following the rule of thumb just discussed, and the
scan rate has been held fixed to maintain a constant signal power margin. A sharp increase in total search
time is observed as the peak jitter approaches one-half the detector FOV (and the overlap approaches one
FOVh. In Figure 33, overlap is set by the same rule. but the scan rate is increased so as to maintain a constant
total search time at the expense of signal margin. The margin drops rapidl\ as the peak jitter approaches one-

half the detector FOV. In this example, the receiver is assumed to be background noise-limited, in which case
signal margin drops 3 dB for each fourfold increase in scan rate.
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Table 15 summarizes the performance of the LITE acquisition system in the threshold and pick-
maximum detection modes. In the former case, margins have been calculated by fixing the false alarm
probability P = 

10 4 and determining the minimum received signal power required to maintain a detection
probability PD = 0.999 where the effects of jitter have been assumed to be made negligible by the use of
overlap. The margin then represents the difference between this minimum signal power and the actual
available power as given by the link budget in Table 14. Different choices for PFA and PD will yield somewhat
different margins. Similarl\. with pick-maximum detection. the error probability has been set to PE = 10-

to obtain the indicated margins. The pick-maximum mode shows somewhat higher margins than threshold
detection because \ ith the latter. detection performance must be compromised to obtain a low false alarm
rate. (The single-sample. false alarm probability must be set to P =l0 ' 9 in order to obtain an overallZ FA
performance of PFA= 10--), The scan times are the times required to complete an entire scan of a single 1.25-
mrad-diameter region. If the target is present in the interior of the scanned region. the actual times \ill be
less in the threshold-detection mode. depending upon th& actual location. In the event that the target is not
present in the particular region. the times will be greater by an amount depending upon how many regions
must be searched before the target is encountered. The performance against the nighttime and daytime earth

backgrounds is b sed on the background numbers given earlier. An APD gain of 100 has been assumed

throughout.

TABLE 15.

Acquisition System Performance Summary

Scan Rate ( trads) 10 40 160

Search Time (s)
Overlap (p.rao)
5 8.8 2.2 0.55
10 13.1 3.3 0.82
15 26.2 6.5 1.6

Threshold Detection Margin (dB)
Nighttime Earth 16.6 13.8 10.7
Daytime Earth 15.3 12.9 9.7

Pick-Maximum Margin (dB)
Nighttime Earth 18.5 16.1 12.7
Daytime Earth 17.9 14.8 11.5

The difference of no more than about I dB between daytime and nighttime margins arises from the fact
that the APD dark current and front-end electronics noises set a lower limit on the effective background levels,
The worst-case daytime earth backgrounds onl\ exceed this lcvel b) a relatively small amount. To increase
the nighttime margins, improvements in APD technology in terms of lower dark current (or use of APD
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cooling) or in low-noise front-end active devices are required. Also, it is noteworthy that each fourfold
increase in acquisition time increases signal margin by about 3 dB, reflecting the fact that the total receiver
noise process is essentially background noise-limited. In the signal shot-noise-limited regime, the corre-
sponding increase in margin would be 6 dB.

4.5 HAND-OFF FROM ACQUISITION TO TRACKING

Following acquisition of the received beacon it is necessary to transfer control of the mirror position
servos from the scan generator to the tracking system. The essential difference between the scan and tracking
servos is in the source of the error signal (See Section 4.6.2). During the acquisition scan the error signal is
formed from the difference between the commanded scan position and the actual mirror position, measured
with respect to the mirror housing. During tracking. the error signal comes from the angle error detector. and
the tracking error is a measure of how far from null the received beacon is on the ATD.

Successful acquisition merely ensures that the received beacon is visible somewhere within the FOV
of the ATD. There is usuall\ a residual tracking error which the tracking loop must null immediately
following hand off. Furthermore. in order to keep the residual error within the pull-in limits of the tracking
loop. the hand off must be completed within a time that is short compared to open-loop jitter and drift time
constants.

The hand-off sequence begins with the successful acquisition of the received beacon, defined by a hit
detected during the dither scan. Next. the processor looks for an indication of a valid tracking error signal
prior to transferring control of the mirror position servos from the acquisition scan generator to the tracking
s\ stem. The valid tracking error signal is defined as a stable output from a quadrature detector of the sum
channel phase-lock loop which is used to convert the IF error signals to baseband (Figure 34). As soon a,
these conditions are met the position ser\ os are switched and the tracking system nulls the beacon position
erior present prior to hand-off.

Shorth after the s5\ itch to hand over has been initiated, the PLL quadrature signal is checked again.and
an rms le\ el detector on the normalized tracking errors is checked to determine if tracking has indeed been
established. These detectors also serve as loss-of-lock indicators.

4.6 TRACKING AND POINTING

4.6.1 Overview

The goal of the tracking system is to keep the rms tracking jitter to less than 0.05 BW and the bias to
less than 0.020 BW. This section describes how these budgets are met in the presence of the spacecraft and
OMS disturbances as weli as variations in the received signal power. We begin with a discussion of the servo
loops and then discuss the front-end angle error processing electronics.
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The ability of the tracking loop to track the spacecraft and OMS disturbances is measured by the
uncompensated tracking error. Figure 35 shows spectrally the relative amplitude of some of the platform and
OMS disturbances in relation to the required tracking budget. (There are a number of additional disturbances
not shown in this figure. i.e.. LEO and cross-orbit requirements as well as thermal and mechanical drifts.) It
is clear that even without the 17 dB of low-frequency disturbance margin, some of the disturbances are almost
80 dB (with margin included) larger than the tracking budget. Furthermore, they are spread out over a wide
range of frequencies. Figure 36 shows the basic concept that is used to track these out as well as point the
transmitted beam. The first line of defense against the spacecraft disturbances is the mechanical interface.
It is preferable to prevent such disturbancer from entering the environment of the OMS than to track them
out. However. as shown in Sections 3.2 and 3.3. this is only effective at frequencies above 50 Hz. The
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remaining disturbances must be tracked out using the optical error sensor (ATD) as a reference. In the limit
of very good tracking. the received beam will be held fixed relative to the LOS of the ATD. If the transmit
laser is now combined (in this stabilized space) with the appropriate point-ahead angle, via reciprocity it will
illuminate the distant receiver.
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Figure 35. Tra king' disturhaie spectrum.

In addition to the uncompensated tracking error is the noise-induced tracking error, which is defined
in terms of the noise equivalent angle (NEA). Straightforward methods exist to derive the optimal loop
transfer function based on the disturbances, signal power. and noise level. However, designing such optimal
loops has limited application due to disturbance modeling uncertainties and a finite bandwidth capability in
the HBO and CPM. Therefore the designs are confined to be type-2 tracking loops. Under this restriction
we find that a I -kHz crossover frequency in the HBO loop yields a good compromise between disturbance
amplitude and signal power margins and does not stress the HBO's mechanical and electrical designs.
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4.6.2 Serio Description

Figures 37. 3, and 39 are block diagrans of the tracking system. Thi, control loop is modeled in both
the time and frequenc. domains to predict tracking performance. The models include saturation nonlineari-

tieS such as controller , ohage and motor torque saturation. The Dahl model for bearing friction 1591 and
bearing torque noise used in anal\ zing the CPM loop are based on data measured from a breadboard. Ripple
and cogi.n. torque are included but arc small compared io the bearing torque noise.

Figures 38 and 39 contain more detailed block diagrams of the HBO and CPM loops. Tables 16 and
17 contain the HBO and CPM parameters. A adjustable compensator allows the HBO loop to be configured
\% ith a crossover trequency ofr500 Hz during acquisition and either a 500-Hz and I -kHz crossover frequency
during handover/tracking. However, the l-kHz mode is the primary one and is assumed in all reported
budgets.

During acquisition. the CPM is control led by a 10-Hz posit ion loop and a 60-Hz velocity loop. Velocity
teed-flrward is used to minimize the time required w\hile slew ing to a target. During closed loop tracking.
the HBO loop is nested inside the CPM loop to keep the HBO within its operating range. The HBO position
sensors are sampled at 250 Hz and used to provide a direct error signal to the 10-Hz CPM loop. The outer
loop maintains the \elocit\ feedback to keep its dynamics well behaved in the presence of bearing
variabilities. These band%\ idths are sufficient to keep the HBO to within 70-1.rad mis (in oblect ,pace) ot
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its null. In addition to the servo models shown in Figures 37 to 39, structural modes derived from NASTRAN
analysis are integrated, as well as sensor nonlinearities, to ensure adequate performance and stability. In all
configurations loop gain-increase margins are more than 6 dB, gain-decrease margins are more than 10 dB,
gain-increase margins at a structural peak are less than 10dB, phase margins are more than 350, and the torque
margins are greater than 3.

CP NDHG ANGLE HBO LOOP

TELESCOPE HBANDWIDTH COMW
OPTICS OPTICS L HA DETECTOR

BEACON
TRACKING
DETECTOR

COORDINATE
TRANSFORMATION 

_ 
O E

f0

CPM LOOP - HIGH BANDWIDTH >2 kHz

COMPENSATION - HIGH DYNAMIC RANGE > 106 1

0

Figu, 37. Trackinz . tenf hhck d ia.
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TABLE 16.

HBO Loop Parameters

Ao  Z1  Z2  Z 3  P

Acquisition 7.3 k 2.6 Hz 132 Hz 132 Hz 10 kHz
Tracking

500 Hz 74 2.6 Hz 132 Hz 132 Hz 10 kHz
1000 Hz 689 2.6 Hz 300 Hz 303 Hz 20 kHz

TABLE 17.

Azimuth CPM Loop Parameters

J Moment of Inertia 0.649 in-lb-s2

M Mass 16.5 lb
L CG Offset < 0.05 in
KM Motor Constant 0.85 in-lb/A
Tmax Maximum Motor Torque 3.0 in-lb
y' Dahl Friction Parameter 2.64 x10 4 (in-lb)-
TFO Friction Torque 0.78 in-lb
TN Noise Torque 0.04 in-lb (rms)
Kcv Velocity Controller Gain 20.0 A/V
d Velocity Controller Zero 15 Hz
Kcp Position Controller Gain 365 V/V
a Position Controller Zero 3 Hz
b Position Controller Pole 30 Hz
Kv  Velocity Gain 1000 V/(rad/s)
g Noise Torque Bandwidth < 12 Hz (Worst Case)
K1  Inductosyn Parameter 3.23
K2  Inductosyn Parameter 68200
Ti Inductosyn Zero Time Constant 4.46 ms
T2  Inductosyn Pole Time Constant 0.2 ms
K5  Equivalent Gain of DAC 3260 V/rad
h Velocity Noise Bandwidth 200 Hz
To  HBO Signal Update Interval 4 ms
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The overall tracking loop rejection is shown in Figure 40. The figure assumes worst-case end-of-life
parameters (i.e., maximum radiation damage. worst-case MWA speed. worst-case CPM look angle). The
symbols represent the rejection that each source of angular disturbances would require (without the required
system margins) if it were allotted the whole tracking budget. The heavier line represents the overall rejection
that would be required if all disturbance were to be tracked out simultaneously with no margin. This curve
represents an approximate bound on the minimum required rejection. The finer line represents the rejection
provided by the system design. Note that there is significant amplitude margin. particularly at low
frequencies. Table 18 lists the individual and total uncompensated tracking errors (system margins included).
The uncompensated tracking error for each axis is less than 0.15 prad and is met with more than the 17 dB
of disturbance amplitude margin assumed for all disturbances except the MWA. The disturbance amplitude
margin for the MWA is -3 dB and is dominated by the mechanical resonance that couples with the third
harmonic of the MWA (Figure 12). Note that this 3 dB of MWA amplitude margin is conservative for the
reasons indicated at the end of Section 3.3. As noted earlier, the OMS-to-spacecraft mechanical interface was
tuned to a resonance of 50 Hz. Below this resonance (where most of the disturbances are) there was no
isolation of the disturbances from the LOS. Fortunately. the tracking system has a large amount of rejection
margin in this region. However, at the MWA disturbance frequencies, where there is not a large rejection
margin, there was a significant amount of mechanical isolation. In fact, without this high-frequency isolation
the performance of the tracking. pointing, and acquisition system would be severely impacted.

TABLE 18.

Tracking System Uncompensated Closed-Loop Jitter (Per Axis)
(Including 7X Low-Frequency Amplitude Margins)

North/South East/West
(pVrad) (Rrad)

Solar Array Drive (SAD) 0.0119 0.0119
Earth Sensor Assembly (ESA) 0.0034 0.0034
Antenna Assembly (ANT) 0.0044 0.0044

1 Hz 0.0029 0.0029
2 Hz 0.0033 0.0033

Momentum Wheel Assembly (MWA) 0.1435 0.0706
100 Hz 0.0053 0.0468
200 Hz 0.0631 0.0118
300 Hz 0.1287 0.0515
400 Hz 0.0033 0.0021

CPM Jitter 0.0280 0.0140
Bench Reaction To CPM and HBO Torques 0.0186 0.0186

rss Total 0.1479 0.0755

70



-20 -

0

-40| A ANNCP

Z SAD P CALCULATED REJECTION

0 -60
CESA

-80

-100 -MINIMUM REQUIRED
1 0 . .REJECTION

0 -140 I .
0.1 1 10 100 1K 10K

FREQUENCY (Hz)

Figure 40). Tracking, system clo.scd-h,(,p rejection peolbrmanc c,

4.6.3 Tracking Error Sensor

A block diagram of the tracking system normalizing angle error detector (NAED) is shown in Fi2ure
35. As stated previously, an APD quadrant detector is used since it provides a performance improvement over
alternative detectors when the system is not background- or signal shot-noise-limited [3]. The APDs are
functionally equivalent to commercial units made by RCA (RCA C30902S). but are subject to extensive lot
and unit testing to guarantee responsivity. radiation tolerance. and noise limits. Two modifications are
required in packaging. First, a p' channel stop is diffused around the surface to enhance device radiation
hardness [49.51]. Second. a much larger hermetically sealed can is used to house the APD than is used in
commercial units. The flight units are filled with dry nitrogen, and leak-tested to insure that the density of
nitrogen will not fall below that needed to inhibit arcing and corona at high bias voltages for the full four-
year mission life. The dry nitrogen hermetic seal is necessary to prevent contaminants and water vapor from
damaging the APD during ground testing and storage. The parameters for the APD are listed in Table 14.

The TIAs are designed to provide gain and phase uniformity at the beacon modulation frequency (54
kHz). A predominantly thermally noise-limited transimpedance of 10 M0) is achieved from dc to 70 kHz by
using a T-network feedback and FET front ends for the TIAs. It is not necessary to cool either the detectors
or the preamps to achieve this performance. The front-end noise is listed in Table 14.

The sum signal as well as the azimuth and elevation error signals are derived from the the preamp
outputs by simple sum and difference networks. The sum channel signal is used for error normalization
during tracking and for signal detection during acquisition.
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In order to maintain a constant loop bandwidth in the presence of signal power variation, the estimated
sum channel power is used to normalize the difference channels. Because of the large dynamic range
expected in the received signal power (8x 106 to 2.5x 101I photon/s incident on the APDs) the normalization
is preceded by an AGC stage. The AGC is performed at IF. and uses the peak detected sum signal to control
the IF amplitude of the sum and difference signals. The gain decreases quickly in response to a rise in sum
channel power (attack time constant <35 pis). but increases with a much longer time constant (decay time
constant >1 Ims) \w hen the sum signal powcer decreases. The attack time is set by the bandwidth of the bandpass
filter. The decay time is set by time constants in the detector. A dc bias is added to the detector output to limit
the maximum AGC gain and ensure low noise performance. This AGC stage provides 40 dB of gain control.
The fast AGC attack time allows the transients and imperfections in the AGC stages to settle before the I -
kHz tracking loop can respond to them. The slower decay time allows the normalizer to respond to most of
the fades which would be encountered in an ACTS-ground link and therefore minimizes the effects of AGC
gain pumping.

The second stage of gain control is performed at baseband, after the synchronous demodulator. The
sum channel is lo\ -pass filtered and used to normalize the azimuth and elevation difference signals. The time
constant of the low-pass filter is chosen as -1 ms to be commensurate with atmospheric fade coherence times.
An additional 36 dB of gain control is provided by this stage. The resulting output error signals have -80
dB of signal power dynamic range and a bandwidth in excess of 20 kHz.

The effect of signal and background shot-noise, as well as device noise. will be defined in tern> of the
NEA. The detector FO,' is chosen as 20-rad (-5-B\V) diarn. as a compromise between providing a v ide
FOV for acquisition and minimizing background noise for tracking. For this detector size it has been shown
that the NEA is approximatel2 given by :.:

N = 2e {FG [le ( 0.84 L + + 4 1 ]+4 1 }+4N c

hv ~b + db] L.}4 (5

N NEB (16
NEA= [ (16)K_ P

NEB = Single-sided noise equivalent bandwidth of tracking loop
KD = Angle discriminator gain

The above parameters are described in Section 4.4.5. For a diffraction-limited optical system with a 5-BW
(20-[Lrad) detector diameter. Kt, = 1.64 BW' ( 0.381 prad -' ). The factor of 0.84 accounts for the finite
detector size and dead zone (see Figure 28).

72



The APD gain can be optimized to minimize the NEA. Assuming small k and large G, the optimum
APD gain is given by

Nc

,2= [ 2 (17)P
k ( rle { 0.84 s + X + 41

Figure 41 shows the gain-optimized NEA as a function of signal power incident onto the APD for a 1 -Hz NEB.
The actual NEB for the l-kHz tracking loop is 3.2 kHz. Table 16 shows the parameters assumed in the
analysis. The dotted line represents the NEA noise floor that may result from post-TIA circuit noise tWat is
not included in the above expressions. Clearly. noise sources after the TIA do not contribute significantl\
to the overall tracking error (< 0.01 BW).
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The combination of lo" noise performance and wide dynamic range allovA s the system to operate III
the pre,,ence of large fades in recei ved signal po" er. Figure 42 showAs the static range over w,\hich the system
can operate as a function of APD gain and received signal power. The fine tracking range is the approximate
range over ",hich the tracking system can maintain less than a 0.15-gLrad NEA. The coarse tracking range
is that over wvhich the NEA is less than 0.680 gLrad. The AGIC and NAED bandwidths allow the syste-m to
operate with instantaneous fades or )o\,%er surges as large as 17 dB, provided the resulting signal po\, er is.
not outside the indicated range envelope.
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TABLE 19.

Tracking System Link Budget

Hand-Off Communications
Transmit Laser (dBW)" -18.2 -18.2
Transmit Optical Losses -4.6 -4.6

Laser Module Phase (x/20) -0.4 -0.4
Laser Module Amplitude (EOL) -0.3 -0.3
Optical Train Phase Loss (X1 5) -0.8 -0.8
Optical Train Amplitude Loss (EOL) -1.7 -1.7
Obscuration (15% linear + spiders) -1.3 -1.3
Polarization Error (15c) -0.1 -0.1

Beam Spoiling (18 grad) 15.9 0.0
20 cm Transmit Aperture Gain (Ideal) 117.3 117.3
Spatial Pointing Loss -1.9 -1.0
Space Loss (42700 km) -295.9 -295.9
20 cm Receiver Aperture Gain (Ideal) 117.3 117.3
Receiver Optical Losses -2.5 -2.5

Obscuration (15% linear + spiders) -0.1 -0.1
Optical Amplitude Loss (EOL) -1.8 -1.8
Polarizatio, Error (150) -0.1 -0.1
Interference Filter (25 A) -0.5 -0.5

Detected Power (dBW) -104.4 -88.6
Number of Photons/s at Detector (dB-Hz) 82.0 98.8

Power Required to Meet NEA Budget of 0.15 l.rad per axis during comm and 0.580 l rad
during hand over using 1 kHz crossover (dB-Hz)

No Background 70.9 80.0
Earth Background 72.2 80.3
Solar Background 92.4 98.3

Margin (dB)
No Background 13.1 18.8
Earth Background 9.8 18.5
Solar Background -10.4 0.5

15 mW a,erage power (30 mW peak power)
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4.6.4 Pointing Budget

Figures 43 and 44 show simplified diagrams of the overall pointing and tracking system. Most of the
functions shown have been discussed. Table 20 contains a summary of the performance of the overall
pointing system. Most of these entries were discussed earlier. In many cases the entries are the result of a
complex thermal, mechanical, and electrical analysis (often involving extensive computer simulations). As
a result, often the worst-case error is reported in the budget. Since it is unlikely that all these values will
simultaneously be at their worst-case values, the actual performance of the pointing system should exceed
that reported in the budget.

We will briefly discuss a few items in the pointing budget that have not been previously mentioned.
The first entry contains errors that arise from limitations i. the system optics. In particular, the entry for WFE
is due to optical aberrations that cause asymmetricfO far-field patterns (i.e., coma). and the entry for
magnification uncertainty is due to the residual error in calibrating the magnification of the telescope and
relay lenses as well as environmentally induced changes in magnification. The entry for spacecraft attitude
error assumes that the worst-case spacecraft yaw axis uncertainty of 4.4 mrad is the axis in roll around the
LOS and the maximum point-ahead angle is 32 pirad. The entry for HBO cross-coupling is due to a rotation
imposed on the point-ahead angle as a result of the HBO being off-axis. A nominal angle of incidence of 19'.
a point-ahead angle of 32 irad. and an HBO offset of 130 krad are used in the calculation. And finally, the
budgeted jitter and bias errors are included. although as pointed out in Section 4.6. we have considerable
margin in achie\ ing these numbers.
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TABLE 20.

Pointing System Budget (Both Axes)

Bias Jitter
(1 rad) (Rrad)

Optical Error 0.110
Retro-Reflector 0.083
Telescope Distortion 0.008
Wavefront Error 0.064
Magnification Uncertainty 0.032

Point-Ahead Computation 0.157
Tangential Velocity Prediction 0.067
Spacecraft Attitude Error 0.141
OMS to Spacecraft Attitude Error 0.005
CPM Coordinate Transformation 0.010

Point-Ahead Mechanism 0.052
RDC Precision 0.016
RDC Linearity and Drift 0.033
RDC and Spacecraft Jitter 0.030
Servo Drift 0.004
Thermal/Structural Drift 0.013
Orthogonality Between Plates 0.017
Uncompensated PAM Nonlinearities 0.000

Source Select Mechanism 0.025 0.057
Servo Drift 0.025
SADA NEA 0.025
SSM Azimuth Stability 0.041
SSM Elevation Stability 0.031

High Bandwidth Optic 0.055
Cross-Coupling 0.054
Servo Offset and Drift 0.011

U/L Tracking 0.122 0.304
Transmitter Housing 0.068

Uncompensated Azimuth Jitter
Uncompensated Elevation Jitter

Environment 0.020 0.040
SADA/ATD Path Thermal Drift 0.020
Structural Jitter 0.040

Total (RSS) 0.241 0.319
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5. CONCLUSION AND DISCUSSION

This report documents the requirements. design, and performance of the ACTS/LITE acquisition.
tracking. and pointing system. For a summary review of system performance specifications, the reader is
referred to Tables 3, 4, and 5.

Although parallel- can be drawn to RF acquisition and tracking systems. the magnitude of the optical
problem turns out to be much greater. Space platform angular vibrations measured in microradians or
milliradian-level attitude control errors have virtually no impact on satellit" RF systems where beamwidths
are measured in degrees. In the optical domain, however, numbers of those magnitudes represent man'
beamwidths of angle uncertainty orjitter. As a result. the laser communications system designer is confronted
with a spatial acquisition problem which can require a search over as many as hundreds of thousands of spatial

cells. The spatial tracking system must be capable of rejecting disturbances man) beamwidths in magnitude.
These problems have both system and hardware implications which this work has attempted to address.

Satellite attitude control and on-board vibration stand out as key design drivers. A sound acquisition/
tracking system design requires a careful, quantitative assessment of the spacecraft dynamic environment.
In the case of ACTS, there were no on-orbit data available. Therefore, considerable effort was made by way
of mechanical modeling. analysis, and measurement, with considerable interaction with the spacecraft
contractor (RCA). to arrive at estimates of what the attitude control performance and the jitter environment

were likely to be. In general. large amplitude disturbances. e.g.. 100 [rad from solar array motion. are found
at low frequencies. while at higher frequencies the amplitudes are smaller, e.g.. a few microradians from the
momentum \,heel at 100 to 400 Hz. Thus, disturbance rejection provided from the tracking loop across the
frequency spectrum must be sized to reduce these disturbances to required levels. Obtaining adequate
momentum wheel jitter rejection resulted in a loop band% idth requirement of about I kHz. considerabl\ in
excess of the momentum wheel disturbance frequencies themselves. Realizable loop bandwidths in turn are
dependent on HBO technolog\.

Because of inevitable uncertainties in estimating spacecraft angular disturbances, considerable
conservatism must be incorporated into the analysis and the final system design. For example. in assessing
spacecraft momentum wheel jitter, conservative assumptions v,-cie made about momentum wheel imbalance.
transmissibility between the momentum wheel location and LITE optical module. the phasing of disturbances
at given frequency. and momentum wheel speed. The tracker has been designed with large disturbance-
rejection margins and avoids operation in regions where performance is sensitive to modeling error,. Thus,
the ACTS/LITE tracking system is designed to keep pointing and tracking errors (bias and jitter) to less than
0.1 BW. Similarly. the acquisition system incorporates a number of different operational modes - varying

scan rates. overlaps, and the capability of accommodating worst-case as well as nominal uncertainty region
sizes. By design, both the acquisition and tracking systems have large signal power margins - in excess of
the data communications margin, -- for overall system robustness.

The LITE system was designed as a one-way link. and consequently a number of features that would

be present in a duplex link are not present. For instance, the tracking system utilizes a lov-bandwidth APD
quadrant detcctor with an intensity modulated beacon. Although it satisfies the LITE requirements. it is not
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directly applicable to two-way direct-detection or heterodyne systems unless both a beacon and a commu-
nications beam are transmitted. For direct-detection links, quadrant APD receivers are still an attractive
choice although the spectral broadening of the data-modulated signal creates a requirement of larger front-
end bandwidth. Consequently the angle-error detector must be redesigned to operate at lower SNRs. In a
heterodyne link, operation with a quadrant APD tracker separate from the communications front-end requires
a splitting of power between the tracking and communications detectors. In addition. heterodyne systems
will not generally employ intensity-modulated signals and thus the tracking system will be more sensitive
to device and background noise with baseband detection of the received signal.

System improvements can be projected for the future. Acquisition times can be reduced with a parallel
search scheme using a CCD or charge-injection device (CID). Work on CCD acquisition systems is currently
ongoing. and it should be possible to implement such systems in the near future. A scanning search was
expedient in the LITE system, but search times can become long when the uncertainty region becomes large
or received signal powers are low. Although a direct-detection tracker is the logical choice for a direct-
detection communications system. a heterodyne tracking system may be considered for heterodvne links.
The heterodyne tracker potentially offers some of the same advantages as heterodyne communications.
namely better sensitivity to signal and more immunity to background noise compared to direct-detection.
However, a number of engineering issues remain to be worked out.

The LITE acquisition/tracking system applies to a geostationary satellite. Although the design of a
corresponding package for a LEO platform would appear to be similar, some caveats are noted. particularly
for spatial acquisition. In the ca,e of LEO acquisition of a GEO satellite, the LEO telescope or CPM must
perform highly accurate open-loop slewing. based on the satellite ephemerides, to freeze the motion of the
GEO in its FOV. Peak sleA rates can be 1.3 mrad/s. i.e.. many diffraction-limited beamwidths per second.
and as much as five times greater than the corresponding rates required on the GEO platform. Inaccurate
slewing can create two problems: ( 1 ) the acquisition detector becomes faced with the problem of acquiring
a streak instead of a spot. and (2) the return beacon, which in the present scheme is open-loop pointed at the
intended target. will drift away from the GEO while the GEO is acquiring. In addition, attitude control errors
on the LEO platform create angle coordinate uncertainty and hence additional slewing errors. For example.
a yaw error of 0 causes a rotational error of 0 in roll-pitch coordinate orientation. Thus the actual slewing
trajectory in roll and pitch will deviate from the intended one by the angle 0 and the pointing will drift a'a
from the target at an angular rate of (slew rate) x 0. If the slew rate is I mrad/s and the attitude error
is 0 = I mrad. then the drift error rate is 1 ptrad/s. These potential difficulties can be mitigated by rapid
acquisition and handover to tracking on both ends of the link so that any drift errors are not allowed to grow
large enough to become a problem. Furthermore. the need for accurate attitude control is indicated.

In future laser communications system design. choice of aperture size, at least in part, will be influenced
by the ability to point and track accurately. Large apertures will have more stringent requirements than small
ones. (Altiiough direct-detection receivers can employ wide-FOV detectors which make performance
insensitive to pointing and tracking errors. the transmit beam. if diffraction-limited. must still be pointed x ith
fractional-beamwidth accuracy. Heterodyne receivers typically operate with a diffraction-limited FO,' and
consequently will have requirements comparable to those for the transmit beam.) The experience with ACTS
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indicates that attempting to point an aperture very much larger than the 20-cm LITE aperture may be stressing
to the pointing/tracking system design. The ability to utilize larger apertures may require (1 ) a more quiet
satellite host platform, (2) more effective mechanical isolation between the optical module and the satellite
body, or (3) improved tracking/pointing system design and component technology. However, since a laser
communications system is likely to be only a secondary payload on a satellite, it is more reasonable to expect
the optical payload to adapt to its host environment via alternatives (2) and (3) rather than vice versa by (I ).

The issue of the effects of radiation from the natural environment, especially on optical detectors (e.g..
APDs and CCDs), is not completely resolved and requires further investigation. The two effects of concern
are bulk damage and radiation-induced photocurrent, both of which can be detrimental to detection and
tracking performance.

The issue of propagation through the atmosphere was briefly described and requires much more in-
depth analysis if a space-to-ground link is to be implemented. However, our main interest is in space-to-space
links and therefore the work reported here has focused primarily on that application. In operational systems
a space-to-ground link is probably best realized by conventional RF techniques which are not subject to the
same degree of atmospherically induced degradation as optical systems.

What has been described in this report is a point design spezific to the ACTS/LITE system. The details
may not necessarily be duplicated exactly in future satellite laser packages and no claim of optimality is made
for the present design. However. acquisition and tracking design has been carried beyond the laboratory-
demo stage to a live spacecraft environment. This work has identified areas that will require careful attention
or design effort in future systems.
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APPENDIX

A.1 DITHER SCAN PERFORMANCE IN PICK-MAXIMUM ACQUISITION MODE

After completion of a pick-maximum acquisition scan. the HBO is returned to the maximum-signal

location for a dither search. Let X be the maximum-signal value obtained at this location during the

acquisition scan. For a dither scan. suppose the threshold value is set equal to aX where a _<1. Here %ce

calculate the false alarm and missed-detection performance for the dither search as a function of a.

Let o = N(1B be the variance of the input noise where N is the receiver front-end noise densit\ % hen
onlx noise is present and B is the detection filter bandwidth. If P denotes the single-sample fabe alarm-AIX,
probabilit\ conditioned on X then the unconditional false alarm probability PFA (single sample) N, ith a linear
envelope detector is given b\

P-A f P-A X, P(X) dX 1A I:

w here

PFAV = exp (a-X-- (A-2)

and

px\(X) (- exp ( +P ]i( (A-3

(T = N'(B is the receiver input noise variance in the detection filter bandwidth B with a front-end noise density
NO! %hen signal plus noise are present. The above integra! (A- I ) can be evaluated exactl\ \k ith the result

_ 1 exp [- a2E
PFA = N 2 [ - a2] (A-4)

I+a 2 - 2 N0 + NO,

where E = 2P/B is the peak detected signal energy with a square-envelope pulse and matched-filt rdetection.
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The probability of missed detection is more difficult to calculate exactly. Therefore, some simplifying
approximations must be invoked. Let X d be the envelope detector output during the dither scan when the
signal is present. The Rician probability densities for both X and X can be well approximated as Gaussian
under large signal-to-noise conditions, both with mean ", and variance a"2 . The miss probability P 1 = 1 -
P is then given by

PN P r X d - a X ,< 0 1signal present) (A-5)

The random variable Xd - aX is also Gaussian with mean (I-a)\'P and variance (l+a ) a. Thus PM can then
be reduced to

PM = erc [I -a A-6
(1 +a') N0 1

where erfc[.1 denotes the complementary Gaussian error function, which itself can be further approximated,
if desired, by any of several well known expressions.

These results for PF, and P are plotted as a function of the factor a in Figures A- I and A-2 for nighttime
and daytime earth background scenarios. respectively, and assuming previously described value,, for the
system noise parameters. Four sets of curves corresponding to 2x106. 4x10 ' . 8x 1)&. and 1.6x10- detected
photons/s are shown, representing the lower end of the range of signal pov, ers of interest. Against the davtime
earth background. it is observed that for a = 0.5. P and PF. are roughly equivalent over this range of signal
power. With a nighttime background. a similar conclusion hdlds for a = 0.4.

The value of a = 0.5 is chosen for all operational scenarios to simplify the system implementation. In
the nighttime scenario, the difference in performance between a = 0.4 and 0.5 is small enough to justify using
a = 0.5 here as well as for daytime backgrounds.
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A.2 SPIRAL SCANNING EQUATIONS

In this section we will briefly present the equations used in generating the spiral scan used during
acquisition. Let

Pct) = RtI) e' (A-7)

where Pt) is the LOS position in polar coordinates with radius R(t) and angle 0(t) The two differential
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equations governing the radial growth and tangential velocity are given by

=-! V(t) (A-8)
dt

dR A (A-9)
dO 27t

where V(t) is the tangential ,cloz;t, and A is the scan to scan separation. Therefore.

.....)2 + ( R(t)T' )2 = V(t) 2  (A-10i

dt dt
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R( (A-l11)R(t) = - 0(t) (-I
271

The eA-a,'t solution to these equations is difficult to solve and even more difficult to implement. However,
ignoring the tangential velocity component due to the radial growth in R(t) allows a simp!,- solution that is
easy to implement. That solution is given by

R(t)0 V(T) dTc (A -12)

0

0(t) =2 TV(c) d (A-13)

The only approximation used in obtaining these solutions is the assumption that the radial growth did not

contribute to the tangential velocity. For a constant velocity scan, it can be shown that after one spiral. the
actual tangential velocity is within 1 percent of V(t).

To limit the acceleration and frequency requirements of the HBO loop during the start of the scan. a

ramp in tangential velocity is used (V(t) = at). Once the acceleration and frequency requirements are within

the loop capability a constant tangential velocity is used (V(t) = V ). The slower scans as well as the dither0

scan do not require any velocity ramp. For such scans it is easy to show that the time required to cover an

uncertainty zone of Q. (full-width) is given by

T - IE -U (A-14)
4 AV,
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