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EXECUTIVE SUMMARY 

This study, of laser intersatellite links was carried out 
for the Department of Communications under con-
tract No. 36001-0-3600/01-ST. 

The objectives of the nine (9) month study were to: 

i) identify and research the technical issues, cost 
and performance trade-offs of an optical link 
suitable for typical applications such as 
RADARSAT and Space Based Radar. 

to review Canadian Industries capabilities, and 

iii) to develop an approach to establish an optical 
intersatellite capability in Canada, where feasi-
ble. 

Spar formed a team to undertake the study comprising 
CAL Corporation and EG&G with Spar acting as the 
lead contractor. The total contracted effort was 1,160 
man hours, 57% Spar, 34% CAL Corp. and 9% 
EG&G. Additional effort was provided by each team 
member. 

The technology was reviewed to determine the current 
state-of-the-art and expected performance improve-
ment for lasers, detectors (both direct detection and 
heterodyne) and both direct and external modulation. 
Telescope technology was reviewed and an optimum 
design selected. 

Acquisition and tracking concepts and techniques were 
reviewed to determine the optimum design and evalu-
ate the expected performance. An optimum acquisi-
tion procedure was proposed. 

The study looked at link parameters between geosta- 
tionary satellites and for links to inclined and low earth 
orbits. Performance comparisons were made betWeen 

four laser types ranging in wavelength from 0.8 to 10.6 
ym and for bit rates up to 1 Gbps. 

A comparison between heterodyne and direct detec-
tion systems showed that incidental losses associated 
with heterodyne systems and not with direct detection 
systems largely counteracted the greater sensitivity of 
the heterodyne receivers. This is particularly true of 
the shorter wavelength at which the AlGaAs laser 
operates. The high sensitivity of modern direct detec-
tion receivers is close to that achievable with hetero-
dyne reception and an improved performance was 
found for the direct detection system compared to the 
heterodyne receiver. 

The direct detection sensitivity degrades at higher bit 
rates so heterodyne systems are expected to predomi-
nate above 1 Gbps. I3elow 100 Mbps a single laser with 
direct detection is satisfactory while between 100 Mbps 
and 1 Gbps wavelength multiplexed AlGaAs lasers are 
expected to be optimum. 

On the basis of the technology study, a preliminary 
terminal design was carried out. The design included 
a baseline operating at 100 Mbps and two options to 
support 1 Gbps. 

The baseline used an AlGaAs laser vvith bias voltage 
modulation and a direct detection receiver. The first 
option used for such lasers and receivers with the bit 
rate of each increased to 250 Mbps to achieve the total 
of 1 Gbps. The second used a single Nd:Yag laser 
operating at 1 Gbps combined with a heterodyne re-
ceiver. A preliminary layout of the optical path was 
carried out for each of the three configurations. An 
electrical block diagram was prepared and discussed. 

A comparison of the top level parameters of the three 
systems is presented in the table below. 
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Baseline Option 1 Option 2 

Bit Rate 100 Mbps 1 Gbps 1 Gbps 

Laser one AiGaAs 4 AIGaAs one Nd:Yag 

Detector direct direct heterodyne 

Mass (kg) 30 36 39 

Power (W) 45 50 72 

Dimensions (cm) 36 x 28 38 x 30 45 x 27 

A survey of Canadian industry was made to identify 
those companies with a relevant capability. Detailed 
discussions were held with those companies identified 
who also have a space capability. From these it was 
concluded that the Canadian space industry has the 
technology base from which to develop a complete 
optical intersatellite capability. What is lacking is a 
heritage of space qualifiable products and experimen-
tation from which to proceed. 

The study team invited MPB Technologies and SED 
Systems Inc. to join in preparing an outline program 
leading to a full OISL capability in Canada. 

The group observed that US, Japan and Europe are 
expending significant efforts in developing data relay 
satellite systems employing intersatellite links. It was 
also observed that the market is clearly developing for 
intersatellite links. Further that an International 
Working Group on Intersatellite Optical Communica-
tions comprising representatives from NASA, 
NASDA, ESA and CSA had been formed. It vvill 
discuss the reasons for taking their particular design 
approaches and examine the possibility of inter-
operability and cooperative endeavours. 

A major concern of the group was that if Canada does 
not embark upon a significant development program, 
then we will have abandoned the market to the industry 
of other nations. The technology gap is not too wide 
or impossible to close. 

The group developed a possible scenario to address 
this issue. The objective would be to undertake a 
domestic optical intersatellite link demonstration pro- 

gram. The program would target cooperative work with 
international partners but should also address stand-
alone work with international partners. Two possible 
objectives were identified; to develop either the satel-
lite at the geosynchronous end of the link or a payload 
terminal at the low earth orbit end. 

Two parallel thrusts to meet the objectives are dis-
cussed and outlined. They are 

(i) to embark upon a mission defmition and concept 
exploration activity for the proposed interna-
tional initiative and 

(ii) to immediately undertake an Optical Link Pre-
paratory Program (OLPP) to provide ongoing 
technology development, evaluation and dem-
onstration through use of a national test bed. 

An overall schedule is presented. 

The OLPP would quicldy establish industries capabili-
ties and provide the technology development for any 
international cooperative endeavour. Key areas where 
useful development could be carried out now are de-
tailed including cost and schedule. Start-up costs are 
not expected to exceed $2M per year. 

In conclusion, the study recommends that Canadian 
Space Agency give serious consideration to the sce-
nario proposed. Further that it contract with the Spar 
team to fully der= the OLPP and its relationship to a 
potential international cooperative program antici-
pated value $230K - $500K. This work would become 
an input into the Long Term Space Plan. 
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1.0 INTRODUCTION 

This is the final report on a laser intersatellite link study 
funded by the Department of Communications under 
contract 36001-0-3600/01-ST. 

The requirements of the study are outlined in Section 
1.1 and the potential applications in Section 1.2. Sec-
tions 1.3 and 1.4 give an historical perspective and a list 
of ongoing Optical ISL development programs respec-
tively. 

The study of the link parameters is reported in Section 
2.0 with detailed graphs of link parameters included in 
Appendix A. 

Section 3.0 discusses the review of optical ISL technol-
ogy and gives the current or projected performance of 
ISL components. 

The link gains and losses are identified in Section 4.0 
for both direct detection and heterodyne receivers and 
for direct modulation laser diodes and externally mod-
ulated gas and solid Nd:Yag lasers. Detailed link bud-
gets are presented in Appendix B for a comparison of 
heterodyne and direct detection systems and in appen-
dix C for a comparison of laser types and laser wave-
lengths. 

Section 5.0 discusses the acquisition and tracking func-
tions. These important functions are e,ssential before 
transmission of data can begin. Recent ground tests on 
the SILEX program have successfully demonstrated 
adequate performance. 

Section 6.0 presents the terminal/conceptual design for 
the baseline direct detection system operating at 100 
mbps and for two options for operation at 1 Gbps. 
Performance parameters are listed for the baseline 
system with changes indicated for the two optional 
systems. A telescope is selected and the optical bench 
dimensions are established for all three systems. An 

outline is presented for the electrical system which 
supports the communications signal and controls the 
system for acquisition and tracking. 

The final sections review Canadian optical capabilities 
(Section 7.0) and outline a roadmap to achieve a Ca-
nadian presence in the optical intersatellite link mar-
ket. 

1.1 Requirements 

This section summarizes the requirements of the study 
listing links, lasers, bit rates and modulation types to be 
treated. The links considered in the study are: 

1) Between Geostationary Satellites 

The maximum separation between satellites has 
been taken as 120 degrees. 

2) Between Geostationary and Inclined Geosyn-
chronous Satellites 
Both 24 hour Tundra type inclined orbits and 12 
hour Molnya type inclined orbits have been con-
sidered. The intersatellite link is considered op-
erational during the 12 hours for Tundra and 8 
hours for Molnya that the inclined orbit satel-
lites are operational. 

3) Between Geostationary and Leo Satellites 
Specific low earth orbits are considered and an-
alyzed for a 24 hour period to give the full range 
of conditions between the two satellites. 

Four lasers are considered namely: 

1. CO2  gas laser at 10.6um 
2. InGaAsP laser diode at 1.55ym 
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3. Nd:Yag laser at 1.06ym 
4. AlGaA.s laser diode operating in the range of 

0.8 to 0.94 4m. 

Bit rates ranging up to 1Gbps are considered or specif-
ically: 

1. Geostationary to geostationary (1Mbps, 
100Mbps, 1Gbps) 

2. Geostationary to inclined geostationary 
(1Mbps, 100Mbps) 

3. Inclined geostationary to geostationary 
(1Mbps, 100Mbps) 

4. Geostationary to LEO (19.2Kbps) 
5. LEO to geostationary (19.2Kbps, 1Mbps, 

100Mbps) 

The modulation format is also addressed in the study. 
Types of modulation considered include: 

1. Amplitude shift keying (ASK) 
2. Frequency shift keying (FSK) 
3. Phase shift keying (PSK) 
4. Pulse position modulation (PPM) 

In addition to the modulation the type of reception 
namely direct detection or heterodyne, is considered. 
A heterodyne receiver has, in general, a higher sensi-
tivity and therefore a greater capability of either a 
higher bit rate or a greater range for the same laser 
power and telescope aperture. The penalty for this 
increased sensitivity is increased complexity due to the 
requirement of a local oscillator laser at the receiving 
terminal and much higher requirements for frequency 
stability and mode purity. 

A key element of the laser intersatellite link is the 
acquisition and tracking system. This is particularly 
critical since the laser beam widths are v,ery small com-
pared to the pointing uncertainty of the satellite plat-
form supporting the laser terminal. 

1.2 Applications 

Three intersatellite links are included in the study. 
This section identifies the possible applications for 
these intersatellite links. 

1.2.1 Geostationary to Geostationary 

There are two possible scenarios; the fnst where the 
two satellites are close together, such as between Intel-
sat satellites in the same ocean region and second 
where the two satellites are in different ocean regions. 

When the satellites are in different ocean regions an 
intersatellite link can be used to establish communica-
tions between earth stations on opposite sides of the 
earth. In this way only one uplink and one downlink 
are used (in conjunction with the ISL) whereas without 
an ISL, an intermediate ground station would be re-
quired to establish the link. 

The use of the intersatellite link therefore requires half 
the uplink and downlink spectrum and thus conserves 
this scarce resource. When  the satellites are close 
together, it is not possible to save spectrum in the same 
way but there may be an advantage because not all 
satellites in the same region will support links to all 
ground stations. To communicate between a particular 
ground station and another ground station may best be 
done via an intersatellite link. The intersatellite link 
would make possible more flexible interconnection 
between ground stations and more efficient use of the 
spacecraft resources. 

1.2.2 Geostationary to Inclined 
Geosynchronous 

A system of inclined orbit satellites is designed to give 
continuous coverage to a designated region by each of 
the satellites in sequence. During the operational pe-
riod of each satellite, that satellite is visible to every 
part of the designated region. An intersatellite link to 
a geostationary satellite is not needed to relay data back 
to a ground station within the designated coverage 
area. 
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An intersatellite link might be useful if the geostation-
ary satellite was on the opposite side of the earth from 
the coverage area for the inclined satellite or if the 
inclined orbit satellite was used on its pass through 
perogee in the southern hemisphere when the primary 
coverage are is in the northern hemisphere. 

1.2.3 Geostationary to Low Earth Orbit 

This is a very likely application of intersatellite links 
with a high bit rate data link from the low orbit back 
through the geostationaty satellite to the ground and a 
low rate command capability from ground to the low 
orbit satellite. Coverage can be provided for more than 
half the time using only one geostationary satellite and 
near continuous coverage from only two. Present low 
earth orbit satellites such as Radarsat, rely on a single 
hop downlink to a very few ground stations. Data 
taken when the satellite is not in contact with one of 
these stations is stored on a tape recorder for later 
transmission to the ground. An intersatellite link 
would provide much more coverage capability and a 
higher transmission reliability. 

Low earth orbit satellites that could benefit from an 
optical intersatellite to a geostationary satellite are: 

1. Radarsat 
2. Space Based Radar (SBR) 
3. EHF Satcom 
4. Space Station Freedom 

Radarsat and Space Station Freedom have been ana-
lyzed in some detail in this study mainly because 
Radarsat has a near polar orbit and Space Station 
Freedom has a low inclination orbit, thus they very 
nearly span the LEO inclination limits of 0 to 90 de-
grees. Any other low earth orbit satellite should be 
encompassed within the range of parameters estab-
lished for these two satellites. 

1.3 Background 

1.3.1 Gas Laser Communications Systems 

1.3.1.1 Historical Perspective 

The Helium Neon laser was the first candidate laser 
selected for free space laser communication applica-
tions. In the mid 1960's the NASA Marshall Flight 
Centre began designing diffraction litnited telescopes 
and low power HeNe lasers for Optical ISL applica-
tions. Meanwhile at NASA Goddard, the CO2  laser 
was suggested as a potential source for a deep space 
mission. 

In the late 1960's NASA Goddard was working on the 
development of a CO2  laser communication system 
which was schedule to be launched on the ATS-F and 
ATS-G Advanced Technology Satellites. Due to tech-
nical and funding problems this program was cancelled 
a year after contract award [1]. 

In the early seventies Hughes began working on 300 
Mbps CO2  system which was also cancelled when 
NASA abandoned all advanced communications per 
direction from the US Congress. 

More recently the European Space Agency (ESA) has 
been funding the development of CO2  lasers for space 
communications applications. Recent reports how-
ever, indicate that this development has been curtailed, 
having been superseded due to the success of parallel 
laser diode and diode pumped Nd:Yag laser develop-
ment programs [2]. 

For more exotic applications such as satellite to subma-
rine communication, DARPA and the US Navy have 
funded several development programs. Due to the 
limited transmission spectral bandpass, unconven-
tional laser sources have been considered. In particu-
lar raman shifted Xeon Chloride gas lasers are a 
primary candidate. Recent reports indicate that ad-
vanced engineering for space qualified transmitters will 
begin sometime in the early 1990's [86] 
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1.3.1.2 The Fundamentals of CO2 Laser 
Communications Systems 

Most CO2  Laser communication systems employ het-
erodyne or homodyne detection to achieve the re-
quired quantum limited sensitivity. The lack of low 
noise, high frequency detectors along with the high 
background photon flux in the 104um region has pre-
vented the use of CO2  lasers in a direct detection 
configuration. Heterodyne receivers include the mix-
ing of the optical signal with an optical local oscillator 
(LO) to downconvert the mixed output to an interme-
diate signal (LO frequency different than transmitting 
laser frequency). Homodyne receivers are similar ex-
cept the mixed output is converted at the baseband 
frequency (LO frequency same as transmitting laser 
frequency). A schematic block diagram for a CO2  
based communication system, designed by ESA re-
searchers, is illustrated in Figure 1-1. The more com-
plex homodyne system was selected over the 
heterodyne system because of the limited available 
bandwidth of today's HgCdTe detectors [42]. For a 
given baseband bandwidth Bb, the required detector 
bandwidth B equals Bb for homodyne systems and 4 to 
5 Bb for heterodyne systems. Since IR detector tech-
nology is typically limited to 1-2 GHz bandwidths, only 
Homodyne techniques can be employed for extremely 
wideband systems (1 GBit/s). 

Table 1-1 summarizes the advantages and disadvan-
tages associated with CO2  based communication sys-
tem. The relatively high output power of the laser and 
the high sensitivity and maturity of 104um heterodyne 
receiver technology are definite advantages. Further-
more, the longer operating wavelength generates a 
relatively large beamwidth substantially reducing the 
pointing and tracking requirements. Wavelength mul-
tiplexing is also possible due to the spectral line tun-
ability of the optical source [3]. 

To support the development of CO2  laser communica-
tion systems ESA has funded the fabrications of a 
laboratory breadboard system. Figure 1-2 illustrates 
the configuration employed [2]. An examination of 
this figure and Figure 1-1 reveals that many of the 
components which constitute a CO2  laser communica-
tion system are also common to most laser communi-
cation systems. Unique components include: 
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1. the transmitter laser, 

2. the local oscillator, 

3. the external transmitter laser modulator, 

4. the acousto-optic frequency modulator fre-
quency compensation 

5. the associated RF and DC power supplies, 

Table 1-1 Advantages & Disadvantages of CO 2  Laser Based Communications Systems 

ADVANTAGES 

1. High laser output power available. 
2. High sensitivity & maturity of 10,um heterodyne receiver technology. 
3. The longer operating wavelength generates a relatively large beamwidth substantially reducing the 

pointing & tracking requirement. 
4. Wavelength multiplexing is possible due to the spectral line tunability of the optical source. 
5. Heterodyne detection at lqum reduces the impact of solar background induced detector noise. 
6. Compared with 0.8 and 1.14um systems, 10.6um systems have reduced sensitivity to sun radiation 

induced noise. 
7. 13eacon lasers oan be tuned to operate on a different wavelength (9.2 vs 10.6um) to improve the channel 

isolation & system noise perfoffnance. 

DISADVANTAGES 

1. Long term  lite  & reliability of the laser and modulators are still unproven. 
2. Direct detection laser diode systems are lighter, more compact and require less power than CO2  laser 

systems. 
3. Cryogenic cooling of the detectors is required. 
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Figure 1-2 Laboratory Breadboard Laser System 

6. the infrared detector. Typically, a HgCdTe 
photovoltaic detector, operating at 10pm and 
cooled passively to 100K, is employed. Space 
qualified mechanical cryogenic coolers are also 
available with a demonstrated five year life. 

7. the power sensing diode. 

The technology issues associated with each of these 
devices will be discussed in detail in the following sec-
tions. 

1.3.2 Solid State Laser Communication 
System 

1.3.2.1 Historical Perspective 

In the late 1960's the Air Force Avionics Lab and 
NASA Goddard began funding the development of 
direct detection Nd:Yag communication systems. 

In the early 1970's the Air Force 405B program devel-
oped a communication system concept based upon the 
mode locked doubled Nd:Yag laser and the CW single 
frequency doubled Nd:Yag laser system. This program 
also included component development combined with 
an engineering model which demonstrated 1 ,uradian 
tracldng accuracy. A space flight test for this program 
was contracted in 1975 but it ran into funding problems 
in 1978. After restructuring, an aircraft to ground test 
program (AFTS) was defined. This program was 
funded to completion and very successful tests were 
run in 1980 demonstrating reliable acquisition and 
tracking at data rates up to 1 Gbits/sec over 100 Km 
distances. 

The success of the AFTS program in 1980 led to a full 
scale development program. Although indications are 
that production is ongoing for an operational DOD 
system, the classified nature of this work has limited 
publication in the open literature. McDonnell Doug-
las has heavily invested in this technology in conjunc-
tion with the DSP Crosslink production program 
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(1984) and the BSTS pre FSD Crosslink program 
(1989). Both of these projects employ diode pumped 
Nd:Yag lasers operating at data rates of 1 and 10 
Mbits/sec respectively over a 80,000 km distance [91]. 

However, parallel civilian activities funded by NASA 
Goddard have led to the development of diode 
pumped Nd:Yag laser sources [87]. Also JPL is devel-
oping a deep space laser communication system using 
a 0-switched Nd:Yag operating at both 1.06 and .532 
um [89] 

1.3.3 Semiconductor Laser Communication 
Systems 

1.3.3.1 Historical Perspective 

Semiconductor laser transmitters for space based com-
munication systems are a relatively recent addition to 
space based communication system design. In the early 
1980's development of space qualified laser diodes 
began. The advantages of AlGaAs/GaAs lasers such 
as small size and weight, low power consumption, high 
efficiency and decreased system complexity had long 
been recognized but poor reliability and low power 
output limited their usefulness. 

One of the earliest programs to develop a space quali-
fied diode laser transmitter was ESA's SILEX project. 
In this design a .8 ,um AlGaAs laser diode will be 
employed with a peak power of 120 mW. 

To address the primary disadvantages of low power and 
low operating life a variety of NASA, ESA and US 
Airforce program have been initiated, further discus-
sion of diode laser technology can be found in section 
3.1.2 of this report. 

1.4 Ongoing Optical ISL 
Development Programs 

Free space communications at optical frequencies is 
being aggressively developed by many groups around 
the world. The following lists identifies some of the 
programs currently under development: 

a) SILEX: The Semiconductor Intersatellite Link 
Experiment Program was established by ESA to 
permit the demonstration of an interorbital link 
between SPOT IV and ARTEMIS using a .8pm 
diode laser. 

Japans ETS VI Program: The Japanese Engi-
neering Test Satellite-VI will carry an optical 
payload designed to establish the basic technol-
ogy for an optical communication system. The 
communication link will employ a .84u m laser for 
the downlink and an Argon gas laser for the 
uplink. 

The US Advanced Communication Teclmology 
Satellite (ACES)  which, until recently, incorpo-
rated MIT's Laser Intersatellite Transmission 
Experiment (LITE) coherent system (NASA 
and Air Force funded) and GSFC's Direct De-
tection Laser Transceiver (DDLT) program. 

To address the different technical and political 
issues NASA Goddard has divided its overall 
optical communications program into four dif-
ferent project areas: 

1. Research and Technology 

2. Flight System Development and Demon-
stration (FSDD) 

3. Laser Communication Transceiver (LCT) 

4. Small Business Innovative Research (SBIR) 
and small research grants. 

SDI's Brilliant Pebbles; Brilliant Pebbles is a 
classified project involving the deployment of a 
small optical communication terminal on 50 to 
100 different satellites. 

I) DARPA/US Navy Satellite Submarine Commu-
nication System (Submarine Laser Communica-
tion Satellite SLCSAT). 

g) JPL's Deep Space Communication System 
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h) BAE's Small Optical user terminal funded in 
part by ESA. 

i) US Laser Crosslink Program (See attached Fig-
ure 1-3 illustrating a Telescope design by Kodak 
for MDAC). 

Other US programs (Classified/Unclassified) 
See the attached Figure 1-4 illustrating a 4 chan-
nel Cassegrain Telescope with a channel splitter 
followed by refractive optics for each channel. 
The four transmitters are refractive lenses 
mounted in titanium housing for athermaliza-
tion. 

Gimbal Telescope Assembly 

Figure 1-3 Illustration of a Typical Spaceborne Optical 
Communications Telescope Designed by Eastman 
Kodak 
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Figure 1-4 A Four Channel Cassegrain Telescope with Refractive 
Optics 
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2.0 OPERATIONAL ANALYSIS 

This section describes the analysis of the three links 
under study namely; 

1) Geostationary to geostationary 

2) Geostationary to inclined geosynchronous 

3) Geostationary to low earth orbit 

There are two inclined geosynchronous orbits, a 
Molniya type 12 hour orbit and a tundra type 24 hour 
orbit. There are also two low earth orbits considered 
namely the Radarsat orbit which is representative of 
near polar orbits and the Space Station Freedom orbit 
which is representative of lower inclination orbits. 
Plots of the link parameters for these links are given in 
Appendix A. 

The orbit parameters used for these orbits are listed in 
Table 2.0-1. 

The link parameters investigated are those which affect 
the link. These are described below with reference to 
figures 2.0-1 to 2.0-9 for the link between a geostation-
ary satellite at -90 degrees longitude and Radatsat. 
The ground trace for Radarsat is shown in Figure 2.0-1. 

1) Range 
The range (distance between the two cooperat-
ing stations) determines the space loss and is a 
critical parameter in the link design. This is 
shown for the Radarsat/GEO link in Figure 2.0- 
2. 

Table 2.0-1 Laser ISL Orbital Elements 

Geostationary Satellites EHF Satcom Tundra Molniya 

a - 42164.54 km a = 42164.54 km a = 42164.17 km a = 26561.76 
e = 0 e = 0 e = 0.24917 e = 722227 
i = 0 deg I = 0 i = 63.435 deg I - 63.435 deg 
raan = 90, 0, +90 deg raan = TBD raan = 0 deg raan = 110 deg 
w = 0 deg w = 0 deg w = 270 deg w = 280.2 deg 
y = 0 deg v = 0 deg v = 0 deg v = 0 deg 

Radarsat Space Station Freedom SBR (tentative) (LEO near pole) (LEO near equator) 

a = 7167.055 a = 6841.14 km a = 7378. km 
e = ao0115 a = 0 deg e = 0 
i = 98.556 deg I -28.5 i = 90 
raan = 270 eg raan = 0 deg raan = arbitrary 
w = 90 deg w .., 0 deg w = 0 
y = 0 deg v = 0 deg v = 0 

Legend: 
a = semi-major axis 
e eccentricity 

= inclination 
raan = right ascension of the ascending node 
w = argument of perigee 
y = true anomaly 
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Figure 2.0-1 The Ground Trace of Radarsat over a 24 Hour Period 

Figure 2.0-2 Range Between Radarsat and a Geostationaly Satellite at -90° 
Longitude 
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2) Range Rate 
The rate at which the range changes in km/sec 
introduces a doppler shift into the received sig-
nal. This is immaterial for a direct detection 
system but does impact a heterodyne or 
homodyne system. The range rate for the 
GEO/Radarsat link is given in Figure 2.0-3. 

3) View Angles 
Each terminal of the link must have the capabil-
ity of pointing its telescope at the cooperating 
terminal. The range of angles encountered is 
thus an important parameter. The cakulated 
angles depend upon the coordinate system as-
sumed. For the geostationary satellite in the 
LEO/GEO link, the coordinate system assumed 
has one axis pointing east, one pointing north 
and the angles are measured in pitch and roll. 
For the cooperating low earth orbit satellite it is 
assumed that the coordinate system has one axis 
pointing to the zenith and one axis normal to 
zenith and the angles are measured in azimuth 

and elevation. Azimuth is measured from the 
velocity vector. 
For the satellite in the inclined molniya or tun-
dra orbit the same c,00rdinate system is assumed 
as for the low earth orbit satellite with angles 
measured in azimuth and elevation. However, 
the inclined orbit satellites are unlikely to be 
flown in this manner. For example, the config-
uration chosen for the Archimedes satellites 
caused it to rotate about an earth-satellite line 
to enable it to keep the solar panels facing the 
sun. Molniya, on the other hand is believed to 
rotate about a satellite - sun line in order to keep 
the solar array pointing at the sun. The actual 
angular range required of the ISL telescope will 
be different for these two cases and in fact both 
will be different from the selected case. It will 
be necessary to adjust the computed angles once 
the satellite configuration has been chosen. For 
Molinya and Tundra links the angles are mea-
sured in azimuth and elevation with the azimuth 
axis pointing at the center of the earth. Plots of 

Figure 2.0-3 Range Rate Between Radarsat and a Geostationary Satellite at 
-90°  Longitude 
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the angles on the geostationary satellite pointing 
at Radarsat are given in Figures 2.0 - 4a, b and 
c. The first (a) shows roll as a function of pitch 
while the other two give pitch and roll as a 
function of time for a 24 hour period. Figures 
2.0-5a, b and c give azimuth and elevation for the 
Radarsat terminal. 

4) Rate of Change of Pointing Angle 
The laser terminal has two pointing mecha-
nisms, a course pointing mechanism consisting 
of the motor driven 2 axis gimbals, and a fme 
pointing mechanism consisting of electrically 
driven pointing mirrors. The fine pointing 
mechanism is used exclusively while it is in range 
and the course pointing mechanism is only used 
when the beam is close to the limit of capability 
of the fine pointing mechanism. The rate of 
change of angle determines the time interval 
between motions of the course pointing mecha-
nism. Angular rates for the geostationary termi-
nal are given in Figures 2.0-6a and b and for 
Radarsat in Figures 2.0-7a and b. 

5) Look Ahead Angle 
Because the satellites are in motion the direc-
tion in which the transmit beam is pointed is 
different from the direction that the receive 
beam is pointed. In the case of laser systems the 
beam width is very narrow, of the same order as 
the difference between the transmit and receive 
beam directions, and the beam pointing must be 
compensated for this effect. The look ahead 
angle for the geostationary satellite as a function 
of time is given in Figure 2.0-8 and in Figure 
2.0-9 for Radarsat. 

2.1 Geostationary to Geostationary 
Links 

This  is a fairly simple case in that all link parameters 
are fixed for any two satellites and depend only upon 
the angle between the orbital slots. 

The range is just the cord across from one satellite to 
the other given by the equation. 

R = 2L sin 0/2 
where R is the distance between satellites 

L is orbital radius 
0 is the angle between the satellites 

This is plotted against the angle 0 in Figure A.1-1. For 
geostationary satellites the range is fixed and the range 
rate is zero. 

The pointing requirements are for -± 900  in pitch and 
enough in the roll axis to accommodate satellite atti-
tude errors. The rate of change of the pointing angles 
are nominally zero, except for the need to compensate 
for the satellite pointing errors. While the range and 
angles are fixed, the satellites are in constant motion 
and the transmit beam points in a different direction 
than the receive beam. 

The look ahead angle for Satellite A is calculated by 
multiplying the component of velocity of the cooperat-
ing Satellite B normal to the line of sight by the prop-
agation time for a double pass of the link. This gives 
the normal component of the distance travelled by the 
Satellite A in the time it takes a signal to leave the 
cooperating station and return to that station. To 
obtain the look ahead angle this distance is divided by 
the distance between the two terminals. Thus the look 
ahead angle is given by the equation. 

A = 2Vn x TIR 
where Vn is the component of velocity of the 

cooperating terminal normal to the line 
of sight. 

T is the propagation delay between the two 
stations 

R is the distance between the two stations. 

Since T = R/C where C is the velocity of light 

A = 2 Vn/C 

For the geostationary case 
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Figure 2.0-4a Pointing Angles over a 24 Hour Period of the Terminal on the 
Geostationaly Satellite at -90° Longitude Required To Point At Radarsat 

Figure 2.0-4b Time Variation of Pitch Angle on a Geostationary Satellite 
at -90 Degrees Longitude Required to Point at Radarsat 
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Figure 2.0-4c Time Variation of Roll Angle on a Geostationaly Satellite 
at -90 Degrees Longitude Required to Point at Radarsat 

Figure 2.0-5a Pointing Angle over a 24 Hour Period of the Terminal on Radarsat 
Required to Point at a Geostationaly Satellite at -90° Longitude 
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Figure 2.0-5b Azimith Angle on Radarsat, Measured from the Velocity Vector, 
Required to Point a Geostationaty Satellite at -90° Longitude 

Figure 2.0-5c Elevation Angle on Radarsat Required to Point to a 
Geostationœy Satellite at -90° Longitude 
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Figure 2.0-6a Rate of Change of Pitch for the Terminal on a Geostationary 
Satellite at -900  Longitude when Pointing at Radarsat 

Figure 2.0-6b Roll Rate of Change for the Terminal on a Geostationary 
Satellite at -90° Longitude when Pointing at Radarsat 
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Figure 2.0-7a Rate of Change of Azimuth for the Terminal on Radarsat 
when Pointing at a Geostationary Satellite at -900  Longitude 

Figure 2.0-7b Rate of Change of Elevation for the Terminal on Radarsat 
when Pointing at a Geostationary Satellite at -900  Longitude 
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Figure 2.0-8 Look Ahead Angle over a 24 Hour Period for the Terminal on the 
Geostationary Satellite at -90° Longitude when Pointing at Radarsat 

Figure 2.0-9 Look Ahead Angle over a 24 Hour Period for the Terminal on Radarsat 
when Pointing at the Geostationary Satellite at -90° Longitude 
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Vn = Vo Sin 0/2 maximum values of the parameters are listed in Table 
2.2-1. where Vo is the velocity of the satellite in the 

geostationary orbit 
0 is the angle between the two satellites 

The range between two geostationary satellites is 
shown in figure A.1-1 as a function of the angle be-
tween them. Similarly the look ahead angle is given in 
figure A.1-2 as a function of the same angle. The 
maximum values of all parameters are given in table 
2.1-1 assuming a maximum separation of 120 degrees 
and neglecting contributions of satellite positional and 
attitude errors. 

2.2 Geostationary to Inclined Orbit 
Links 

2.2.1 Moiniya Type Orbit 

Link parameters between the molniya orbit satellite 
and geostatinary satellites at -90,0 and +90 deg. longi- 
tude are pre,sented in Appendix A section A.2.1. The 

2.2.2 Tundra Type Orbit 

Link parameters between the Tundra orbit satellite 
and geostationary satellites at -90,0 and + 90 degrees 
longitude are presented in Appendix A section A.2.2. 
The maximum values of the parameters are listed in 
Table 2.2-2. 

2.3 Geostationary to Low Earth Orbit 
Links 

Link parameters between Radarsat and a geostation-
ary orbit at -90 deg longitude are presented in Appen-
dix A, Section A3.1. Those for Space Station Freedom 
are presented in Section A.3.2. 

The maximum values of parameters are listed in Table 
2.3-1 for links between a geostationary satellite at -90° 
longitude and both Radarsat and Space Station Free-
dom. 

Table 2.1-1 Values of Parameters for the 
Geostationary to Geostationary Link 
for a Maximum Separation of 120 
Degrees Longitude 

PARAMETER VALUE 

Maximum avc (deg) between Satellites 120 

Maximum Range (1000 km) between Sat- 73 
ellites 

Maximum Range Rate (km/sec) between 0.0 
Satellites 

Pointing  limite  (degs)on each satellite pitch ± 30 to ± 90 
roll ± 0.0 

Maximum rate of change of pointing 0.0 
angle (deg/sec) for each satellite 

Maximum look ahead angle 17.8 
(microradians) on each satellite 
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Table 2.2-1 Maximum Values of the Parameters, During the Operational Period, for the Linlc Between a 
Geostationary and a Molniya Type Satellite 

First Apogee Second Apogee 

Maximum Range (x1000 km) from Geostationary Satellites at: 
-90°  long 45.8 76.1 

0°  long 62.0 62.5 

+90°  long 76.1 45.5 

Maximum Range rates (km/s) from Geostationary Satellite at: 
-90°  long +1.81, -1.65 +1.25, -1.54 

0°  long +1.05,-1.10 +1.78,-1.17 

+90°  long + 1.25, -1.25 +1.77, -1.67 

Pointing limits (degs) on a Geostationary Satellite at: 
-90°  long AZ 88,106 AZ 71,90 

EL -45, -26 EL -68, -57 

0°  long AZ 117,140 AZ 38,63 
EL -58, -42 EL -53, -42 

+90°  long AZ 71,90 AZ 88,106 
EL -68,-57 EL -45,-26 

Pointing limits (degree) on the Molniya Orbit Satellite for Geostationary Satellite at: 
-90°  long AZ -123,-13 AZ +60,+167 

EL +45,-34 EL -67,-57 

0°  long AZ -37,+64 AZ +144,-116 
EL -47, -39 EL -47, -29 

+90°  long AZ  +57,+167 AZ 120,12 
EL -67,-57 EL -35,+3 

Maximum rate of change of pointing angle (deg/sec) on a Geostationary Satellite at: 
-90°  long AZ -.0011, + .0035 AZ -.0035, +.0017 

EL -.0052, + .0034 EL - .0021, + .0023 

0°  long AZ -.0029, + .0037 AZ -.0011, + .0011 
EL -.0023+.0024 EL -.0021 +.0021 

+90°  long AZ - .0035, +.0017 AZ -.0017, + .0035 
EL -.0021, + .0022 EL -.0053, + .0037 
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Table 2.2-1 Maximum Values of the Parameters, During the Operational Period, for the Link Between a 
Geostationary and a Molniya Type Satellite (cont'd) 

And AP0900 Second Apogee 

Maximum rate of change of pointing angle (degisec) on the Moinlya orbit 
satellite for a geostationary satellite at: 

-90°  long AZ +.0027, +.0052 AZ +.0027, +.0052 
EL -.0065, + .0082 EL -.0006, +.0012 

00  long AZ +.032, + .0035 AZ +.002, + .0035 
EL -.0013, .001 EL -.0033 + .0033 

+90°  long AZ +.0027, +.0053 AZ +.0025, .0052 
EL -.0012, + .0006 EL -.0068, +.0082 

Maximum look ahead angle (micro radians) on a Geostationary Satellite at: 
-90°  long 20 21 

0°  long 23 23 

+90°  long 20.5 20.6 

Maximum look ahead angle (micro radians) on the Moiniya orbit satellite for a 
geostationary satellite at: 

-90°  long 20.5 20.5 

0°  long 23.5 20.3 

+90°  long 20.5 20.5 
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Table 2.2-2 Maximum Values of the Parameters, During the Indicated Period, for the Link Between a 
Geostationaly and a Tundra Type Satellite 

APogee Perogee 

Maximum Range (x1000 km) from a Geostationary satellite at: 
-90°  long 51 ao 
0°  long 68 71 

+90°  long 85 84 

Maximum Range Rates (km/s) from a Geostationary satellite at: 
-90°  long 2.07 -1.9 

0°  long 1.81 -2.36 

+90°  long .41 -1.45 

Pointing limits (degrees) on a Geostationary satellite at: 
-90°  long AZ +60, +120 AZ -180, +180 

EL -22, -6 EL -45,-6 

0°  long AZ 115,155 AZ 155,245 
EL -42,47 EL -64,-34 

+90°  long AZ +60, +120 AZ -180, +180 
EL -76,-54 EL -78,-63 

Pointing limits (degrees) on a tundra orbit satellite for a geostationary satellite at: 
-90°  long AZ -180,0 AZ 0, +180 

EL -42,-21 EL -21,-6 

0°  long AZ -66, +66 AZ -6, +6 
EL -54.3,-41-5 EL -59.8, +18.5 

+90°  long AZ 0, +180 AZ -180, 0 
EL -76.5, -62.5 EL -78, -53.3 

Maximum rate of change of pointing angle (deg/sec) on a Geostationary satellite at: 
-90°  long AZ +.0073 AZ +.0102 

EL -.0022 EL +.0028 

0°  long AZ +.003 AZ +.006 
EL -.0016 EL +.0019 

+90°  long AZ -.0076 AZ -.0102 
, EL +.0014 EL +.0013 
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Table 2.2-2 Maximum Values of the Parameters, During the Indicated Period, for the Link Between a 
Geostationary and a Tundra Type Satellite (cont'd) 

Apogee Perogee 

Maximum rate of change of pointing angle (deg/sec) on a tundra orbit satellite 
for a Geostationary satellite at: 

-90°  long AZ +.0082 AZ +.0102 
EL +.0023 EL +.0025 

0°  long AZ +.0037 AZ -.0053 
EL -.0016 EL +.0034 

+90°  long AZ +.0082 AZ +.0102 
EL +.001 EL +.002 

Maximum look ahead angle (micro radians) on a Geostationary satellite at: 
-90°  long 15.8 26.5 

0°  long 19.5 21 

+90°  long 19.4 26.5 

Maximum look ahead angle (micro radians) on a tundra orbit satellite for a 
Geostationary satellite at: 

-90' long 20.5 20.5 

0°  long 19.2 19.8 

+90°  long 20.5 20.5 
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Table 2.3-1 Maximum Values of Parameters for the Links Between a Geostationaly Satellite at -90° Longitude 
and Low Orbit Satellites 

Fladarsat Space Station Freedom 

Maximum Range (x1000 km) from the geostationary Satellite 42.5 42.5 

Maximum Range Rate Øm/s) from the geostationary Satellite 7.5 7.5 

Pointing limits (degrees) on the geostationary Satellites Pitch -10, +10 Pitch -9.5, +9.5 
Roll -10, +10 Roll -5.1, +5.1 

Pointing limits (degrees) on the low orbit satellites AZ -180, +180 AZ -180, 180 
EL 0,90 EL 0,90 

Maximum rate of change of pointing angle (deg/sec) on the geostationary satellite Pitch .0105 Pitch .0115 
Roll .0105 Roll .006 

Maximum rate of change of pointing angle (deg/sec) on the low orbit satellite AZ ** AZ " 
EL .07 EL .07 

Maximum look ahead angle (micro radians) on the geostationary satellite 50 51 

Maximum look ahead angle (micro radians) on the low orbit satellite 20.5 20.5 

** The azimuth rate will exceed the maximum slew rate in the vicinity of the keyhoid. To minimize this effect place the key hole in an optimum 
location by choosing a different coordinate system. 
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3.0 TECHNOLOGY EVALUATION 

3.1 Lasers 

3.1.1 Carbon Dioxide Laser 

This section describes the state of the art for Space 
Based CO2  Laser Systems. 

3.1.1.1 Introduction 

For a CO2  based system, the most critical component 
is the laser transmitter and the local oscillator. Typi-
cally, transmitter output powers of 1 to 10 watts are 
adequate for most space based laser communication 
applications. Multipass designs are available to reduce 
the overall device size and weight. A recent ESA 
breadboard system employed a 1 Watt laser transmitter 
[2]. To ensure that the operating life and reliability 
meet the stringent requirements imposed by the space 
environment, RF driven waveguide lasers are a leading 
CO2  laser technology. To date no CO2  lasers have 
been space qualified although several programs will 
require space qualified units by 1993 as a component 
in several space based scientific instruments [29, 30]. 

A local oscillator (LO) power of less than 0.5 Watt is 
typical. (For optimum performance only 50 mW is 
desired). Note that a considerable portion of the local 
oscillator power is lost due to reflections from the beam 
combining optics. In particular, a 90/10 beam splitter 
is normally employed to superimpose the 10% of the 
LO beam onto 90% of the incoming signal beam. 

3.1.1.2 Construction 

Waveguide lasers are constructed using ceramic capil-
lary tubes or rectangular ceramic channels (typically 2.5 
mm square) which are excited externally using capaci-
tively coupled RF power supplies. The ceramic 
waveguide materials is selected to minimize  JR radia- 

tion attenuation losses [13], provide high thermal con-
ductivity to cool the gas mixture and to ensure high 
dielectric insulation and low RF losses. Two of the 
more commonly employed materials are Berylium 
oxide (Be0) and aluminium oxide (Al203). As illus-
trated in Figure 3.1.1-1 the metal electrodes are often 
separated from the gas volume by a ceramic layer. In 
this way the electrodes do not sputter and spread con-
tamination through the gas volume. Overall the laser 
cross section may be 5 cm square with its length depen-
dent upon the desired output power. Researchers 
have shown that output power scales more or less 
directly with an active gain of .5 to .83 W/cm [8, 91]. 
Therefore a 3 Watt laser will have an active length of 
only 6 cm. 

3.1.1.3 Operating Life 

By ensuring the vacuum integrity is preserved and the 
CO2  gas component is sustained, extremely long oper-
ating lifetimes are possible. Recent reports indicate 
that continuous operating lifetimes in excess of 30,000 
hours have been achieved [7]. This limit represents a 
laboratory achievement. Commercially available CO 2  
lasers however operate for only 8000 to 10,000 hours. 
Discussions with several vendors indicates that they 
have demonstrated the ability to mil qualify their prod-
ucts but no military device has yet entered production 
[32]. 

Failure mechanisms have not been isolated however, 
outgassing of water vapour into the gas mixture is the 
most likely cause. Researchers have demonstrate4 
that by simply replenishing the gas mixture will restore 
the laser output value. This result confirms that laser 
failure can not be due to sputtering of the internal laser 
mirrors. Other experiments have also confirmed the 
detrimental impact of H2O on the operation of a 
waveguide CO2  laser [33, 34]. 
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Figure 3.1.1-1 Typical Cross-sectional View of a CO 2  Waveguide Laser 

Future improvements to the operating lifetime are 
likely by increasing bakeout temperature beyond the 
commonly employed 120°C limit [7]. Such an increase 
up to 175°C is possible by employing high temperature 
coatings on the reflective output couplers and moder-
ately high temperature sealing solders. Figure 3.1.1-2 
illustrates the outgassing rate of water vapour as a 
function of the bakeout temperature [35]. This curve 
illustrates the advantages of maximizing the bakeout 
temperature and also the benefit of vacuum furnacing 
all components before assembly. Many researchers are 
developing elaborate cleaning processes for assem-
bling long life waveguide lasers [34]. To enhance the 
device operating life a gas reservoir can be positioned 
together with special catalysts designed to maintain the 
CO2, CO and 02  dissociation products in an equilib-
rium state. 

Waveguide lasers are driven by RF suppliers operating 
at between 50 to 200 MHz. In turn the RF supply can 
be driven using a 28 volt DC supply. DC to RF conver-
sion efficiencies as high as 75% have been reported 
[36]. The RF to laser power conversion is variable 

depending upon a variety of operating parameters such 
as RF drive frequency, gas mixture, bore size etc. [12]. 
Typically a variety of researchers have demonstrated 
efficiencies which lie within the 8 to 20 percent range 
[10, 11, 15]. 

3.1.1.4 LineTunability 

Figure 3.1.1-3 illustrates a typical configuration em-
ployed for a sealed line tunable waveguide laser. 

The laser transmitter operating frequency is selected 
using a piezoelectric stabilized optical grating as the 
rear reflector. Figure 3.1.1-4 illustrates the variety of 
spectral transitions which are available. Line tunability 
is a very important feature for two reasons. The trans-
mit and receive beams can be operated at different 
wavelengths (one direction confined to the 10.4 ,UM 
band transitions and the other direction confmed tot 
he 9.4 ,um band transitions) such that interference 
filter/beam splitters can be employed to separate the 
beams. Furthermore, multiplexed outputs employing 
two or more wavelengths within a single band can also 
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Figure 3.1.1-2 Thermal Desorption Spectra for Stainless Steel 
illustrating the Outgassing Rate for Water, Vapour and 
Other Gases as a Function of Bakeout Temperature 
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Figure 3.1.1-3 Tunable Local Oscillator CO 2 Waveguide Laser (Free spectral range: 1.2 GHz, 
Pressure: 200-300 ton., Gas mixture: CO 2N2:He 1:1:8;  Output: 1W on strongest line) 

Figure 3.1.1-4 Spectrum of Wavelengths Produced by a Transversely Excited At-line 
Operation by a cOmmercial Laser. R and P denote rational sublevels for each 
of the two main vibrational transmitions of the carbon dioxide laser 
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be employed to increase the quantity of information 
without having to increase the actual laser modulation 
rate. Figure 3.1.1-5 illustrates a proposed arrange-
ment. To achieve these results a variety of narrow 
bandpass optical filters would be re,quired. Figure 
3.1.1-6 illustrates the wavelengths available. To reduce 
the spectral filter manufacturing requirements carbon 
12 and carbon 13 isotopes can also be employed to 
ensure that the wavelengths are adequately separated. 
Note that in the longwave infrared a transmission rise 
from 0.1% to 80% within 0.6pm at an absolute wave-
length accuracy of 1% is a very challenging require-
ment. 

The laser gratings can also be adjusted to compensate 
for doppler induced frequency shifts. Synchronization 
of the transmitted laser beam frequency and the local 
oscillator frequency is required to maintain a constant 
intermediate frequency. Ultra high stability is 
achieved by modulating the laser cavity length, via the 
piezoelectrically stabilized grating to maximize the 
laser output energy for the transition of interest. Fur-
ther frequency adjustment can be provided by external 
acousto-optic modulation. The doppler shift varies 
depending upon the satellite elevation and inclination. 
An overall 1.4 GHz tuning range illustrated in Figure 
3.1.1-7 is consistent with a relative velocity of 7.8 km/s 
between a GEO and LEO satellite [3]. 

For the local oscillator source a tuning range of greater 
than 1.4 GHz has been demonstrated [37]. The tuning 
range is dependent upon two factors; the laser gain 
profile width and the free spectral range of the optical 
cavity. By maintaining the waveguide laser gas pres-
sure greater than 100-200 Torr pressure broadening 
can be employed to widen the gain bandwidth beyond 
the width limited by the cavity free spectral range. The 
free spectral range is defined as the separation between 
consecutive optical fringes as defined by the laser cavity 
fabry perot properties. This separation is calculated 
using the following relationship: 

Ai. c 
" = 2dn 

Where: 

index of refraction 
laser mirror separation (cavity length) 
speed of light 

Figure 3.1.1-7 illustrates the typical laser power varia-
tion which occurs as the laser frequency is tuned. For 
a 21 cm long laser cavity a total tuning range of 1.4 GHz 
is possible. By ensuring that the gas pressure is high 
enough (100 to 200 Torr) the tuning range is limited 
only by the laser length. Note that the reduced LO 
power off line center is not a concern as only very low 
LO powers (50 mW) are required for optimum hetero-
dyne detector noise performance. 

3.1.1.5 Shock and Vibration Sensitivity 

Since the laser cavity is simply a Fabry/Perot etalon a 
small change in the mirror separation (<1 ,um) could 
lead to a laser frequency shift up to 100 MHz. To 
withstand a space environment the laser optical system 
must be designed to withstand the shock and vibration 
forces applied during the launch. To date, no reports 
have been published detailing the design of a space 
qualified CO2  laser, however, several vendors have 
demonstrated the ability of their devices to withstand 
standard military shock and vibration requirements 
[14, 32, 28]. Several CO2  laser systems will become mil 
qualified through incorporation into weapon systems 
such as the ADAD and the M1 Abrams Tank [27]. 

3.1.1.6 Reliability Predictions 

The inaccessibility of satellites and the high cost of 
repair requires that high reliability standards be main-
tained for optical ISL's. For example, a reliability of 
0.9 per year for an ISL [21] allows a failure rate of 
approximately 12,000 FIT defined as the number of 
failures in 109  hours). For a CO2  based ISL system 
remotely switched redundant units will be required to 
ensure that the overall system reliability is maintained. 

Clearly the CO2  laser source is the most unreliable and 
untested component within the optical ISL design. 
Studies performed to date indicate that CO2  laser 
based ISL systems will require three redundant systems 
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Figure 3.1.1-5 Schematic Diagram of a Wavelength Division Multiple Access Scheme to 
Increase Trarz.srnitter Power Capability 
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Figure 3.1.1-6 Laser Spectroscope Data 
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Figure 3.1.1-7 Erperimental Venfication of 1.4 GHz 
Tunability of the CO 2  LO Laser 

to ensure that the overall system reliability is main-
tained. This estimate was based upon a 7000 hour CO2  
laser life resulting in a corresponding 100,000 FIT 
value. Revising the life estimate to a 320,000 hour limit 
will reduce the laser FIT value to about 50,000. Cor-
respondingly, the system redundancy requirements will 
also decline depending upon the overall mission life 
expectancy. 

Other critical components for which FIT values are 
required include the IR detector and optical modula-
tor. Previous estimates for the photovoltaic detector 
have established the reliability at 1000 FITs. For the 
modulators life testing is required to establish a reason-
able FIT value. 

3.1.2 Solid State Laser Technology 

3.1.2.1 Semiconductor Lasers 

Short wavelength laser technology has a history going 
back around thirty years, with AlGaAs 
heterostructures going back fifteen years. Despite 
this, device improvements continue to occur; all these 

improvements are aimed at higher power, higher effi-
ciency and higher reliability. 

Short wavelength material had a fundamental reliabil-
ity problem which was not easily sidestepped. At 
shorter wavelength (say < 850 nm), AlGaAs is slightly 
absorbing, leading to heating of the laser facets, facet 
degradation and finally thermal runaway and facet 
burn-out. The laser designer must avoid these effects 
as far as possible, using such structures as LOC (Large 
Optical Cavity) structures in which the active layer can 
dump photons into a larger cavity, reducing power 
density at the facet, and/or using disordering of the 
active layer at the output facet in order to reduce the 
residual absorption. 

In addition, the designer continually strives to improve 
the efficiency of the electrical to optical conversion 
process. In the late 80's, this was epitomized by the 
vvidespread introduction of quantum well structures 
grown by MOVPE in which single or multiple quantum 
wells in the active layer improved both conversion 
efficiency and temperature stability (Figures 3.1.2-1, 
3.1.2-2). 

Figure 3.1.2-1 Relative Temperature Stability of 
Quantum Well Lasers 
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Figure 3.1.2-2 Quantum Well CW Laser 

The highest power diffraction limited single 
mode laser diode is now available from 
Spectra Diode Labs. The new SDL-5400 
Series GaAlAs laser provides up to 100 mW 
cw power in an optically clean beam. 

High resolution applications sùch as optical 
data storage, printing, spectral analysis, point-
to-point communication and frequency doubling 
require diffraction limited sources.The SDL-5400 
laser diode provides the power and features to 
dramatically increase the performance of these 
and many other applications. 

• _100 mW of cw power from  a3  gm emitter 
means small spots and faster writing time 
for printing and data storage systems. 

• Wide dynamic range spectral analysis is 
achieved by the high power and less than 
10 MHz* spectral width. 

• Communications systems are enhanced by 
the 5400's greater than 2 GHz modulation 
bandwidth. 

The SDL-5400 represents a significant 
breakthrough in Ga4L4s technology. 

Our years of research in this field has led to 
new discoveries in laser fabrication techniques. 
In the 5400 we've combined a single quantum 
well active region with a real-refractive-index, 
single-mode waveguide. The result is a diode 
that exhibits the highest power, greatest efficien-
cy, narrowest linewidth, best spectral stability 
and highest reliability of any GaAlAs laser. 

As with all SDL lasers, options are provided 
to simplify system integration. Among these are 
SOT,T0-3 and open heatsink packaging, inter-
nal photodiode, therrnoelectric cooler and wave-
length selection.* 

To find out more about the SOL-5400 laser 
diode call us at (408) 943-9411. 

Spectra Diode Labs, 80 Rose Orchard Way, San Jose, 
CA 95134. Outside the U.S.A., contact the nearest Spectra-
Physics sales office. 
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Structures have evolved towards index-guided struc-
tures such as ridge-waveguide, buried heterostructure, 
and channel substrate in order to give single mode 
(single wavelength) outputs, as opposed to the simpler 
and less efficient gain-guided structures. 

The most recent development is the addition of 
"strained-layer InGaAs" structures in which the use of 
Indium in the quantum well leads to a compressive 
strain which alters the band structure, reduces the 
density of states, and hence reduces the laser threshold 
current density and increases the electrical to optical 
conversion efficiency to values around 50%. Continu-
ing optimization of strained layer InGaAs materials is 
expected to lead to both improved performance and 
higher reliability at wavelengths ranging from 650 to 
1100 mn. 

By comparison, long wavelength semiconductor laser 
technology seems relatively static. Reliable single-
stripe lasers with a few hundred nW of output were 
available in the raid-80's. Little has changed since. In 
general, the only potential user of higher power long 
wavelength diodes is eye-safe free space communica-
tions. Higher powers are not useful for fiber optic 
work., since fiber non-linearity at high launch powers 
limits the high power requirement. 

The limit on higher power long wavelength lasers was 
due to non-radiative processes particularly Auger re-
combination, which increased with the power density 
of the carrier. Recently multiple quantum well and 
strained layer structures have removed this limit, and 
higher power lasers may become available [Ref. 52]. 

3.1.2.2 Semiconductor Laser Amplifiers 

A laser is an optical oscillator; this implies gain - from 
the active layer, and feedback - from the reflective 
facets. If feedback is suppressed by using antireflection 
coated or angled facets, then what is left is gain - a 
semiconductor laser amplifier. 

Some applications such as the communications laser, 
require an output which is single mode, yet is modu-
lated with a high extinction ratio; these requirements 
conflict with high power output. The solution is the 

MOPA - "Master Oscillator Power Amplifier". The low 
power, carefully modulated, single mode output from 
a laser is amplified by a second stage while preserving 
the quality of the output. 

The second stage can even be a quantum well laser 
array which is in effect injection-locked by an input 
from the master laser. 

The best recent account of such techniques is in the 
1990 review by Bernard Seery of the NASA Goddard 
Optical Communications Program [Ref. 50]. MOPA 
work aimed at a 1 Watt output is being undertaken by 
Spectra Diode Laboratories and 240 mW diffraction-
limited output at 50 Mb/s has been demonstrated by 
injection locking at 830 nm (Figure 3.2.2-3). 

3.1.2.3 Semiconductor Laser Arrays 

While significant amounts of raw power are available 
from semiconductor laser arrays, there are two issues 
which must be dealt with. The first is that the physical 
dimensions of the array, together with the telescope 
focal length define the minimum illuminated angle and 
affect the ability to usefully concentrate the power. 
The second is the tendency of edge-emitting laser ar-
rays to lock into a mode in which adjacent elements 
have antiphase outputs leading to a far-field, dual-lobe 
pattern with no on-axis power. 

The first issue is not solvable. The second issue is 
nominally solvable, but to date no space-qualified so-
lution has been published. Ref. 53 is an example of 
"Talbot filtering" which appears to be a trend in current 
research. 

One possible solution is the surface emitting arrays 
under development in various laboratories. These do 
not resolve the first issue, that of physical size but some 
designs, such as that from DSRC in Princeton [Ref. 51] 
lead to a coherently coupled, diffraction limited, single 
mode output (Figure 3.1.2-4). Much of this work is 
classified, therefore, the exact current status is un-
known. Ref. 51 reports 300 mW CW and effective 
phase and frequency modulation at 1.16 GHz. 
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Figure 3.1.2-3 Injection Locked Laser Diode Array 
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Figure 3.1.2-4 Surface Emitting MOPA Array 
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Semiconductor laser arrays are also used as pump 
sources for solid-state lasers, particularly Nd:YAG. As 
such, the only two issues are power output density and 
reliability; the two are inversely related. Power outputs 
up to 10W and higher are available from single stripe 
arrays (Figure 3.1.2-5). 

3.1.2.4 Diode Pumped Solid State Lasers 

Nd:Yag Lasers at 1064 nm 

Solid state lasers, as opposed to many semiconductor 
lasers, have the advantage of high-quality single fre-
quency, single spatial mode, circular beam profile out-
puts which are ideally suited to ISL applications, since 
they obviate the need for beam shaping optics. How-
ever, historically the poor reliability of flash lamp exci-
tation sources had been an issue for space programs. 

In particular Nd:YAG lasers pumped by 808 nm semi-
conductor laser pumps are obvious candidates since 
their 1064 nm output falls (just) within the range of 
silicon APD operation. Since multi-element arrays are 
used as pump sources, degradation is “gracefur rather 
than catastrophic. 

Nd:YAG technology is a report in its own right. The 
basic approaches are end-pumped rods, side pumped 
blocks, and slab pumped configurations (Figure 3.1.2- 
6, -7, -8). All have their proponents. Probably the most 
promising current approach is that being pursued by 
Lightwave Electronics, described as a "non-planar ring 
cavity". This is a chainable MOPA style configuration. 
A 3-stage version has shown 800 mW output (Figure 
3.1.2-9). A particular design feature is the fact that all 
optical components are metallized, actively aligned and 
then soldered into place, producing a rugged assembly 
which is flight qualifiable. 

A less well advertised disadvantage of the Lightwave 
approach is that active piezoelectric and thermoelec-
tric tuning, controlled by a microprocessor, is required 
to ensure that the cascable stages are aligned in fre-
quency. 

A U.S. customer, in private conversation, has claimed 
access to an alternative to the Lightwave approach. 
They claim 1W CW from pumped YAG, with an NRZ 
modulation extinction ratio of re: 5% at 1 Gb/s, in a 
technology which is space qualifiable. 

Ytterbium: YAG Lasers at 1032 nm 

In recent weeks, it has become clear to EG&G that an 
attractive alternative to Nd:Yag for many applications, 
including ISL, would be Ytterbium Glass solid-state 
lasers, emitting at 1032 nm and diode-pumped at 940 
nm. A tabular comparison is given in Table 3.1.2-1 

In summary, a diode-pumped Yb:YAG laser should be 
more power efficient, more reliable and more temper-
ature insensitive than its Nd:YAG equivalent. It also 
has a sensitivity advantage of 1 to 2 dB when used with 
silicon detectors, and a further 0.25 dB advantage over 
Nd:Yag in terms of diffractive spreading of the signal 
power. 

Yb:YAG is therefore a highly attractive potential 
source for ISL's. If an extemal modulator is required, 
then Nd:YAG modulators are appropriate with only 
the minor change of coating wavelength. 

3.1.3 Beacon Lasers 

3.1.3.1 The Beacon Requirement 

For the "Acquisition Phase", one terminal must scan a 
beacon beam across the uncertainty cone for the other 
terminal's position. In Ref. 48, equation 5, Witting 
shows that Acquisition time is inversely proportional 
to the Beacon Power. For reasonable acquisition times 
with typical detectors (CCD's with low noise readouts), 
required beacon powers are a few watts. 

A beacon must appear to the searching terminal as the 
brightest source in its search field-of-view, and must 
stand out against anything except direct solar back-
ground. This leads to a requirement for a source which 
is: 
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Ten watts of cw power in a linear ar-
ray format make the SDL-3490 the ideal 
source for pumping solid state lasers or 
other applications. 
• 10 W cw output increases the performance 

and efficiency of diode pumped lasers. 
• The 1 cm x 1 prn emitting aperture means 

easy, efficient coupling to side-pumped 
Nd:YAG or Nd.YLF rods or slabs. 

• The output facet is directly available, 
mounted flush to the front surface of the 
heatsink allowing close placement to opti-
cal elements and laser media. 

• The copper heatsink is designed to be 
readily mounted to an external thermoelec-
tric element or heat removal system. 

• Wavelength selection is available as an 
option for Nd:YAG and Nd:YLF excitation. 

SDL's linear array technology means 
high power and high reliability 

• The SDL-3490 laser array consists of twen-
ty 10-stripe emitters spaced on a monolithic 
GaAs bar. A total of 200 emitting stripes sum 
incoherently to . produce up to ten watts output. 
Reliability is enhanced by the low energy emit-
ted per stripe and heat spreading between 
groups of arrays. A quantum well active layer 
structure provides low threshold and excellent 
electrical-to-optical conversion efficiency. 

The very high brightness provided by the 
SDL-3490 also makes this laser an ideal 
choice for beacons and high average power 
illuminators. 

To find out more about the SDL-3490 laser 
diode or the 5 watt SDL-3480 call us at (408) 
943-9411. 

Spectra Diode Labs, 80 Rose Orchard Way, San 
Jose, CA 95134. Outside  the U.S.A., contact the near-
est Spectra-Physics sales office. 

Spectra Diode Labs 
Figure 3.1.2-5 High Power Multi-Stripe Laser Diode Arrays 
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Figure 3.1.2-6 End-Pumped Nd:YAG [ref. 132 ] 

Figure 3.1.2-7 Edge-Pumped Slab Nd:YAG 
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Figure 3.1.2-8 Lightware Pumped MOPA Nd:Yag Schematic 

Figure 3.1.2-9 Lightwave 3-Stage NPRO Nd:YAG 
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Table 3.1.2-1 Comparison Between Nd:Yag and Yb:Yag Lasers 

Parameter Nd:Yag Ytterbium (Yb):Yag Comment 

Wavelength (nm) 1064 (1047) 1032 The increase in absorption coefficient of silicon as ,I. decreases 
gives a 1 to 2 dB increase in sensitivity at the reoeiver for direct 
detection. ( 12 cm*/  at 1064 nm, 

30 cm'i  at 1032 nm). 

Pump Wavelength (nm) 808 940 Due to AlGaAs self absorption, 808 nm lasers are inherently lower 
reliability; at 940 nm high reliability strained-layer InGaAs lasers 
can be built. 

In addition Nd:Yag has a baseline photon efficiency of 76% 
(1064/808) whereas Yb:YAG has 91% (940/1032); the residual 
energy goes to heating the crystal, therefore Yb:YAG has 63% 
less self-heating per output Watt than Nd:Yag. 

Pump Bandwidth (nm) ± 2 ± 10 At 808 nm it is: . 
(i) Hard to "hit' the Pump Wavelength, implying low yield and 

high cost. 
(11) Power expensive to thermally control the pump diodes to 

stay on 808 nm. 

At 940, with five times greater pump bandwidth (0.3 nmfiC) a 
±30°C pump temperature range is  acceptable.  

Doping Efficiency Medium High Yb:Yag can be doped to higher levels without leading to 
self-absorption. This increases orystal efficiency per unit volume. 

C .W. 

To find a flashing source would require synchro-
nization with the flash. 

A Laser 

To allow the use of narrow-band filters for back-
ground reduction. However, a single-mode laser 
is not required. 

Reliable 

The source must be good for on-off use over the 
mission lifetime of up to 10 years. Assuming a 1% 
duty cycle, this is 1,000 hours. This is short 
enough to allow some compromise in the lifetime 
versus output power trade-offs. The use of a 
multisource beacon ensures reliability via redun-
dancy. 

Detector Wavelength 

<900 nm for CCD detector compatibility 

3.1.3.2  Beacon Options 

a) CW Single-Stripe Single Mode Laser Diode 
The highest available output power is 100 mW - 
the SDL-5400 shown in Figure 3.1.3-1. This is 
not enough. Even combining two using a polar-
izing beamsplitter does not give adequate out-
put power or redundancy. 

b) CW Single-Stripe Multimode Laser Diode 
With outputs up to 5 W, at 30% to 50% conver-
sion efficiencies, these give adequate output 
power but since the stripe is physically long (100 
ium), then it can be difficult to collect all the light 
into the beacon illumination cone in a manner 
that gives a uniform far field. In addition, 
proven lifetimes are not adequate. 
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High power in a laser diode is im-
portant. Convenient integration into 
your system is even more important. 
Spectra Diode Labs laser diodes 
offer you both. 

Our high power, high brightness lasers 
are available with a variety of options de-
signed to make system integration simple. 
Among these options are: 
• CW, quasi-cw and short pulse operating 

modes to match a variety of application 
requirements. 

• Open heatsink, submount, sealed de-
vice and space-qualified packages to 
make installation easy. 

• Fiber pigtail, fiber stub, and direct-from-
the-facet output ports to simplify system 
design. 

• Monitor photodiode and TE cooler 
options that allow power stabilization 
and wavelength tuning. 

• Wavelength selection which permits 
matching optical pumping absorption 
lines or other system requirements. 

In addition, we also manufacture special 
devices to custom requirements. Matching 
the correct source to your application is 
easy. 

Spectra Diode Labs offers proven tech-
nology, high reliability and an unmatched 
choice of options. 

Figure 3.1.3-1 High Power Single Stripe Laser Diodes 
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c) Optically Combined Single Element AIGaAs 
Lasers 
This solution was selected by MATRA for Silex 
and was a correct choice for the project being 
the low risk compromise. As Ref. 49 states, 'it 
leads to a better overall (optical/electrical) 
efficiency' than pumped YAG, 'and to a higher 
reliability due to the use of several distinct opti-
cal sources'. 
Nineteen 500 mW SDL laser diodes at 850 nm 
are combined via multimode fiber and a mixing 
rod to give a 3.8W. collimator output with a far 
field uniformity better than 1% - Figure 3.1.3-2. 

SDL have shown an alternative approach coupling a 
linear fiber array to a lcm long bar - Figure 3.1.3-3; 30 
watts out at a 75% coupling efficiency was seen. 

d) Pumped YAG 
The main advantage of YAG as a beacon is that 
it automatically gives a clean beam profile. A 

disadvantage is that it is a poor wavelength for 
CCD's, which have Q.E.'s of below 5% at 1060, 
as well as suffering from resolution degradation 
due to the long absorption length for 1060 nm 
photons in silicon. In addition, as noted above, 
the pumped YAG has a worse overall efficiency 
than the optical combiner approach. 

e) Long Wavelength Diode Sources 
These are available with single element output 
powers up to a few hundred mW, but both 1300 
and 1550 are poor wavelengths for acquisition 
detectors, since CCD's such as Platinum doped 
silicide arrays have Q.E.'s of only 5%. 

3.1.3.3 Beacon Technology Choice 

The logical current choice à either the SDL or the 
Matra approach which combines the output of many 
laser elements to give a single bright source with redun- 

. ABER BUNDLE MONO FIBER COLUMATOR 

FIBER FAR FIELD BEACON FAR FIELD 
(Image of  the  
fiber new field) 

Figure 3.1.3-2 Silex Beacon; Optically Combined (Ref 49) 
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Figure 3.1.3-3 Line Circle Array Output Converter 
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dant elements. This will remain true until high power 
highly reliable single element lasers become available. 

3.1.4 CW sources for Direct Detection 

3.1.4.1 Short Wavelength 

Despite the work in progress on injection locked arrays 
and MODA's, the best current choice is the single 
element single mode source such as: 

SDL-5400 
Sharp LT025 
Hitachi HL series 
Toshiba TOLD series 
Mitsubishi ML series 

If higher power is required, then both Silex and NASA 
Goddard have designs for laser beam combiners which 
can sum adjacent wavelengths. 

Figure 3.1.4-1 shows 70% efficient Goddard diffractive 
combiner which can handle four laser diodes. Note the 
complexity of each laser package. 

Figure 3.1.4-2 shows a Goddard dichroic beamsplitter 
combiner which can handle up to seven lasers at 2 nm 
channel separation. 

Figure 3.1.4-3 shows a SILEX design which employs 
both polarization and wavelength multiplexing (di-
chroics) to give a four channel mux/demux function 
with 8nm channel separation. Typical combiner out-
puts are in the 200 to 300 mW range, obviously depend-
ing on the number of channels and the laser source. 

A stated advantage of the diffractive combiner is that 
it is insensitive to laser wavelength drift, whereas the 
dichroic combiners must use wavelength controlled 
laser diodes implying power hungry (2W per channel) 
Peltier heater/coolers. 

Semiconductor Laser Drivers 

A laser driver must:  

(i) Handle the required bit rate in terms of 
rise/fall times 

(ii) Provide low extinction ratio, <5% essential 
<3% desirable 

(iii) Be compact and power efficient 

In terms of reported work, that performed by 
Irnpellimax Corp (New Hampshire) for NASA 
Goddard is the most impressive, giving a 15 mm 
dimension hybrid based on silicon bipolar NPN 
transistors, with < lns rise/fall times at 100 mA 
switching current; Figures 3.1.4-4, -5, -6 (Ref. 55). 
Typical power requirements of such a driver was 
1W at 5V, Ref. 56 is an alternative approach by 
TRW based on a GaAs FET driver. 

3.1.4.2 Nd:Yag 

As reported in section 3.1.2.4 a few hundred mW is 
definitely available, and up to 1W seems attainable with 
5% extinction ratios. 

3.1.4.3 Long Wavelength Semiconductor 
Lasers 

Similar comments apply as were made with respect to 
short-wavelength laser diodes. 50 to 100 mW per diode 
is available, and multiplexers could be made. 

3.1.5 Sources for Heterodyne Detection 

3.1.5.1 Short and Long Wavelength Laser 
Diodes 

These are grouped together because identical consid-
erations apply. 

In principle, sources for heterodyne links can be less 
powerful than those for direct detection links, since the 
receivers can be more sensitive. Against this one must 
set the following additional requirements: 

(i) Signal Source 
Must be frequency stabilized to better than ± 1 
GHz ( < 1 part in 10s) 

100 mW 
30 mW 
30 mW 
30 mW 
30 mW 
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Figure 3.1.4-la Grating Diffractive Laser Combiner (NASA Goddard) 
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Figure 3.1.4-lb GLBC Laser Diode Header Optomechanical Design 
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Optical channels multiplexing : 
The optical channels multiplexing technique allows to significantly extend the transmitted data 
rate. 
This requires : - narrow filters with spectral bandwidth  <8 mn, 

- high transmittance — 95%, 
- background rejection < 10.4 (demultiplexer only), 
- interchannel crosstalk < 1% (demultiplexer only). 

4 charnels multiplexer (breadboard) 4 channels demultiplexer (bre.adboard) 
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Figure 3.1.4-3 PolarizationIDichroic Laser MuxIDemux (Silex) 
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Figure 3.1.4-4 Complete Driver Circuit Sent to Hybrid Manufacturer 

Figure 3.1.4-5 Prototype (#001) Hybrid Curent Driver 
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Figure 3.1.4-6 Optical Response of Mitsubishi 

ML5702A laser diode when driven 
we 100 rnA peak current (40 rnA 
bias). Extinction is essential47 
complete between optical pulses. 
Optical output is 30 mW peak 
Horizontal scale is 2 ns per major 
division. 

(ii) Local Oscillator 
Must be able to lock and track the incoming 
frequency over a range of J.-. 10 GHz. 

The following section reproduced directly from Ref. 
54, is an excellent summary of the issues involved: 

The essential features of a space-to-space heterodyne 
optical communication system using GaAlAs lasers 
are illustrated in the block diagrams of a transmitter 
and receiver of Figs. 3.1.5-1 and 3.1.5-2. A heterod3me 
optical communication system operates much like a 
conventional radio system. The transmitter uses the 
signal with the information to be transmitted to modu-
late a transmitter laser; at the receiver, the incoming 
signal is mixed with a local oscillator. A radio frequency 
(RF) signal is recovered. Mixing the very weak signal 
and the strong LO at the receiver raises the signal level 
well above the noise level of subsequent electronics. 
The heterodyning can be effective enough that quan-
tum effects are the only limiting factors of the receiver 
sensitivity. The channel can be modeled as a classical 
additive white-Gaussian-noise channel, allowing well- 

known modulation and demodulation techniques to be 
applied. Near theoretical-optimum receiver sensitivity 
can be realized with this system, with sufficient fre-
quency selectivity to permit operation even when the 
sun is directly in the receiver FOV. 

As might be expected, a heterodyne optical system 
imposes demanding technology constraints on system 
components. Single-frequency laser operation is abso-
lutely essential for the transmitter and LO lasers in a 
heterodyne system. The transmitter frequency and the 
receiver LO frequency must be tracked to recover the 
information in the signal. Single-frequency semicon-
ductor lasers have only been available in quantity for a 
few years. Until recently semiconductor lasers lased at 
several frequencies, preventing heterodyne operation. 

An example of one of these new lasers is 30 mW 
Fabry-Perot GaAlAs laser that operates nominally at 
830 nm. It is a single spatial-mode laser with electrical-
to-optical maximum rated power 30 mW, and biased at 
twice the threshold current. Figure 3.1.5-3 shows the 
power spectrum of the laser. This laser operates essen-
tially in a single longitudinal (spectral) mode; the main-
to-side mode ratio exceeds 25 dB (typically 27 dB, and 
a maximum of 35 dB). The mode spacing of 3A (130 
GHz) simply reflects the Fabry-Perot cavity length 
(300 /2m) of the laser. That is, the longitudinal-mode 
spacing is determined by the cavity length; and integral 
multiple of half wavelengths must fit within the cavity. 

The cavity length also determines the laser's frequency. 
Modulation of the cavity length is directly reflected in 
a modulation of the laser frequency, an effect that is 
used to tune the laser. The tuning is required, among 
other things, to accommodate the shift in frequency 
due to the relative motion of the satellites. The maxi-
mum Doppler shift encountered in most crosslink ap-
plications is about 6A of tuning range required of the 
lasers. Most single-frequency GaAllAs lasers today 
can be tuned far in excess of this amount by tempera-
ture-tuning the effective laser-diode-cavity length (Fig. 
3.1.5-4). Thermal tuning of the cavity is brought about 
by expansion and contraction of the temperature de-
pendence of the band-edge absorption within the cav-
ity (-2.7 GHz/K). The total tuning index is 30 GHz/K 
(or 0.66À/K). 

Technology Evaluation 
Page 3-26 



OPEN- 
LOOP 

POINTING 
CONTROLLER 

BEACON 

SPATIAL 
ACQUISITION 
AND TRACK 

ENCODER 
FSK 

MODULATOR/ 
CURRENT 

DRIVER 
LASER 

Li  

BEAM 
DIAGNOSTICS 

EPHEMERIS 

BEA4CON I 
RECEIVER I 

TELEMETRY/ 
BEACON 

DATA 

TEMPERATURE 
CONTROLLER 

DC 
INJECTION 
CURRENT 

OPTICS 
BEAM 
STEER 

411.-••n 
DATA 

DETECTOR (Pin Diode) 
ARRAY 

(5, 1., 
COMBINER >:›1 

FAANIADP  
FILTER 

BEAM LENS  SIGNAL 

BEACON 

FIELD LESCOPE 
AND 

POINTING 
OPTICS 

FIELD   

FREQUENCY 
REFERENCE 

AND 
CONTROLLER 

LOCAL 
OSCILLATOR 

iiL0  FIELD 

FLL  

SPATIAL 1 ACOUISMON 
AND TRACK 

DATA 
OUT 

maim 
SPAR 

Figure 3.1.5-1 Block Diagram of an Optical Heterodyne Transmitter 

Note the feedback from the beam diagnostics package to the FSK 
modulator, to the dc injection-current source, and then to the 
temperature controller that stabilizes the laser's cavity length. 

Figure 3.1.5-2 The Optkal Receiver 

Includes the spatial acquisition and tracking electronics, which provide 
feedback from the detector array to the telescope and pointing optics. 
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Figure 3.1.5-3 Power Spectrum of a GaAlAs Laser 

Figure 3.1.5-4 Wavelength vs. Temperature 
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The laser frequency tunes with bias current in a similar 
fashion as with temperature. The low-frequency cur-
rent tuning index is about 3 GHz/mA and is largely due 
to thermal tuning of the optical length of the Fabry-
Perot cavity. 

Because of these high tuning sensitivities, the transmit-
ter and LO lasers must be kept at relatively stable 
temperatures (approximately 0.01K) and bias currents 
(approximately 10 mA). A frequency-tracking system 
at the receiver will finish the task of locking the LO 
laser to the transmitter laser. 

In addition to temperature and bias-current effects, the 
frequency noise characteristics and the line width of 
the lasers are of concern. Proper design of the fre-
quency-tracking and communication systems requires 
good characterization of the noise process. The spec-
trum of the laser frequency noise has a significant 1/f 
component at low frequencies and it is essentially white 
between 100 kHz and several GHz. At around 8 GHz 
a relaxation oscillation resonance takes over and the 
spectrum decays at 20 dB/decade thereafter (Fig. 3.1.5- 
5). The white-noise component produces spectral 
broadening of the laser line and accounts for the pre-
dominantly Lorenzian line-shape (Fig. 3.1.5-6). In par-
ticular, if the spectrum height of the white frequency 
noise is S. (Hz2/Hz, single-sided), the resultant 
Lorentzian full-width half-maximum linewidth is: Av = 
S.. The linewidth varies approximately as the recipro-
cal of the laser output power and, for lasers operating 
at 30 mW, typical linewidth values are 3 to 8 MHz. The 
1/f frequency noise induces random centre-frequency 
wander of the Lorentzian spectrum, broadening the 
apparent linewidth by approximately 1 MHz. This part 
of the noise spectrum is particularly detrimental to a 
heterodyne system; unattended, the IF signal will even-
tually stray outside the detector's response-bandwidth. 
Thus, this component of the frequency noise must be 
tracked and compensated for by the receiver's fre-
quency-locking system. 

Modulation/Demodulation Coherent Source Issues 

Development of efficient modulation and demodula- 
tion techniques is an important step in realizing the 
promised performance gains of optical heterodyne 

communication systems. To a first approximation, the 
optical heterodyne channel can be modeled as a classi-
cal additive white-Gaussian-noise channel. Phase-
shift keying (PSK) and frequency-shift keying (FSK) 
are two modulation schemes commonly used with clas-
sical white-Gaussian-noise channels. It would seem 
that either modulation scheme may be suitable for use 
with optical heterodyne channels, but the presence of 
device imperfections, such as nonzero-linewidth lasers 
at the transmitter and receiver, significantly complicate 
the analysis and choice of a modulation scheme. 

Modulation schemes requiring coherent demodula-
tion, such as PSK, require tracking of the laser phase-
noise. For example, for a laser line-width of 5 MHz, 
1010  to 1011  photons/s must be detected at the receiver 
to phase-lock. Typical optical channels that operate at 
several hundred Mbps and at a communication effi-
ciency of 10 photons/bit do not offer this required 
power (109  photons versus the required 101041). This 
lack of power rules out the possibility of phase locking, 
unless further laser developments reduce laser 
linewidths significantly. Laser linewidths can be re-
duced by using external cavity lasers, which, however, 
increase the mechanical complexity of the system, thus 
increasing the cost and decreasing the reliability of the 
system. 

When phase tracking at the receiver is not feasible, one 
of the most efficient modulation schemes possible is 
FSK signalling pair with noncoherent demodulation. 
M-ary FSK signalling (signalling with one of M possible 
tones) can be conveniently accomplished by direct-cur-
rent modulation of the semiconductor laser. Nonco-
herent demodulation of FSK only requires frequency 
tracking, which has been demonstrated to stabilize 
center-frequency drift of the laser caused by the 1/f 
component of the FM noise spectrum to a few MHz 
rms error. Operational use of such a system has been 
shown to cause negligible performance degradation. 

A GaAlAs laser can be frequency-modulated through 
direct injection-current modulation, thereby providing 
both a frequency-modulated transmitter laser and a 
frequency-agile LO. If an FSK transmitter is to be 
realized by direct injection-current modulation of a 
semiconductor diode laser, its modulation characteris- 
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Figure 3.1.5-5 Frequency Noise Spectrum of a Typical 
Single-Mode Laser Diode 

Figure 3.1.5-6 Lineshape of GaAlAs Laser 
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tics throughout the spectrum of the modulation wave-
length must be uniform. In particular, for an FSK 
injection-current modulator, operating in the 100- 
Mbps region, the laser must exhibit a flat frequency 
modulation (FM) transmitter function from DC to a 
few hundred MHz. 

Most GaAlAs lasers do not exhibit flat FM transfer 
functions; thermally enhanced FM characteristics 
cause excessive tuning of the diode-laser output fre-
quency at low frequencies. Consequently, the FSK 
tones often drift - the amount of drift depending upon 
the bit pattern being transmitted and the duration of a 
tone. Unc,ompensated, this thermal frequency drift can 
severely degrade communication-system performance 
by spreading tone energy over a wide bandwidth, thus 
increasing cross talk between frequency slots and cre-
ating data-pattern-dependent errors. A passive equal-
ization network, that significantly reduces the effects 
of low-frequency thermal FIvl, is simple to implement 
and requires neither active electronic nor optical com-
ponents. 

Binary and 4-ary FSK modulators have been developed 
at Lincoln Laboratory. The 4-ary modulator consists 
of a 0-to-200-mA variable constant-current source 
used to bias the laser diode. This biasing determines 
the frequency of tone zero. Incremental injection cur- 

rents are switched into the bias network via a series of 
high-speed GaAs field-effect transistors. These cur-
rents are summed in the bias network to provide the 
modulation injection currents that determine the fre-
quencies of tones one, two, and three. Figure 3.1.5-7 
shows 4-ary FSK data recovered at the receiver. The 
modulator can be run at 110-MHz symbol rate with two 
bits per symbol (4-ary FSK), yielding 220 Mbps. The 
tone transition time for this system is 1 ns (approxi-
mately 10% of symbol duration). 

3.1.5-2 Frequency Stabilisation of 
Semiconductor Lasers 

If an optically-locked-loop (OLL) is to be implemented 
at the receiver, then it is obviously important that the 
transmitter and receiver L.O. are within the range of 
the OLL At the optical frequencies of approximately 
3.5 x 10" involved here, a stability of 1 in 105  to 1 in 106  
is required. The technique employed in to use absorp-
tion cells containing (e.g.) rubidium or neon vapour 
with absorption lines in the wavelength region of inter-
est. A portion of the laser output is split off and the 
absorption cell throughput is monitored whilst the ab-
sorption line position is modulated by the application 
of a magnetic or electric field. The signal is detected 
via a lock-in amplifier; the lock-in output drives a 

Figure 3.1.5-7 Recovered FSK Laser Output (Left Trace; Time-scale 20 nsldiv) and the 
Time-Averaged Optical Power Spectrum of the FSK Laser Output (Right Trace; 
200 MHzIdiv). 
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feedback loop which adjusts the laser temperature and 
drive current to hold it at the absorption line frequency. 

Figure 3.1.5-8 (Ref 59) shows an example using tunable 
DBR (Distributed Bragg Reflector) lasers at 1.5 ,um 
using a C2H2  absorption cell. Offset frequency stabili-
zation up to -1.- 400 MHz is illustrated. The experimen-
tal set-up is more complex than would be required for 
a flight unit, but even so, such a source is non-trivial. 

Within Canada, EG&G has previously sponsored such 
work at Université de Laval. 

3.1.5-3 Nd:YAG Lasers for Coherent Links 

A huge advantage of Nd:Yag is that the frequency is 
automatically determined by the nature of the laser 
material and the output coatings and that a narrow 
linewidth (10kHz) is simply obtained. The output can 
be thermally tuned by +/- 100 GHz; conversely, the 
laser must be thermally stabilized - a non-trivial task for 
a high power laser. 

Frequency or phase modulation must include the use 
of an additional modulator. Typically an external elec-
tro-optic modulator is employed. 

3.2 Detectors 

3.2.1 Introduction 

3.2.1.1 Optical Noise Background 

Background Noise at optical wavelengths is character-
ized by the predominance of shot noise, i.e, the random 
arrival rate of photons of light. 

In this regime, receiver sensitivity is quintified by the 
number of received photons M required to detect the 
presence of a bit. As the frequency of the laser in-
creases (wavelength decreases) the energy of a photon 
increases and the energy represented by M photons 
increases proportionately. Thus the laser transmitter 
power increases due to this factor proportional to fre-
quency as the laser wavelength decreases. 

The coherent detector diode noise can be predicted 
using the following relationship [40]. 

pm hf + 13£ 1 B  
Lexp(hfikT) —1 Q 

Where 

PN - Background Detector noise power 
B Hz - Bandwidth 
f Hz - Laser frequency 
h - Planck's constant 
k - Boltzmann's constant 
T - Effective background temperature 

- Effective quantum efficiency 

The first term in the equation represents the thermal 
noise and the second term represents the quantum 
noise. Figure 3.2.1-1 illustrates the noise power density 
versus laser frequency as a function of background 
scene temperature. If the transmitter signal is repre-
sented by Ps, the signal to noise ratio will be adequately 
described using the following expression: 

SIN  = PsQ/(hiB) 

The background thermal radiation is broadband since 
it originates from a thermal source and the received 
energy depends upon the bandwidth of the receive 
filters. For direct detection systems, the filtering is 
done at optical wavelengths and the bandwidth is very 
large resulting in a large background noise power fall-
ing on the detector. For heterodyne systems, the final 
filtering is done at baseband so that the noise 
bandwidth is only slightly wider than the signal 
bandwidth. This makes heterodyne systems much 
more immune to background thermal radiation such as 
the sunlight earth. 

From Figure 3.2.1-1 it is evident that the short wave-
length lasers are much further from the region domi-
nated by thermal background noise and are able to 
operate more easily in the direct detection mode. In 
the case of the CO2  laser, it is much closer to the 
thermal region and would have difficulty operating 
with a direct detection receiver. 
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Figure 3.2.1-1 Receiver Noise Power Density Versus 
Carrier Frequency (TVavelength) 

3.2.1.2 Detector Speed 

Figure 3.2.1-2 illustrates a typical HgCdTe diode struc-
ture for operation at 10.6 ,um. To ensure high speed 
operation three factors must be considered [99 ] : 

a) Diffusion effects: when the depletion region is 
narrow with respect to the absorption length, 
only those carriers created within less than one 
diffusion length will reach the junction and the 
time required for this action to take place limits 
the speed. 

Transit time in the depletion region: the widen-
ing of the depletion region causes an increase in 
the number of carriers generated. 

Junction capacitance: The photo diode equiva-
lent circuit (Figure 3.2.1-3) shows the presence 
of a cut off frequency limitation through the 
IILCE, time constant. 

b) 

c) 

Figure 3.2.1-2 Photon-Induced Current Generation Process in a Photodiode 
(Junction Depth = Photon Absorption Length) 
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Figure 3.2.1-3 Photodiode Equivalent Circuit 

The improvement of the cutoff frequency of a pho-
todiode therefore requires the following efforts: 

1. Reduction of the junction capacitance by reduc-
ing the surface area and the doping level on 
either side of the junction. 

2. Widening of the depletion region and bringing 
it closer to the surface. This also requires low 
doping level, a junction depth adapted to the 
extension of the depletion region and to the 

absorption length and elevated breakdown field 
strength 

3.2.2 Communications Receivers 

3.2.2.1 Introduction 

There are two possible approaches; direct detection or 
coherent detection. Their relative merits are summa-
rized in Table 3.2.2-1. Essentially, both theoretically 
and in practice, at bit rates above 1 Gbps, coherent 
systems give the best sensitivity. Practically, coherent 

Table 3.2.2-1 Direct Detection Versus Coherent Detection 

Direct Detection Coherent 

Source Requirement Simple. Complex. 
Extinction ratio important, Thermal Control. 

Wavelength stabilization. 

Receiver Simple , Complex. 
Requires best APD's. Tunable  Local  Oscillator needed. 

PIN detectors fine. 

Source Extinction Ratio Important, must be low. lifelevant. 

Background Degrades sensitivity. Almost irrelevant (can look into sun). 

Performance at Low Bit Rates Excellent. Laser linewidth limited. 

Performance at High Bit Rates Good. Excellent. 

Sensitivity Good. Best. 

Status Units In quantity production. Developmental prototypes. 
Space qualified systems. Some space qualification done. 
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receivers will always be more complex, more power 
hungry, and probably less reliable. For the system 
designers, the issue is which to choose. 

3.2.2.2 Direct Detection Receivers 

All direct detection ISL receivers comprise an APD 
and an optimized hybrid. Figure 3.2.2-1 show a "typi-
cal" RFE (Receiver Front End), specifically that de-
signed by EG&G for Matra. 

The apertured APD is 100pm diameter; the estimated 
capacitance is 0.25 pF, the calculated external quantum 
efficiency is =090% at 820 nm. The excess noise factor 
F = kM + (1-k)(2-1/M), (=2 + kM for low k and high 
M) where the measured k is 004.005 at 830 nm. Stable 

gain (M) at full frequency response is obtained from M 
=1.5 to >1000. The low capacitance and low excess 
noise are the exceptional and novel features of this 
APD which contribute to the high receiver sensitivity. 
The wide gain range allows an AGC function to be 
performed using APD bias over an optical dynamic 
range exceeding 20 dB. 

The integrating front-end has a transimpedance of 
=0400 kQ and a -3 dB frequency response of 1 MHz. 
The preamplifier uses a NEC 7200 input MESFET 
followed by  cascade and gain stages around which a 400 
kS2 feedback loop is applied. Switchable equalizers 
give overall -3 dB bandwidths of =20,  40,80 and 160 
MHz to match QPPM (Quaternary Pulse Position 
Modulation) data rates of 15, 30, 60 and 120 Mb/s. 
Additional stages include  ± 4 dB fast (100 /us) elec- 

Figure 3.2.2-1 RFE Schematic Circuit Diagram 
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tronic AGC gain stage and a switched-in gain stage for 
120 Mb/s. A space qualified, single bit rate version 
would consume =1 Watt and weigh e---300 gm. This 
receiver uses the best available APD. Other work has 
employed the EG&G C30902E with a 500 um diame-
ter, 1.2 pf capacitance and a k of 0.02. 

The Silex breadboard illustrates an example of the two 
common modulation schemes, NRZ and PPM (Non 
Retum-to-Zero and Pulse Position Modulation). Fig-
ure 3.2.2-2, from ReL 61, shows bit per word, relative 
bandwidth and duty cycle for OOK (NRZ) and PPM 
schemes. (2 PPM is Manchester Biphase Modulation). 
PPM schemes have three clear advantages over NRZ. 

(i) The laser duty cycle is <0.5 for 4 PPM and 
higher, allowing (as shown by experiment) 
higher peak powers in inverse proportion to the 
reduced duty cycle. 

(ii) The pulse duty cycle is constant, and the pulse 
frequency has a lowest harmonic at one fourth 
the data rate for 4 PPM (known as QPPM for 
quatemary) and one eighth for 8 PPM. With 
NRZ, long runs of zeros or ones give a much 
lower LF cut requirement for the preamp, and a 
problem with wander on the DC level which 
complicates the demodulation task - see (iii). 

(iii)PPM schemes always have one pulse per word, 
allowing use of a PPM maximum likelihood de-
modulator which looks for the largest pulse 
within the slots in any given word. 

Figure 3.2.2-2 Optical Transmission Schemes for 
Direct Detection Systems 

Experiments show that such a demodulator can give 2 
to 3 dB sensitivity improvement over a fixed threshold 
NRZ demodulator. Davidson and Sun (Ref. 62) have 
shown a 50 Mb/s demodulator based on standard com-
mercially available ECL chips, with both word clock 
and slot clock recovery achieved at 20 detected pho-
tons/bit, well below the BER = 10-6  level of 60 detected 
photons/bit. 

NASA Goddard are committed to QPPM schemes for 
their direct detection links. Silex was originally commit-
ted to QPPM, but shied away from the cost of space 
qualifying a custom LC. QPPM demodulator; it is not 
clear that this was a good decision. 

Preamplifiers 

Preamplifier design is part science and part art. At low 
frequencies, dark noise is dominated by the Johnson 
noise of the feedback resistor. Optimizing the pream-
plifier design and layout to allow a high value of feed-
back resistor for any given frequency response is 
definitely an art. EG&G can now obtain RL, x f.3dEs 

products of =1013  Q Hz, believed to be close to the 
best achieved anywhere. 

At higher frequencies, (10's of MHz), input capaci-
tance dominates, mitigated by the use of high transcon-
ductance FETs. Both GaAs FET's and HEMT's (High 
Electron Mobility Transistors) have useful properties. 
As the state of this art improves, so preamps are show-
ing gradual improvements with time. Use of state-of-
the-art components implies that these parts are not 
available from "Space Qualified parts" lists, which leads 
to increases in cost, risk and development time. Re-
cent development by AT&T of a HEMT with a 
Gamma/gm 2.4 times better than previously available 
will lead to improvements in future preamps. 

Optical Preamplifiers 

As outlined in the laser discussion, a frustrated laser is 
an optical amplifier. Such an amplifier can be used as 
a preamplifier for low level signals and a lot of success-
ful work has been done with fibre optic amplifiers 
operated at 1500 nm. The sensitivity of such a system 
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is limited by spontaneous emission in the amplifier and 
theoretical studies (Ref. 63) show a bit rate indepen-
dent limit of 38 photons/bit. Levels around 150 pho-
tons/bit have been achieved at 1500 nm. 

Achievement of such an optical preamplifier at ISL 
wavelengths would be a significant achievement. How-
ever, pump powers of a few watts appear to be required 
to give the necessary gain levels, so there is a clear 
power dissipation/sensitivity trade-off. 

Ytterbium: Yag Optical PreamplMers at 1032 nm 

The same parameters that make Yb:YAG an attractive 
laser candidate, also make it an attractive optical pre-
amplifier candidate for RFE's operating at 1032 nm. 
The increased efficiency due to high attainable doping 
will reduce the required power density for the achieve-
ment of amplifier performance. A "perfect" optical 
preamplifier could have a gain of 30 to 40 dB and a 
vvideband (0 to > 10 GHz) frequency response. 

A theoretical frequency independent, sensitivity of 38 
photons/bit has been predicted for optical amplifiers, 
andr----110 photons/bit has been demonstrated experi-
mentally at 1550 nm with fiber amplifiers at 622 Mb/s 
and 2.5 Gb/s. 

3.2.2.3 Coherent Detection Receivers 

For an excellent tutorial review on coherent receivers, 
see Ref. 64. A brief summary is included here. Details 
on source, local oscillator and optical locked loop is-
sues were addressed in Section 3.1.5. 

A coherent optical receiver is essentially similar in 
concept to a radio receiver. The received signal is 
mixed with a local oscillator to give an IF signal. The 
modulation of this  IF  is then detected. Such tech-
niques simplify the detector requirements at the ex-
pense of complicating the local oscillator 
requirements. 

The incoming signal may be: 

ASK (Amplitude Shift Keying) 
FSK (Frequency Shift Keying) 
PSK (Phase Shift Keying) 

The local oscillator must track the incoming optical 
frequency (sge4.10 14  Hz) to generate a constant IF; such 
an OLL (Optically Locked Loop) is equivalent to the 
"AFC"' function on an FM radio. The IF may be zero 
on a homodyne system which gives the lowest noise, or 
higher on a heterodyne system, which gives higher 
noise. 

Figure 3.2.2-3, taken from Leeb [64], shows absolute 
sensitivity limits in photons/bit. Note that the direct 

Figure 3.2.2-3 Coherent Detection Sensitivity Limits 
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detection limit at BER of 10-9  is 10 photons/bit, and is 
surpassed only by PSK homodyne, but coherent limits 
are generally more attainable than direct detection 
limits. 

Figure 3.2.2-4 illustrates coherent receiver principles 
in terms of the receiver schematic and the photocur-
rent frequency spectrum. A heterodyne receiver is less 
sensitive than homodyne because it requires twice the 
electrical bandwidth, allowing more noise through; in 
addition, the high IF may lead to problems with re- 

ceiver noise of the local oscillator power is not suffi-
ciently high. 

Figure 3.2.2-5 shows homodyne and heterodyne re-
ceiver configurations with OLL's included. (These do 
not in themselves address the problem of polarization 
alignment between the local oscillator and the incom-
ing signal - a necessary condition for coherent detec-
tion). In carefully controlled experiments, such 
receivers have shown sensitivities within 1 dB of the 
theoretical limits. 
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Figure 3.2.2-5 Homodyne and Heterodyne Receivers 
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A further difficulty with coherent system is that laser 
phase and frequency noise, as represented by laser 
linewidth, is a severe limitation at low data rates. Fig-
ure 3.2.2-6 shows sensitivity limits for various coherent 
receiver techniques as a function Av/R (laser 
linewidth/data rate). 

Finally, when looking at reported results, a number of 
factors must be taken into account. 

i) All 1300 and 1500 nm results are for fibre optic 
systems which give perfect mode matching in a 
single mode fibre. A free space link will show 
imperfect matching (Airy to Gaussion) leading 
to a 1 to 2 dB probable power penalty. 

ii) Wave front aberrations in the incoming signal 
and the local oscillator will lead to a further loss; 
À./13 nns gives a 1 dB loss. 

iii) Beamsplitters will lead to further losses of a 
fraction of a dB. 

iv) Polarization mismatching may lead to further 
losses. 

It would appear that with free-space, coherent links, 
performance will always be 1.5 to 3.0 dB worse than the 
best fibre optic examples. Wavefront alignment prob-
lems are discussed in more detail below. 

Figure 3.2.2-6 Coherent Receiver Laser Linewidth Dependence Limits 
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Photomixing and Alignment Losses 

Alignment of the local oscillator and the received sig-
nal beam is essential and is normally achieved using an 
active control loop in the receiver. Anomalous effects 
due to local heating may occur if either of these beams 
is focused too tightly. Theoretical studies have shown 
that a Gaussian local oscillator beam provides very 
efficient optical mixing for signal beams with Airy in-
tensity distributions if the diffraction limiting spot 
matches the detector areas [6]. With this technique a 
mixing loss of only 13 dB has been demonstrated [3]. 
In the same demonstration additional losses of 0.3 and 
1.8 dB arose due to polarization effects and wavefront 
errors respectively. 

The laser local oscillator power output is controlled by 
stabilizing the laser on a single spectral transition line 
and further externally modulating the output power. 
For a 10.6pm laser system an acousto-optic modulator 
can be employed to control the output power which is 
monitored via an optical beam splitter using an extemal 
power sensing detector. The ac.ousto optic modulator 
also allows fast frequency tuning of the LO radiation 
to compensate for mechanical disturbances. 

In the Homodyne detection scheme employed by ESA 
the photomixer acts as a phase detector for the optical 
phase lock loop. This loop together with an active loop 
filter and the associated electronics produces a control 
voltage which drives the voltage controlled optical 
local oscillator (via the grating and acousto-optic mod-
ulators) so that the LO laser phase is synchronized to 
the instantaneous phase of the incoming signal wave 
[41]. Figure 3.2.2-7 illustrates the ESA 10.6 ,um re-
ceiver concept [42]. 

ESA has examined a variety of receiver electronics 
designs for a 10.6 ,um band system inciuding a linear 
phase lock loop, a low intermediate frequency transla-
tion loop (LIFTZ) and a costa receiver [96]. As illus-
trated in Figure 3.2.2-8 experimental work performed 
at a data rate of 140 MBit/sec successfully demodulated 
.12 nW sideband powers at bit error rates of 104  (50 
photons/bit). 

Detector Efficiency Factors 

Studies have shown that the local oscillator power must 
be selected such that the heterodyne noise equivalent 
power is minimized. Figure 3.2.2-9 illustrates the noise 
optimization which may occur as the local oscillator 
power is increased. Variations between detectors also 
limit the practical performance of a heterodyne detec-
tion system. The ideal heterodyne detector should 
exhibit the following characteristics: 

a. Wide bandwidth with a flat response 

b. High quantum efficiency (typical diodes ochibit 
50% QE for 10.6 ,um operation) 

c. Capability to handle high local oscillator powers 

d. Be physically robust with a long stable operating 
life. 

e. Have well matched amplifier electronics 

For most applications, an effective quantum efficiency 
is employed which includes the impact of these factors. 
As reported, typical diodes will exhibit a quantum effi-
ciency of 0.5 - 0.6 at 1 GHz. A further increase in the 
operating frequency will reduce the efficiency consid-
erably as illustrated in Figure 3.2.2-10 [97]. However, 
enhanced performance can be obtained by cooling the 
amplifier electronics as illustrated in Figure 3.2.2-11. 
[98]. 

MPB Technologies have been funded by CRC to un-
dertake research in ISL (Ref. 92, 1986 and Refs. 93 and 
136, 1990). This work included both direct detection 
and heterodyne (FSK) detection at 1 Gb/s. The 
achieved sensitivities of =a 665 photons/bit (-38 dBm) 
in heterodyne mode and 730 photons/bit in direct 
detection (104  BER, 840 nm, 10101100 data stream) 
were not particularly impressive, but did serve to ex-
plore some of the areas to be worked on. MPB specif-
ically identified: 

• APD responsivity; the Antel APD used was 
fast but had poor responsivity. Better APD's 
are now available with lower excess noise. 
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Figure 3.2.2-7 Block Diagram of a CO 2  Laser Receiver 
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Figure 3.2.2-8 BER of Detector Plus Receiver Front 
End Versus Optical Input Side Band 

, Power at 140 Mbps 
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Figure 3.2.2-9 Curves for the Heterodyne Noise Equivalent 
Power PHIN Plotted Against Applied Local 
Oscillator Power PL0  

Figure 3.2.2-10 State-of-the Art Heterodyne NEP as a 
Function of RF Frequency 

Technology Evaluation 
Page 3-45 



500 1000 1500 

FREQUENCY (MHz) 

0 2500 2000 

. . 6 
- 0 •- 
-310k • . 1.  : 

. • - 
- ce el- 4 

•  
• tX le  

... • • . 
: 104K 

 AFS2-005020-15-BTI — 
S/N 123592 - 

310K . _ a la, . 
-o- -0- - 

- 

- 

- 

- 

104K - 

- 1 . . 1 1111 1111 1111 1111 

3 

0 

26 

GAIN 
(dB) 24 

22 

NOISE 
FIGURE 

(dB) 

2 

1 

Spar Program 3670-F 
Volume 1 - Final Report 

Figure 3.2.2-11 Effect of Temperature on Gain and Noise Figure of Novel Miniature GaAs FET 
Amplifier 

• Preamp responsivity; the APD worked into 
50Q whereas higher transimpedance preamps 
could be made. 

• Limited local oscillator power; there was a sys-
tem limit and required the use of APD's which 
have worse excess noise than PIN's. 

3.2.2.4 Cryogenic Cooling 

One of the major technical disadvantages associated 
with a CO2  based laser communication system is the 
need to cryogenically cool the detector to 80-100K. 
Such temperatures can be obtained using either a pas-
sive radiative cooler or using a long life cryogenic 
mechanical cooler. 

The least expensive option is to passively cool the 
detector using the low effective heat sink temperature 
of deep space (4K). The successful implementation of 
such a cooling technique requires that the cold plate be 
shielded against direct or reflected sunlight and the 

thermal emission from the earth's atmosphere and 
from the spacecraft structure. Traditionally, passive 
cooling techniques are applied to small thermal loads 
in which the heat load is less than 100 m Watts and the 
minimum operating temperature is greater than 80K 
[16]. The primary advantage of the passive approach 
is that it requires no moving parts thereby demonstrat-
ing an inherently long life with no power requirements. 

Should larger cooling capabilities been required a me-
chanical cryogenic cooler may be used. To meet this 
requirement a split Stirling cryogenic cooler has been 
designed for space applications. Asingle unit currently 
provides about 800 mW of cooling power at 80K with 
an overall drive power of 40 Watts. These units have 
undergone space qualification testing and have dem-
onstrated a potential operating life in excess of 5 to 10 
years. Currently operating lifetimes greater than 
26,000 hours have been demonstrated (1990) with the 
tests ongoing [18]. Current plans call for the first space 
deployment of these devices on the Improved Strato- 
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spheric Mesospheric Sounder (ISAMS) to occur some-
time in 1991 [17]. 

Further improvements in the cooling power of these 
devices can be obtained by ganging together two or 
more expanders at a single location. In addition, 
mounting the units back to back reduces vibration 
effects to acceptably low levels (03 - 0.05 Kms). Ex-
cess cooling capacity could also be employed to tem-
perature stabilized the transmitting or LO lasers as well 
as the primary laser modulator unit. 

3.2.2.5 Summary of Detection Results and 
Predictions 

Figure 3.2.2-12 summarizes reported direct detection 
and coherent results at frequencies up to 1.2 Gb/s. The 
individual results are tabulated in Table 3.2.2-1. 

Based on these results, Figure 3.2.2-13 shows estimated 
achievable free space receiver performance versus 
data rate for direct detection, and for coherent links. 
The direct detection results assume zero background. 
With a few hundred pW of background,the perfor-
mance will be a few dB worse at low data rates and r-L---1 
dB worse at high data rates. 

Table 3.2.2-1 Reported Sensitivity Results 
Data Rate avelengt Sensitivity, BER-1E-  Technique Detector Theoretical? Group 

Mt: /s. nm. Photons/bit dBm  
100 830 37 -60.5 DD-NRZ SIAPD Yes EG&G 
500 830 54 . -51.9 DD-NRZ SIAPD Yes EG&G 

2500 1300 36 -48.6 CPFSK NTT 
120 1300 880 -47.9 DD-NRZ InGaAs APD DSRC/EG&G 
565 1300 400 -44.6 DD-NRZ InGaAs APD DSRC/EG&G 

1000 1300 470 -41.4 DD-NRZ InGaAs APD DSRC/E-G&G 
2000 1300 990 -35.2 DD-NRZ InGaAs APD DSRC/EG&G , 
565 1300 65 -52.5 DPSK Siemens 
200 1530 46 -59.2 FSK AT&T 

1000 1508 26 -54.7 BPSK AT&T 
140 1320 18 -64.2 PSK Bellcore 
500 800 80 -50.0 CCPPM SIAPD Yes JHU 

2000 1320 132 -44.0 PSK Bellcore 
5000 1550 62 -44.0 PSK Uri" 

160 1500 57 -59.2 FSK STC 
140 1300 46 -60.1 FSK SIC  
565 1060 150 -48.0 DPSK DLR 
140 1542 78 -58.5 FSK Siemens 
110 830 22 -62.4 4-FSK MIT 

1000 1527 86 -49.5 FSK AT&T 
4000 1527 240 -39.0 FSK AT&T 

565 1060 24 -56.0 PSK Siemens 
25 830 72 -57.3 DD-OPPM JHU 

622 1537 110 -50.5 DD-Opt. Amp. BTRL 
2500 1537 110 -44.5 DD-Opt. Amp. BTRL 
1200 1537 130 -47.0 DD-Opt. Amp. BTRL 

All Ail 38 DD-Opt. Amp. Yes Bellcore 
1.5 1300 1470 -64.7 DD-Opt.Fbk. AT&T 
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3.2.3 Receivers for Acquisition, Tracking 
and Communication 

3.2.3.1 CCD (Charge Coupled Device) 
Technology 

A CCD is a multiplexed area array with a serial readout 
which is an effective acquisition and tracking detector 
in the 500 to 900 mn regime. A typical CCD has high 
quantum efficiency in this regime, but at wavelengths 
850 nm, the long absorption length in silicon degrades 
spatial resolution compared with shorter wavelengths, 
Figure 32.3-1. 

Critical CCD specifications include: 

• Pixel size, typically 10-40 pm square 

• Fill factor; the percentage of irnaging area/total 
area. This can be 100% for back-entry and/or 
frame transfer devices 

• Dark noise, in electrons/pbcel/second. It may 
be reduced by cooling. 

• Readout noise; typically 10 to 30 electrons at a 
few MHz using correlated double sampling, 
with levels as low as 5 electrons at a 50 kHz 
readout rate possibly attainable, Ref. 59. 

• Frame rate; >10 kHz desirable for tracking. 

• Dynamic range; to avoid saturation and image 
blooming 

Once a source is imaged on the CCD, interpolation 
algorithms may be used to determine the image posi-
tion to better than the single pixel resolution. Figure 
3.2.3-2 shows a typical curve of rms position error 
versus SNR, with a "limiting" value of approximately 
0.05 pixels at SNR of approximately 30. 

In addition to a wide variety of low frame rate commer-
cially available CCD's, both NASA Goddard and ESA 
(Silex) have sponsored the development of custom 
CCD's with fast frame rates designed to implement 
acquisition, rally and tracking functions. A summary of 
their Technical Specifications is given in Table 3.2.3-1. 

The Kodak array is actually an interline transfer CCD 
closing out data from parallel photodiode arrays. 

Both the HS-40 and TH31160 readout electronics have 
both "rally" and "tracking" modes. The tracking algo-
rithm concentrates on the group of four pixels in which 
the beacon image is located; a centroiding algoritiun 
then locates the effective image position to a fraction 
of a pixel. The accuracy depends on the SNR. Figure 
3.2.3-3 shows a breadboard TH31160 based unit built 
by SIRA (UK) for silex. 

The solar, terrestrial, lunar, planetary and stellar back-
grounds constitute a structured background noise 
which can bias the centroiding algorithm. The magni-
tude of these depends upon the spectral filtering which 
in turn depends upon the beacon or communications 
source spectral definition/stability. 

Typically these sensors require between 0.5 and a few 
pW to acquire and to track. For tracking, this is typi-
cally <10% of the incident communications signal. 

Figure 3.2.3-1 CCD Spectral Response Curves 
(Ref. 57) 
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Figure 3.2.3-2 Plot of rrns Position Error vs. SNR 

Table 3.2.3-1 Technical Specifications 

Manufacturer Kodak Thomson Thomson ,  
Sensor Type No. HS-40 TH 7863 TH 31180 

CI.E. © nm 45% © &I0 nm 

Pixels 128 x 128 288 x 384 14 x 14 

Array Size 3.84 x 3.84 nm 0.322 x 0.322 mm 

Pixel Size (um) 32 23 x 23 

Array Fill Factor 0.71 1.00 1.00 

Frame Rate 40 kHz 33 Hz 8 kHz 

Pixel Rate 10 MHz 3 MHz 3 MHz 

Readout Noise (rms electrons) 20 22 

Min. Signal (pW) 0.13 

Best Resolution (pixels) 0.03 <0.001 

Power Consumption TBA TBA TBA 

Mass Tl3A TBA TBA 

Dimensions TBA TBA TBA 

Ref. 61 82 eo 
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Figure 3.2.3-3 TH31160 CCD - Based Breadboard 
Tracking Unit (Ref. 60) 

CID's have been considered as an alternative, since 
they have an intrinsic random pixel access, but have 
readout noise which is almost an order of magnitude 

higher due to the higher capacitances involved in the 
charge injection process. 

Long-Wavelength CCD's 

At longer wavelengths including 1060 nm, the only 
available CCD's are the platinum-doped and Iridium 
doped  suicide  version of the standard silicon CCD 
array. 

PtSi Arrays operate in the 1-5 ,um Band with a variable 
quantum efficiency as illustrated in Figure 3.2.3-4 [82]. 
For 10.6,um operation, an IrSi CCD would be required, 
although careful processing is needed to extend its 
performance out beyond 10.0,u m. Alternatively GaAs 
CCD structures currently under development at JPL 
combined with a GaAs quantum well of detector array 
could be used for 10.6 ,um operation [83]. However, 
the primary disadvantage with any of these technolo-
gies is that cryogenic cooling is required. PtSi CCD's 
must be cooled to 80K and IrSi must be cooled to 40K. 
Note that both of these temperatures would require 
mechanical cryogenic cooling since they lie below or 

Figure 3.2.3-4 Quantum Efftciency  fora  PtSi CCD Array as a Function of Wavelength in microns 
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near the 75 minimum achievable with a passive radiator 
cooler [84]. 

3.2.3.2 Quadrant APD Trackers 

Early generation of trackers use quadrant silicon 
APD's with their speed advantage over CCD's. A 
typical example is the EG&G C30927E, which comes 
in versions optimized for 800,900 and 1060 nm. At 800 
nm, with a responsibility of 60 Amp/watt and a noise of 

AmpAIRI 1/2, the NEP (Noise equivalent 
power) is approximately 0.5 pW in a 1 kHz bandwidth. 
At such wavelengths, a quadrant APD has similar sen-
sitivity to a CCD and has the advantage of readout 
simplicity. The four quadrant pixels cover a diameter 
of 1.5 mm. 

A disadvantage of such an APD is that the large pixels 
have proportionally more background per pixel than a 
CCD pixel, so the sensor is more easily background 
dominated and limited. 

Silicon APD's still retain an advantage at 1060 nm, 
where the quantum efficiency is 3 to 5 times higher than 
a comparable CCD. 

At 1300 and 1500 mn, a quadrant InGaAs APD could 
be built but as yet none has been built. Even so, it 
would have a fairly poor sensitivity, approximately an 
order of magnitude worse than a silicon APD. A plat-
inum doped silicide CCD with a fast frame rate might 
be a competitive alternative at 1300 or 1550 nm. 

3.3 Modulation 

3.3.1 Modulation Techniques 

3.3.1.1 Modulators 

There are two basic types of modulators used for lasers. 
These are designated direct modulation and external 
modulation. 

Direct modulation is used with laser diodes by modu- 
lating the bias voltage. The time constant of the lasing 
action is very short so that the emission stops as soon 

as the bias voltage is removed. Very high bit rates can 
be achieved in this way. Frequency modulation also 
occurs if the bias voltage is changed by a small amount 
while maintaining the voltage well above the threshold 
voltage for lasing action. Direct modulation of other 
lasers is also possible but with varying amounts of 
difficulty. 

For lasers which are not easily modulated directly the 
laser is operated in the CW mode and an external 
modulator is used to inject information onto the beam. 

3.3.1.2 Modulation Types 

The types of modulation used for lasers are similar to 
those used with RF systems. For digital signals the 
three basic types are phase shift keying (PSK), fre-
quency shift keying (FSK) and amplitude shift keying 
(ASK) or on-off keying (00K). Though not appar-
ently proposed for lasers, PSK can be subdivided into 
BPSK, QPSK, and higher orders. It is also possible to 
have more than two frequency states and this is easily 
managed with laser diodes. For amplitude modulation 
there are several subdivisions in the class of pulse 
position modulation such as QPPM. QPPM is a differ-
ent way of modulating the laser which gives a slightly 
improved performance over straight on-off keying. 
The time internal occupied by two bits is divided into 
four time periods and the laser is turned on in only one 
of these periods. If the two bits are both ZERO then 
the laser is turned on during the first period. If ZERO 
and ONE then the laser is on during the second period 
etc. Thus there is always one pulse for two bits for 
QPPM whereas the average is one pulse for 00K. 
However, the single pulse in QPPM is half the duration 
of a pulse in on-off keying and, since the same number 
of photons have to be collected in the shorter time 
period, the laser must operate at twice the peak power 
level. This concept can bè extended to higher orders 
with 8,16 or more time periods for 3, 4 or more bit 
intervals. 

One method of amplitude modulating the laser, when 
an external modulator is indicated is to rotate the 
polarization by 900  for a ZERO and to leave the laser 
light unchanged for a ONE. The ZERO's are then 
removed by means of a polarizing plate. This requires 
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an adequate means of dissipating the energy originally 
generated during the periods for the zeros and then not 
radiated. This loss to represents a serious inefficiency 
factor. 

Analog modulation of lasers is also possible but is not 
being considered in this study. 

3.3.1.3 Demodulation Techniques 

The demodulation technique is related to the modula-
tion technique. Table 3.3.1-1 shows two detection de-
vices for three basic laser types and the modulators 
which are possible with each laser. The modulator 
techniques are on-off keying (00K) (or amplitude 
shift keying ASK), frequency shift keying (FSK) and 
phase shift keying (PSK). These can be accomplished 
either directly by modulating the laser or externally by 
modulating the laser beam. The CO2  and Nd:Yag 
lasers are not easy to modulate directly so an external 
modulator is indicated. The laser diode can by ampli-
tude or frequency modulated directly but an external 
modulator is indicated for phase modulation. 

The corresponding demodulation techniques are a 
basic amplitude detector or a heterodyne or homodyne 
receiver. The detector comes in three versions, 1) a 
photo diode followed by a baseband amplifier, 2) an 
avalanche photo diode (APD) which is a photo diode 
with internal gain. Either detector may be used for 
either the direct detection system or the heterodyne 
system. 

The heterodyne system can be either asynchronous or 
synchronous. The definitions of these two terms in this 
context are explained by Barry and Lee [43]. The 
synchronous heterodyne system has a down conversion 
from optical frequencies to a microwave IF in the 
gigahertz range followed by a second down conversion 
where the second local oscillator is phased locked to 
the IF frequency. The asynchronous heterodyne re-
ceiver is a single down conversion to microwave fre-
q u en ci es followed by an envelope detector. 
Appropriate filters are added to optimize perfor-
mance. The homodyne receiver with a single local 
oscillator phase locked to the signal frequency, is 
classed as a synchronous receiver. 

The theoretical minimum number of photons per bit to 
achieve a BER of 10-9  has been derived by Barry and 
Lee [43] for a number of detection schemes as pre-
sented in Figure 3.2.2-3. The theoretical bit error rate 
versus the number of photons per bit received is pre-
sented in Figure 3.3.1-1 [43] for the those detection 
schemes given in Figure 3.2.2-3. These detector sensi-
tivities are not achieved because of a number of degra-
dations inherent in the detection process. Basically 
these degradations are caused by imperfections in the 
detector such as: 

1) Detect dark current which raises the noise level 
of the system and raises the signal power re-
quired to achieve the necessary signal to noise 
ratio. 

2) Receiver thermal noise which has the same net 
effect as detector dark current. 

3) Statistical variations in the avalanche gain for an 
APD increasing the noise content. 

4) Less than 100% photo electron efficiency which 
means that less than 100 detectable electrons 
are obtained from 100 input photons. 

The result of these degradations is that the theoretical 
minimum sensitivities shown in Figure 3.3.1-1 can 
never be achieved. Instead, the sensitivities presented 
in Section 3.2 can be achieved and are considered 
state-of-the-art performances. 

3.3.1.4 Impact of FEC Using Coding 

Peile [47] describes the advantages of applying coding 
to the laser link. He presents the improvement in 
terms of bit error rate reduction for various Reed 
Solomon codes. The error rate reduction depends 
upon the complexity of the code with the longer more 
complex codes providing a greater reduction in error 
rate. The longer codes are also more difficult to imple-
ment so there is a trade-off between improved perfor-
mance due to coding versus higher power transmitters, 
laser telescopes or more sensitive receivers. Figures 
3.3.1-2,3 and 4 are taken from Peile [47]. 
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Table 33.1-1 Possible Combinations of Lasers, Modulators and Detectors 

Lasers CO2 Nd:Yag LaserDiodes 

Detection Process Detectors PINDiode APD PINDiode APD PINDiode APD 

Modulator Direct Ext. Direct Ext. Direct Ext. Direct Ext. Direct Ext. Direct Ext. 

OOK 
Direct Detection X X X 
Asynch Heterodyne X X X X X 

. Synch Heterodyne X X X X X 
Homodyne X X X X X 

L  
FSK 

Direct Detection X 
Asynch heterodyne X X X X X 
Synch Heterodyne X X X X X 
Homodyne X X X X X 

PSK 
Direct Detection 
Asynch Heterodyne 
Synch Heterodyne X X X X X 
Homodyne X X X X X 



se* 
'‘ete 

PSK (homodyne) 

PSK (het-syneh) 

Quantum Limit 
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ASK (homodyne) 
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Figure 3.3.1-1 BER Curves for Shot-hoise Limited Operation where M is the 
Number of Detected Photons per ONE Bit. 
M is proportional to the received peak power 
Ps; M=(nPslhv)Tx (ref 43). 

Figure 3.3.1-2 shows the effect of increasing the block 
length from 32 bits to 256 bits all with 7/8 coding. With 
an input error rate of 10-2  the output BER is 10-5  for a 
32 bit code and 10 12  for a 256 bit code. 

Figure 33.1-3 shows the effect of changing the level of 
redundant bits from 2 bits to 30 bits in a block of 32 bits 
or the useful bits from 30 bits to 2 bits. 

Finally Figure 3.3.1-4 shows the effect of changing the 
coding rate from 15/16 for K=240 to 1t2 for K=128. 

3.3.2 10 Micron Optical Modulator 
Technology 

3.3.2.1 Introduction 

There are five basic mechanisms that can be exploited 
to modulate a CO2  laser beam; pump power, absorp-
tion, spectral, mechano-optic and electro-optic. Some 
of these mechanisms are inherently connected with the 
generation of the laser beam or the result of discrete 
modulator assemblies. The discrete modulators may 
be further categorized depending upon whether they 
are placed inside or outside the laser cavity [ref 23]. 

For CO2  laser communication systems Electro-optic 
modulation has gained wide acceptance for the follow-
ing reasons [ref 3]: 

a) All forms of modulation are possible (IM,FM, 
PM etc) 

b) Wide band operation can be achieved. 

c) Modulation at different optical wavelengths is 
possible 

d) EO modulators are relatively inexpensive. 

The transmitting laser beam can be modulated exter-
nally or internally via an EO crystal. Early work on CO2  
based laser systems concentrated on the application of 
internally mounted modulators [ref 25, 26]. However, 
to obtain the required high data rates, external modu-
lation has proven to be the most effective technique. 
Also internal modulators suffer from internal heat dis-
sipation, facet damage and design complexity [ref 21]. 

The EO modulator consists of a pockets cell (CdTe or 
Ge) to which a voltage is applied. CdTe is the material 
of choice at 10.6 1 4M as it has a low optical absorption 
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Figure 3.3.1-3 5-Bit RS (32,K) Code Performance 
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Figure 3.3.1-4 8-Bit RS (256,K) Code Performance 

as well as the highest known electro-optic coefficient 
[30]. Depending upon the nature of the applied field 
relative to the direction of the laser beam, intensity, 
phase or frequency modulation can be achieved. For 
GHz operating frequencies travelling wave techniques 
are required to correctly apply the modulating voltage. 

A number of modulator developments have been ESA 
[ref 135]. These include two modulators, one for CO2 

 and the other for Nd:Yag, for which the development 
has been completed (refer to Table 3.3.2-1). 

Further work include the development of a phase mod-
ulator for a Nd:Yag laser. 

3.3.2.2 Phase Modulation 

ESA has selected phase modulation as the most effi-
cient option. Figure 3.3.2-1 taken from Petch [39] 
illustrates the principle of the travelling wave modula-
tor employed with the push pull drive circuit. Since the 
maximum phase shift obtained to date is only 25 de-
grees, the carrier beam is always stronger than the 
modulated sideband power. The receiver sensitivity is 
expressed in terms of modulated power, therefore the 
efficiency of the modulator (ratio between the modu-
lated sideband power and the carrier power) must be 
considered as an important loss factor in the transmit-
ter power budget. This loss is not typical for an EO 
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Figure 3.3.2-1 Modulator Developments Funded by 
ESA 

Laser 

CO2 Nd:Yag 

Wavelength 10.60m 1.06 ern 

Modulation Phase Amplitude 

Power Handling 6W CW 1W CW 

Optical Transmission 80% 86% 

Modulation Data Rate 1 Gbps 1 Gbps 

Modulating Power 20W 8W 

Modulation Depth 330  Phase Shift 100% amplitude 

Dimensions (cm) — 15x 5 x 5 

modulator at shorter wavelengths since EO modula-
tors at 1.06 ym are capable of producing a 180 degree 
phase shift [ref 2]. 

Experiments by EX researchers have found that the 
modulator efficiency at 10.6 ,um is typically 1/6. This 
corresponds to a loss factor of -7.7 dB. 

At MIT, Researchers have combined two modulators, 
as illustrated in Figure 33.2-2 to enhance the overall 
modulation efficiency. For a 1 Ghz bandwidth system 
the efficiency has been measured between .6 and .8 
[38]. For a link budget analysis the worst case loss of 
2.2 Db is still a substantial improvement over the ESA 
work. Furthermore the 180 degree phase shift permits 
easy separation of the sideband from the carrier using 
polarizers. 

Figure 3.3.2-1 Principle of Travelling Wave Modulator with Push-Pull Drive Circuit 
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Figure 3.3.2-2 Block Diagram of the Experimental Setup 

C and SB refer to the polarization of the optical carrier and the side-band, respec-
tiv4. Rotation of the polarizer selects the carrier or the sideband of the detector. 

A final point worthy of note is that due to the absorp-
tion of RF drive power and the laser radiation, precise 
control of the crystal temperature is essential to obtain 
a stable modulated beam [ref 6].  

3.3.2.3 Modulator Transmission 

The ESA modulator design consists of a CdTe crystal 
which was anti-reflection coated on the input and out-
put faces. Power transmission was predicted to be 75% 
(-1.2 dB) but experùnental measurements have yielded 
84% (-.75 dB) transmission. For the link budget anal-
ysis a -1.0 dB loss was attributed to transmission 
through the modulator. 

MIT's design also employed a CdTe crystal byte, the 
optical losses range from 5% (-.22 dB) to 10% (-.46 dB) 
depending upon the effort expended to accurately 
align the incoming laser beam. For the link budget 
analysis a -.5 dB loss attributed to transmission will be 
assumed. 

3.4 Telescope and Optics Evaluation 

3.4.1 Telescope Objectives 

In an Optical ISL system 4 telescope requirements 
must be addressed: 

• Transmit a communications beam 
• Receive a communications beam 
• Transmit a wide beacon beam 
• Receive a beacon beam 

Depending upon the system design, these various tele-
scopes may be combined into a single head which 
requires the use of numerous optical splitters and com-
biners linked to the telescope optical path, or they may 
be left as separate telescopes, allowing them to be 
individually optimized for their specific purpose,s. The 
following subsections state the primary function of the 
telescope in each of the above cases, and provides an 
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idea of the types of requirements commonly placed on 
them in an Optical ISL system. 

3.4.1.1 The Telescope as a Communications 
Transmitter 

As a communications transmitter, the telescope's pri-
mary function is to improve link gain by focusing the 
transmitted light into a small enough angular region so 
that the receiver telescope can collect sufficient light 
signal with a reasonable aperture size. Although tre-
mendous gains can be achieved with such optics, this 
must be traded off against the associated pointing re-
quirements which are then needed to point such a tight 
beam on its target. A typical diffraction limited 200 mm 
telescope operating at 1000 nm can produce a spot 
beam with a half amplitude beam radius of 2.5 prad. 

The gain of the transmit telescope depends upon a 
number of parameters, described in section 3.4.2. The 
quality of the transmit telescope will generally need to 
be of significantly better than standard commercial 
quality to achieve the necessary low wavefront errors, 
distortions, and transmissivity. 

The field of view of the transmit telescope must be 
capable of keeping the target receiver within the field 
of view during coarse pointing (a "fine pointing steer-
able mirror" will generally be used in the optics behind 
the telescope to keep a pointing lock within this field 
of view). This range must include jitter from platform 
vibrations and torques. In addition, if the transmit and 
receive telescopes are combined, then additional field 
of view allowance must be made to account for "look-
ahead" angles to cover the time lag between the trans-
mit beam and the receive beam. 

The magnification of the telescope must be sufficient 
to reduce the accuracy of the fine pointing mirror 
pointing requirements while maintaining a "reason-
able" mirror steering range that won't shift the output 
beam by an unnecessarily large amount. The pointing 
range and accuracy of the fine pointing mirror is dis-
cussed in Section 5, "Acquisition and Tracking". A 1:1 
telescope with a 1 m focal length will only produce 1 
,urad of beam angle shift per 1 prad of fine steering 

mirror shift. For a 30:1 telescope, this same angle will 
require 30 ,urad of mirror shift which is much easier to 
produce and control. 

Typical requirements for the transmit telescope will 
include an aperture diameter of 200-300mm, a field of 
view of around ±300 prad from the centre, and a 
magnification of 30:1. 

3.4.1.2 The Telescope as a Communications 
Receiver 

As a receiver, the telescope's primary function is to 
collect incoming light to be focused onto a communi-
cations detector. Equally important however, the re-
ceive telescope must be capable of resolving the 
angular position of the incoming beam onto a fine 
pointing detector with sufficient accuracy to allow the 
communications transmit beam to be pointed in return. 
The most critical parameters here then, are establish-
ing an adequate aperture size (to achieve the necessary 
collecting capability) and a sufficient image magnifica-
tion (to amplify the beam position enough for fine 
pointing position detection). See Section 5, "Acquisi-
tion and Tracldng" for a discussion of detector position 
sensitivity. 

The telescope aperture size will also play a role in how 
fine a spot beam can be produced on both the commu-
nications and fine pointing detectors. For the fine 
pointing detector, the spot size depends upon the type 
of detector used - a quadrant type detector may require 
a large spot to cover a sufficient area to permit signals 
from each quadrant to be balanced, while a CCD de-
tector may want the spot resolved to better than an 
individual CCD pixel. For the communications detec-
tor, it is important to keep the central spot (and as many 
of the sidelobes) within the bounds of the detector to 
avoid spill-over losses. 

The telescope field of view must also be sufficient to 
keep the receive beam within the fine pointing detec-
tor range during coarse pointing. 

Typical re,quirements for the receive telescope will be 
similar to those for the transmit telescope, and might 
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include an aperture diameter of 200-300mm, a field of 
view of around ±300 ,urad from the centre, and a 
magnification of 30:1. 

3.4.1.3 The Telescope as a Beacon 
Transmitter 

The beacon beam must be substantially wider than the 
main communications beam since it is only required to 
illuminate a large angular region of uncertainty in the 
target satellite's position. Typically this would be wide 
enough to include all the initial pointing errors in the 
acquisition calculations (which includes satellite plat-
form attitude accuracy, coarse pointing gimballing ac-
curacy, and the open-loop target position prediction 
algorithm accuracy), and might be around ±0.5 de-
grees. This is tempered however by the fact that avail-
able laser power is limited and such a wide beacon 
beam will therefore require a very large beacon re-
ceiver telescope at the receiving end. If the width of 
the beacon beam cannot practically be made wide 
enough to cover the entire cone of uncertainty then a 
"scanning" operation is required to scan a smaller beam 
across the uncertainty region in an effort to cover the 
target. Such a scanning operation may be done either 
by steering the entire beacon telescope, or by using a 
steering mirror to scan the beam within the beacon 
telescope's field of view. 

In the cases where the output beam covers the full 
uncertainty region or where a steering mirror will scan 
the same region, the field of view of the beacon tele-
scope must be at least as large as the uncertainty cone. 
A typical uncertainty cone is ±0.5 deg ( ±8700 ,urad) 
for most satellites, although better than ±0.1 deg 
( 1700 yrad) is achieved on many imaging type mis-
sions. 

Magnification in the beacon transmit telescope would 
not be required except to reduce the steering accuracy 
requirements where a steering mirror is needed. The 
output beam must be intentionally expanded well be-
yond the diffraction limit of the optics because of the 
large beam widths used, since the beacon telescope 
aperture size does not play a significant role. This 
allows the beacon optics to be set-up outside the main 

communications optics, avoiding interference between 
the two systems and reducing the number of elements 
required for the communications link path. 

3.4.1.4 The Telescope as a Beacon Receiver 

The beacon receiver aperture size must be matched to 
the beacon transmitter (and whether it is scanned) to 
provide adequate link budget for pointing acquisition. 

Unlike the beacon transmit telescope, the beacon re-
ceiver telescope is not generally "scanned" du ring the 
acquisition process, and its field of view must therefore 
include the initial pointing accuracy (which includes 
satellite platform attitude accuracy, coarse pointing 
gimbal accuracy, and the open-loop target position 
prediction algorithm accuracy). This will typically be 
around  ±0.5  deg ( 8700 ,urad). 

The beacon beam positional resolution must be better 
than the resolution of the coarse pointing drive system 
so that the acquisition process can bring pointing to 
within the range of the fine tracking process. This 
would typically require ± 100 prad positional resolu-
tion. 

3.4.1.5 The Optical Network 

The optical network exists behind the main telescope 
and serves to direct the transmit (or receive) optical 
beams, split them, and steer them. Although the exact 
requirements for the optical network depend upon the 
nature of the telescope concept chosen, the follovving 
are some typical requirements: 

For the transmit beacon: 

• provide a high speed steering mirror or prism, 
if required, for scanning the transmit beam to 
cover the initial uncertainty cone. 

For the main optical path: 

• separate out and divert the received beacon 
beam to an acquisition detector, 
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To ensure that the incoming and outgoing beams re-
main tightly aligned and focussed, the optical network 
will necessarily employ a very stable mechanical plat-
form on which to mount the various elements of the 
network. 

Figure 3.4.1-1 shows a typical optical network from the 
European SILEX project employing a single telese,ope 
for the communications transmitter, communications 
receiver, and beacon receiver, and beacon transmitter. 

TELESCOPE PUPIL 
0 250MM 

e ..75 X  NAG IF X7 ATION) 

M  
, g €.4c 

Linces 

FILTER 
BLOCK 

CC C) 
Acourstreel 
DE croe I  

n01. 

EFF-113 

t--eg? 
-a Li 

1 it 

HUI) 

FI7E 

Spar Program 3670-F 
Volume 1 - Final Report 

• split portions of the received communications 
beam to the main communications detector, 
the fine tracking detector and in some con-
cepts, a look-ahead detector, 

• combine the outgoing communications trans-
mit beam into the optics path of the incoming 
communications receive beam, 

• provide a high spe,ed, precision steering mirror 
or prism for precision tracking of the received 
communications beam at frequencies beyond 
the response of the gimbal drive system, 

• provide a precision look-ahead steering mirror 
for steering the transmit beam relative to the 
receive beam, 
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Figure 3.4.1-1 A Typical Optical ISL Terminal Network 
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3.4.2 Modelling the Optical Link Equation 
Between Satellites 

The optical link between two ISL systems can be rep-
resented as shown in Figure 3.4.2-1. The optical path 
consists of: 

• transmitting laser plus local collimating optics 
and filters, 

• transmit optical network (which includes vari-
ous beam splitters/combiners and steering mir-
rors), 

• transmit eyepiece, 

• transmit objective optics 

• a free-space link distance R, 
• receive objective optics, 
• receive eypiece, 
• receive optical network (some power will be 

stripped-off for tracking detectors here), 

• receiver detector plus local focusing optics. 

The optical link equation between two Optical ISL 
terminals gives the ratio of the power received at the 
detector face (PR) over the output laser power trans-
mitted  (ET)  (Ref 1): 

PR [G(DT, A, 0)G(a, y.r)G(ARms )G(NT, eT)G(TRTx)] 
T 

G(R)[G(DR)G(yR)G(NR, ER)G(TRRx)GDet) (1) 
where: 

= Gain From Transmit Objective Optics 

= Loss Due to Transmit Gaussian Beam Profile + 
Central Obstruction 

= Loss Due to Secondary Minor Support Struts on 
Receive 

= Loss Due to Transmissivity of Receive Optics 

= Loss Due to Beam Spill-over on the Receive 
Detector 

This equation can be expanded into: 
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Figure 3.4.2-1 Optical Link Elements 
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where: 

= Power Received (Watts) 
= Power Received (Watts) 
= Diameter of Transmit Objective (m) 
= Diameter of Rr-ceive Objective (m) 
= Link Distance (m) 

anv 

= Ws for Transmit Optics 
= Mt for Receive Optics 
" D.I2 (m) 
= Radius of Sec. Mirror Obstr. (m) 

.. Radius of lie2 Point on Output Gausian Profile (m) 

= Number of Sec. Mirror Struts (Transmit) 
= Number of Sec. Mirror Struts (Receive) 
▪ Angle Blocked per Strut (Transmit) (rad) 
= Angle Blocked per Strut (Receive) (rad) 

RMS Wavefront Error of Transmit Beam (m) 
= Wavelength of Transmit Beam (m) 
▪ Transinissivity of Transmit Optics 
▪ Transmissivity of Receive Optics 
• Bessel Function of Order 1 
= Angle of IReceiver from Central Transmit Axis (rad) 
= RMS Wavefront Error in Fteceive Optics (m) 
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(Note that this is the link between a single laser and 
detector pair. TRT  and TRR  transmissivities include 
the effects of any beam power stripped off for other 
detectors.) 

The constituents of this link equation are described in 
the following subsections. 

3.4.2.1 Ideal Transmit Telescope Gain (Airy 
Profile) 

For communications applications, the telescope gain in 
a specific direction, G(DT, A, 0), is the amplification of 
the radiated intensity in that direction over the equiv-
alent occurring from an omnidirectional transmitter 
radiating evenly over the full 4x steradian sphere. For 
an ideal, uniformly illuminated circular telescope aper-
ture of diameter DT, the far-field intensity profile is 
derived from the standard "Airy" interference pattern 
profile: 
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2 (2J1(2eSin(e)D 7.41) ) 2 (3) r  A, 0) — ) zsin(0)D 7./A 

where: 

O  = Angle from central transmit axis 
= Transmitted Wavelength 

Figure 3.4.2-2 shows a logarithmic plot of this ideal 
antenna gain as a function of angle. Note that G(DT, 
A, 0) is only applicable in the "far-field" range where 
R>  >Dr  In the "near-field" range, the intensity profile 
becomes a more complex function (Ref 65) which is 
not required for this study. 

3.4.2.2 Gaussian Profile Effects on Transmit 

Unlike the idealized case above, real lasers do not 
generally produce a beam of uniform illumination, but 
produce one which has a profile similar to a "Gaussian" 
shape as shown in Figure 3.4.2-3. The shape of the 
Gaussian profile is defined by w, the radius of the point 
in the beam where the intensity drops to 1/e2  of that at 
the beam centre. 

This Gaussian profile has two effects: 

a) the edges of the beam are cut-off by the limited 
diameter of the telescope optics, and 

b) the beam is concentrated in the centre of the 
optical path, and does not make efficient use of 
the full diameter of the primary optics. The 
resulting beam has a greater dispersion, similar 
to that from a uniformly illuminated beam of 
reduced primary optics diameter. 

Equation (3) for G(DT„) can be revised as follows: 

G(DT,1,0,a) [—I—IrDT2 12a2tie-1214--1.11rD  sin(0)4v11 (4) 
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Figure 3.4.2-2 Ideal Telescope Gain Based Upon Airy Distribution Function 

Figure 3.4.2-3 Gaussian Profile of Laser ;Output Intensity 
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where 

a = a/w 
a = radius of primary optics (=DT12) 
w = radius of 1/e2  intensity of the Gaussian 

profile 

Although this is a complicated integral, the change in 
on-axis gain  from the ideal case can be computed by the 
factor G(a), and can be solved relatively easily (Refer-
ences 65, 66): 

{

_21(e,2 _ 1)2  
—a2  

Note however, that equation (5) ignores the additional 
beam divergence which accompanies this reduction in 
on-axis gain. This is addressed in the following section. 

3.4.2.3 Central Obstruction Combined with a 
Gaussian Beam Profile on Transmit 

Many telescope types require a secondary mirror 
placed in front of the objective optical element (the 
objective), which obstructs a portion of the objective's 
view. In most cases, the secondary mirror is placed on 
the optical axis. This affects both the transmit and 
receive gains by blocldng a portion of the beam as 
shown in Figure 3.4.2-4. 

The antenna gain function must now be replaced by: 

2 

GODT,1,0,a,y/) n (71D-212ai C-a2v Je[1. 72.:–.1r sin(0)éldvi (6) 
YT  

where 

(5) 

yT  = b/a 
b = radius of central obstruction 

Figure 3.4.2-4 Central Obstruction Effect on a Gaussian Output Beam 
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Equation (5) showing the change in on-axis gain from 
the ideal case can now be replaced with: 

„2_12  
G(ce , YT) e  [-p e-e  e  TT  

Because of the complexity of computing G(DT, À, 0, a, 
VT) in equation (6) however, it is preferrable to use a 
simplified model of the product G(a, yT)G(DT, it, 0) 
where G(DT, À, e) from equation (3) provides the 
"ideal" Airy profile, and G(,T) from equation (7) pro-
vides a simple amplitude scaling factor: 

2 
2 

[7711 2.11(irsin(0)Dia.) 
. (8) 

irsin(0)D1a 
, 2 

2 )( —a2 —021i) e -e 
a2  

While this simplified model has the same on-axis gain 
as the actual case, it provides a slightly pessimistic 
model of beamwidth as shown in Figure 3.4.2-5. 

The central obstruction creates a need to optimiz,e the 
trade-off between a and VT '  an effort to mwdmiz,e the 
net power being passed through the annular aperture. 
Although the relationship is a complicated function, 
Klien & Degnan (Ref 66) show how to derive the 
following approximation which describes the optimum 
as a function  of :  

aopumum  is 1.12 + . 4(-1.30 +2.12 r2r) 

This formula is exact at yr  =0 and accurate to within 
:L1% for yTe0•4, and is suitable for conceptual design 
work in this study. From equation (8), a plot of opti- 

(7) 

G(Dr  1,0)G(a,4 

(9) 

Figure 3.4.2-5 Comparison of Simplified Gain Model With Actual 
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mized a and G(a,  VT)  VS.  yT  can be generated as shown 
in Figure 3.4.2-6. 

A typical value of VT  would be 0.2, giving an optimum 
a of 1.07 and a net on-axis gain factor of 0.71. 

3.4.2.4 Secondary Mirror Support Struts on 
Transmit 

If struts are used to support a secondary mirror, they 
are generally arranged symmetrically as radiais  be-
tween the secondary mirror and the outer housing. The 
blockage of the Gaussian beam obviously depends on 
their actual cross-sectional area integrated over the 
Gaussian intensity, and will result in a relatively com-
plex function. For the purposes of this study however, 
a reasonable approximation is to assume that there are 
NT struts, each having an effective angular cross sec-
tion of 6T  radians as shown in Figure 3.4.2-7. 

Figure 3.4.2-6 Optimized Gaussian Beam Size vs. Obscuration Ratio 
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Given these assumptions, the net blockage of the trans-
mit beam is given by: 

Nei]
G(1n1.1.,e.r) = 

Detailed design work should consider whether it is 
possible to mount the secondary mirror on the inside 
of the telescope corrector lens or thermal window, thus 
eliminating the need for struts. 

3.4.2.5 Wavefront Errors 

The ability of the transmit telescope to produce an Airy 
beam pattern as described by G(DT,À, 0) depends upon 
the waves leaving the telescope aperture to be planar, 
in phase, and travelling 90 degrees to the optical axis. 
Variations from this case are caused primarily by: 

• the emitting laser itself 
• surface roughness of mirrors, lenses, and coat-

ings 

To handle these parameters, the "RMS wavefront 
error", tints, is defined as the mean, localized (ie: 
variations < < beam diameter), random  variation of 
the final wavefront leaving the transmit aperture. 

The "Strehl" equation can be used to assess the effects 
of such wavefront errors by computing mean reduction 
of the on-axis gain by: 

2frAnsf 
e 

A plot of G(3nRms) vs. Line  is given in Figure 3.4.2-8. 

(10) 

G(tiRms) 
(11) 

Figure 3.4.2-8 Effects of Random Wavefront Drors (Strehl Equation) 
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Note that equation (11) is valid only for localized, 
random  surface variations, and cannot be used for large 
scale optical variations  such as overall asphericity or 
misalignment or defocusing of optical elements since 
these produce macroscopic, rather than microscopic, 
variations which are not subject to statistical averaging. 

When a number of optical surfaces are involved, the 
net overall ARms can be determined by: 

4 ilà21  + 4  +.... 42.  

For an optical ISL application, it can be seen clearly 
from Figure 3.4.2-8 that the total random wavefront 
errors must be kept quite low, typically to et/10 if possi-
ble. 

Table 3.4.2-1 provides examples of surface finishes of 
typical custom high quality optics elements available 
commercially. The actual quality depends upon the 
type of materials chosen and the cost willing to be paid 
for the finishing. 

Additional wavefront aberrations will arise from the 
laser itself. NASA/Goddard tested an SDL 5410 laser 
(820-860 nm wavelength) (Reference 67) and achieved 
wavefront errors less than it 130 at output powers up to 
200 mW. At lower powers, these wavefront errors 
dropped to below the accuracy of their experiment 
(A/50). 

After computing the RMS wavefront error contribu- 
tions using equation (12), for a typical optical network 
of perhaps 20 elements it can be seen that an "average" 

Table 3.4.2-1 Typical Surface Finishes of High 
Quality Optical Elements 

Bernent Type and Size Surface Finish (A-6328 nm) 

Rat Mirrors & Plates (<4") À/200 
Flat Mirrors & Plates (4-14") À/50 
Spherical Mirrors (<14") A/40 
Spherical Lenses (<14") À/40 
Aspherical Mirrors (<14") À/25 
Aspherical Lenses (<14") Art 
Cube Beamsplitters À/20 

surface finish of better than/1./40 might be required for 
each element in the optical system to achieve a "net" 
RMS value of A/10. Using the Strehl equation (11), this 
would yield a typical gain reduction factor of around 
0.67 (-1.7 dB). 

3.4.2.6 Transmissivity of Transmit and 
Receive Optics 

Transmission loss is also caused by the optical lenses 
and coatings in the optical network which have finite 
transmissivities at the desired wavelength. Values for 
transmissivity vs. wavelength for a number of optical 
materials can be found in the Schott catalogue and 
other sources. Typical values, using a 800 nm wave-
length, are tabulated in Table 3.4.2-2. 

The transmissivities of most optical elements are also 
subject to a variety of factors such as atmospheric 
reactions, UV radiation, and proton radiation (see 
section 3.4.5.2). By carefully designing the telescope 
to keep radiation sensitive elements protected, the 
overall loss of transmittance over the life of an optical 
ISL can be kept below 10%. 

Where beam splitters are being utilised, it must be 
remembered that these elements are designed inten-
tionally to reflect a specific portion of the beam onto 
an altemate path, and hence will have a much lower 
through transmissivity than otherwise. "The transmis-
sivity" of the optical network must therefore be as-
sessed for each path independently. Beam combiners 
on the other hand, are intended to combine more than 
one beam into a single beam with as little power loss as 

Table 3.4.2-2 Transmissivities of Various Optical 
Elements at 800 nm 

Type of Bernent Transmissivity 

Antireflection Coatings on Lenses 0.9998 
Mirror Coatings 0.999 

Bulk Fused Silica (Quartz) 0.999 per 25 mm 
Bulk SF6 G5 0.964 per 25 mm 
Bulk SK4 G13 0.991 per 25 mm 
Bulk SF4 G6 0.965 per 25 mm 
Bulk SF5 G10 0.991 per 25 mm 
Bulk LaF2 0.993 per 25 mm 

(12) 
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possible. At the design wavelength, the net, total trans-
missivity of a typical high quality narrow band, dichroic 
beamsplitter (Reference 68), can be made better than 
0.95. Polarizing beamsplitters can achieve better than 
0.98 transmissivity for each of the polarized compo-
nents. 

For a typical optical ISL system concept, the optical 
path might consist of the follcnving: 

• 1 thermal control window 
• 1 primary mirror 
• 1 secondary mirror 
• =10 lenses in the eyepiece 
• 1-2 fine pointing mirrors 
• 3-4 beamsplitters/combiners 
• =3-4 lenses at the laser (or detector) 

Such a network would yield a typical transmissivity of 
around 0.80 on each transmit and receive link. 

3.4.2.7 Free Space Loss 

"Free space loss" accounts for the reduction of effective 
irradiated power per unit area as a result of distance 
(R) between an omnidirectional transmitter (transmit-
ting uniformly over the full 4ff steradian sphere) and a 
remote receiver collector. To use normal communica-
tions terminology however, the "receive telescope 
gain" G(DR) is used instead of collector area. The free 
space loss is then referenced to an effective collection 
area of .1.2/(4,7r) at a distance R, and is given by the 
following: 

2 
G (R ) — (4- --FR-) (13) 

3.4.2.8 Ideal Gain of the Receive Telescope 

Unlike a radio receiver antenna, the receive optics will 
generally focus the incoming signal onto a spot on the 
detector much smaller than the detector area so that 
the received signal is essentially constant as long as the 

incoming spot lies within the detector field of view. The 
telescope therefore acts like a "photon bucket", chan-
nelling the received photons onto the detector surface. 
Because of this, the calculation for transmit telescope 
gain (which varies with angle) does not apply to the 
receive telescope. The efficiency of the receive tele-
scope is essentialy constant within the field of view of 
the communications detector, and is given by the tele-
scope collection area. 

The collection area of the receive telescope is, of 
course just nDR2/4. To make this compatible with the 
free space term in section 3.4.2.7 however, the collec-
tor area must be referenced to a unit area of  A 2/(4x) 
giving the effective receive telescope gain: 

xi, 0  
G(D R) — (--f-) 

2 
(14) 

3.4.2.9 Central Obstructions and Supports on 
Receive 

At the receive telescope, the incoming beam can effec-
tively be considered to uniformly illuminate the objec-
tive optics. The losses due to blockage by any 
secondary mirror or its supports becomes a simple 
matter of computing blockage area. The effect of 
blockage by a circular secondary mirror can be com-
puted from: 

G(YR) (1-YR2)  

where 

YR =b/a 
b = radius of secondary mirror 
a = radius of primary mirror 

A typical value of yR  for a Cassegrain style telescope 
would be 0.2. 

Similarly, assuming NR support struts each with angular 
blockage eR  radians, the net reduction in the collector 
area is given by the factor: 
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N e R ‘ G(NR, eR) R )  
) 

Again, good design practice should examine whether 
the secondary mirror can be mounted on the front 
telescope corrector lens or thermal window, thus 
avoiding blockage from support struts. 

3.4.2.10 Using the Link Equation for System 
Design 

From the discussion in the foregoing sections most of 
the parameters of the optical link equation in section 
3.4.2 can be given preliminary estimates for a standard 
Cassegrain telescope: 

YT = YR = 

a = 1.07 
TRT  = 0.7 
TRR  =-- 0.7 
NT = NR = 0 

dr.Rms  = .1/10 
= it/10 R-RMS 

The fine pointing system will generally be set to main-
tain pointing of the transmit beam within the -4 dB 
(40%) point. From Figure 3.4.2-2 this gives an allow-
able pointing error of: 

0 = 0.4 A/D radians 

The value of R is determined based upon the maximum 
link distance for the selected system: 

R = 49,000 km (worst case for a LEO-GEO 
link) 

= 104,000 km (worst case for a 
GEO-TUNDRA link) 

The value of  A  is determined from the selected laser: 

= 1060 nm (Nd:YAG Laser) 
= 850 nm (AlGaAs Laser) 

PR  can be referenced to the number of photons per bit: 

PR  =-- h(c1)(N)(F) (16) 

where: 

h = Planck's constant (6.63x10-34  J-s) 
c = speed of light (3.0x108  mis) 
N = required photons per bit based upon the 

detector sensitivity. This includes ALL 
detectors in the optical system. 

F=  bit rate 

The detector sensitivity depends on a variety of factors 
such as the bit rate, detector type, modulation type, bit 
error rate, etc. For the purposes of this section, a 
typical value for N might be around 200 photons/bit at 
100-1000 Mbps for two redundant communications 
detectors and two redundant fine pointing detectors. 

The optical link equation (2) can now be simplified 
with these assumptions to give the laser output power 
required: 

PT= 5.1x10-24 (NFAR2)  

4DR2  

Using equation (17), Figures 3.4.2-9 and 3.4.2-10 show 
laser output power required vs. telescope aperture for 
a number of data bit rates. Figure 3.4.2-9 considers an 
830 nm AlGaAs laser while Figure 3.4.2-10 considers a 
1060 nm Nd:YAG laser. Both figures assume a com-
bined transmit/receive telescope. 

Care must be taken in using the results of Figures 
3.4.2-9 and 3.4.2-10 since these are based upon diffrac-
tion limited beamwidths. An increasing telescope ap-
erture in these figures therefore implies tighter 
pointing requirements which reach a practical limit at 
around 1 yrad (1 sigma). The mass of the telescope 
also increases roughly with the diameter cubed to ac-
count for the increase in volume of the mirrors, lenses, 
and structural components. 

(15) 

(17) 
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Figure 3.4.2-9 Laser Output Power vs. Telescope Aperture for AlGaAs Laser 

Figure 3.4.2-10 Laser Output Power vs. Telescope Aperture for Nd:YAG Laser 
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3.4.3 The Primary Telescope 

In an optical ISL system the telescope's primary job is 
to provide a large light collecting aperture and con-
dense it into a much smaller collimated beam diameter 
(exit pupil diameter) which is fed into the optical net-
work. A collimated beam output from the telescope is 
preferred because it eliminates many restrictions on 
the optical network associated with placement of the 
detectors, angles of incidence at filters, sizes of detec-
tor surfaces, etc. 

This section examines some of the more common tele-
scope configurations which can be considered for an 
optical ISL system, and the kinds of advantages and 
disadvantages each offer. 

3.4.3.1 Refractors (Dioptrics) 

Refractor telescopes are the original and probably the 
simplest form of tele,scopes. They employ aspherical 
lens for both the objective lens and the eyepiece as 
shown in Figure 3.4.3-1. Note that the eyepiece is 
shown as a single element for clarity. The actual eye-
piece would generally be a multi-element aplanatic 
type (see section 3.4.1). 

The main attraction of such a telescope is its simple, 
unobstructed aperture, giving it a good tranmission 
efficiency, particularly on-axis where the peak intensity 
of the Gaussian profile odsts. Refractor optics are 
often used for space-based instruments such as bore-
sight horizon limb sensors, sun sensors, star sensors, 
and some smaller imaging optics where lenses are gen- 

erally less than a few inches. The focal ratio of the 
objective lens should not be dropped too low since the 
high lens curvatures involved lead to image distortions 
and difficulty with figuring the surface. Typical objec-
tive lenses have focal ratios of around 8:1 to 20:1. For 
apertures over 6 inches the simplicity advantage is 
often negated by the disadvantages of using the large 
objective lens which becomes expensive, heavy, and 
has a long focal length. Table 3.4.3-1 lists these and 
other trade-offs. 

3.4.3.2 Reflectors (Catoptrics) 

Pure reflector systems, Icnown as "catoptric" types, use 
only mirrors to collect and collimate the incoming 
beam. Using reflecting mirrors has the main advantage 
of compacting the optical path by reflecting it back-
and-forth within a short space. Furthermore, mirrors 
reflect all wavelengths by the same geometric angle 
thus avoiding chromatic aberrations which lenses expe-
rience because of different refractive indices at differ-
ent wavelengths. Reflecting mirrors are also less 
expensive to manufacture in large diameters and can 
be made lightweight using a number of mass saving 
technologies (see section 3.4.3.7). 

The oldest and simplest form of reflector telescope is 
the Newtonian, shown in Figure 3.4.3-2. This design 
uses a parabolic objective mirror which refle,cts onto a 
flat secondary mirror. The beam is reflected out of the 
objective optics path into an eyepiece. This design 
provides reasonably good performance but requires a 
relatively long telescope barrel to handle the long focal 
length of the objective mirror. Since a parabolic mirror 

Table 3.4.3-1 Advantages and Disadvantages of Refractor Telescopes 

Advantages Disadvantages 

The basic design is very simple. Aspheric objective lens is expensive in large diameters. 

The aperture is clear and unobstructed. The objective lens is often heavy in large slzes. 

The long focal length of the objective lens requires a long, unwieldly 
telscope. Alternatively, if the optical length is compacted, the addi-
tional multi-element lenses required add significant mass. 

Refractive indices of the lenses varies with wavelength. This requires 
additional optics (and mass) to correct for this. 
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Figure 3.4.3-1 A Refractor Telescope 

Figure 3.4.3-2 A Newtonian Reflector Telescope 
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Figure 3.4.3-3 A Cassegrain Reflector Telescope 

does not in fact produce an aplanatic image, the quality 
of the image depends on having a reasonable focal ratio 
for the objective mirror, typically around 10:1. 

To compact the telescope design the secondary mirror 
can also be made aspheric, changing the effective focal 
length of the telescope. Figures 3.4.3-3 and 3.4.3-4 
show examples of two common such reflector tele-
scope designs, the Cassegrain and Gregorian. The 
Cassegrain telescope is a combination of a paraboloid 
objective mirror and hyperboloid secondary mirror. 
The hyperboloid secondary mirror has the effect of 

extending the effective focal length of the overall tele-
scope far beyond its physical length. For conunerical 
Cassegrain telescopes a 200  min  objective mirror is 
often employed in a telescope less than 400 mm long, 
but the combined objective and secondary mirrors pro-
duce an effective focal length of 2000 mm or more. The 
Gregorian telescope is similar to the Cassegrain except 
that it is based upon a concave elliptic secondary in-
stead and is therefore placed after the focal point of 
the primary mirror. 

Figure 3.4.3-4 A Gregorian Reflector Telescope 
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Figure 3.4.3-5 An Offset Gregorian Refkctor Telescope 

The Cassegrain and Gregorian telescopes are based 
upon low-order aspheric mirrors which provide good 
image quality, but still suffer from some degree of 
off-axis distortions (coma). Variations on the theme 
are possible which result in nearly perfect image qual-
ity, but require the use of higher-order aspherical mir-
rors which are much more difficult to manufacture. 
Such combinations are lcnown as Ritchey-Chretien 
telescopes and are often used in large, earth-based 
observatories. 

To avoid the loss of signal due to the central obstruc- 
tion, portions of the same mirrors can be employed in 

off-axis configurations as shown in the example of 
Figure 34.3-5. Such arrangements use small sections 
of much larger mirrors to avoid the central obstruction. 
Although in principle this appears attractive, in prac-
tice the mirror sections must be manufactured by first 
forming the full-size mirrors and then cutting the de-
sired sections. This is an expensive process for large 
mirrors and is therefore only common in smaller instru-
ments. 

Table 3.4.3-2 summarizes some of the advantages and 
disadvantages of reflector telescopes. 

Table 3.4.3-2 Advantages and Disadvantages of Reflector Telescopes 

Advantages Disadvantages 

Very compact designs produce a long effective focal length in a Central obstructions reduce the effective transmission of the tele- 
short distance , scope, particularly for the Gaussian beam intensity profile. 

Large mirrors are less expensive than equivalent sized lenses. Coatings are necessary to protect metallic mirror surfaces from oxida- 
tion and other chemical prooesses. 

Mirrors don't suffer from chromatic aberration. 
Large aspherio surfaces are still expensive to fabricate and check- 

Lightweight mirror manufacturing technologies exist and are continu- out. High-order aspherics are generally avoided In spaoe-based de- 
ousiy improving (ea: foam metal cores, composites, etc...). signs for this reason. 

Metal-based mirrors have good conductivity, making thermal control 
easier. 

Mirrors can be supported by their backs, making structural support 
and thermal design easier. 
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3.4.3.3 Combined Refractors/Reflectors 
(Catadioptrics) 

Adding a front corrector lens to a reflector telescope 
can allow the objective reflecting mirror to be made 
spherical while still correcting for off-axis distortions. 
The large, spherical objective mirror can then be made 
at a much lower cost. Such combinations of reflecting 
and refracting elements for the telescope are referred 
to as "catadioptric" systems. The two most common 
types of corrector lenses are the Schmidt and the 
Maksutov, both designed to operate with a spherical 
objective mirror. The lens in both cases in placed in 
front of the objective mirror as shown in Figure 343-6 
and 3 4.3-7. 

The drawback of the corrector lens is the cost and mass 
of the lens itself. The Schmidt corrector plate, for 
example is aspheric, and would cost about the same as 
any lens of the same diameter and quality. The 
Maksutov lens is somewhat easier to manufacture since 
it has a spherical surface, but the thicicness and mass of 
these lenses is usually substantial (eg: 20 mm thick, 3.0 
kg for a typical 250 mm aperture). 

Despite this, the Schmidt-Casssegrain is among the 
most popular designs for amateur 8" to 14" telescopes 
because of their very compact design. The additional 
cost of the lens for amateur applications is generally 
modest. 

Some of the advantages and disadvantages of catadiop-
tric telescopes are listed in Table 3.43-3. 

3.4.3.4 Coudé Configurations 

A Coudé configuration refers to a telesc,ope which 
passes its optical beam through the gimbal axes as 
shown in the example of Figure 3.4.3-8. This arrange-
ment has the advantage of allowing the primary optics 
to be pointed without having to move the entire optical 
network. This greatly reduces the mass of the moving 
portion of the optical ISL, allowing a less massive 
gimballing system to be employed. A study done by 
CAL Corp. for the SILEX program showed that mass 
savings of around 20 kg can be realized by taking the 
Coudé approach. 

Using the Coudé system does incur two complications 
however: 

• It is more difficult to isolate satellite structural 
noise from the optical path since the optical 
path passes from the gimballed telescope into 
the fixed optical network. By contrast, a non-
Coudé mount allows noise from the satellite 
bus to be damped, particularly at higher fre-
quencies, as it passes through the gimbal sys-
tem before it reaches the optics. The solution 
to this is to use high speed fine steering mirrors 
already developed to achieve the necessary 

Table 3.4.3-3 Advantages and Disadvantages of Catadioptric Telescopes 

Advantages Disadvantages 

Very compact designs produce a long effective focal length in a Central obstructions reduce the effective transmission of the tels- 
short distance, scope, particularly for the Gaussian beam intensity profile. 

Large mirrors are leas expensive than equivaleilt sized lenses. Coatings are neoessary to protect metallic mirror surfaces from oxida- 
tion and other chemical processes. 

The corrector lens seals the telescope, helping protect the miffor fin- 
ish. Large aspheric lenses are expensive to fabricate and check. High- 

order aspherics are generally avoided in space-based designs for 
Ughtweight mirror manufacturing technologies exist and are continu- this reason. 
ously improving  (cg:  foam metal cores, composites, etc...). 

The corrector lens incurs chromatic aberration which must be dealt 
Metal-based mirrors have good conduct ivity, making thermal control with in the optical network. 
easier. 

Mirrors can be supported by their backs, making structural support 
and thermal design easier. 
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Figure 3.4.3-6 A Schmidt-Cassegrain Telescope 

Figure 3.4.3-7 A Maksutov-Cassegrain Telescope 

Technology Evaluation 
Page 3-81 



Spar Program 3670-F 
Volume 1 - Final Report 

beam pointing stability. These have sufficient 
response rates to handle over 1 kHz and will 
handle typical satellite noise arising from mo-
tors, sensor movements, etc... 

• The output image from a Coudé configuration 
rotates when either of the gimbal axes is oper-
ated.  This  adds complexity to the coarse point-
ing system which must de-rotate its output 
signals to compensate. However, the high pro-
cessing power of modern space qualified com-
puters should make this an easy function to 
handle. 

Figure 3.4.3-9 shows an example of a Coudé telescope 
previously designed by CAL Corporation as a light- 

weight alternative for optical intersatellite link systems. 
The entire telescope, including coarse pointing drives 
and the eyepiece has a mass of less than 18 kg. 

3.4.3.5 The Periscope Configuration 

A modification of the Coudé design, suggested by Brit-
ish Aerospace Ltd. (Ref 101) is to placed the gimbals 
and flat in front of the objective aperture, thereby 
allowing the main telescope to remain fixed while only 
a periscope style pair of flats moves in front of it. This 
is shown in Figure 3.4.3-10. 

This approach has significant merit since the telescope 
can then be buried behind a spacecraft deck, rather 

Figure 3.4.3-8 A Coudé Configuration Using a Cassegrain Telescope 
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Figure 3.4.3-10 Periscope Configuration (Ref 7) 

than exposing it to space. Furthermore, the periscope 
pointing mechanism uses much less space to move 
vvithin and, with good design, may not require any 
special launch tie-downs to support it during launch. 

The periscope approach does have limitations when 
the objective diameter becomes large however, since 
the mass and cost of the pointing assembly becomes 
large. Based upon CAL's preliminary design of the 
standard Coudé design, the mass savings of the peri-
scope design are only realized for aperture diameters 
of around 150 mm or less. The periscope design also 
presents the same image rotation complications as the 
Coudé design. 

3.4.3.6 The Meinel Configuration 

As an alternative to the standard telescope tube struc-
ture for the primary telescope, the Meinel configura-
tion, proposed by the Optical Sciences Center of the 
University of Arizona (Reference 69) is shown in Fig-
ure 3.4.3-11. It consists of an objective mirror with an 
optics tube installed through its centre. The other end 
of the tube supports the secondary mirror. Although 
unusual, the Meinel configuration has considerable 
merit. Stray light control baffles which are usually 
required in Cassegrain telescopes, can be included as 
part of the tube. Because the tube diameter is small, it 
can be made with a relatively thick wall to provide the 
necessary structural strength for supporting the sec-
ondary mirror. Care must be taken in designing the 
support vanes connecting the secondary mirror to the 
tube to ensure sufficient torsional stiffness. 

Although this configuration has extremely low mass, it 
does present disadvantages: 

• The optics and the support tube are continually 
exposed to solar light which may cause thermal 
problems affecting alignment and optical ele-
ment characteristics. The design does not per-
mit the use of any thermal protection window 
(see Section 3.4.5). 

• The small diameter of the support tube may 
lead to low resonance problems during the 
launch environment. 

• Because the primary optics are not sealed, they 
require more careful environmental control 
during integration, testing, and launch. 

• The design cannot be easily adapted to use a 
corrector plate. 

3.4.3.7 The Dail Configuration 

The Optical Sciences Centre of the University of Ari-
zona has also investigated the use of a Dall truss to 
support the secondary mirror as shown in Figure 3.4.3- 
12. This approach may improve on the structural in-
tegrity of the secondary mirror mount, but still 
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Figure 3.4.3-11 A Meinel Telescope Concept (see Ref 5) 

Figure 3.4.3-12 A Dall Configuration 
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encounters the same disadvantages of the Meinel con-
figuration in section 3.4.3.6. 

3.4.3.8 Lightweight Mirrors 

The design of a space-qualified mirror must address a 
number of requirements: 

• optical performance: 

— ability to achieve a high performance op-
tical finish on the mirror surface 

— the ability to maintain optical shape 
under thermal and structural loads 

• structural performance: 

— high specific stiffness 
— high natural frequency 
— high dynamic response 
— fracture toughness 

• thermal performance: 

— good conductivity to equalize tempera-
tures 

— low distortion from bulk temperature 
changes 

• aging performance: 

— no changes in the above performances 
with time 

To meet these requirements, beryllium is often used 
for space qualified applications because of its ex-
tremely good strength/mass ratio. The mass can be 
further reduced by around 50% by machining out the 
back of the mirror. Figure 3.4.3-13 shows an example 
of such a mirror. 

To  reduce the mass of very large mirrors (0.25 m and 
larger), one of the technologies being revisited for 
space-based telescopes is the use of metal-matrix com-
posites such as SXA (aluminum/silicon carbide). 
These fabrication techniques allow the mass of the 
primary mirror to be reduced by nearly 80% of the 
equivalent solid mirrors. 

As described in References 69 and 70, aluminum foam 
cores, produced by Energy Research and Generation 
Inc. have been demonstrated in the field. Because of 
problems associated with machining of aluminum 
facesheets and nickel plating of the aluminum surface, 
new development work is looking at the use of nickel 
foams and hybrid aluminum/silicon carbide compos- 

Figure 3.4.3-13 A Mass Reduced Mirror Design 
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ites. Figure 3.4.3-14 shows an example of a mirror 
shape fabricated using SXA at the Optical Sciences 
Center of the University of Arizona. 

Using data from Reference 70, Figure 3.4.3-15 shows 
the expected masses of typical solid berylium, mass 
reduced berylium, and advanced composite mirrors as 
a function of diameter. Although the mass savings of 
the new composite technologies is readily apparent, 
they do trade-off some structural performance com-
pared to standard berylium. Table 3.4.3-4 shows a 
comparison of the structural properties of these tech-
nologies. Costs were not available for comparison. 

3.4.3.9 Combined Optics vs. Separate 
Receive, Transmit Optics 

As discussed in section 3.4.1, an optical ISL system has 
4 separate telescope requirements associated with the 
beacon transmitter, beacon receiver, communications 
transmitter, and communications receiver. An imme-
diate decision arises as to whether 4 physically separate 
telescopes are desired or whether some, or all, of these 
telescope functions should be combined into a single 
unit. The impact of this trade-off on the design is very 

significant. To produce, qualify, and integrate 4 phys-
ically separate telescopes, for example, incurs a large 
cost and mass but allows the 4 separate subsystems to 
be prepared independently making the product devel-
opment easier. Combining all the requirements into a 
single telescope means trading-off some design optimi-
zation to come up with a common design, but the mass 
savings of having only one telescope are substantial. 

The following are some of the advantages of each 
approach: 

Advantages of Separate Telescopes 

• Each optical path can be independently opti-
mized without compromises for other optical 
paths. Such compromises include fields of 
view, optical transmission bandpasses, isola-
tion of transmit and receive beams, etc... 

• Each telescope function can be handled as a 
separate development allowing simplified 
technical and project development interfaces. 
Separate telescopes can be developed, tested, 
and qualified independently. 

Table 3.4.3-4 Structural Properties of a Number of Mirror Materials (see Ref 69) 

Specific Fundamental Dynamic Fracture 
Stiffness Frequency Response Toughness 

Material 
(E/P) (E/p3)/21/21 (0/MYS)2(pE)1/2 
(m) (N-mi  ) (m 41/1) (MPa-m

„ 
 ” )  x 103 x 10-3 X 10-' 

AL/SIC 4.1 70.9 11.4 59 
30 vio SIC (Wisker 
-2024 Reinforced) 
(SXA*) 

AL 2.6 60.6 23.8 41 
6061-T6 

Be 16.8 225 281 9 
I-70A 

Sic 10.6 115 1500 (18) 
Weibull 
Modulus 

Zerodur 3.6 77.2 971 (14) 
Weibull 
Modulus 
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Figure 3.4.3-15 A Technology Comparison of Primary Mirror Mass vs. Diameter 
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Advantages of Combined Telescopes 

• Large mass savings can be achieved by elimi-
nating additional telescope hardware. 

• The reduced number of telescopes will reduce 
the cost of the system fabrications, testing, and 
qualification. 

• The optical network can be compacted into a 
much smaller, integrated volume. 

• The communications transmit and receive 
beams are referenced through a single tele-
scope. relative misaligmnent of the two beams 
is therefore determined by the integrity of a 
compact optical network rather than a much 
larger structure supporting a number of tele-
scopes. 

• The Coudé configuration can be employed, 
reducing the system mass significantly. 

First, consider whether the communications transmit 
and receive beams should be passed through a com-
bined telescope. There are obvious reasons to com-
bine them: 

• both generally require a large aperture (typi-
cally 250 mm) 

• both require identical fields of view (typically 
300 prad) 

• because the pointing of the transmit beam is 
determined from the receive beam, it is safer 
to use as many common optics as possible so 
that any change in alignment of one path will 
also occur to the other. The accuracies re-
quired for both beams are extremely tight (typ-
ically -± 1 prad). 

• since both beams require fine pointing, a com-
bined telescope allows a single fine pointing 
assembly to do both functions. 

The major drawback of combining the transmit and 
receive beams is the need to isolate the receiver dçtec-
tors from any radiation from the transmitter caused by 
internal reflections or insufficient beam to beam isola-
tion in the common optical components. The power of 

the transmit beam is sufficient to completely interfere 
with the incoming signal, and in the worst case might 
actually destroy the receiver detector. Using different 
wavelengths or polarizations for the incoming and out-
going beams can allow beamsplitters/combiners to be 
used to separate or combine them. The additional 
mass and reduced optical transmissivity of these addi-
tional elements is small enough to justify using them, 
instead of a whole additional separate telescope. 

Most current optical ISL concepts employ a combined 
transmit/receive telescope. 

Next, consider whether to include the beacon receiver 
in the communications optical network. Again, there 
are some good reasons to consider this: 

• the beacon receiver also require.s a large aper-
ture to improve its sensitivity. 

• keeping the beacon receiver in the communi-
cations optical network improves the reliability 
of maintaining the co-alignment of the incom-
ing beacon and communications beams. The 
beacon is used to reduce the pointing error to 
within the range of the fine pointing system, 
typically within  200u rad.  Any misalignment of 
the two systems may cause the fine pointing 
system to fail to acquire the incoming commu-
nications beam. 

Incorporating the beacon receiver into the communi-
cations optics makes the latter more complicated since 
further isolation is required to keep the communica-
tions transmit beam out of the beacon receiver. How-
ever, the additional optics hardware and the slight 
reduction in transmissivity are again justified when 
compared to the alternative of providing an additional, 
separate, large aperture telescope. 

Lastly, the beacon transmitter can be left separate 
since it does not have any requirement for the large 
aperture of the primary telescope. In fact the beacon 
beamwidth will need to be on the order of 500 prad or 
more, and will only require a very small aperture size. 
Maintaining very tight alignment of the beacon optics 
with the communications optics is not critital, and if the 
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beacon requires any wide range (eg: :t 8700,urad) scan-
ning, the additional steering mirror re,quired could 
compromise the remaining optics network which must 
then cope with the additional field of view not other-
vvise needed by the fine pointing system. 

Such a beacon unit can be employed as a very small 
optical unit attached to the side of the main telescope. 

3.4.4 COmponents of the Optical Network 

3.4.4.1 Eyepiece Optics 

The ideal telescope objective (eg: the primary and 
secondary mirrors) collects incoming light on a flat 
focal plane at a distance, fobjective, as shown in Figure 
3.4.4-1. The ideal eyepiece then picks-up the light 
leaving the focal plane and refocuses it into a colli-
mated beam which then enters the re,st of the optical 
network. The focal plane of the objective must there-
fore be coincident with the focal plane of the eyepiece. 
The angle at which the collimated beam leaves the 
eyepiece, 0 koe , is related to the angle of the beam 
incoming to the telescope, ()objective, and the magnifica-
tion, M, of the combination: 

f objective 

f eyepiece 

The magnification required for an optical ISL tele-
scope is typically 20-50, and is driven in large part by 
the physical range of the fine steering mirrors and the 
required fields of view of the detectors. 

The pupil diameter, p  (le: the diameter of the exit 
beam) is given by: 

where: 

a = diameter of the objective 

Therefore, for a typical objective diameter of 300 mm, 
this produces an eyepiece output pupil diameter of 10 
mm. 

The aperture of the eyepiece, d, must be sufficient to 
collect the focal image over the desired telescope field 
of view, ()foe 

(19) 

where: 

Figure 3.4.4-1 Ideal Focal Plane Between the Objective and Eyepiece 
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As an example, if ftei = 1000 mm, feyepiece  =33 mm, 
and Ofm, = 8700 prad, this yields a required eyepiece 
aperture of around 20 mm greater than the pupil diam-
eter. 

In practice, a number of factors prevent the design 
from achieving the ideal image performance: 

• non-planar image planes of the objective or 
eyepiece 

• different focal image positions as a function of 
wavelength 

• residual misalignment of the optical elements 
• thermal distortions of the optical elements of 

their support structure 
• limitations on the allowable mass (and hence 

complexity) of the opticaal system 

Aplanatic optics produce a focal image which is planar 
as shown in Figure 3.4.4-1. However, the focal image 
a more simple objective or a simple eyepiece is usually 
curved as shown in Figure 3.4.4-2. Such optics only 
provide reasonable image focusing on-axis, and pro-
duce significant coma off-axis. 

For the objective optics this situation is acceptable 
since the effective focal length of the objective is gen-
erally long (typically 1000-2000 mm), and its focal 
image is very nearly planar within the necessary field of 
view anyway. To improve the image plane, various 

alternatives for the objective (see section 3.4.3) can be 
investigated, most noteably the Ritchey-Chretien com-
bination. A refractor-type objective also adds a com-
plication since its focal image position varies with 
wavelength. If the focal length is long, then very small 
variations in wavelength can move the image plane well 
out of the focus for the eyepiece, which has a much 
smaller focal length. 

The eyepiece will generally have a small focal length, 
f • of 40-100 mm which creates a non-planar erPlece 
image. Furthermore, since it Will generally use lenses, 
the position of the focal image depends upon the light 
wavelength. To help correct these problems multi-el-
ement "apochromatic" optics can be employed as 
shown in the examples of Figure 3.4.4-3. Multi-ele-
ment optics significantly complicate the design how-
ever, since they add mass to the system, and they 
require careful alignment and fixturing of the various 
elements. Good thermal control of the elements and 
their mounting structure is also required to prevent 
spacing or aligmnent variations and because the per-
formance of the eyepiece may rely on different refrac-
tive properties of the elements which change with 
temperature. The detailed design exercise must trade-
off these eyepiece complexities against the additional 
performance they provide. 

A typical solution for an optical ISL system eyepiece 
might include at least 2 elements, and reach 5 elements 
or more, depending upon the detailed design exercise. 
Figure 3.4.4-4 shows an example of an optical ISL 

Figure 3.4.4-2 Non-Planar Focal Image of a Typical, Simple Optical Element 
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Figure 3.4.4-4 An Existing CAL Cotporation Eyepiece Design 
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eyepiece design investigated by CAL Corporation for 
the SILEX project. 

3.4.4.2 Detector Optics 

There are various detectors in an optical ISL system: 

• communications receiver 
• acquisition detector 
• fine pointing detector 

The primary consideration for the detector optics is to 
establish a field of view corresponding to the detector 
surface image plane. As shown in Figure 3.4.4-5, the 
image deflection from centre, S, at the detector surface 
is related to the angular offset of the incoming image, 
°objective, the telescope/eyepiece magnification, M (=- 
fobjective/feyepiece, and the effective focal length of the 
detector optics, fdctector: 

S = Mtan(e. b . . (22) 

Typical CCD detectors have dimensions of around 
5x5mm (for a 288x288 acquisition detector) to 0.3x0.3 
mm (fine pointing detector). Using a telescope mag-
nification of 30, for example, if the acquisition detector 
must have a field of view of ±-4000 prad (0 biective  = 
4000 ,urad) then the focal length required for the de-
tector optics is around 21 mm. 

The aperture, d, of the detector optics must be suffi-
cient to collect the entire incoming beamwidth at the 
desired maximum field of view angle, °objective. This 
depends upon the distance from the eyepiece, L, as 
follows: 

d = p+2LMtan(eobjective) - 2(fobjective + feyepwe) 
-(23) tan(Bobjecti„,e) 

where: 

p = pupil diameter from the eyepiece (see 
section 3.4.4.1). 

Like the eyepiece, the detector optics must also be 
aplanatic (assuming the CCD surface is planar), and if 
more than one wavelength is to be detected then they 
must also be achromatic. 

3.4.4.3 Laser Optics 

The design of the optics for a semiconductor laser is 
complicated by the fact that the laser output comes 
from a narrow interface line in the lasing crystal as 
shown in Figure 3.4.4-6. The optics must collect the 
light from this line and collimate it into a circular beam 
with the Gaussian beamwidth selected to maximize the 
output of the telescope as discussed in section 3.4.2.3. 

Figure 3.4.4-5 The Detector Image Plane 
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Figure 3.4.4-6 Output Face of a Typical Semiconductor Diode Laser 

The divergence angle of the light leaving the laser is 
generally 20-30 degrees for semi-conductor lasers, and 
the corresponding astigmatic distance (je: the length of 
the focal line) is 1-10 ,um long. 

To perform the function of circularizing and collimat-
ing the beam the optics must be designed to correct this 
astigmatism as shown in Figure 3.4.4-7. There are a 
variety of hardware methods of achieving this. A sim-
ple approach, shovvn in the preceding figure, is to place 
a cylindrical lens after the collimating optics. Figure 
3.4.4-8 shows such an example of a commerically avail-
able astigmatism correction lens designed specifically 
for use with laser diodes. 

Making the laser optics achromatic is not necessary 
since the laser will be producing a beam with a narrow 
spectral bandpass, typically around 2 nm vvide. 

3.4.4.4 Beam Splitters/Combiners 

Beam splitters and combiners are needed in an Optical 
ISL system to: 

• divide the incoming signal onto several detec-
tors (eg: redundant communications dete,ctors, 
redundant fine tracking detectors, etc.), 

• combine the outputs of several sources into the 
optical path (eg: redundant or ganged commu-
nications lasers, beacon lasers, etc.), 

Figure 3.4.4-7 Circularizing and Collimating the Laser Beam 
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Diode Lasers tend to exhibit considemble beam astigmatism. In 
the simpler, gain-guided devices ,  this can be sens of microns. 
whereas in the case of index guided lasers, the astigmatism is typi-
cally less than 5 microns. 

Astigmatism often needs to be corrected if a small spot size or 
ultra-precise collimation are required. Two cylindrical lenses are 
offered for this purpose. The 4.1 meter focal length lens is 
designed to correct the 5 microns of astigmatism typical of index  
guided near-infrared lasers, and the 1.5 meter focal length lens is 
designed to correct the 45 microns of astigmatism found in gain-
guided visible laser diodes. Laboratory tests show that by slight 
rotation about the optical axis these lenses can be adjusted to cor-
rect astigmatism in the 2-5micron and 40-45 micron ranges with-
out introducing additional aberrations. 

An astigmatic correction lens ,  if required ,  should be placed 
after the collimator lens. 

SPECIFICATIONS: 

ASTIGMATISM CORRECTION CYLINDER LENSES 

Diameter: 10 ± 0.05mm 

Glass Type: 51C7 

Design Wavelength: 670-830nm 

Wedge: 0.Imm 

Coating: 
Single Layer MgF?  at 670nm (06 LCC 005) 
Single Layer Mg1F, at 780nm (06 LCC 007) 

hielles Griot °Wolfer: a range of collimated diode laser 
heads. All of these emit a «glistered beam of light which is 
also astigmatically corrected with excellent wavefront qual-
ity Beam circularization optics and integral thermoekaric 
temperature control are offered as options (sec  Chapter 20, 
Diode Lasers, Optics and Accessories). 

Astigmatism Correction Lenses 

PRODUCT NUMBER 
0 

(mm) 
Focal Length 

(mm) (mm) (mm) 

OD 
(ciear  aperture) 

 (mm) 

Diode Astigmatism 
Correction 
(microns) 

10.0 9.0 5.1 5.0 1450* 50 
10.0 8.0 2.0 2.0 4175 ± 106 

40-45 
2-5 

06 LCC 005 

06 LCC 007 

ASTIGMATISM 
CORRECTION OPTICS 
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Figure 3.4.4-8 A Commerically Available Astigmatism Correction Lens for Laser Diodes 
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• isolate the high power outgoing beam from 
entering the receiver optics. 

Two types of beam splitter/combiner techniques can be 
employed: 

a) dichroic splitters/combiners split or combine 
two beams of different wavelength, 

b) polarizing splitters/combiners split or combine a 
single wavlength by separating orthogonal axes 
of the light. 

Dichroic devices use specific combinations of optical 
interference filter coatings to selectively pass a desired 
wavelength while reflecting other wavelengths. The 
coatings can be put on open surfaces, but are often 
sandwiched between two flat plates to protect them 
and to help control coating thickness variations. Fig-
ure 3.4.4-9, taken from Reference 68, shows an exam- 

Figure 3.4.4-9 Examples of Dichroic Beamsplitters1Combiners (see Reference 4) 
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pie of a beamsplitter and its bandpass for the transmit-
ted light. Multiple filters can be used to separate or 
combine several wavelengths as is also shown. 

The limitations of this type of splitter/combiner are: 

• its transmissivity is usually limited to around 
95% for each filter. Such devices must there-
fore be used sparingly in the system. 

• to keep the transmissivity high, the minimum 
useful bandpass is around 2.5 to 3.0 nm. This 
limits the number of beams which can be sepa-
rated or combined within a given spectral 
range. 

Polarizing beamsplitters/combiners can be used to pro-
vide the signal separation between two beams, or com-
munications channels, which have very similar 
wavelengths. If the wavelengths are too close together, 
for example, then a dichroic filter technique may not 
adequately separate them. The disadvantage of using 
polarizing devices is that a maximum of 50% of a 
cirularly polarized total beam power is generally avail-
able in either polarization. 

A number of methods are available for fabricating such 
polarizing beamsplitters, but the most common is to 
employ polarization by reflection at the Brewster angle 
as shown in Figure 3.4.4-10. Light incident on a surface 
at the Brewster angle reflects around 15% of the light 
in the s-plane while the other 85% is transmitted. 
100% of the p-plane is transmitted. By combining 

many layers of such surfaces together, more of the 
s-plane can be successively reflected until the s and p 
components of the light are almost completely sepa-
rated. To achieve multiple layers, dielectric coatings 
can be laid onto a face. In a cube beamsplitter these 
are protected by being placed on the sloped,  internai  
face between the two prism halves. An application for 
these types of beamsplitters in the SILEX program is 
described in Reference 69 in which transmissivities of 
0.97 to 0.99 or better were achieved. 

3.4.4.5 Steering Mirrors 

Fine pointing steering mirrors are almost essential to 
any long-range Optical ISL system because they pro-
vide the capability to track the incoming beam with 
high accuracy (1-2/trad) and high response rate (up to 
1 kHz or more) over a range sufficient to cover the fine 
pointing range (200-300 ,urad). These ranges and ac-
curacies refer to values in front of the telescope. 

As shown in Figure 3.4.4-11(a) and (b), the steering 
mirror compensates for angular movement of the in-
coming beam, °eyepiece , by tilting an amount °minor. The 
beam reflecting  off  the steering mirror is thereby kept 
parallel to the optical network axis so that it continues 
to be focused on the centre of the detector. 

A few points must be considered when using such a 
steering mirror: 

1) The steering mirror should not be used in any 
uncollimated beam path (eg: before the eye- 

Figure 3.4.4-10 A Polarizing Cube Beamsplitter Employing 
Multilayer Dielectric Coatings 
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Figure 3.4.4-11(a) Uncorrected Beam Deflection with a Steering Mirror 

Figure 3.4.4-11 (b) Correcting the Beam Deflection Using a Steering  Min-or  
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piece) because the path length changes with the 
degree of angular correction required. If the 
mirror were placed before the eyepiece, for ex. 
ample, a small change in the path length could 
greatly de-focus the outgoing beam, reducing 
the beam width and intensity. The mirror itself 
may also exhibit some degree of translational 
movement of the mirror face which would cause 
a similar effect. 

2) Since the mirror must provide a high response 
rate, it will be capable of exciting the structure 
on which it is mounted. Such a coupling may 
then excite the optical network, deteriorating 
the system performance. The steering mirror 
should therefore be mounted in a manner which 
decouples these dynamics from the optical struc-
tures. 

3) Surface distortions of the mirror must stay 
within acceptable limits during operation. This 
may be a particularly stringent requirement at 
higher response frequencies. 

3.4.4.6 Spectral Isolators to Isolate the 
Transmit and Receive Beams 

As indicated in the previous sections, it is important to 
isolate the high power transmit beams from the receive 
beam since the receiver detectors may be capable of 
detecting both spectral bands. The performance of the 
communications link depends upon a dark background 
at the detector, and the sensitivity of the detector is 
such that it could completely lose the received signal if 
even a small percentage of the transmit beam enters it. 

The SILEX project has developed a spectral isolator 
unit to perform this isolation while also providing the 
capability to intentionally feed a small portion of the 
transmit beam into the communication and fine track-
ing detectors as a means of calibrating them. Figure 
3.4.4-12 shows a block diagram of such a unit. 

In this example the transmit beam is reflected off filter 
Fi  into the outgoing optical path with less than -60 dB 
of the signal passing through to the flip-flop mirror. 
Filter  Fi  is designed to pass the incoming (receive) 

signal which has a spectral range offset from the trans-
mit beam of 40 mn. This receive beam is then split into 
two by the beamsplitter, with one beam going to the 
receivers and the other to the fine  tracking detectors. 
The portion of the transmit beam which passes through 
filter  Fi  is normally reflected off the flip-flop mirror 
into a light trap, but during calibration the flip-flip 
mirror is moved out of this path so that the beam 
reflects off the corner cube reflector back onto  Fi. F1 
then reflects this calibration beam back into the com-
munications and fine tracking optics which use it for 
calibration. 

The entire unit has a mass of less than 1 kg. 

3.4.5 Other Optics Hardware Design Issues 

3.4.5.1 Stray Light 

Stray light in the optical system must be controlled to 
prevent it from illuminating the various detectors since 
most of them cannot independently distinguish be-
tween stray light and the receive signal. Stray light 
levels as little as 100 pico Watts incident on the commu-
nications detector, for example, can increase the bit 
error rate by an order of magnitude. The most signifi-
cant sources of stray light are: 

• celestial sources (the sun, moon, stars, etc...) 
which produce light incident on the sidewalls 
of the telescope tube or elsewhere in the opti-
cal system, 

• the transmit beam or acquisition beam, which 
may have partial reflection off internal filters 
and other optical elements. 

To a large extent, the second of the above sources is 
dealt with by a spectral isolator, described in section 
3.4.4.6. To handle the first source, the following tech-
niques can be considered: 

A) Thermal Window 
The use of a thermal window, described in sec- 
tion 3.4.5.3, reduces the level of solar and celes- 
tial radiation entering the optics by around 95% 
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Figure 3.4.4-12 An Example of a SILEX Spectral Isolator Unit 
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while reducing the level of the narrow ba-nd 
receive signal by only 3-5%. This provides an 
immediate improvement in the ratio of signal to 
stray light. 

B) Coudé Telescope 
The Coudé telescope configuration provides a 
natural limitation to light paths entering the 
eyepiece due to the long, enclosed focal path 
leaving the secondary mirror. Because most of 
this path is enclosed and out of the primary 
optics tube, this design reduces the range of 
possible paths for external light to enter the 
optical path. The CAL Corporation Coudé de-
sign study, discussed in section 3.4.3.4, con-
cluded that the Coudé design, combined with 
the thermal window, provides sufficient stray 
light control to handle direct sunlight to within 
2 degrees of the optical axis. 

C) Baffles in the Telescope 
Baffling the telescope tube can be used to cause 
most light entering the telescope off-axis to be 
incident on a surface which does not provide 
forward reflection into the optical path. Figure 
3.4.5-1 shows an example of such a technique 
applied to a telescope design. 

D) Lyot Stop on the Eyepiece 
A Lyot stop on the eyepiece limits the field of 
view of the system to within the inside of the 

telescope tube walls. This limits the number of 
walls or baffle edges which are visible to the 
intemal optics system. Further knife-edge stops 
can be employed at other optics apertures in the 
system with the knife-edge facing out. 

E) Antireflective Paints on Internal Surfaces 
A diffuse black coating such as Chemglaze Z306 
should be applied to all interior surfaces of the 
optics tubes and structure to reduce reflet-tion 
of light from these surfaces. 

F) High Quality Surface Finishes for Optical Ele-
ments 
Surface microroughness of lenses and mirrors 
causes diffuse light scattering in the system, and 
this is of particular concern for those elements 
in the objective tube which are exposed to a wide 
field of view. Surface microroughness on the 
order of 20 Angstroms is typically achieved, al-
though 10 Angstroms can be obtained with ex-
treme care. Coatings on the lenses and mirror 
can help reduce diffuse reflections. 

3.4.5.2 Radiation 

For space applications, particularly in geosynchronous 
orbits, radiation becomes a concern. For the telescope 
and optics the primary sources are: 

• energetic protons 

Figure 3.4.5-1 Using Baffles to Reduce Stray Light Entering the Optics 
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• ultraviolet light (UV) 
• atomic oxygen 

Depending upon the orbital altitude and the corre-
sponding dosage expected, most glasses experience 
bulk transmission loss. Although this tends to vary with 
the type of glass, typical glasses may lose 5-10% trans-
missivity per year. A simple solution is to use radiation 
resistant glasses which tend to be affected more at the 
UV wavelengths than the infrared. 

Absorbed doses of energetic protons are also known to 
cause bulk transmission damage in glass from 103  rads 
Si and greater. There are a number of factors affecting 
the degree of loss: 

• absorbed dose 
• wavelength at which the loss is measured 

• type of glass and glass melt 
• type of radiation 
• dose rate 
• glass temperature 

The dose rate and temperature dependences stem pri-
marily from the fact that thermal recovery occurs at a 
fairly constant, temperature dependent rate. Most 
testing is performed at much higher dose rates than 
those encountered in space in order to reach the de-
sired total dose in a reasonable length of time. These 
tests are therefore worse than would occur at a lower 
dose rate for a longer length of time. 

To protect the optics from energetic protons radiation 
resistant glasses can be used in place of the standard 
glass types. Table 3.4.5-1 lists some equivalents. 

Pure fused silica such as Suprasil-W should be used for 
any front aperture lens or thermal window since this is 
extremely resistant to particle radiation effects. Silica 
is known to exhibit transmissivity losses when exposed 
to high doses of UV however, so a UV reflective 
coating is required on its exterior surface. 

Table 3.4.5-1 Schou Radiation Resistant 
Equivalent Glasses 

Standard Non-Rad Suggest Rad Resistant 
Resistant Glass Equivalent Glass 

SF6 SF6 G5 
SK2 SK4 G13 
SF55 SF4 G6 

BaSF2 SF5 G10 
LaF2 LaF13 G5 

LaF21  07  

Refractive index changes do not occur in fused silica, 
but may occur in glasses. This effect is on the order of 
10-5  to 104  change in refractive index. While 10-5  
change in index would not present a serious problem, 
a 10-1  change would. Although expensive, testing of 
the glasses can be performed to fmd those with the least 
change. 

The optical coatings should also be chosen for radia-
tion resistance. The following coatings are known to 
have good resistance to particle and UV radiation: 

• magnesium fluoride (MgF2) 
• silicon dioxide (Si02) 
• thorium fluoride (ThF4) 
• zinc sulfide (ZnS) 
• zirconium oxide (Zr02) 

Magnesium fluoride is also highly resistant to atomic 
oxygen effects, and should be considered for any front 
aperture lens or thermal window on the telescope. 

3.4.5.3 Thermal Effects 

Thermal effects on the optics show up principally in the 
following ways: 

• distortion of optical elements (mirrors, lenses, 
etc...) affecting their individual optical charac-
teristics, 

• changes to spacing and alignment of the optical 
elements due to distortions in the support 
structure, 
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• stresses on optical elements due to differential 
expansion with their support structures, 

• changes to refractive indices of lenses. 

To reduce these effects some of the following methods 
can be used: 

1) Thermal gradients within the system can be re-
duced by insulating the telescope and optics with 
MLI (multi-layer insulation). Metal-based mir-
ror substrates also provide high thermal conduc-
tivity, providing uniform mirror temperatures. 

2) To reduce structural deflections composite ma-
terials such as PEEK (poly ether ether ketone) 
reinforced with carbon fibres can be laid-up with 
almost zero thermal expansion along the optical 
axis. Such composites also have extremely high 
strength/mass ratios. Where optical elements 
are mounted the materials for the structure 
should be chosen, where possible, with a coeffi-
cient of thermal expansion matching that of the 
optical element. 

3) The mirrors should be mounted near their cen-
tres, not by their edges as shown in Figure 3.4.5- 
2. This avoids stressing the mirrors due to 
differential expansion with the telescope hous-
ing. 

Even employing these measures, CAL Corporation's 
previous studies of telescopes for Optical ISL applica-
tions have shown that, given a satellite mounting sur-
face temperature of -20 to +50 deg C, a telescope 
protected only with MLI could have a corrector plate 
temperature varying between -115 and -65 deg C (non 
sun-facing and sun-facing) and an objective mirror 
temperature varying between -77 and +263 deg C. 
Such a wide swing of temperatures can cause system 
distortions sufficient to significantly reduce the tele-
scope performance. 

To reduce the temperature swing between sun-facing 
and non sun-facing, CAL Corporation has indepen-
dently inve,stigated a concept for a thermal control 
window to be mounted in front of the telescope aper- 

ture as shown in Figure 3.4.5-3.  This thermal window 
reflects around 95% of the solar spectrum by sandwich-
ing a number of specially design optical coatings be-
tween two plates. Figure 3.4.5-4 shows the solar 
spectrum and a possible spectral bandpass for such a 
window. Using this, the temperature range of the cor-
rector plate above can be reduced to -174 to -147 deg 
C and the range for the primary mirror reduced to -98 
to +49 deg C. 

3.4.6 Two Telescope Concepts 

To support the system level analysis in this study, two 
candidate telscope concepts suitable for a LEO-GEO 
intersatellite link were prepared. Two sizes were es-
tablished for the telescope, 200 mm, and 136 mm aper-
ture diameters, where the larger diameter is intended 
for higher (100 Mbps) bit rates, and the smaller diamter 
for lower (1 Mbps) bit rates. These concepts were 
prepared only to establish an overview of the require-
ments of the system and are subject to further optimi-
zation and a more thorough concept analysis in later 
phases. 

A Coudé configuration with Maksutov-Cassegrain op-
tics was chosen for the larger, 200 mm aperture re-
quirement. This is shown in Figures 3.4.6-1 and 3.4.6-2. 
This combination was chosen for the following reasons: 

• The Maksutov-Cassegrain optics design has 
been previously examined in detail by CAL 
Corp. and shown to meet the requirements of 
the SILEX program. Because of the heavy 
Maksutov corrector plate however, it would be 
recommended that a standard Cassegrain ap-
proach be further investigated against the final 
system field of view required. 

• The spherical mirror and corrector plate of the 
Maksutov-Cassegrain design are less expen-
sive to manufacture than comparably sized 
aspherics. A high surface finish can be fabri-
cated and measured also, typically to much 
better than A/30. 

• The enclosed nature of the Maksutov-
Cassegrain helps seal the optics and allows a 
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Figure 3.4.5-2 A Primary Mirror Mounting Concept to Reduce Mirror Distortions 
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Figure 3.4.5-3 A Previously Developed Thermal Window  Concept  
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Figure 3.4.5-4 The Solar Spectrum and a Possible Spectral Bandpass for the Thermal Window 

Technology Evaluation 
Page 3-106 



hZl  

-e 

0, 

Ii  



objective mirror diameter: 
diameter of secondary mirror: 
clear field of view: 
surface errors: 
effective focal length of 

primary/secondary: 
focal length of eyepiece: 
magnification: 
effective pupil diameter: 
aperture (diameter) of eyepiece: 

210 mm 
50 mm 
z.,-.8700yrad 
< A/30 RMS 

1000 mm 
33 mm 
30:1 
8.3 mm 
>28  mm 

A preliminary mass estimate for this telescope is 12.0 
kg as broken out in Table 3.4.6-1. 

The second, 136 mm, telescope concept was based 
upon a periscope configuration with standard 
Cassegrain optics. In this case the smaller 136 mm 

Spar Program 3670-F 
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Figure 3.4.6-2 A Possible Layout of a 200 mm Coudé OISL Telescope 

thermal control window and MLI to be em-
ployed to control thermal effects. 

• The Coudé configuration saves about 20 kg off 
the comparable fully gimballed design, such as 
that used by SILEX. The 200 mm aperture is 
still large enough that the periscope approach 
is not mass efficient. 

• The Coudé configuration also allows the opti-
cal network to be hard-mounted within the 
spacecraft decks, reducing thermal and me-
chanical interfacing problems. 

• The Coudé configuration provides a great deal 
of natural stray-light reduction. 

Some of the key optical specifications for the telescope 
and eyepiece would typically be as follows: 
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Maksutov Corrector Plate: 
Objective Mirror + Bracket: 
Secondary Mirror + Structure: 
Thermal Window + Housing: 
Telescope Tube (PEEK) + Mil: 
1st Coudé Flat + Structure: 
2nd Coudé Flat + Structure: 
Coudé Tube Sections: 
2 Motors + Bearings: 
Eyepiece Optics + Structure: 

TOTAL: 

1.60 kg 
0.75 
0.45 
0.60 
1.00 
0.20 
0.80 
2.10 
3.50 
1.00 

12.0 kg 

Objective Mirror + Bracket: 
Secondary Mirror + Structure: 
Thermal Window + Housing: 
Telescope Tube (PEEK) + MLI: 
Azimuth Flat + Structure: 
Elevation Flat + Structure: 
2 Motors + Bearings: 
Eyepiece Optics + Structure: 

TOTAL: 

0.25 kg 
0.20 
020 
0.50 
0.60 
0.50 
5.00 
0.75 

8.0 kg 

SPAR 

Table 3.4.6-1 Mass of 200 mm Coudé Telescope 
Concept 

aperture is small enough to make the periscope ap-
proach mass effective. Furthermore, the smaller optics 
elements make aspherics reasonably cost effective and 
can be fabricated to good () /30) finishes. 

Some of the key optical specifications for the 136 mm 
telescope and eyepiece would typically be as follows: 

Table 3.4.6-1 Mass of 136 mm Periscope Telescope 
Concept 

large aperture telescope. The mass of the beascon has 
not been included here. 

3.5 Technology drivers 

The main technology drivers can be identified as fol-
lows: 

objective mirror diameter: 
diameter of secondary mirror: 
clear field of view: 
surface errors: 
effective focal length of 

primary/secondary: 
focal length of eyepiece: 
magnification: 
effective pupil diameter: 
aperture (diameter) of eyepiece: 

145 mm 
36 mm 
±8700 Aurad 
<V30 RMS 

500 mm 
16.7 mm 
30:1 
4.2 mm 
> 15 mm 

1) Detector sensitivity 
2) Laser power 
3) Telescope diameter 
4) Acquisition and tracking 
5) Heterodyne frequency tracldng 
6) Wavefront aligmment 
7) External modulators 

The relative impact of these drivers is somewhat for 
different wavelengths as defined by the laser type. 

This concept, shown in Figures 3.4.6-3 and 3.4.6-4, has 
an estimated mass of 8.0 kg, broken out as shown in 
Table 3.4.6-2. 

The beacon transmitter, in each concept, has been left 
as a separate unit mounted to the side of the telescope 
to avoid complicating the communications optical 
path. This is possible since the beacon will likely have 
a much larger beamwidth requirement than the com-
munications beam and therefore does not require a 

3.5.1 Detector Sensitivity 

All of the lasers being studied are in a wavelength 
region where the system is dominated by shot noise 
(the noise caused by the statistical variation of the 
arrival rate of the signal photons) rather than thermal 
noise. The receiver sensitivity is therefore evaluated 
in terms of the number of photons per bit required to 
receive the signal stream with the specified bit error 
rate. 
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Figure 3.4.6-3 136 mm Aperture Periscope Telescope Concept 
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Figure 3.4.6-4 A Possible Layout of a 136 mm Periscope OISL Telescope 
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The theoretical number of photons per bit varies be-
tween 10 and 40 depending upon the type of modula-
tion used, but in practice the theoretical numbers are 
greatly exceeded. The departure from theoretical de-
pends upon the bit rate, the wavelength and upon 
whether the detection process is heterodyne or direct 
detection. 

The present state of detector technology is such that 
only gradual improvement can be expected. Such im-
provement would mainly occur at the longer wave-
length where the quantum efficiency falls off. Further 
refinements of fabrication techniques or introduction 
of new material processing techniques might result in 
improved performance by improving the quantum ef-
ficiency. 

3.5.2 Laser Power 

The required laser power is proportional to bit rate and 
increases with increasing range. The available power 
is greater for some laser types than for others. The CO2  
laser at 10.6m can generate up to 10 watts of power, 
and this power is concentrated in a very narrow line 
width which is ideal for heterodyne systems. It is not 
so ideal for ASK modulation since the laser operates 
CW and power during the zero bits is discarded, instead 
PSK or FSK modulation is preferred. 

The solid state laser diodes operating in the region 
between 0.8 and 1.55 pm can generate up to about 
100mW at a single frequency and in a single spatial 
mode. The single spatial mode is required to provide 
a well defined laser beam in the far field and the single 
frequency is required for efficient heterodyne detec-
tion. The line width is not as narrow as for the CO2  
laser but it is narrow enough for satisfactory hetero-
dyne detection of the higher bit rates. 

The Nd:Yag laser at a wavelength of 1.06 ism can 
generate about 1.0 watts of optical power. This is also 
at a single frequency and in a single spatial mode 
required for optimum performance in an ISL link. 

Higher transmitter powers can be obtained by using 
multiple laser transmitters all operating at slightly dif- 

ferent wavelengths. The laser beams are then com-
bined at the transmit terminal and separated at the 
receive end by means of wavelength sensitive filters. 

System performance can be improved by increased 
power in a single mode and by higher DC to optical 
power conversion efficiency. The system would also 
benefit by reduction in mass or more tolerance to 
temperature variations. Some improvement in all 
these areas can be expected as the technology im-
proves. 

3.5.3 Telescope Diameter 

The telescope diameter defines the telescope gain. 
The gain is proportional to (AD/4 2  so that the shorter 
wavelengths have the highest gain. However, higher 
gain implies a narrower beamvvidth with increased dif-
ficulty in tracking and pointing the telescope. At the 
higher bit rates a higher power is ne,eded at the detec-
tor, which is mainly provided by a larger telescope 
diameter. However, a significant fraction of the termi-
nal mass is contained in the telescope and gimbals 
required to direct and support it. A trade-off is re-
quired to determine the optimum between laser power 
and telescope gain. Telescope design is a fairly mature 
technology but some further mass reduction might be 
expected. 

3.5.4 Acquisition and Tracking 

A significant problem associated with the very narrow 
beam transmitting and receiving telescopes is the initial 
acquisition of the cooperating station and subsequent 
tracking of the beam. This problem is compounded by 
the fact that both terminals are located on unstable 
platforms with attitude uncertainities up to ± 0.5 de-
grees or about 18000 yradians wheresa the basic beam 
width may be as little as 10 pradians. There are of the 
order of 3 million beams in the two dimensional uncer-
tainty field of voew. The acquisition approach is to use 
a much larger acquisition beacon on the transmit side 
and a CCD detector field on the receive side. These 
two techniques make acquisition possible even for the 
shorter wavelengths. 
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After acquisition is accomplished the received signal 
must be tracked. This cannot be done with the coarse 
pointing mechanism. Instead a fine pointing mecha-
nism is required which responds rapidly enough to 
follow vibrations and distortions on the host satellite. 

A number of acquisition procedures have been pro-
posed on different programsand these procedures will 
be demonstrated in space in the next few years. Fur-
ther iterations of thé acquisition and tracking system 
can be expected at both the system and unit level 
before the optimum system emerges. 

3.5.5 Heterodyne Frequency Tracking 

For a heterodyne system it is essential that the fre-
quency of the local oscillator laser is controlled so that 
the difference between the received laser frequency 
and LO frequency is kept constant and equal to the 
required intermediate frequency. This requires accu-
rate frequency control for both the transmitter and 
local oscillator so that acquisition can occur. In addi-
tion, a phase lock loop is required on the receive side 
pulling the local oscillator frequency to compensate for 
doppler frequency shifts and drifts in the received sig-
nal frequency. 

The control and stabilization of the laser frequencies 
is one of the items that make heterodyne systems more 
complex than the direct detection system. 

Acquisition of the frequency by means of the phase 
lock loop, for a heterodyne system, is a critical step in 
the acquisition sequence which must be successfully 
accomplished before acquisition can be considered 
complete. 

3.5.6 Wavefront Alignment 

For a heterodyne system, the local oscillator signal 
profile must be matched to the received signal profile 
at the surface of the detector in both phase and ampli-
tude. This requires that the two phase fronts match 
and that the two signal peaks are not displaced and that 
they arrive from the same direction. 

With careful adjustment degradations as low as 1 to 3 
dB have been achieved. Detailed analysis and eventual 
testing is required to ensure that this degradation is not 
exceeded over temperature or life. 

3.5.7 External Modulators 

Nd:Yag and CO2  lasers are CW lasers which are gen-
erally modulated using an external modulator. This is 
in contrast to laser diodes which can be modulated by 
proper control of the drive voltage. External modula-
tors are fabricated using an electro-optical material to 
provide the required modulation characteristics. The 
modulators have significant insertion loss requiring the 
addition of thermal control for proper operation. 

Further development of modulator units is required to 
maximize the modulation efficiency and minimize the 
insertion loss in order to maximize the system perfor-
mance. Present day external modulator loss is one of 
the degradations which are associated with heterodyne 
systems and not with direct detection systems using 
laser diodes. These degradations are preventing the 
heteroydne systems from achieving its full potential 
capability and competing effectively with direct detect 
systems. 
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4.0 LINK BUDGET ANALYSIS 

4.1 Generic Link Budgets 

4.1.1 Terminal Configuration 

The link budget model is based on a two way link with 
a transmitter and a receiver at both terminals. The 
same telescope is used in both directions and the tele-
scope is assumed identical at both terminals. Because 
of these assumptions, some elements of the optical 
circuit appear in the path at the transmit terminal and 
then again at the receive terminal. A schematic of the 
optical system for a direct detection system is given in 
Figure 4.1-1 and for a heterodyne system in Figure 
4.1-2. They are essentially the same except for the 
addition of a local oscillator laser and the LO. coupler. 

4.1.2 Unk Budget Model 

A typical link budget is shown in Table 4.1-1. This 
shows all the line items that contribute to the link 
performance. The line items are explained in Section 
4.1.3. 

The sample budget in Table 4.1-1 is a 1 Gbps Geo-Geo 
link using a AlGaAs. The first column is for FSK 
modulation and heterodyne detection. The section 
column in the same except that direct detection is used. 
Both systems use the identical modulator, however, 
there are some degradations that apply to the hetero-
dyne system which are not present for the direct detec-
tion system. These are principally the LO. alignment 
losses and the necessity of converting to circular polar-
ization at the transmit terminal and back to linear at 
the receive terminal so that the polarization can be 
aligned with the LO. polarization. 

4.1.3 Une Item Descriptions for Laser Link 
Budget 

The link budget shown in Table 1 is divided into seven 
blocks consisting of: 

a) Transmit Telescope 
b) Transmitter/Modulator 
c) Transmit Optical Path 
d) Space Loss 
e) Receive Telescope 
f) Receive Optical Path 
g) Receiver/Detector 

The entries for each line item are in dB unless other-
wise noted. The entries for each block are added and 
the resulting sum presented opposite the blocks title. 

A system margin of not less than 3.0 dB is retained to 
take care of possible errors in estimating the perfor-
mance of the various elements in the overall link. 

The various contributors to each of the seven block is 
discussed in detail in the following paragraphs. The 
model is based on the assumption of a two way link 
where the telescope at each end is used for both trans-
mit and receive. This results in elements of the optical 
path appearing twice, once at the transmit and once at 
the receive end. 

4.1.3.1 Transmit Telescope 

There are seven contributors to the telescope perfor-
mance. In addition, the noise equivalent angle (NEA) 
which is the one a pointing error is listed for informa-
tion. 

Link Budget Analysis 
Page 4-1 



AZ STEERING 
MIRROR 

DICHROIC BEAM SPUTTERS/COMBINERS 

EL STEERING 
MIRROR 

LOOK-AHEAD 
AZ STEERING 
MIRROR 

] 

§R `) 
e,g ig 

00 

LOOK-AHEAD MAIN " 
EL STEERING COMMUNICATIONS 
MIRROR LASER 

FINE 
TRACKING 
DETECTOR 

COMBINED CENTRAL 
PRIMARY OPTICS  

•• • 
• W 

DICHROIC BEAM SPUTTERS/COMBINERS 
LOOK-AHEAD 
AZ STEERING 
MIRROR 

m 
LOOK-AHF_AD MAIN • 
EL STEERING COMMUNICATIONS 
MIRROR LASER 

COMMUNICATIONS 
DETECTOR AZ STEERING 

MIRROR 

111 
EL STEERING 
MIRROR 

2 6  h 

Spar Program 3670-F 
Volume 1 - Final Report 

COMBINED CENTRAL 
PRIMARY OPTICS  

Figure 4.1-2 Optical Network for Combined Primary Optics (DirectIDetection) 

Figure 4.1-1 Optical Network for Combined Primary Optics (Heterodyne) 
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Heterodyne Direct detection 
Laser Type AlGaAs AlGaAs 
Wavelength (nm) 850 850 
Bit Rate (Mbps) 1000 1000 
Modulator type Bias Bias 
Modulator type FSK ASK 
Detection type Heterodyne Direct 
Path Length (km) 73000 73000 

Surface Errors 
Defocusing 
Transmission Loss 
Pointing Loss 
N.E.A. i micro  rad.) 

TRANSMITTER POWER (dBW) 
Average Laser Power (dBW 

(Watts) 
Modulator Efficiency 
Modulator Transmission 
Polarizer Loss 

TRANSMIT OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 
Beacon Laser Coupler 
Beacon Detector Coupler 
Fine Track. Det. Coupler 
Comme.  Det. Coupler 
Look-ahead Coupler 
Look-ahead Mirrors 

SPACE LOSS (dB) 

RECEIVE TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 
Aperture Gain 
Aperture Eff./blockage 
Suppor Member Blockaàe 
Surface Errors 
Transmission Loss 

RECEIVE OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 
Beacon Laser Coupler 
Beacon Detector Coupler 
Fine Track. Det. Coupler 
Comme.  Det. Coupler 
Polarizer loss 
L. O. coupler loss 
Wavefront mismatch 
Alignment mismatch 

SYSTEM MARGIN 

RECEIVER SENSITIVITY (dBW) 
Photon Energy (J) 2.34E-19 
Av. Ph./Bit at BER1m10e-6 55.0 
Rcv. Sens. (dBW) -78.9 
Extinction ratio assumed 0.05 
Laser Linewidth 0.1 
Background Illumination 0.0 

TRANSMIT TELESCOPE SAIN (dB) 
Aperture Diameter (cm) 30.0 
Aperture Gain 120.9 
Aperture Eff./blockage 1.8 
Support Member Blockage 0.0 

0.5 
0.2 
0.13 
0.7 
0.3 

-7.5 
0. 1E1 

0. 0 
O. 0 
0.3 

116.9 116.9 
30.0 
120.9 

1.8 
0.0 
0.5 
0.2 
0.8 
0.7 
0.3 

-7.8 -7.1 
-7.1 
0.19 
0.0 
0.0 
0.0 

-0.7 -0.7 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 
0.1 0.1 

30.0 
120.9 
0.3 
0.0 
0.5 
0.8 

0.1 
0.1 
0.1 

0.14 
0.1 
0.0 
0.0 
0.0 
0.0 

-78.8 
2.34E-19 

110.0 
-75.9 
0.05 
0.0 

0.07 

-75.8 

3.0 3.0 

30.0 
120.9 
0.3 
0.0 
0.5 
0.8 

0.1 
0.1 
0.1 

0.14 
0.1 
0.3 
0.2 
0.3 
1.5 

-300.7 

119.3 

-300.7 

119.3 

-0.5 
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Table 4.1-1 Simple Link Budet Showing all Loss Elements 
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ical diffraction limited gain of the telescope 
under the assumptions that the light intensity is 
uniform across the aperture, and that there is no 
blockage or imperfections in the optics. This is 
the maximum gain (compared to an isotropic 
radiator) that can be achieved from the aper-
ture. The remaining entries subtract from this 
gain. 

2) Aperture Efficiency/Blockage 
This is the theoretically determined degradation 
to the aperture gain due to non-uniform inten-
sity across the aperture and the loss due to the 
blockage of the small central se,condary mirror 
of the telescope optics. The calculation is based 
on an Airy distribution fir the aperture, which is 
an approximation to the actual illumination pro-
vided by the laser. 

3) Support Member Blockage 
This is the blockage caused by the support for 
the central secondary mirror. It has been de-
cided that the mirror would be supported by the 
transparent telescope window so the loss from 
this item is zero. However, it has been retained 
as a line item. 

4) Surface Errors 
The diffraction limited aperture gain (Item 1) is 
based on the assumption of a plane wavefront at 
the telescope aperture. This entry is an estimate 
of the loss of gain resulting from random imper-
fections to the reflector, lenses and window sur-
faces. 

5) Defocussing 
Maximum theoretical gain requires perfect 
alignment of the telescope and the laser source 
so that the laser appears as a point source lo-
cated at the focal point of the telescope. Depar-
tures from this condition will result in a 
spherically curved wavefront with subsequent 
loss in gain. 

6) Transmission Loss 
The telescope consists f reflecting surfaces, 
lenses and windows, all of which have transmis-
sion loss, which must be accounted for. 

7) Pointing Loss 
There is a loss of gain due to imperfect pointing 
of transmit telescope so that the target may be 
part way down on the beam contour. This mis-
pointing has two principle sources: 

a) Transmitter pointing information is ob-
tained by tracldng the signal received from 
the cooperating target. Imperfect pointing 
results from noise in the tracking system and 
disturbances introduced by the platform. 

b) The transmit beam is pointed at the place 
where the target will be located when the 
transmit signal arrives. The mechanism that 
achieved this look-ahead pointing is an ad-
ditional source of pointing error. 

8) Noise Equivalent Angle (NEA) 
This is the standard deviation of the pointing 
error that must be achieved to provide the link 
performance tabulated. 

4.1.3.2 Transmitter/Modulator 

This block consists of four items which include the laser 
itself, the modulator and the polarizer, if required. 

1) Laser Transmitter Power 
This is the optical power generated by the laser. 
The average laser power is used to correspond 
to the average number of photons per bit used 
for the receiver. This power output has to be 
achieved over the temperature range experi-
enced by the laser. 

2) Modulator Transmission 
This is the loss of power due to the presence of 
the modulator even when the signal remains 

Link Budget Analysis 
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unmodulated. For the case of the laser diodes, 
where the signal is modulated by driving the 
laser, this entry is zero. 

3) Modulator Efficiency 
This is the efficiency of the modulation process. 
Some losses associated with the modulation pro-
cess are included int he photon per bit value 
used for the detector. For ASK, the principle 
degradation is due to the depth of modulation 
represented by the extinction ratio. For FSK 
and PSK the degradation due to the transmis-
sion time between states is included in the pho-
ton per bit value. 
The line item of modulator efficiency includes 
only the loss 3 dB) due to zero bit blockage when 
ASK modulation is generated by an external 
modulator. 

4) Polarizer Loss 
For an intersatellite link the orientation of the 
two satellites is not fixed but rather is continually 
changing. Thus, if the detector is polarization 
sensitive, such as in a Heterodyne system, then 
the transmit terminal must convert linear polar-
ization to circular polarization and the receive 
station must convert back to linear polarization. 

4.1.3.3 Transmit Optics Path 

Between the transmitter and the telescope there are a 
number of elements which perform a variety of func-
tions: 

1) Fine Pointing Mirrors 
The whole telescope is pointed by a course 
pointing mechanism which may have a range up 
to 360 deg. in azimuth and 0-0 deg. in elevation. 
To achieve pointing accuracies required to sat-
isfy the pointing loss budget, a fine pointing 
mechanism is needed which redirects the optical 
path without moving the telescope. The fine 
pointing mechanism consists of two mirrors 
moved in orthogonal directions with the only 
loss being the reflectivity of the two mirrors. 

2) Beacon Laser Coupler 

For initial acquisition, a high power laser gener-
ating a wider beam width is used at both ends of 
the link. The beacon is coupled into the main 
optical path by means of a wavelength sensitive 
mirror placed at an angle of 450. The entry is the 
loss imparted to the transmit laser beam. 

3) Beacon Detector Coupler 

During acquisition, both terminals transmit a 
wider beacon beam and both terminals operate 
a beacon detector, which is coupled into the 
main optical path by means of a wavelength 
sensitive mirror. The entry in this line item is the 
loss imparted to the transmit laser beam. 

4) Fine Track Detector Coupler 

For accurate tracking of the narrow beamwidth 
communication signal, a sensitive detector is re-
quired. This taps off a fraction of the received 
wavelength but is quite transparent to the trans-
mit wavelength. This detector is part of a feed 
back loop, which controls the position of the fine 
pointing mirrors. 

5) Comms Detector Coupler 

This is a wavelength sensitive mirror set at 450, 
which is reflective to the receive wavelength but 
is quite transparent to the transmit wavelength. 

6) Look Ahead Detector Coupler 

Because the satellites are in motion, the transmit 
beam must be pointed ahead to the place where 
the cooperating terminal will be when the signal 
arrives. The magnitude and direction of the 
look ahead angle is calculated from a knowledge 
of the motions of the two satellites and the 
orientation of the transmitting terminal. To en-
sure that the look ahead angle is achieved, a look 
ahead detector issued, which is part of the feed 
back loop controlling the position of the look 
ahead mirrors. The coupler taps off a small 
fraction of the transmit signal so loss tot he 
transmit beam is the magnitude of the coupling 
plus the transmission loss. 

Unk Budget Analysis 
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7) Look Ahead Mirrors 
These mirrors, operating in two orthogonal di-
rections, generate the look ahead angle, intro-
duce a loss due to the reflectivity of the two 
mirrors. 

4.1.3.4 Space Loss 

This is the space loss given by the equation  Q.  /47rR)2  
and gives the correct receive power in combination 
with the transmit and receive telescope gains. The 
parameter R is the maximum range between the two 
satellites at which communications is required and is 
the laser wavelength expressed in the same units as R. 
Since the forward and return links will operate at 
slightly different wavelengths, the space loss in the two 
directions will be slightly different 

4.1.3.5 Receive Telescope 

The receive telescope is similar to the transmit tele-
scope with some significant exceptions. 

Two categories of degradation are omitted on the re-
ceive side. 

The one, "pointing losses", is omitted because the de-
tector, while small, is larger than the diffraction limited 
spot of the telescope, and can tolerate a mis-pointing 
error of the magnitude expected from the tracking 
system. 

The other, "defocussing", is omitted because the detec-
tor is large enough to tolerate a spot size, which is 
somewhat larger than the diffraction limit. 

1) Aperture Gain 
The aperture gain is given by the same formula 
as for the transmit telescope. 

2) Aperture Efficiency/Blockage 
This is different from the transmit case because 
the signal impinging on the receive telescope is 
uniform illumination and the detector has no 
angular sensitivity ,  for the receive case there- 

fore, this term includes only the blockage of the 
central secondary mirror. 

3) Support Member Blockage 
This term is zero for the same reason as for the 
transmit case. 

4) Surface Errors 
Surface errors have the same impact on receive 
as on transmit effectively taking energy from the 
main beam and scattering it the sidelobe regions. 

5) Transmission Loss 
This is the same as for the transmission and will 
have the same magnitude. 

4.1.3.6  Receive Optics Path 

The receive optics path is similar to the transmit optics 
path with some significant differences: 

1) Fine Pointing Mirrors 
These are the same mirrors, except at other end 
of the link, and have the same loss as the transmit 
mirrors. 

2) Beacon Laser Coupler 
The beacon laser coupler has the same impact 
on the system as the beacon laser at the transmit 
terminal. 

3) Beacon Detector Coupler 
This has the same loss as the one at the transmit 
terminal 

4) Fine Track Detector Coupler 
This coupler diverts a fraction of the communi-
cations signal to be used by the fine tracldng 
system. The coupling factor is chosen to provide 
enough energy to the tracking system so that the 
required NEA can be achieved. An insertion 
loss of 0.1 dB is added to the coupling factor. 

Link Budget Analysis 
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5) Communications Detector Coupler 
This coupler is used to separate the transmit 
path from the receive path. It has only a nominal 
insertion loss in both paths. 

6) Polarizer Loss 

As explained for the transmitter, the two  termi-
nais of the intersatellite link do not have a fixed 
orientation and will experience polarization ro-
tation of the linear polarization. For systems 
which are polarization sensitive (Heterodyne 
systems) the polarization must be converted 
from linear to circular at the transmit end and 
converted back to linear at the receive end. 

7) Local Oscillator Coupler 
For a Heterodyne (or Homodyne) system an 
additional coupler is needed to combine the 
local oscillator signal and the incoming commu-
nications signal. This will have an insertion loss 
of the Receive path dependent upon the cou-
pling factor selected. 

8) Wavefront Mismatch 

This is the mismatch between the signal wavefr-
ont and the LO. wavefront and consists of such 
errors as difference in wavefront curvatures. 
The loss exists only for Heterodyne systems. 

9) Alignment Mismatch 

This is the mismatch between the alignment of 
the signal beam and the LO. beam. It includes 
such things as the beam axis misalignment. The 
loss exists only for Heterodyne systems. 

4.1.3.7 Receiver 

The receiver noise level is determined by short noise 
(statistical variation of photon arrival rate) rather than 
thermal noise. For this reason, the basic receiver sen-
sitivity is given by the average number of photons 
required to detect a bit with a given probability of error. 

1) Photon Energy 

This is the energy in Joules of one photon given 
by the equation E = hcg, where h is planck's 
constant h = 6.626x 10-34  J-sec and A. is the laser 
wavelength in the same units as C, the velocity 
of light. 

2) Average Photons/Bit at BER = le 

This is the minimum number of photons re-
quired to detect a bit with an error rate of less 
than 104. For on/off keying, the average is be-
tween the "on" bit and the "off' bit as well as the 
long term average of all the bits. The number of 
quoted is experimentally determined by a num-
ber of experimenters in a number of laboratories 
using the best technology available. It includes 
the effects of an imperfect detector such as ex-
cess noise and dark current, and imperfect mod-
ulator effects such as the extinction ratio for 
ASK. 

3) Receiver Sensitivity 

This is the product of the number of photons/bit, 
the number of bits per second, and the energy 
per photon. It converts the receiver sensitivity 
from photons/bit to watts. 

4) Laser Une  Width 

The Heterodyne system is quite sensitive to the 
line width of the laser and local oscillator 
sources, and the performance is degraded de-
pending upon the ratio of line width to it rate 
and upon the type of modulation used. 

5) Background Illumination 

The receive telescope also collects photons from 
the background surrounding the signal source. 
This background increases the shot noise and 
makes the signal more difficult to detect. 

6) Extinction Ratio Assumed 

The average photons/bit for ASK is influenced 
by the extinction ratio of the laser modulator. 
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This extinction ratio is listed for information 
only. 

4.1.4 Performance Degradation 

4.1.4.1 Degradation of Direct Detection 
Systems by Background Illumination 

Timo and Jacobson [44] have analyzed the impact of 
background noise on the performance of direct detec-
tors and compared this with the heterodyne/homodyne 
configuration. They show that the ideal direct detector 
gives a bit error rate of le with only ten photons per 
information bit compared to 18 to 40 for homodyne and 
heterodyne configurations. However, when the back-
ground noise currents are considered and direct detec-
tion performance degrades rapidly whereas, due to the 
reduced bandwidth, the homodyne/heterodyne system 
is able to discriminate against these noise currents and 
largely maintain performance. The noise currents are 
of two types, those due to background lights such as 
scattered sunlight, and that due to leakage currents in 
the detector. The former is controlled by means of a 
narrow band filter in the re,ceive path which is just wide 
enough to pass the received signal. The filter width 
must be such that it passes the laser wavelength after 
taking account of manufacturing tolerances on both 
the transmitter and filter as well as aging effects and 
temperature drifts. Current filters are some ten 
nanometres wide and this may be about as narrow as 
practical to fabricate. 

The other source of background noise, that of leakage 
current in the detector, can be reduced by controlling 
the fabrication process. Avalanche photo detectors 
are being fabricated with an excess noise current close 
to the theoretical minimum with the result that, in an 
environment without a background of scattered light, 
the performance of the direct detection receiver is 
coming close to that for the heterodyne receiver. 

The impact of background light has been calculated by 
Provencher and Spence [45] for typical intersatellite 
links for the ACTS Laser Communications Experi-
ment. The calculation was carried out for BPPM and 
1) No background radiation, 2) for sunlight earth in 

the field of view, 3) Sunlight sky in the view. All cases 
are for direct detection receiver. 

Figure 4.1-3 shows the case for no background noise 
but only detector noise currents. The X-axis is the 
received signal photons per bit required to achieve the 
bit error rate shown on the Y-Axis. The number of 
photons are rather high mainly because a photo detec-
tor with poor performance parameters was assumed. 
However, of interest is the degradation caused by the 
background light shown in Figure 4.1-4. The sunlight 
earth in Figure 4.1-4 shows only modest additional 
degradation. 

The additional degradation due to background light 
would be worse if the performance characteristics of an 
up to date photon detector had been used. The calcu-
lation procedure of Provencher and Spence [45] has 
been used to estimate the degradation due to back-
ground illumination of 50 pico watts 50 x 10-12  watts 
incident on the detector. This is approximately the 
level expected for a telescope looking at the sunlight 
earth and using a fairly narrow optical filter of 10 to 20 

m bandwidth. The outcome of this calculation is 
shown in Figure 4.1-5. For low bit rates, a PIN diode 
detector with high impedance load resistor was as-
sumed followed by a baseband amplifier. For high bit 
rates, this was changed to an APD with a much lower 
impedance load resistor. 

Figure 4.1-5 shows the degradation in dB as a function 
of bit rate. At very high bit rates, the number of 
background photons per bit is very small and the main 
noise source is the shot noise due to the random arrival 
of the incident photons. 

As the bit rate decreases, the number of background 
photons per bit increases, and the degradation due to 
the background increases. There is an additional deg-
radation due to the detector dark current and which 
also increases as the bit rate de,creases. AT very low bit 
rates the noise is dominated by these two noise sources 
(dark current and background illumination) and the 
degradation due to background illumination is set by 
the relative magnitudes of the two sources. This results 
in an S shaped curve as seen in Figure 4.1-5. 

Link Budget Analysis 
Page 4-8 



. . millMTIMMI II  Min la .p.ingEmumempimenuezeinmnmeomm.• 

.................,d-•,..,  .• .., NMI! IMMIPnOlg 

Mi. 4iliiiEl 4444i44 h w  Mein 4 1. AMU 
IMIII.« illanalkea_  

!RIMED tillitit114.4.11//411 j111i1-11  .M11-4911=11121 -----411-P4  
I 

illib."1nMMIMMINIMIMINMn1n11 

% ....,., .....L .. . litt  leirlie,U r  411 ...1- 1 -4 =4 !MIL .1=i-lie4 --i---    Milt11U1 ..  

IIMIII•11 1111111111101111111111 

61111111111 
...'«"'"-.--"'... .11111111111111111 1111.IIIIIIIIIIIIIIMI• 

111111111.14, itiiiitt‘fi'i ft4 te2...L.+ii i.,i},, 4ii-} rffimfillMtiftitt‘,:iii±ifi nkteM2  
....r, 

t I 

L''''.  elnie  at,.. gninempingiu. ,u.e.m.....imemmum mum it mg 
......,....... • =...... mums 

MM. IIMMIR "'"' Ceitil  =WM u, 
RkI  I It., 114•1111111  

Ni

• 

OM 310111 ter 
Stale Calleiell 

tide 81/4 1110 

N-I 

.10-2 

10-3 

1114 

1114 

81141 

SPAR 

Figure 4.1-3 BPPM BER vs Required Signal Counts 

BIT Data Rates: 1.72, 27.5, 55, 110 and 220 Mbps (No background radiation sources in 
ACTS or Aircraft recv. fov). 
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Figure 4.1-4 ACTS BPPM BER vs Required Signal Counts 

BIT Data Rates: 1.72, 27.5, 55, 110 and 220 Mbps (sunlit earth in acts recfov). 
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Figure 4.1-5 Link Degradation due to Background Light from the Sunlight Earth 

A Heterodyne/Homodyne system largely eliminates 
these degradations because of the ability to perform 
much narrower filtering at the IF and baseband fre-
quencies. 

An interesting characteristic is that the low bit rates 
require more photons per bit than the higher bit rates. 
This is because in the longer bit periods of the lower 
bit rates more background photons are received and 
therefore the number of signal photons must also be 
larger. This is evident in Figure 4.1-3 with only detec-
tor leakage currents. This is in contrast to measure-
ments which show that more photons per bit are 
required at the higher bit rates. The discrepancy is due 
to the fact that Provencher and Spence [45] have ne-
glected the noise contribution of the detector capaci-
tance. This noise component increases as the square 
of the bit rate and therefore dominates at the higher 
bit rates. As seen in Figure 3.2.2-13 the number of 
photons per bit to achieve a BER of 10-6  is fairly 

constant below about 200 mbps and then increases 
rapidly as the bit rate increases to 1 Gbps and beyond. 
In the region below 100 Mbps the increasing contribu-
tion due to the detector capacitance would balance the 
decreasing effect of the detector leakage currents. 
Above about 100 Mbps the effect of the leakage cur-
rents is negligible whereas the capacitance effect con-
tinues to increase. 

4.1.4.2 Degradation of Heterodyne/ 
Homodyne Systems Due to Laser Une 

 Widths 

The line width of the laser source impacts the choice 
of modulation and demodulation schemes. If a direct 
detection receiver is used the line width of the source 
has little impact on the performance of the overall 
system. However, for heterodyne and homodyne sys-
tems the impact is significant making narrow width 
sources mandatory for these systems. 
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Barry and Lee [43] have analyzed the impact of the line 
width on the performance of heterodyne systems. 
They describe tw.o degradations to the receiver perfor-
mance caused by non zero line width. First there is a 
reduction in receiver sensitivity so that the received 
power must be increased to maintain the same bit error 
rate. However, a floor develops in the BER curve so 
that very low bit error rates cannot be achieved no 
matter how much power is incident on the receiver. 
This is illustrated in Figure 4.1-6. 

In detail, the impact of line width on performance 
depends upon the type of modulation used. Figure 
4.1-7 shows the position of the floor applicable to FSK 
as a function the line width to bit rate ratio, with h 
(frequency difference between ONE and a ZERO 
divided by the bit rate) as a parameter. For large h the 
floor can be maintained at low bit error rates even with 
wide line widths. It is seen that the line width must be 
low in order to keep the line width to bit rate ratio low 
and maintain good BER performance. The higher bit 
rated requires a higher transmitter power to communi-
cate over a given range but the narrow line width lasers 

have lower power capability , . thus there is a complex 
trade-off between all the interrelated parameters. 

With ASK homodyne receiver, Figure 4.1-8 shows that 
the floor depends for integration time r equal to the bit 
period T, on the line width to bit rate ratio. Even with 
a ratio of 0.1 a significant degradation in performance 
occurs and with a ratio of 0.25 the limiting BER is about 
10:7  even for very large receive powers. The perfor-
mance of the ASK homodyne receiver can be improved 
by selecting the optimum integration time  r0  <T. As 
shown in Figure 4.1-9, the floor has disappeared leav-
ing a manageable degradation effect. 

Because of the impact on demodulator performance of 
heterodyne systems, a great deal of emphasis is being 
placed on reducing the line width of laser generators. 
The first step is to design a single mode laser. This 
entails making the laser lase in only one mode by 
suppressing secondary modes. This reduces the power 
of the laser so the second step is to increase the power 
in the single mode. The other requirement is to reduce 
the line width of the single mode. 

Figure 4.1-6 Phase Noise has Two Effects on a BER Curve, a Power Penalty, 
Which Causes a Shift to the Right, and a BER Floor, Which  is  a Lower 
Limit on the Probability of a BIT Error. 
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Figure 4.1-7 BER Floor for Heterodyne FSK Discriminator Reception due to 
Phase Noise 

Plotted versus  Lw/Rb Where Ay is the sum of the transmitter and LO laser 
linewidths and Rb is the bit rate. The parameter is h, the deviation ratio, which is 
the frequency difference between a one and zero divided by the bit rate. 
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Figure 4.1-8 BER Curves for a Conventional Heterodyne ASK Homodyne 
Receiver. 

The parameter is AvIRb where Av is the IF linewidth and Rb is the bit rate. The 
curve labeled AvlRb = 0.25 exhibits a large BER floor and never achieves BER = 
10-9, even for infinite M (number of photons per bit). 

Figure 4.1-9 BER Curves for a Modified Heterodyrze ASK Homodyne Receiver 
with t = t opt 

The AvlRb parameters are identical to those in Figure 4.1-8. 

Link Budget Analysis 
Page 4-14 



FSK HET. (narrow) 

II z../ 
bPSK— HET- 

PSK HOMOD. 

ASK HET. ASYN. 
ASK PFLDIV. 

HET. 
FSK— (wide) PH.DPI ASK 

HOMOD. 

10 8 10's 10'8 10.  10/R  ---•n 

400 

I 84 

0 -- 
5 32 
2 a 21 
1 

É 

42 

18 

SPAR 

Figure 4.1-10 Sensitivity Limits 

Erpressed in minimum required signal photons/bit (Ns,min), as a func-
tion of beat linewidth âv normalized to data rate R, for various binary 
modulation formats and coherent receiver concepts. (Sufficiently high 
local oscillator power is assumed 

Leeb [64] presents a tutorial on coherent optical re-
ceivers. In particular, he presents the effect of laser 
linewidth (as a fraction of the bit rate) on the pho-
tons/bit re,quired to achieve a bit error rate of 10-9  for 
a number of modulation and detection combinations. 
His graph is reproduces as Figure 4.1-10. There are 
five different curves to represent seven different sys-
tems. Each curve starts at very low line width, at the 
theoretical minimum number of photons per bit. This 
value remains constant until the line width approaches 
a threshold value above which the required number of 
photons per bit increases rapidly. The maximum value 
of line width/bit rate at which degradation is still negli-
gible, has been taken from this graph and inserted in 
Table 4.1-2 which presents the maximum line width as 
a function of bit rate and system configuration. 

4.2 Performance Analysis 

4.2.1 Heterodyne/Direct Detection 
Comparison 

Detailed link budgets have been generated for compar-
ison of Heterodyne and direct detection systems. 
These have been carried out for a Geo-Geo link with 
a separation of 120 degrees for all four laser wave-
lengths and for 1Gbps, 100 Mbps and 1 Mbps. These 
link budgets are reproduced in Appendix B. 

The performance e,omparison is largely determined by 
the difference in detector sensitivity illustrated in Fig-
ure 3.2.2-13. This shows that the detector sensitivity is 
fairly constant below about 100 Mbps but degrades 
rapidly at higher bit rates. The sensitivity of direct 
detection dete,ctors is poorer than heterodyne detec-
tors and degrades more rapidly at higher bit rates. 
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Table 4.1-2 Maximum Line Width for Negligible Detection of Coherent System Performance (evaluated at 
threshold of curve) as a Function of System Configuration and Bit Rate 

- 
Limit Av/R 1 Gbps 100mbps 1 mbps 19.2 Kbps 

(photons/bit) (threshold) 

ASK Hetero. 42 10-1 ue MHz 10 MHz 100 kHz 1.9 kHz 

FSK Hetero. (Wide) 42 10' 1 100 MHz 10 MHz 100 kHz 1.9 kHz 

FSK Hetero (Narrow) 32 5x10-3 5 MHz 0.5 MHz 5 kHz 96 Hz 

DPSK Hetero. 21 10-3 1 MHz 100 kHz 1 kHz 1.9 Hz 

PSK Homodyne 9 32104 300 kHz 30 kHz 300 Hz 5.8 Hz 

ASK Homodyne 18 3x10-4 300 kHz 30 kHz 300 Hz 5.8 Hz 

Below 100 Mbps heterodyne systems have a few dB 
advantage except, as shown in Figure 3.2.2-13 for Al-
GaA.s lasers operating in the vicinity of 0.85 ,um. A 
direct detector at this wavelength is only slightly less 
sensitive than a heterodyne detector and the hetero-
dyne system has additional losses, due mainly to match-
ing the local oscillator and received signal phase fronts 
and the use of a circular polarizer at both transmit and 
receive terminals. These losses are listed in Table 
4.1-1. There is an additional loss due to the use of an 
external modulator at the transmitter. 

The results of the link budget analysis are summarized 
in Table 4.2-1. A 3-4 dB advantage for the heterodyne 
over the direct detection configuration is shown for the 
CO2  and InGaAsP lasers based on the difference in 
transmitter power. A smaller advantage is shown for 
the Nd:Yag laser, and for the AlGaAs laser, the direct 
detection system shows improved performance com-
pared to the heterodyne system. 

Figure 4.2-1 shows that direct detection receivers in the 
850 nm region have achieved sensitivities close to that 
of heterodyne receivers. Additional losses inherent in 

Table 4.2-1 Heterodyne Advantage over Direct 
Detection (dB) 

GEO-GEO CO2 InGaAsP Nd:Yag AlGaAs 

1 Gbps 3.5 4.7 2.9 0.2 

100 Mbps 3.6 4.2 0 -2.3 

1 Mbps 4.5 5.2 1.0 -1.3 

the heterodyne system make the direct detection sys-
tem comparable in performance at least below about 
100 mbps. Above 100 mbps the direct detection sensi-
tivity degrades more rapidly than for heterodyne mak-
ing the use of heterodyne system preferred at bit rates 
above 1 Gbps. 

4.2.2 Comparison of Laser Types 

Detailed link budgets comparing the four lasers at 
different bit rates and different path lengths are pro-
vided in Appendix  C. For comparison purposes, four 
of these budgets are summarized in Table 4.2-2. These 
are the four lasers in the Geo to Leo path with 19.2 
Kbps in the forward direction and 100 Mbps in the 
return direction. The 100 Mbps link is the limiting 
requirement determining the aperture diameter. In 
the forward direction any laser can be used, so AlGaAs 
is assumed in all cases except for the second column 
where the InGaAsP laser is used for both directions. 

The largest aperture is required by the InGaAsP so the 
Al GaAs laser is the preferred diode laser. 

Similarly the aperture for the CO2 laser is larger than 
for the Nd:Yag laser and this combined with the com-
plexity and shorter life of the CO2  laser means that the 
Nd:Yag is the preferred option of the two high power 
lasers. In addition, the CO2  laser has never been con-
sidered for a direct detection system (only a heterodyne 
system) so reliable receive performance figures for 
direct detection as a function of bit rate are not avail- 

Link Budget Analysis 
Page 4-16 



MM. 

Recel ver 
 Sensitivity 

• 
o  
xv 

1 

-90 

-100 

-110 

-120 

-130 

>MI 

A 

V 

-70 

-80 

X CO, 
• InGaRsIP 
o Bc1:Yag 
3 AlGaRs 

Bit Rate 

10 5 106 10 18 10 9 

14. 
M col 

n e  e 
e 
s. e.. 
A et 

byj 
n 
A z 
cn 

s:o 

I. 
5  

7z, 

o. 

ê e 
•••1 



Spar Program 3670-F 
Volume 1 - Anal Report 

Table 4.2-2 GEO to LEO Direct Detection Comparison (19.2 KbpsI100 Mbps) 

Return laser (100 mbps) CO2 InGaAsP Nd:Yag AlGaAs 

Aperture Diameter (CM) 15 22 8 13.6 

Laser Power (W) 9 0.1 0.85 0.08 

Modulation FSK ASK FSK ASK _  
Detection Direct Direct Direct Direct 

Forward laser (19.2 Kbps) AIGaAs InGaAsP AIGaAs AlGaAs 

Laser power (MW) 0.6 0.7 5 0.1 

able and have been estimated. This leaves Nd:Yag and 
AlGaAs lasers as potential candidates. 

The comparison is made in a different way in Figure 
4.2-1. The receiver sensitivity is plotted in dBw for 
different bit rates and for the four laser types. The 
poorest sensitivity is that of InGaAsP which differs 
from the others by 2-4 dB. The CO2  laser appears good 
but this is based on unreliable data as explained in the 
previous paragraph. This comparison also suggests 
that the Nd:Yag and the AlGaAs diode laser are the 
preferred options. The Nd:Yag laser with approxi-
mately one watt of optical power would be preferred 
for the higher bit rates while the AlGaAs would be 
preferred for systems where the bit rate can be sup-
ported. 

In conclusion, direct detection using AlGaAs is the 
preferred system below about 100 mbps because of the 
simplicity of the system and because the sensitivity is 
comparable to a heterodyne system at these bit rates. 
Above about 1 Gbps a heterodyne system is preferred 
with the Nd:Yag laser the preferred option. The 
choice of Nd:Yag is based partly on performance and 
partly on improved reliability with a potentially longer 
life. In the region between 100 mbps and 1 Gbps the 
choice is less clear and vvill require more detailed trade-
off studies for each case. However, the use of a number 
of AlGaAs lasers with direct detection receivers with 
combined bit rate up to 1 Gbps is a potential contender. 
The lasers operate at different wavelengths and are 
combined using wavelength multiplexing onto a single 
beam. 
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5.0 ACQUISITION AND TRACKING 

5.1 Optical Inter-Satellite Link 
Control 

High data rate communications using optical wave-
lengths requires very narrow beamwidths, on the order 
of 10 microradians, to achieve the required power 
concentration at the receiver. To achieve persistent 
alignment of the transmitted beam on the receiver, 
precise and cooperative beam pointing by the transmit-
ter and tracking by the receiver are required. The 
problem of achieving this alignment has three compo-
nent functions: 

Acquisition - Each Satellite finds its partner; 

Tracking - Continuously follow the partner satel-
lite with the receiving telescope; 

Pointing - Continuously illuminate the partner 
satellite with the transmit beam; 

and is, therefore, often called the PAT (Pointing, Ac-
quisition, and Tracking) problem. 

During the acquisition phase the transmitter and re-
ceiver terminals achieve mutual pointing and tracking 
by first finding one another within a wide field of view, 
and then sequentially narrowing the angular field of 
pointing uncertainty. Once each terminal has located 
the other to high precision, communication can begin 
while alignment of the beam is maintained by the point-
ing function and alignment of the receive optics is 
maintained by the tracking function. 

In the subsequent sections each of the above link 
control functions will be examined. 

5.2 Acquisition 

5.2.1 Introduction 

Acquisition of the partner satellite position typically 
begins as an open loop technique requiring knowledge 
of the orbital and attitude ephemeris of both satellites. 
The basic objective of acquisition is to reduce the 
uncertainty of the transmitting partner's position from 
some initial value to the final angular resolution 
needed by the receiving system to sustain the commu-
nications link. 

Figure 5.2-1 shows the parameters used to characterize 
the link during acquisition. In this context the objec-
tive of acquisition is to reduce Q., the initial uncer-
tainty solid angle, to C2r, the final resolution solid angle. 

Two General Approaches can be used: 

One Way 

Data flow is only one way (simplex). A wide beam 
is used at the transmitter to illuminate the entire 
uncertainty region of the partner. The beam 
serves both as a beacon and for communication 
This technique requires very precise knowledge 
of the partner position, and can consume a large 
amount of transmitted optical power. 

Two Way 

Data can flow both ways (duplex). When acqui-
sition is complete, a low power, narrow beam is 
used at both satellites for communication and to 
aid in tracking. 

Acquisition and Tracking 
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Figure 5.2-1 Acquisition-Phase Parameters 

Within the scope of this study we are interested in 
satellites engaged in duplex communication. There-
fore, two-way acquisition must be used. 

5.2.2 Two-Way Acquisition 

A beacon is used to illuminate the target satellite to 
give it a signal on which to align its receiving optics. 
There are two basic ways to direct the beacon onto the 
target: 

Static Wide Beacon 

A single wide beam illuminates the entire region 
of uncertainty in the partner position (typically 
-±0.2°). A high power beacon is required. 

Scanning Beacon 

A narrow beacon scans the region of uncertainty 
in the partner's position. Scanning stops when 
the partner senses the beacon and returns its own 
beacon in the determined direction. This is the 
approach used by SILEX. A more complex bea-
con pointing and scanning system is needed for 
this approach. 

In both cases the link acquisition sequence follows 
these steps: 

(1) When the beacon of satellite A falls within the 
uncertainty field of view, Qu, of the partner 
satellite B, satellite B can acquire the beacon. 

(2) During this acquisition, satellite B reduces the 
uncertainty of the position of satellite A to the 
resolution field of view, S2, Satellite B can now 
track satellite A to high precision. 

In order for satellite A to do the same, satellite 
B now sends a beacon back to satellite A with a 
beam width solid angle of no less than S2, Since 
this beacon is narrower than that of satellite A 
it can be of lower power. 

(4) When satellite A detects the beacon of satellite 
B, the uncertainty of satellite B's position will be 
reduced to the resolution field of view. 

(5) Satellite A can now turn off its beacon laser and 
tum on its communication laser using the nar-
rower S2, field of view. 

(3) 
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(6) On sensing the communication laser, satellite B 
can likewise shut down its beacon and begin to 
use its own communication laser. 

(7) Link acquisition is now complete and mutual 
link lock is maintained by the tracking and point-
ing systems. 

A slight variation to the above is possible on noting that 
satellite B's beacon require,s a beam divergence similar 
to that of its communication laser. Satellite B's beacon 
function could therefore be performed by its commu-
nication laser. SILEX uses this approach. 

5.2.3 Beacon Characteristics 

There are a number of characteristics which specify the 
beacon and its usage. Principal among these are the 
beam width, the optical power, the laser lifetime, and 
the beam deflection properties. Other characteristics 
such as the optical wavelength, and whether the beacon 
is pulsed or continuous typically follow from those. 
The system design could also call for a modulated 
beacon to provide a signature and other information to 
the partner. 

The beam width is driven by the power required by the 
acquisition detector, the power available from the bea-
con laser, and the maximum desired acquisition time. 
The magnitude of the optical power is determined by 
the link equation, which cast in terms of beacon power 
is: 

PR  *42 
p —R  

BT 
v

AR 

where 

= Transmitted beacon power by laser 
= Received beacon power required at 

detector 
= Beam width 
= Length of the optical link 
= Constant representing all other terms 

in the link equation 
= Receive Telescope Aperture Area 

The largest practical beamwidth is one which covers 
the entire uncertainty cone. In that case OB=Ou. The 
smallest beamwidth would be that of the communica-
tions beam, Oc, in which case the communications laser 
would also serve as the beacon. 

Clearly, because of the 4 term, the power required to 
illuminate the entire uncertainty cone, which can be up 
to 0.5 degrees wide, can be very high. It is impractical 
to use a defocused communication laser for this pur-
pose since the communication laser is optimized for 
sustained narrow beam operation. Therefore, if the 
entire uncertainty cone is to be illuminated a special 
high power beacon laser is required. 

If the communications laser were to be used as a bea-
con, then it must be scanned over the uncertainty cone. 
The maximum expected time to perform such a scan 
will be discussed in the acquisition performance sec-
tion, but essentially this time is proportional to the ratio 
of the uncertainty cone solid angle to the beacon solid 
angle, or (9,1013)2. Since uncertainty cones are typically 
about 5000,urad across and communications beams are 
about 10u rad  across, the acquisition times experienced 
with this approach can be prohibitive. 

A compromise approach would be to use a high power 
beacon of a diameter that is a substantial fraction of the 
uncertainty cone, and then scan the cone during acqui-
sition. That is the approach used by SILEX where a 
700 ,urad beacon integrating the output of 19 laser 
diodes scans a 7000 rad uncertainty cone. In order to 
boost the power available from the source, it may be 
possible to pulse the beacon. This kind of approach, 
using a Nd:YAG laser, was employed in the Air Force 
Space Communications Flight Test [102].  However, 
one must be careful to integrate the power over expo-
sure period taking into account pulse duration since 
modern semiconductor acquisition detectors are sensi-
tive to the energy received over an integrated time 
interval, not the instantaneous received power. 'Where 
ground based systems are concerned there is, of course, 
much more latitude in the choice of laser sources in 
order to achieve high output power. An example is the 
Argon laser beacon used by ETS-VI [103].  

[5.2.3-1] 
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The required beacon lifetime is a serious consideration 
driving the selection of the beacon laser technology 
and output power. Typically the higher the laser power 
the shorter its lifetime. The minimum required beacon 
life can be estimated quite simply: 

Min. Lifetime = (Mean Acq. Time) x (No. of 
Acq. Cycles during the Mission Life) [52.3-2] 

In a GEO to LEO link the minimum acquisition rate is 
driven by the eclipse of the LEO orbit by the Earth. 
For example, a 90 minute LEO orbit being eclipsed 
every orbit would result in an acquisition cycle every 90 
minutes. This would total to 29,000 acquisition cycles 
during a typical 5 year mission life. At the 2 minute 
maximum acquisition time reported by SILEX this 
would result in a approximate required beacon life of 
1000 hours. 

In the GEO to GEO case there is no eclipse of the link. 
The acquisition rate here is driven by the noise in the 
pointing and tracking systems. The principal drivers 
influencing the rate are then the link burst error prob-
ability, PE*, and the bandwidth of the pointing and 
tracking systems. For example, if PE*=10-6  and the 
bandwidth is 1 kHz, it will be shown later that approx-
imately 40,000 acquisition cycles occur over a 5 year 
lifetime. Therefore for a SILEX type system a 1333 
hour beacon lifetime would be ne,eded. This figure can 
be readily improved since the acquisition rate is directly 
proportional to PE*  and the system bandwidth. 

The characteristics of the beacon deflection system 
become a consideration when the beacon beam vvidth 
is less than the uncertainty cone, and the beacon must 
be scanned. The maximum deflection angle in azimuth 
and elevation required for the scan, assuming a circular 
cone and beam, is the difference between the cone 
width and beacon width, (O. - OE) •  The angular resolu-
tion, or step size, required to produce an overlapping 
scan is less than or equal to the beacon width. There-
fore the deflection resolution of the scanning-mirror 
system must be 

< M 0 B B 

with a deflection range of 

[5.2.3-4] 

Where MB is the beac,on optical system equivalent 
magnification up to the deflection mirror. 

If the same optical system, such as the telescope optical 
assembly, is used for both the beacon and the track-
ing/pointing systems then MB = MTrack. This vvill result 
in a great difference in the tolerances required of the 
tracking system and those required of the beacon de-
flection system. For example in SILEX the beacon 
deflection range is approximately 6300 ,urad, but the 
tracicing system has a 34 Arad field of view. Likewise 
the beacon divergence is as large as 700 yrad, but the 
tracking system precision is 0.1 yrad. Therefore, the 
requirements on the beacon deflection mechanism can 
be radically different from those imposed on the track-
ing and pointing system. Consequently it can be very 
difficult to integrate both functions into the same de-
flection assembly, and separate assemblies may be a 
better solution. SILEX chose to integrate the assem-
blies and did so by effectively stacicing two deflection 
assemblies, a coarse and a fine, on top of one another. 

5.2.4 Acquisition Detectors 

The acquisition phase always involves searching for the 
partner beacon within a wide field of view (FOV). In 
SILEX, for instance, this FOV is 1050,urad (0.06°) for 
the GEO satellite and 8500 ,urad (0.49°) for the LEO 
satellite [104]. The ETS-VI experiment has an 8000 
yrad (0.468°) acquisition FOV [103, 105]. A U.S. Air 
Force/McDonnell-Douglas experiment [102] had a 
17,453 ,urad (1°) FOV for the GEO satellite and 3491 
yrad (0.2°) FOV for the ground station. 

A number of detector designs can be used to monitor 
this large field of view for the beacon signal. The kind 
preferred at present is the CCD detector array. Both 
SILEX and ETS-VI use a CCD array, that of SILEX 
being an array of 288 X 288 pixels with 23,um pixel size. 
The Hughes study [106] proposed use of a Silicon PIN 
Quad detector for the GEO acquisition sensor, and a 
Silicon array for the LEO sensor. Interestingly the 
older (1978) Air Force/McDonnell-Douglas experi-
ment uses an Avalanche Photo-Diode (APD) quad-de- 

[5.2.3-3] 

- 0B) 
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tector formed by arranging four APDs about a pyramid 
mirror as part of a two stage acquisition method incor-
porating a Wide-Field detector (WFD) and a Narrow-
Field detector (NFD) both of similar design. 

The CCD array has the advantage of providing very 
precise information about the location of the beacon 
within the field of view. Furthermore, if the pixel siz,e 
and number are selected appropriately, the field of 
view monitored by a single CCD pixel, or small group 
of pixels, can correspond to the angular resolution of 
the tracking detector. In this case, acquisition is a 
simple three step process of detecting the beacon, 
aligning it to the tracking detector axis, and then hand-
ing control over to the fine tracking detector. The 
principal drawback to the CCD is that it has many pixels 
that must be read serially and then processed by an 
acquisition algorithm. mis can be a time consuming 
process when compared to the simple processing re-
quired of a four element quadrant detector, and could 
therefore miss a fast moving beacon. However, 
through judicious system design the beacon scan rate 
can be adjusted to match the CCD-acquisition process-
ing capability. Also, the speed of modern electronics 
to process the CCD information is increasing. CAL 
Corp., for example, has a versatile space-qualified 
CCD acquisition and processing product suitable for 
this application. 

5.2.5 Performance of the Acquisition 
System 

The Principal measure of acquisition performance is 
the acquisition time: 

A typical value of Ta  is 20 seconds. 

Another performance measure is the acquisition prob-
ability. This is the probability of achieving a successful 
acquisition in one attempt. It tends to increase with the 
received signal energy and decrease with the number 
of detector elements (however, increasing the number 
of detector elements improves the precision of the 
determination of the partner position during each ac-
quisition cycle). 

The performance of acquisition systems generally de-
pends on the received signal energy, E„ the average 
energy in the set of background sources, E,,1,  and on the 
number of detector resolution cells, N. Ideally, the 
received optical signal energy will focus onto a single 
cell if the resolution angle is much greater than the 
telescope diffraction-limited field of view, Q,>6) (The 
minimum telescope resolution angle). The optical en-
ergy into a telescope resolution cell of an N cell array 
can then be expressed as: 

PAT 
Signal: Er  

saL2  
signal power uniformly distributed 
over Qw  
receive telescope aperture area 
total path length 
exposure time 

Ebj Pbj T 

background power into cell j 

[5.2.5-2] 

[5.2.5-3] 

T+  Tp  +  T3 [5.2.5-1] 

Where: 

Le ) 

 111À.) 

Acquisition Time 
exposure time of the detector used 
processing time to read the detector 
and decide on an action 
time for the beacon to scan into the 
field of view 

= spectral radiance of the continuous 
background radiation into Q 

= spectral radiance of a point source  i 
(e.g., stars) into 
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/. = Total number of point sources 
included in the jth cell resolution 
angle, Qrj. 

= wavelength of light 
O. = angle between cell j and the centre of 

the lens plane. 

T now becomes a design parameter that is chosen 
sufficiently long that (Er  + Ebi) will exceed the signal 
detection threshold of a resolution cell. 

The detector cell diameter needed to cover the resolu-
tion angle is approximately fr,/. Where f,. is the 
receiver optical system equivalent focal length. The 
total number of array cells needed to cover the uncer-
tainty region is N=Q„/Q, Therefore an array of de-
tector elements can be used to collect power 
simultaneously from each non-overlapping resolution 
solid angle within the uncertainty region; or, alterna-
tively a lesser number of detector cells can be scanned 
sequentially over the uncertainty region. In the latter 
case, if M cells participate in the scan then the new 
scanning acquisition time becomes: 

Ta, 5 m  (T + Tp) + T, 

The inequality, 5, is intended to indicate the depen-
dence of Tas  on the scanning algorithm employed. If 
the algorithm can terminate any time during a scan on 
the condition that the M-cell array detects a beacon 
signal then the total time is less than the above left hand 
side. Optimizing Tas  would require lcnowledge of the 
statistics of the likely position of the beacon signal 
within the field of view. Intuitively the most likely 
position would be at the centre of the field of view, in 
which case a spiral scan pattern beginning from the 
centre may be the optimal choice. Lopez and Yong [6] 
have analyzed a number of square and spiral search 
patterns and estimated the resulting acquisition times. 

Another possible acquisition strategy involves a series 
of zooming steps where the receiving optics is zoomed 
onto the acquired beacon. Initially the entire uncer-
tainty region is observed and a coarse acquisition deci-
sion made of the beacon position. With each zooming 
step the optics narrow the field of view about the 

previous step's position determination. At the final 
step the resolution field of view, Q, is achieved. At 
each zoom step less background energy enters the 
detector while the signal energy remains constant. The 
signal to noise ratio, therefore, increases with each step 
and with it the acquisition probability increases. The 
total acquisition probability for an S step search now 
becomes: 

Pa = n  Pa. 

where  Pa  i  is the acquisition probability of the eh acqui-
sition step. 

With zooming, the acquisition time increases because 
there are now S zoom steps: 

Taz >+  T1 -i-± ( Ti  +  Ta) [5.2.5 -7] 

where: 

f 
= processing time for the final decision 

P step 
Tzi = time to perform zooming step i 

4h = exposure time for the step 

If the target is drifting across the receiver's field of view 
the acquisition times in all of the above techniques 
must be chosen small enough to prevent drift of the 
target out of the field of view before a positive acqui-
sition decision is made and ISL control is handed over 
to the tracking system. 

5.2.6 Example Techniques 

5.2.6.1 Silex 

The SILEX system is intended to operate between a 
LEO terminal on the SPOT4 satellite and a GEO 
terminal on the ESA ARTEMIS satellite. The SILEX 
acquisition method progresses through a series of four 
phases illustrated in Figure 5.2-2. 

[5.2.5-5] 

[5.2.5-6] 
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Figure 5.2-2 SILEX Acquisition Strategy 

Phase 1 

The GEO terminal transmits a 700 ,urad wide 
acquisition beacon signal and scans it across its 
1050 ,urad uncertainty cone. 

The LEO terminal monitors its 8500,urad uncer-
tainty cone with its wide field, 288'288 pixel CCD 
acquisition detector. 

Phase 2 

When the LEO terminal is hit by the beacon, it 
aligns its line of sight with the incoming signal 
source. This is done by noting the beacon posi-
tion on the CCD wide field detector and then 
aligning the beacon signal onto a 240 prad field 

of view, 14 X 14 pixel CCD fine tracking detector. 
The signal is then "rallyed" to the centre of this 
detector where the system then starts tracking the 
beacon, within a 34 yrad field of view, using the 
central four pixels as a quadrant detector. The 
LEO then transmits an 8 yrad communication 
beam towards the GEO terminal taking into ac-
count the required point-ahead offset angle. 

Phase 3 

When the GEO terminal detects the LEO signal, 
it stops scanning its beacon beam, and starts track-
ing the incoming beam using a similar 14 X 14 pixel 
CCD fine tracking detector. It then tu rns off its 
wide-beam beacon and also transmits a narrow, 8 
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yrad, communication beam with an adequate 
point-ahead. 

Phase 4 

The narrow, higher power density communica-
tion beam reaches the LEO satellite. The higher 
power available at the LEO terminal permits it to 
improve its tracking and pointing performance up 
to a specified 0.1 yrad accuracy. This likewise 
increases the average optical power received at 
GEO allowing it also to improve tracking and 
pointing performance. 

Acquisition is now complete and communication 
may be initiated. 

The total time taken for this sequence is expected to 
be less than 120 seconds. 

5.2.6.2 ETS-VI 

The Japanese Engineering Test Satellite-VI (ETS-VI) 
experiment consists of a laser communication link be-
tween the ETS-VI satellite in GEO orbit and a ground 
station in Japan [105]. A great deal of laser power is 
therefore available at the ground station, which makes 
this part of the link less characteristic of a true ISL. 

The acquisition sequence followed is: 

(1) The ground station directs a 100 lead wide 0.51 
micron argon laser beam at the expected ETS-
VI satellite position. 

(2) At the satellite, the course pointing assembly 
scans a -±1.5 degree region of uncertainty in 
ground station position with an 8O00 ,urad field 
of view acquisition CCD until it detects the bea-
con. The CCD is able to locate the beacon to a 
precision of 32 yrad. 

(3) The satellite then turns on a laser diode and 
directs a 60 ,urad beacon beam back at the 
ground station. 

(4) The ground station detects the satellite beacon 
and narrows its beacon width to 20 //rad to in-
crease the power density at the satellite, and 
then tracks the satellite to 1 yrad accuracy. 

(5) The satellite aligns the beacon signal on a quad-
rant fine tracking detector with a 400 ,urad field 
of view and 2 yrad pointing accuracy. 

(6) The satellite now narrows its beacon beam to a 
final 30 //radian width. 

(7) On confirmation of stable tracking, the link is 
considered established and the beacon lasers are 
now used for communications. 

5.2.6.3 Air Force Space Communications 
Flight Test 

McDonell-Douglas Astronautics Company and the 
U.S. Air Force investigated the design of a laser com-
munications system between a GEO satellite and a 
ground station [102]. This confers a similar power 
advantage to the ground station laser as that of ETS-
VI. 

The acquisition sequence followed is: 

(1) The ground station raster scans a 300 4urad laser 
beacon over the -1-  0.1°  satellite uncertainty re-
gion. The beacon is a pulsed Nd:YAG laser 
modulated with a 10.5 kbit/sec signal for beacon 
identification and low data rate information up-
link. 

(2) The satellite observes a -110.15 0  uncertainty re-
gion with its wide field detector (WFD). When 
the WFD senses the beacon, the signal is aligned 
on a Narrow Field Detector with a 500 4u rad field 
of view and ±.50 yrad tracldng precision. 

(3) The satellite sends a 100/4 rad wide beacon down 
to the ground station. 

(4) The ground terminal detects the satellite beacon 
and centres the signal on the acquisition and 
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tracking detector and corrects pointing errors 
such that the transmitter is centred in the scan 
pattern. When the satellite's beacon is con-
firmed to be correctly centred, the ground sta-
tion will stop scanning its beacon. 

(5) The ground terminal continues to monitor the 
satellite beacon until the precision of its position 
is confirmed to be within ±15 ,urad. The 
Ground station then narrows the beacon 
beamwidth to 15 1urad. 

(6) The increased beacon power density enables the 
satellite to enter tracking mode by passing bea-
con tracking to a Fine Tracicing quadrant detec-
tor which can track the ground station to ±0.6 
prad precision. The satellite now narrows its 
beam width to 5 ,urad. 

The increased satellite beam power density en-
ables the ground receiver to enter tracldng mode 
with ±5,urad precision. 

(8) Mutual communication between the two satel-
lites can now begin. 

Simulation indicated that the mean acquisition time 
should be 2.9 seconds, with a maximum of 9 seconds. 

5.2.6.4 Ball Aerospace ISL Testbed 

Ball Aerospace assembled a laboratory testbed to in-
vestigate laser acquisition and tracking system design 
issues [108]. This testbed is included here because they 
proposed an interesting "composite" scan acquisition 
technique. This technique proce-eds as follows: 

(1) The receiver assembly in the lab is illuminated 
by a static beacon laser. 

(2) To locate the beacon a motorize-d coarse steer-
ing mirror at the receiver performs a spiral 
search, beginning at the centre of the uncer-
tainty cone, in a series of discrete steps. 

(3) At each coarse step position a pair of fine steer-
ing mirrors performs a raster scan search for the 
beacon signal. 

(4) When the beacon is dete,cted on a coarse "lateral 
effect cell" and on the fine tracldng quadrant 
detector all scanning stops. 

(5) Control now switche,s to a closed loop tracking 
mode. 

The technique is interesting because it is the only one 
in which the fine tracking detector participates in the 
acquisition process. The transition from acquisition to 
tracldng mode can therefore be done very quickly 
thereby alleviating conce rns about drift of the partner 
out of the tracking field of view during acquisition. 

5.2.7 Recommendations 

All of the acquisition methods discussed have merit. 
The deciding factors in choosing a particular approach 
are the performance in terms of acquisition time and 
probability, and the overall complexity of the design 
which will impact cost and reliability. The SILEX ap-
proach is very elegant in that it makes efficient use of 
a beacon and communication laser, and has the track-
ing CCD participate in the final stages of acquisition. 
This effectively operates like the Ball Aerospace tech-
nique without the need to scan the acquisition detector 
over the acquisition field of view. However, the Ball 
approach devotes only tracldng hardware to the acqui-
sition function thereby simplifying the design. 

Consequently, the optimal approach, from the stand-
point of minimizing hardware complexity, is to equip 
the two satellites with different acquisition hardware. 
Like SILEX, only one satellite needs a beacon. Let 
this be satellite A. The beacon can be locked to the 
telescope and thereby pointed using the telescope 
coarse pointing assembly. The other satellite, satellite 
B, does not need a beacon since when it detects the 
beacon it can determine the partner location to high 
precision and use the communication laser as the re-
turn beam. Instead of a beacon, satellite A needs 
acquisition detectors to locate the partner to the re-
quired precision. Here again, a modified SILEX ap- 

(7) 
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proach appears the most attractive. A wide field CCD 
acquisition detector can be locked to the telescope 
assembly having light directed onto it with a mirror. 
This mirror will, however, contain a hole in its centre 
of a diameter corresponding to the fine tracking detec-
tor field of view. The tracking detector is also a CCD. 
When the beacon signal falls on the acquisition detec-
tor the telescope assembly is steered so as to align the 
signal with the system optical boresight. When the 
signal enters the fine tracldng field of view it penetrates 
the hole in the acquisition mirror falling on the fine 
tracking CCD. The rule tracking subsystem then pro-
ceeds to align the optical system to sufficient precision 
to allow the communication laser to be pointed accu-
rately back to satellite A. Therefore, the acquisition 
strategy for satellite B consists of statically monitoring 
its cone of uncertainty until illuminated by the beacon, 
and then returning the communication laser signal 
when the beacon is detected. 

The acquisition function of satellite A consists of scan-
ning its uncertainty cone with the beacon laser. Satel-
lite A, however, does not need a dedicated acquisition 
detector. Instead a Ball-like strategy can be employed 
where the fine tracking detector participates in the 
acquisition process. Essentially, the fine tracking de-
tector monitors the region of the sky illuminated by the 
beacon for signs of the returning communication sig-
nal. Since the beacon is locked to the telescope, the 
tracking detector is inherently aligned with the outgo-
ing beacon. The fine tracking detector however, has a 
narrow field of view compared to the size of the uncer-
tainty cone so the angular beacon/detector scan rate 
must be adjusted so that the return signal does not miss 
the detector. For instance, over GEO to LEO dis-
tances the round-trip propagation time, and hence the 
minimum time a response can be expected from the 
partner, is about 250 msec. The detector must there-
fore dwell on each region of the sky for at least this 
amount of time to be assured of seeing the return 
signal. The response time of the tracking detector to 
the communication laser signal is necessarily very fast, 
on the order of milli seconds. When the satellite B 
signal is detected then satellite A switches its commu-
nication laser on and the beacon off. 

The benefit of this approach is simplicity. Satellite A 
has a beacon but no dedicated acquisition detector. 
Satellite B has a dedicated acquisition detector but no 
beacon. Each terminal is therefore lighter and more 
reliable than if they were identical. The drawback is 
that the acquisition time may be longer than would be 
the case if satellite A also had an acquisition detector. 
For instance with a 10  initial uncertainty cone and a 400 
yrad tracking detector field of view (recommended in 
section 5.4) the minimum acquisition time would be 
almost 8 minutes. However, if the initial uncertainty 
cone could be reduced to 0.25 0, which is reasonable, 
then the minimum acquisition time would be only 30 
seconds. 

5.3 Tracking 

5.3.1 Introduction 

Once the acquisition subsystem has located the partner 
satellite it is the purpose of the tracldng subsystem to 
maintain alignment of the receiver optical axis with the 
propagation direction of the incoming signal beam. 
Tracking this incoming beam to high precision is nec-
essary in order to minimiz,e the receiver's field of view 
and thereby maximize the signal to background optical 
power ratio, and also to permit accurate pointing of a 
narrow transmit beam back to the partner. 

Figure 5.3-1 shows the elements of the tracking func-
tion. The tracking function shares most of the optical 
path with the communication function. Indeed, most 
proposed implementations direct a fraction of the com-
munication beam to the tracking detector. The excep-
tions [109] use a beacon at a wavelength different from 
the communication beam for tracking. In this case a 
dichroic beam splitter redirects only the beacon energy 
to the tracking detector. 

The first component of the subsystem is the receive 
telesc,ope of diameter DRwhich is mechanically steered 
by the Coarse Tracldng Assembly (CTA). The tele-
scope directs the received light into the Fine Tracking 
Assembly (FTA) which includes the Fine Tracking 
Mechanism (FTM) and the Fine Tracking Detector 
(1. ID). The signals from the FTD drive the control 
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electronics to adjust the CTA and FI'M in order to 
maintain the received signal centred on the FTD which 
is also aligned with the communications detector. In 
this way stable aligiunent by the tracking subsystem 
translates into stable, uninterrupted reception of com-
munication data. Loss of track-lock by the tracking 
function results in total loss of received communication 
which is perceived by the communication function ini-
tially as a burst error [110], and then as a sustained 
communications dropout. Once lock is lost by the 
tracking function the acquisition function must be re-
activated in order to reacquire the partner satellite. 

5.3.2 The Tracking Assemblies 

In many of the published ISL systems there is an over-
lap of the optical path between the tracking function 
and the pointing function. In that case the various 
assemblies required to track the incoming beam are 
referred to as pointing assemblies. This is because they 
point the receiver and transmitter optics at the partner 
satellite. However, the approach taken here is to pres-
ent a general analysis of the system requirements. The 
tracldng and pointing functions have, therefore, been 
separated and will be treated in isolation. They may be 

united later after overlaps in their functional require-
ments are identified. 

5.3.2.1 Coarse Tracking Assembly 

The principal responsibility of the CTA is movement 
of the receive telescope to keep the optical system axis 
aligned to the partner satellite's signal over the full 
range of motion available to the telescope, and to the 
precision needed to keep the signal within the dynamic 
range of the Fine Tracldng Assembly. The CTA also 
compensates for large amplitude, low frequency plat-
form motions. The CTA typically consists of a 2- or 
3-axis gimballed telescope or flat mirror (the ETS-VI 
approach), a relay optics assembly, gimbal angle sens-
ing devices, and gimbal servo drive motors. 

The range of motion of the CTA is determined by the 
range of travel of the partner satellite in the local 
coordinates. This range is the smallest for the GEO to 
GEO case where the two satellites are essentially fixed 
with respect to one another. For the GEO to LEO 
case, the GEO satellite only needs a small range of 
motion, but the LEO satellite may need to track over 
almost an entire sphere. The most demanding case is 
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for the GEO to Tundra/Molnya link where both satel-
lites track over a large range. 

The orbit parameters are discussed in Section 2 with 
detailed graphs given over a 24 hour period for a 
number of examples in Appendix A. An examination 
of the curves in the Appendix show that for some cases 
the telescope must be pointed over a wide angular 
range. A problem in telescope placement arises when 
the required elevation range includes large negative 
values and large positive values. In this case, the satel-
lite body will inevitably get in the way, and so at least 
two telescopes are required. 

The angular rates for both terminals have been calcu-
lated and are presented in Appendix A. These rates 
are very small except in the case when the cooperating 
terminal passes close to the azimuth axis (keyhole). In 
this case the azimuth angle must change by the order 
of 180 degress in a short time, with the allowed time 
decreasing the closer the path gets to the azimuth axis. 
The rate can be kept small by mounting the telescope 
do that the keyhole points away from the region occu-
pied by the other terminal. 

Assuming that the key hole can be avoided the required 
tracking rates will be very slow and hence not very 
demanding of the tracking assembly. Perhaps more 
demanding are the local librational and platform vibra-
tion motions of the satellite. The high frequency, low 
amplitude motions will be compensated by the FTM. 
The CTA must compensate the remaining high ampli-
tude low frequency motions. Most satellites are not 
expected to librate unless disturbed, but some residual 
motion non-the-less remains which can not be elimi-
nated by the attitude control system. This residual 
motion would generally be of the same order as the 
above relative-motion rates, and, therefore, be readily 
compensated. However, should the optical ISL be 
required to track during rapid satellite attitude ma-
noeuvers then the CTA tracking rates must be speci-
fied accordingly. As an example, the Hughes study 
[106] specified CTA gimbal requirements of 200 ,urad 
(0.011°) per second angular rate, and up to 1 ,urad per 
second  2  angular acceleration. 

The angular resolution required of CTA motions will 
be determined largely by the tracking range of the 
FTM. Essentially, when the FTM tracks the signal to 
the limits of its mechanism then the CTA must move 
the telescope assembly one step in the appropriate 
direction. This step size must be less than the FI'M 
track range in order for the FTA to maintain an unin-
terrupted lock on the signal. This resolution step size 
is determined by: 

Angular Range ofFIX Tracking Optics  
CTA Resolution s Magnificatur' n of Optical System up to the Tracldng Optics 

[5.3.2.1-1] 

In actuality, the CTA resolution is considerably better 
than required by the above relationship. In ETS-VI 
the CTA accuracy is 32 enact, but the external, before 
magnification,  fine tracldng range is ±-454 ,urad. In 
SILEX the CPA accuracy is 174,urad, and the external 
fine tracldng range is ±.800 4urad for the LEO satellite 
and ±-457 ,urad for the GEO satellite (the two tele-
scopes use different magnifications), an even wider 
range is specified for the acquisition scan. 

5.3.2.2 Fine Tracking Assembly 

5.3.2.2.1 Fine Tracking Mechanism 

The principal function of the FTM is to keep the 
received optical signal aligned onto the communica-
tions detector. Since the detector is typically in the 
order of 100 microns across with a lens about 15 mm 
wide and with the FTM usually located many cen-
timetres away from the detector, very precise align-
ment is required. In order to maintain this alignment 
the FTM must track the receive beam over an angular 
range at least as large as the angular precision of the 
CPA. It must also maintain the alignment while the 
CPA is in motion. Furthermore the FTM also func-
tions to compensate for high frequency (up to 1 kHz) 
platform disturbances. 

As seen in Figure 5.3-1, the FTM resides in the afocal 
part of the optical netvvork between the telese,ope 
optics and the detectors for tracldng and communica- 
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tions. The preferred method of deflecting the optical 
beam is with moveable mirrors. Two mirrors can be 
used to individually control the azimuth and elevation 
deflections, or a single two-axis mirror can be used for 
both deflections. 

The FTM range of motion is linked to the CTA preci-
sion according to the previous  CFA  resolution for-
mula. The exact range is determined through trade-off 
of a number of considerations. Generally, the larger 
the FFM motion amplitude, the poorer its precision. 
and frequency response. However, a large FTM range 
means a relaxed CTA resolution requirement. There-
fore, this is a trade-off between a more expensive CTA 
or a more expensive FTM. Reliability is another factor. 
Because the CFA  is a moving, motorized assembly, but 
the FTM is usually solid state, the CTA is considered 
less reliable. It is, therefore, desirable to move the 
CTA as infrequently as possible. Another reason to 
minimize CTA motions is that the CFA  moves a mas-
sive telescope which can impart disturbances into the 
host platform. 

Basically, it is desirable move the FTM over a wide 
angular range to high precision. The trade-off of the 

previous considerations will determine the selection of 
specific FTM and CFA characteristics. The angular 
range selected will impact the design of the telescope 
optical assembly. The field of view of the telescope 
during tracking magnification must match or exceed 
the FTM range according to the relation: 

FTM Ranee  FOV Track Magnificatzon 

in order for the partner signal to be detectable over the 
full range. Another consideration driven by the range 
is the size and placement of the FTM from the tele-
scope assembly exit pupil. This determines the size of 
the FTM mirror according to: 

Erit Pupil Diameter  FTM Wicith 
+ Angular Ran,se x Distance Pupil 

sin (mean inclination) 

[5.3.2.2-2] 

Figure 5.3-2 illustrates these parameters. Since, from 
a frequency response consideration, it is desirable to 
minimize the FTM size, it is therefore also desirable to 
locate the FTM as close to the exit pupil as possible. 

[5.3.2.2-1] 

Figure 5.3-2 F7'M Size Calculation 
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The precision of the FTM from tracking c,onsiderations 
alone is determined by the size of the communication 
detector assembly. However, the final ISL system de-
sign may call for the FTM to also perform the pointing 
of the transmit beam which has additional require-
ments. The influence of the communications detector 
can be seen in Figure 5.3-3. The communications de-
tector of diameter d, has associated optics of equiva-
lent focal length fc. To insure that the signal stays 
focused on the detector, the angular range of the opti-
cal signal in the afocal path cannot exceed 

d d 
2 arctan 

) 
«277 7: 

This figure is necessarily the upper bound of the FTM 
precision. For illustration, typical values are a 100 mi-
cron detector with 1 cm optics, which results in a 10 
mrad precision. 

When the Frm is also used to point the transmit beam, 
the precision must be such that the emerging beam will 
continuously illuminate the target. This requires an 
angular alignment smaller than the beam width. The 
minimum beam width is determined by the diameter of 
the main objective. Including the effect of magnifica-
tion by the telescope assembly, the precision required 
to point a diffraction limited beam is: 

<2.44  (—I x Magnification D T  

For a 10 ,urad beam with 25X magnification and 
pointed to 10% of the beamwidth, the required reso-
lution is 25 ,urad. Clearly the pointing requirements 
are critical to the system design. 

The final FTM design consideration is the frequency 
response. The determining criteria here is the 
bandwidth of the platform disturbances to be coun-
tered by the FTM. Ideally the FTM bandwidth should 
match that of the disturbances expected, but realisti-
cally there is a limit to what is achievable. That limit is 
in the range of 1 to 2 kHz for piez,oelectric controllers. 
This value is determined by a number of considera-
tions. One is the FTM mass, hence the desire to keep 
this mass low by making the FTM as small as possible. 
The other is the ability of the FTM transducers to 
measure the FTM position at these high frequencies 
and feed accurate information back to the controller. 
In this case both accurate phase and amplitude infor-
mation is critical for stable FTM control. As an exam-
ple of what is to be expected of a typical satellite 
platform, Figure 5.3-4 shows the disturbance spectrum 
for OLYMPUS [112]. The spectrum was measured 
using microaccelerometers onboard the spacecraft. It 
is seen that the spectral density (urad2/Hz) is of notice-
able amplitude sufficient to require compensation up 
to 300 Hz. 

Two types of actuators are typically used to meet the 
FTM functional requirements: piezo-electric and in-
ductive moving coil. Piez,o-electric actuators are pop-
ular for ground-based precision mirror positioning 

[5.3.2.2-3] 

[5.3.2.2-4] 

Figure 5.3-3 FTM Angular Range Calculation 
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Figure 5.3-4 Spectrum of Obenpus Induced Microvibrat -ions 

systems [113]. They are also receiving increasing con-
sideration for space ISL systems [114, 115]. Among 
proposed systems, ETS-VI is planning to incorporate 
piezo-electric mirror actuators in its point-ahead as-
sembly [116]. Piezo-electrics have the advantages of 
being simple, accurate, and fast. However the dynamic 
range is comparatively small. In order to meet the 

160 mrad FTM range to 20 yrad accuracy of Silex, 
and the -±6.8 mrad FTM range to 30 4urad accuracy of 
ETS-VI both systems chose to use moving coil electro-
dynamic actuators. In the case of SILEX, a single 
two-axis mirror is employed for the wide acquisition 
scan, fine tracking, and beam pointing. Consequently 
this assembly was named the Compound Fine Pointing 
Assembly (CFPA). Positioning control is accom-
plished with four axial moving coil actuators [117] cou-
pled to inductive linear position sensors. ETS-VI 
separates the azimuth and elevation control functions 
by using two single-axis gimbal mirrors. Each is con-
trolled by a moving coil actuator with a position sensor 
[103]. Ball Aerospace also designed a moving coil 
actuated FSM to steer a beryllium mirror for ISL ap-
plications [118]. This design was chosen as an illustra-
tive solution by the COMSAT report [109]. In this case  

±2° range with 80 nrad tracking accuracy and 1.2 kHz 
response was achieved. 

5.3.2.2.2 Fine Tracking Detectors 

Historically the preferred choice for the fine tracking 
detector is the four quadrant detector (4QD). This 
detector consists of a cluster of four individual detec-
tors arranged in a 2 X 2 square with each measuring the 
optical signal intensity falling upon it. Associated sig-
nal processing electronics is used to determine the 
location of the centre of a light spot falling within the 
quadrant. This type of detector has the advantages of 
being simple and accurate. Also, the method of deter-
mining the spot position is well understood, as will be 
discussed in the next section. 

Generally the detectors consist of a single monolithic 
semiconductor such as the Silicon photo-diode used by 
ETS-VI [103]. However, older systems such as the Air 
Force Space Communication Flight Test [102] used 
four Avalanche Photo-Diodes arranged about a pyra. 
mid mirror to produce the same functional effect. 
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An interesting variation in quadrant detector design is 
seen in SILEX where four pixels within a 14X 14 
square CCD array form the quadrant [119, 120, 121]. 
The actual CCD used consists of a 16 X 16 array where 
the outer pixel border is used only for calibration. Each 
pixel cell in this detector is manufactured to the very 
small size of 23 microns (the signal spot size is 11.5 
microns) and has a 17 ,u rad field of view. This size is 
smaller than is typical for 4QDs (in contrast the ETS-
VI tracking sensor has a 1 mm diameter [116]), and 
offers the advantage of a high precision position deter-
mination with a shorter equivalent focal length for the 
receiver optics. Unlike most 4QDs, this detector has 
no dead zone between the pixels. A dead zone intro-
duces error in the spot position estimate. A drawback, 
cited in the past, against using a CCD for this applica-
tion was that a CCD must be read and processed 
serially. This is an inherently slower operation than the 
immediate parallel processing possible with a 4QD. 
However, the CCD chosen for SILEX is capable of 
being read at 20 kHz (i.e. 20k images/second). This 
rate is ample for maintaining control over the 1 kHz 
tracking bandwidth required. In fact, the sensor is read 
at an 8 kHz rate during fine tracking. 

An additional benefit of using a sensor with more than 
four pixels is that the remaining pixels can participate 
in the acquisition sequence. In SILEX, the entire 
14 x 14 tracking sensor area is used during acquisition 
to position the signal spot near the tracking field of 
view. The signal is then "rallyed" to the central four 
pixels used for tracking. The improved resolution of 
the tracking CCD over the acquisition CCD implies 
that acquisition can proceed swiftly while the signal is 
still on the tracking CCD. An example is when track is 
lost because the signal has drifted over to the pixels 
near the four used during tracking. , 

5.3.3 Tracking Accuracy 

The error in tracldng the receive beam position is 
significant because it affects the integrity of both the 
re,ceived communication beam and the pointing of the 
transmit beam. Improper tracking alignment will lead 
to communication dropouts or burst errors. The error 
in receive beam tracking influences transmit beam 

pointing because the receive beam position informa-
tion is used as the reference to point the transmit beam. 
Errors in the pointing control system are negligible in 
comparison to the influence of the tracking errors 
[122]. Noise in the received signal, the detector, and 
the associated signal processing circuitry result in an 
uncertainty in the position of the signal location. This 
Uncertainty is frequently expressed as an angle called 
the "noise equivalent angle", NEA. The NEA is de-
fined as the angular error that produces a position error 
signal equal to the rms noise of the detector. In other 
words it is the uncertainty in the partner position due 
to noise in the system. It is, therefore, also expressed 
as the standard deviation in the partner's angular posi-
tion estimate,  O. The subsequent analysis will focus 
on deriving a UN EA  expression suitable for ISL. 

The four quadrant detector is used not only for satellite 
ISL but also for optical range finders and object track-
ing. Consequently 4QD tracking accuracy has received 
much attention in the published literature. Gagliardi 
and Sheikh [123] examined the problem of tracking a 
laser beam and included the tracking control loop con-
tribution. They also determined the influence of back-
ground noise and atmospheric scattering on the signal 
position estimate. Tyler and Fried [124] examined 
4QD performance when used to track an incoherently 
illuminated object of general shape and distance in the 
presence of noise. The limit of a distant circular object 
represents the ISL case. The results give the expected 
variance in the signal position. ICazovslcy [125] exam-
ined the application of 4QD to laser range finders and 
trackers where the target object tracked is illuminated 
by a laser source. The immediate signal processing 
circuitry influence was considered. He was able to 
determine the systematic error introduced by the cir-
cuity and the signal dependant error due to noise in the 
received signal. 

Figure 5.3-5 shows the geometry of a quadrant detec-
tor. .K1  through X4 represent the QD pixels with the 
origin of the coordinate system at the central junction. 
The spot position estimate is determined from the 
error signals formed from the difference of the individ-
ual pixel signals. From this position the signal tracking 
misalignment, or "error angle" can be determined. 

Acquisition and Tracking 
Page 5-16 



Figure 5.3-5 Quadrant Detector Geomeby 

The azimuth and elevation error signals are: 

The "spot" coordinates are  (t/f,, le, where 

= error angle 
ft  = tracking system focal length. 

The noise equivalent angle is the standard deviation of 
tp. For a uniformly illuminated circular object of diam-
eter b at a distance R the standard deviation of the 
angular measurement error was determined by Tyler 
and Fried to be: 

4(3/16)2  + (n/8)211120./DR) 
-  V3771r 

where, 

n  (b/R)  
(VDR) 

[5.3.3-2] 

= the angular dia. of the target 
normalized to the resolution of 
the optics. 

ez  = (X2  + X4) - (Xi  + X3) 
el = + X2)- (X3 + X4) 

[5.3.3-1a] 
[5.3.3-1b] 

In the satellite ISL case n 1, therefore, 

r̀e (T633r ) (Did 1  1 1  VSN R [5.3.3-3] 
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SNR = signal to detector-noise power ratio 
= SNRv2, the square of the voltage ratio. 

With the exception of the SILEX detector, most 4QDs 
have a narrow dead zone between the pixels which 
generates no signal. Young, Gennann, and Nelson 
[118] considered the dead zone contribution to the 
NEA and formulated a correction factor to account for 
its influence. The correction factor is a function of the 
dead zone width, dz, and the characteristic diameter of 
the light spot, d: 

dz a ' = a F —) • (d 

The correction function, F(x), depends an the spot 
intensity profile. Two forms of F(x) are offered. For a 
uniform intensity profile: 

F(x) (Vi - - 1  • 

For a Gaussian profile (where d = 11e2  diameter), 
which is similar to an Airy profile: 

CO 1 
f e-e2dt) • 

(2r 

Associated with the 4QD is the post processing elec-
tronics and the FTM control loop. Gagliardi and 
Sheikh considered the bandwidth of these, as well as 
background and circuit noise sources to produce the 
following expression for the effective tracking SNR of 
a point source beam: 

n2 
SNRt  = BL (ns + 4n1,  + nos) 

where: 

[5.33-4] 

[5.3.3-5a] 

F(x) = [5.3.3-5b] 

[5.3.3-6] 
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= average source photoelectron count 
collected over the entire detector 
/es  

' 

= average background noise 
photoelectron count per quadrant 
neb 

' 
= white thermal circuit noise electron oc 

count, 
BL = tracking loop noise bandwidth, 

= quantum efficiency of the detector, 
h = Planck's constant, 
Fr = received signal power, 
Ps = Background Optical Power in .à.1 

spectral passband 

= L (,1) ,,2 
t 

) A e 
for  Ad  « 42, and for uniformly 
distributed background radiation, 

Ad = Quadrant detector area, 
DR = receive telescope diameter. 

The standard deviation of the tracking error can now 
be expressed as: 

[5.3.3-7] 

0 = diffraction limited field of view = 
2.44.1/D , 

ns (16) 2 ( ns  

Fr) ns nb Noc 

Typical NEA values that have been reported are 0.25 
to 0.35 ,urad for the COMSAT study [109] and 0.07 
prad for SILEX [119]. 

Tracldng to less than the telescope's diffraction limited 
resolution is possible when  y>  1. This capability is 
demonstrate(' in the SILEX design  where the signal 
spot size is 11.5 microns, representative of the 
telescope's resolution, but the tracking detector sur-
face accuracy is specified as 0.1 micron. Breadboard 

tests have shown the actual performance to be better 
than this specification [119]. 

The traxing error expressions just given consider the 
detector, signal, and tracking loop noise effects. A 
completely general expression must consider platform 
jitter effects. According to Chen, Jeganathan and Lesh 
[126] the sensor and platform mean square errors are 
additive: 

cf2  =a2  -Fa2  • S P 

With  H(w) representing the tracking loop closed-loop 
transfer function against angular frequency co, Ps  the 
signal power, SN(w) the additive signal, detector, and 
electronics noise power spectral density, and  S(w) the 
platform jitter power spectrum, the mean square track-
ing error becomes: 

7;- 271i f IH(w) 1 2  Sea) dcu + f  11-  H(tu)1 2  Sp(co) die • 
s 

[5.3.3-10] 

Held and Barry [122] investigated the Crs 2  term and 
defined the noise equivalent angle to be SN(w)/Ps. In 
a digital tracking controller SN must be filtered to half 
the controller sampling frequency. An analog control-
ler naturally filters SN to the bandwidth of H(u)). Con-
sequently the effect of SN increases with increasing 
tracking loop bandwidth and decreasing signal to noise 
ratio. The platform jitter, Sp, however, is sensed by the 
tracking detector and compensated for by the tracking 
loop. The larger the loop bandwidth, the higher the 
frequency disturbance it can compensate. As a result, 
the influence of Sp decreases with increasing loop 
bandwidth. If a high optical signal to noise ratio can be 
maintained the as  tracking noise contribution can be 
made negligibly small. Consequently, the tracking loop 
bandwidth should be designed with as high a control 
bandwidth as possible to subdue platform effects. 

In Held and Barry's study three closed loop ISL con-
trollers were devised to provide typical tracIdng error 
results. These controllers consisted of Gyro, Mass, and 
Complementary stabilized systems. At a wavelength of 
0.9 microns, a track loop damping ratio of 0.725, and a 

C7 = 
V V 

[5.3.3-8] 

[5.3.3-9] 
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receiver aperture diameter of 20 cm the RMS tracking 
error due to sensor effects alone were found to be: 

0.007 prad for the Gyro and Mass 
Stabilized Systems, 
0.170 ,urad for the Complementary filter 
System. 

When additional platform disturbances, modelled as 
coulomb friction torque acting at the gimbal bearings, 
were considered the total RMS tracking error in-
creased to: 

0.038 ,urad for the Gyro stabilized system, 
11.64 ,urad for the Mass Stabilized system, 
0.036 Arad for the Complementary filter 
System. 

The inferior performance of the mass-stabilized system 
was claimed to be due to not rejecting low frequency 
disturbance,s due to flexure pivot coupling between the 
coarse gimbal and platform, and because the friction 
disturbance power resides predominantly at low fre-
quencies. 

5.3.4 Recommendations 

The coarse tracking assembly and telescope gimbals 
are effectively one and the same. Though not dis-
cussed here, they are typically implemented with di-
rect-drive DC brushless motors. The trend in fine 
pointing has been to magnetic voice-coil actuated mir-
rors. Piezo-electric actuation is also receiving consid-
eration. Where wide angular range is needed the voice 
coil approach is the best because it can provide that 
range to high precision. For tracking detectors, histor-
ically the four quadrant detector using APD or PIN 
diodes has be,en preferred, but the new CCD approach 
used by SILEX has the advantages of high precision 
without a dead-zone. Also, it may speed re-acquisition 
during small misalignments; and can be used to partic-
ipate in the acquisition phase as noted in the previous 
section. 

5.4 Pointing 

5.4.1 Introduction 

In a two-way optical ISL system, once the acquisition 
sequence is complete and the partner's beam is being 
tracked to maximum precision, a local communication 
beam is transmitted back to the partner. The problem 
of aiming and controlling this beam is lcnown as point-
ing. 

The pointing problem is in many ways functionally 
similar to the tracking problem. A narrow beamwidth 
is required for energy-efficient communication, so a 
telescope of diameter DT is needed to produce the 
desired beamwidth. The telescope must be steered 
using a course pointing assembly (CPA). Since the 
beam is narrower than the position tolerance of the 
CPA, a fine pointing mechanism (FPM) is needed in 
the optical path between the laser optics and the tele-
scope optical assembly. Finally, to control the pointing 
direction relative to the receive beam a pointing beam 
detector is required. These elements of the pointing 
system are illustrated in Figure 5.4-1. All of these 
components and assemblies have a counterpart in the 
tracking system. Furthermore, since the transmit beam 
is directed in almost the same direction as the receive 
beam, the physical layout of the optical path is similar. 
Consequently most proposed ISL designs functionally 
overlap the pointing and tracking equipment using one 
telescope, CPA, and FPA for both functions. Excep-
tions, such as the Hughes proposal [106, 122], arise 
largely because of differing receive and transmit tele-
scope requirements. 

The physical requirements underlying the design of the 
CPA and FPM are effectively the same as those of the 
tracking CTA and CM.  Since these were discussed at 
length in the tracking section, including special consid-
erations for pointing, they will not be discussed further 
here. The emphasis, instead, will be on those consid-
erations unique to pointing and on the aspects of point-
ing that influence communication integrity. 

• = 
av, = 
• = 

One special characteristic of pointing is the need to 
point the transmit beam in a slightly different direction 
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as the receive beam. This is a consequence of the finite 
speed of light, the narrow beam width, and the relative 
motion of the two satellites. The management of this 
"point ahead" will be the first topic of discussion, illus-
trated with examples of proposed design solutions. 

A challenging aspect of the pointing problem is the 
achievement of high pointing accuracy. Similar con-
cerns exist in tracking, but the solutions are more ap-
parent. Tracking precision can be relaxed by 
expanding the tracking field of view and increasing the 
receive telescope diameter. Accurate pointing, how-
ever, requires accurate knowledge of the partner's po-
sition, and the ability to accurately point the beam in 
that direction. Hence the many noise sources in the 
ISL system, including those contributing to the noise 
equivalent angle, influence the performance and de-
sign of the pointing system. How these noise sources 
combine to cause communication interruptions will be 
examined. Finally, if the noise results in a sustained 
mispoint, tracicing lock will be lost with reactivation of 
the acquisition function. The frequency of reacquisi-
tion will be investigated. 

5.4.2 Point-Ahead 

A unique aspect of optical ISL communication over RF 
ISL is that if you aim your transmit beam directly at 
where you currently see your partner, then your part-
ner will not be in that region of space when the beam 
signal arrives. To illustrate, a 10 yrad beam spreads to 
400 metres diameter over a 40,000 km link. If the two 
satellites have a 10Icm/sec relative velocity, then during 
the signal round-trip travel time, the partner satellite 
will have moved 2,666 metres. Clearly the signal 
missed the satellite. 

An obvious solution is to broaden the beamwidth. This 
is certainly a simple solution, but the increased transmit 
laser power needed to maintain an adequate wavefront 
power density may not be acceptable. Consequently 
the preferred solution is to keep the beam narrow, but 
to point the beam to where the partner is expected to 
be during beam arrival. This requires pointing the 
transmit beam ahead of the receive beam in the direc-
tion of relative travel. 

Figure 5.4-2 illustrates how the point-ahead angle, Op, 
is calculated. To calculate Op at satellite A, satellite A 
is considered stationary with respect to satellite B. 
Satellite B is travelling in its orbit at a relative velocity, 
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Figure 5.4-2 Point-Ahead Angle Calculation 
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V. At time 12 satellite B transmits its signal from posi-
tion 1 to satellite A which receives it at time t2. Imme-
diately satellite A transmits its signal targeted to 
intercept satellite B at position 2, which the signal does 
at time t3 . The time taken for this process (t3  - t1) is the 
total distance travelled by the signals divided by the 
speed of light: 

(R1  + R2) 
(t3  — t1) c [5.4.2-1] 

The relative distance travelled by satellite B in this 
interval is d, the exact value of which depends on both 
satellites' orbital ephemerides. The ephemerides in-
formation is also needed to exactly evaluate R1  and R2. 
With this information in hand evaluation of Op is simple 
geometry: 

(R 2  + R2  — d 1 2 2  9 = arccos 2 R 1R 2 

However, this is unnecessarily complicated. As seen in 
the earlier example, the beam diameter covers approx-
imately 15% of the distance, d, travelled by satellite B. 
Also, in the same example, d represents only about 6% 
of the circumference of a typical 300 km LEO orbit. 
Therefore a number of approximations can legiti-
mately be made to estimate the point-ahead angle to 
sufficient precision. 

First, assume R1  tz-: R2 = R. The difference does not 
contribute significantly to the total transit time. Next, 
assume during (t3  - t1), satellite B travels in a straight 
line at velocity V, rather than in a circular orbit. The 
speed normal to R-=-R 1 , is then: 

VN = I V I sin(81) • [5.4.2-3] 

The point-ahead angle can now be estimated as: 

VN (t3 — t 1  ) VN  (2 R/c) 2 VN /•n  

The immediate values of V and Oi  at t1  still need be 
determined from knowledge of each satellite's orbital 

ephemerides. This information is stored locally in each 
satellite and updated periodically from a ground-based 
control centre. 

The typical range of point-ahead angles is from 0 to 70 
uradians. For a GEO to Radarsat link the maximum 
point-ahead angles are about 50 prad in both the east-
west and north-south direction (See appendix A). For 
GEO to GEO links the maximum point-ahead angle is 
about 20 pre. In GEO to GEO links this angle re-
mains approximately constant. However, for GEO to 
LEO, and GEO to inclined orbit links this angle can 
vary greatly with time. The point-ahead angle is con-
trolled open-loop using the stored orbital ephemeri-
des. Therefore, it is essential that the ephemerides be 
kept accurate to a fraction of a beamwidth, i.e. on the 
order of 10 metres, and that clocks on both satellites 
are kept synchronized to within a millisecond. 

5.4.3 The Point-Ahead Assembly 

The purpose of the point-ahead assembly is to maintain 
the point-ahead angle at the current desired magnitude 
and direction. To do so requires a means to measure 
the angle between the receive and transmit beams, and 
a method to control the angle. Since the magnitude of 
the point-ahead angle is small, less than 70 ,urad, and 
must be controlled to microradian accuracy, the candi-
date mechanisms for its control are similar to those of 
the fine tracking assembly; such as measuring the angle 
with a quadrant detector, and using piezo-electric ac-
tuated mirrors for its adjustment. However the 
bandwidth requirements for point-ahead are consider-
ably relaxed over fine tracking. For instance the COM-
SAT report estimates 1 Hz response is sufficient. 
Another difference between control of point-ahead 
and the fine tracking problem is that fine tracldng is 
essentially a boresight alignment problem dedicated to 
keeping the light spot at the centre of the 4QD. The 
conunon solution is to dedicate a fast, static control 
procedure to this task. Point-ahead, in contrast, is not 
a static control problem. The transmit light spot must 
be kept at an regulated offset from the centre of the 
detector. The required offset also changes slowly with 
time. Consequently a programmable control algorithm 

[5.4.2-2] 

[5.4.2-4] 
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must be used with a variable offset that is updated 
periodically. 

Because of the above considerations the preferred 
point-ahead solution is to use a separate narrow-range 
beam deflection assembly for point-ahead control, and 
then share the remainder of the optical path with the 
receive beam as illustrated in Figure 5.4-3. The reuse 
of the receive components certainly saves weight and 
improves system reliability. 

Many different design approaches are possible to solve 
the pointing problem. To illustrate the possibilities, 
several proposed systems will be examined. 

5.4.4 Example Techniques 

5.4.4.1  SILEX  

The optical path followed by the SILEX receive and 
transmit beams is illustrated in Figure 5.4-4 [104]. The 
paths overlap completely after the point-ahead assem-
bly (PAA). The emerging beamwidth is 8 prad. The 
probability that the beam will mispoint by more than 
1.7 yrad is less than 10-6. The PAA consists of a 

two-axis actuated mirror of ±65 mrad range and 100 
Hz bandwidth. There is no indication of an optical 
point-ahead sensor being used. The point-ahead angle 
is controlled open loop using knowledge of the satellite 
orbits and the attitude of the host spacecraft. Compu-
tation of the angle is performed autonomously by each 
terminal from ephemeris data loaded and updated daily 
from the ground. 

5.4.4.2 ETS-VI 

The Ers-VI  point-ahead implementation [116] works 
by modulating the transmit and receive beams before 
combining them in point-ahead sensor: 

fd  = 8 kHz, f. = 315 Hz 

Figures 5.4-5 through 5.4-7 illustrate the method. 

The beams are combined on a single quadrant detector 
which is used to determine the azimuth (Azd) and 
elevation (Eld) of each beam using the technique dis-
cussed earlier in "tracking". A bandpass filter (BPF) 
separates the receive and transmit signals. 

Figure 5.4-3 Optical Network for Combined PointingITracking 
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Figure 5.4-4 SILEX ReceivelTransmit Optical Paths 
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Figure  5.4-5 ETS - VI Point-Ahead with Offset Feedback 

Figure 5.4-6 Functional Block Diagram of ETS-VI Tracicing Receiver 
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Figure 5.4-7 ETS-VI Point-Ahead Angle on 4QD Sensor 

The approach taken is to centre either the receive or 
transmit beam on the detector and then measure the 
angle of the other beam relative to iL This increases 
the likelihood of both beams remaining on the detector 
at all times. 

The other design parameters of the ETS-VI system are: 

beamwidth 
Pointing accuracy 
Point-ahead deflection 
Pointing Stability 

5.4.4.3 COMSAT 

COMSAT investigated the application of optical ISL 
for interconnecting INTELSAT communications sat-
ellites separated by up to 60° [109]. They proposed a 
typical optical network where the optical path is shared 
by the transmit and re,ceive beams, with the exception 
of the point-ahead mechanism (PAM), as illustrated in 
Figure 5.4-8. They separated the point-ahead function 
from the fine tracking function because the point-
ahead requiremènts were much less demanding than 
those of tracking. In this application (GEO to GEO) 
the point-ahead angle is fairly constant, the range of 
motion needed was 100 yrad with 0.5% accuracy, and 
c,ontrol bandwidth was only 1 Hz. This stands in con-
trast to the fine steering mechanism which had -±2° of 

travel with 80 nrad tracking accuracy within the optical 
path and 1.2 kHz bandwidth. 

The interesting aspect of the COMSAT design is the 
way the point-ahead angle is dynamically optimized. 
This is done in cooperation with the partner satellite. 
Initially adjustment of the point-ahead angle relies on 
ephemeris data uploaded from the ground. This data 
includes the relative spatial coordinates and trajectory 
of the two satellites, their tangential velocities and their 
separation distance, From this the initial point-ahead 
angle and direction is calculated on board each satel-
lite. 

Once fine track has been achieved, but before high 
speed communication begins, the point-ahead angle is 
optimized to remove any errors in the ephemeris data. 
This is accomplished by slowly spiralling the transmit 
beam causing the partner to receive a time-vatying 
intensity pattern. The receiver relays back to the trans-
mit terminal when maximum power is observed. The 
transmit terminal then locks onto the position in its 
spiral pattern which maximizes the received power and 
thereby optimizes the point-ahead angle. This process 
is repeated by the other terminal transmitter. Depend-
ing on the frequency of changes in the tangential ve-
locity and orbital spacing, the point-ahead angle is 
updated by periodically repeating this optimization 
process. 

= 30 lead 
= 2 iirad 
= -±33 yrad 
< 1 wad 
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5.4.5 Noise-Induced Pointing Errors 

Pointing a transmit beam is a delicate process requiring 
great precision in both the tracking and pointing as-
semblies. The problem is that the transmit beam is best 
kept narrow to maximize the power density at the 
receiver, but a narrow beam can tolerate only an even 
narrower mispoint. When the mispoint exceeds the 
beamwidth communication reception stops, with an 
attendant loss of data. If such a severe mispoint per-
sists beyond the tracking system response period, then 
track-lock is considered lost and the link must be reac-
quired. In tracking it is possible to expand the receiver 

field of view to relax the tracking accuracy constraint. 
The analogous operation in pointing is to expand the 
transmit beam. Since this requires increasing transmit 
laser power, it is desirable to keep the beam narrow. 
As we have seen, tracldng and pointing mechanisms of 
the required precision are readily available. The re-
maining issue of concern, then, is noise in the system 
which introduces a random mispoint angle and serves 
to corrupt the communications integrity of the ISL 
system. 

This random mispoint has already been accounted for 
in the link e,quation. In section 3.4.2, equation 2 it is 
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represented by 0, the angle of receiver from central 
transmit axis. The representation, however, is general. 
In this section the optimum value of 0 will be derived, 
and it will be shovvn that this value introduces a -4dB 
loss into the equation. The influence of noise-induced 
mispoint on the communication error rate will also be 
examined. 

Figure 5.4-9 shows the basic parameters under consid-
eration. The mispoint angle„ is a random variable, the 
distribution of which is needed for this analysis to 
proceed. It is assumed that the pointing error distribu-
tion contains two contributions: 

(1) a static error on each axis (E»  Ey) which contrib- É 2 utes a radial angle E . E 2 + 
x y • 

(2) a dynamic error on each axis due to tracking 
sensor, electronic, and platform noise effects. 
These effects are characterized by stationary 
Gaussian noise resulting in a Gaussian mispoint 
distribution with standard deviation % in the x-y 
Cartesian coordinates. This Ois the same as the 
ev, considered at length in the previous tracking 
section. 

In Polar coordinates the dynamic error results in a 
Rayleigh probability density distribution of e with stan-
dard deviation 0 [127, sec 2.14][128]: 

Incorporation of the static error term results in a Rician 
distribution [129]: 

a2  E2)  (el pE(E, E) = exP ( 2 az ° —aï 

Where  I0 is  the modified Bessel function of zero order. 

A mispoint results when the mispoint angle, e, exceeds 
some angle e* where the received power drops below 
the detectable level. The communication system se,es 
this as a burst error because even if the mispoint only 
lasts a microsecond at 1 Gbps a thousand consecutive 
bits would be lost. If the mispoint persists longer than 
the tracking system response time then the system will 
loose its lock on the receive beam and reacquire the 
link causing a sustained communication dropout. 

The probability of mispoint is: 

PE(e > P E*  = PE  (e, E) de [5.4.5-3] 

Integration of P(e, E) does not yield an analytical 
solution. So, instead, a simplified approach is used 
considering only the Rayleigh distribution of the dy-
namic error centred on (e - E). Therefore, 

[5.4.5-2] 

2 x 1 (cLrE1) 15.4.5-4] e* f P E(e) = exP  (e*  

Figure 5.4-9 Mispoint Angle Parameters 
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Where: 

= the Bessel function of the first lcind, 
<BER> = f BER(e) PE(e) de [5.4.5-12] 

o 

otawaor 
SPAR 

This is the Burst Error Probability, or rate. The burst 
error rate is generally specified at the outset. It is e*, 
the maximum tolerable mispoint angle, that is the un-
known. Solving for e*: 

e* = c l/ -21n(PE) + E [5.4.5-5] 

This approximation has been determined to be very 
slightly pessimistic [129]. In the analysis that follows it 
is assumed that the static mispoint contribution, E, is 
negligible. The pointing error distribution is then 
purely Rayleigh. Interestingly, this assumption has 
been experimentally verified in the SILEX test bed. 
The SILEX system pointing error distribution ob-
tained is reproduced in Figure 5.4-10 [104]. This result 
compares very favourably with the normalized 
Rayleigh distribution of Figure 5.4-11. 

The objective now is to select an optimum beam width, 
ao, that will maximize the power available at e* while 
minimizing the power outside e>e*, where it is not 
detected, and within e<e* where the power level is 
within specification anyway. Therefore, e* represents 
the angle used in the link equation to account for 
mispoint losses. 

It is up to angle e* that the tracking and communication 
systems must operate. Designing them to operate only 
up to some lesser angle is a contradiction, since then a 
burst error would occur before e*. To design the sys-
tem to operate beyond e* is an overdesign better ac-
commodated by adding a gain margin at e*. 

Recasting the link equation to highlight only the terms 
relevant to this analysis, and lumping all the constants 
into K: 

K [211(7.664e/a)] 2  
Power Received 7.664 e/a Power Transmitted 

[5.4.5-6] 

a = the full Airy beamwidth to the first dark 
ring 
2.441 
—157 

A.  = wavelength of transmit beam; 

and the term in square brackets, is the normalized Airy 
function, A (e*, a). 

The power received has a peak value within the Airy 
diameter found by: 

d (Power Received)  . 0  , 
da 

with the solution [110, 111 ] : 

= 

 

[5.4.5-8] 

This result, overlapped with the beam Airy pattern is 
plotted in Figure 5.4-12. Therefore the optimum 
beamwidth is: 

a = 4.16 e* . 

The optimum mispoint power loss is found by substi-
tuting ao  into A (ex, a), with the result: 

A (e *, ao) 
[5.4.5-10] 

The optimum Airy beam diameter can now be deter-
mined from the burst error rate specification: 

ao =  4.16e* = 5.88a V --in(P) . [5.4.5-11] 

The mispoint probability distribution can also be used 
to determine other attributes of the communication 
link such as the expected bit error rate, <BER>: 

[5.4.5-7] 

r 4.16.  

[5.4.5-9] 

= 0.40 
= -4dB. 

a 
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Figure 5.4-10 SILEX Pointing Error Distribution 

Figure 5.4-11 Normalized Rayleigh Distribution 
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Figure 5.4-12 Received Power Profile/Airy Profile 

Since BER(e) can be a complex analytical expression, 
or may only be represented by a graph of empirical 
data, <BER> may need to be evaluated numerically. 
In this case Peters and Sasaki [130] daim the integra-
tion can be simplified since it is sufficient to integrate 
only to 50. 

Another parameter of interest is the mean mispoint 
angle. This is found quite simply as: 

<e> = I eP [5.4.5 -13] E(e) de = oef 
0 

This can prove useful for approximating mean link 
behaviour such as the bit error rate. 

If the receive telescope diameter is fixed and free to 
differ in size from the transmit telescope diameter, and 
the partner mispoint is assumed independent of the 
local mispoint then the optimal Airy diameter from the 

above analysis can be used to determine the optimal 
transmit telescope diameter. This is simply: 

2.44À 2  DT—  a0  2.41cnI — ln(P 

This result is plotted in Figure 5.4-13 for representative 
values of PE*. The implication from these plots is that 
a smaller telescope is better, since a large telescope 
leads to a narrow beam and greater probability of 
mispoint. This assumes that the transmit laser power 
can be scaled for the indicated beamwidth. An analysis 
like this was used by Hughes in their design [106] to 
select a tracking telescope diameter smaller than the 
receive telescope diameter. Alternatively Figure 5.4- 
13 can be used to determine the required accuracy once 
the diameter and burst error probability are established 
or to determine the resulting burst error probability 
once the diameter and the tracking accuracy are estab-
lished. 

[5.4.5-14] 
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Figure 5.4-13 Optimum Pointing Telescope Diameter 

The assumptions underlying the derivation of the op-
timal transmit telescope diameter are not entirely real-
istic. The two satellites are a mutually interacting 
system where each partner's mispoint is dependant on 
the local mispoint. This is because the partner's signal 
to noise ratio drops with increased mispoint. That 
causes an increase in the partner's noise equivalent 
angle, which contributes to a, which in turn  will cause 
the partner to mispoint. This will cause a similar in-
crease in the local noise equivalent angle and increased 
local mispoint. This cyclic process can destabilize the 
link. 

5.4.6 Interactive-Mispoint Algorfthm 

Determination of link stability requires a numerical 
approach which simulates the mutually interactive in-
fluence of mispoint on each of the two satellites. 'Ube 
algorithm used to model this process must cycle back 

and forth between the satellites reevaluating the 
mispoint distribution on each cycle. If the link lock is 
stable then the average mispoint angle converges to a 
finite value, otherwise it diverges. 

The assumptions used are: 

(i) There is no initial mispoint. E = O. 

(ii) The signal to noise ratio, SNR, is purely a 
function of received signal power and varies 
only with the mispoint: 

SNR(E) = A (E)SNR0  , 
where: 

zDT  

2J (II— — sine i  [  la _A  

li  T  —1-- sine 
9 
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(iii)The mispoint standard deviation, ége, is only a 
function of the local signal to noise ratio. All 
other parameters are considered fixed. 

(iv) The mispoint angle is Rayleigh distributed. 
2 

Pfr) exP (cfr • 
Cie  

The algorithm begins at satellite A and proceeds 
through the following steps: 

(1) Satellite A: initially pointing is perfect with 
EA  = 0, and ue,A  = 0. 

(2) Satellite B: since satellite A doesn't mispoint, 
SNRB  = SNRBA. 
This SNR causes the satellite to mispoint with 
an initial standard deviation of 

= cre(SNR40) , 
and with a mispoint distribution of 

(a 
0
)
2 exP [a-7 

ae,B 
0) 

e,B 
PB(e)— 

1 ( e 

(3) Satellite A: because of the mispoint distribution 
of satellite B, satellite A now experiences a 
lower SNR which leads to a larger ;A. The 
mean mispoint standard deviation now pro-
duced by A is 

co 
<ae,A > = f Cre ,(SNRA (e)) P B(e) de . 

0 ' 

Recall that from [130] the integration upper 
bound can be terminated at 5ao. 
The mispoint distribution of satellite A is now: 

<a 

2 

PA(e) — 
e,A>

2  exP [ (<ae >) • e,4  

(4) Satellite B: because of the mispoint distribution 
of satellite A, satellite B now experiences a 
lower SNR which leads to a larger cro. The 
mean mispoint standard deviation now pro-
duced by B is 

00 

<aee> f a EB(S NR B(e)) P A (e) de . o   

The mispoint distribution of satellite B is now: 
2 

exp  1 e  
<a  > 

<a: >2 [ 

( 
 -2» E,B 

(5) The algorithm now loops back to step 3. 

The algorithm terminates when <ai> con-
verges to a finite value. This convergence indi-
cates that the link lock is stable. If stable link 
lock is not possible then <;> will diverge. 
If all constant parameters at both satellite termi-
nais are equal, including the telescope diame-
ters, then the algorithm simplifies to the 
following recursive series: 

co 
= f a e(SNR(e)) le —1(e) de , [5.4.6- 1] 

e o 
2 

(e) e  2 eXP e , [5.4.6-2] 
(<a E >n) 

<aE > o -= aE(SNR(0)) , 

where  <ai > "<g/2 indicates stable link lock. 

This algorithm would use the previous parameter op-
timization procedure to establish the starting condi-
tions. The initial given is the burst error probability, 
PE*, selected to achieve an acceptable burst error and 
link reacquisition rate. Then select a a using equation 
[5.4.5-11] to achieve an acceptable ao. The v  found will 
define the initial acceptable SNR. This will also deter-
mine E *  which is used to define the receive laser power. 

P B(e) — 

<a > 

[5.4.6-3] 

Acquisition and Tracking 
Page 5-33 



[5.4.7-1] 
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After the algorithm has stabilized, use <a> and the 
previous e* (still the maximum allowable mispoint) to 
evaluate PE*. If the value is now too high something 
must be done to increase the SNR in order to decrease 
u before restarting the algorithm. Clearly this repre-
sents a second level of iteration. A comprehensive 
analysis would generate a plot of initial SNR values 
against final PE* for a range of telescope diameters 
allowing quick selection of an appropriate design. 

A study of ISL behaviour using this kind of algorithm 
was performed by Peters and Sasaki [131] using an 
expression for a including only noise equivalent angle 
effects. They used the approach to determine the final 
bit error rate (BER) for a stable link according to the 
theory they developed [130]. Their results show that 
link stability is strongly determined by the initial noise 
equivalent angle, which in turn is determined by the 
initial tracking signal to noise ratio. However, once the 
link is stable then performance improves without 
bound as the signal to noise ratio à increased by in-
creasing the receive/transmit telescope diameter. Fig-
ure 5.4-14 shows some of their results. This result was 
confirmed by this author while experimenting with the 
above algoritlun. 

Clearly it is important to perforrn this type of analysis 
on any preliminary ISL design to confirm its opera-
tional viability. 

5.4.7 Link Reacquisition Probability 

Due to the random nature of the mispoint angle it is 
inevitable that the transmit beam will mispoint long 
enough to force the partner to reacquire the link. The 
proportion of time spent in mispoint was determined 
as PE*. However, reacquisition represents a much 
more prolonged communication interruption. It can 
also require use of a beacon which impacts the available 
lifetime of the device. Clearly it is important to under-
stand the expected frequency of link acquisition. 

This frequency is difficult to formulate since it is de- 
pendant on the specific tracking loop behaviour and 
the noise power spectrum. However, an estimate can 

be derived assuming white noise and a uniform low-
pass tracking loop response. 

The link is reacquired when the mispoint angle 6  > 
for a period r > r*. r* is the minimum time needed for 
the tracldng system to sense the mispoint. Therefore, 
given a joint probability distribution of e and r,f(e, r), 
the probability of reacquisition is: 

p(e*, T*) f f f(e,r) dedT . 
T* e* 

Restated, 

pip* _e \ r lim T* 
`"" '" T-I> co T ' 

where T* is the total time spent in the severe mispoint 
region e > e* and r>  r* during the period T. Repre-
senting the number of times spent in severe mispoint 
during period T by n(T): 

• lim n(T) re  
Pe  = T-•00 T 

= Twn (T)  

where e is the mean period for r > r* thereafter, 
overstrike always refers to the mean) and n (T) is the 
ensemble-mean number of acquisition cycles in period 
T. Therefore: 

n(T) = P(e*,e)i-4-; [5.4.7-4] 

The mean period in which to expect a single acquisition 
cycle is now: 

Tir * * 
= 7(e 1  • 

Assuming the occurrence of severe mispoint is equEdly 
probable at any time within Tl , and T1  > >r*, then the 
mean period between each acquisition cycle is 

[5.4.7-3] 

[5.4.7-5] 
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Since, by definition, there is only one occurrence of E 
>  Ce  and r>  r* during  7,  and since r«Ti', this 
model is an excellent candidate for Poisson statistics 
where the probability of n acquisition cycles within a 
time interval T, P(n, T), is: 

[5.4.7-6] 

Solving for 77 requires determination of r. This is 
found by: 

00 OD 

= f f rf*(e,r) de dr.  . 
7* e* 

[5.4.7-7] 

where p* r) is the probability density of e and r 
within the region E > e* and r > r*. Therefore: 

00 
f f re(e,r) de dr = 1 . 
s* t *  

Begin by defining q(r) as the probability distribution of 
mispoint durations for r>  0. Realistically, e is a func-
tion of time, characterised by a given spectrum. Since 
E is the result of noise in the signal and sensor, assume 
it to be a band-limited white Rayleigh process. There-
fore all frequencies of e are equally likely. The re-
sponse of the combined tracking and pointing systems 
will effectively bandlimit the spectrum of e to BT. The 
implication is that the frequency probability density 
function is uniformly distributed over the band 0 to BT. 
However, this assumes that the occurrence of individ-
ual frequencies is mutually exclusive, which is not gen-
erally true. Many frequencies can coexist 
simultaneously. For instance, a mispoint of duration r 
can result from the addition of a group of waveforms 
with a variety of frequencies of differing amplitude. 
However, derivation of a distribution for r resulting 
from an ensemble of non mutually-exclusive events is 
quite daunting, so to proceed with the analysis it will be 
assumed that one frequency dominates the generation 
of r, and that this frequency is uniformly distributed: 

(T/T)' 1  exp(—T/Ti) 
P(n,T) — 1 n! 

[5.4.7-8] 

The problem now is that we know e is Rayleigh distrib-
uted, but we kncnv nothing about r. 

1 P(f) 71— BT  

=0 f > BT  [5.4.7-12] 
To proceed some assumptions need to be made. First, 
assume that E and r are statistically independent. 
Therefore: 

ne,T) = p5(e)q 5(r) [5.4.7-9] 

where 

* „ P(e)  pe) = é , restri * cted e>e . 
E 

Ordinarily, a definition of  q(r) is needed to evaluate 

From this q(r) can readily be found by making another 
simplifying assumption that the duration of a mispoint 
of a given frequency is half the period of that fre,quency 
since every cycle contains at least two symmetrical but 
opposing half cycles. Therefore: 

f2  
Prob(f2kft kfi) = f = Pf1._ , 

T 

1 
2 

but 

[5.4.7-10] 
[5.4.7-13] 

00 
Tw 1 5 rq *(r)dr . 

T* 

However, since a number of simplified assumptions 
need be made in the derivation of  q1(r) anyway, there 
is an easier way. 

1 1=27 
T2 

 dr  P f 
fif2 — 2B 2  1 T 
where r >  r2  . 

Therefore: 

[5.4.7-11] 

[5.4.7-14] 
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q(r) — 
[5.4.7-20] 

1 
" T 

1 [5.4.7-15] 
Therefore, the expected number of acquisition cycles 
during a mission of duration Tm is: 

An acquisition cycle is triggered when r exceeds some 
value r*, a period greater than the shortest period 
allowed by the response of the system: 

[5.4.7-16] As an illustrative example, assume a 5 year mission with 
the following characteristics: 

K 
z k T.` = 

w
Ka  > 1 . 

t 

1 

2BT 
72 

=0 

ri  . _,,_, _ _IC a  (Ka ) IC,2, 
1-7' — BP' -. P(e , T.  ) BT E TE 

lee 

T. T
in  B

TPE* 
Fla' "r =  i 

[5.4.7-21] 
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The distribution of e in this region is given by q*(r) 
which is simply, 

Ka  
er) - -- - 2 1 3 7  . r 

y* can be found from q*(r), but is more easily derived 
by noting that r is  hall the period of the mean fre-
quency in the region f 5 BTIKa. Since the region is 
uniformly distributed, this is just the median frequency. 
Therefore 

[5.4.7-18] 

The probability of severe mispoint can now be calcu-
lated: 

OD 00 

= f f p(e) q(r) dr de 
E*  T*  

œ 

=  PE*  f q(r) dT 
r* 

p 7 cir 
Ka  2.13 7.1" 

28,r 

P  E*  
= Ka  

We can now estimate the mean period between acqui-
sition cycles to be: 

= 10-8, 
= 1 kHz, 
= 2, 
= 5 years = 1.58 x 108  sec. 

The result is 4000 seconds, or 1.11 hours, between 
reacquisitions, with 39,000 acquisition cycles in total 
during the mission. 

5.4.8 Recommendations 

Two concerns dominate the pointing problem: mainte-
nance of a point-ahead angle; and tolerance of noise. 
Over the GEO to LEO and GEO to GEO distances 
considered here it is imperative to use a narrow com-
munication beam requiring point-ahead. The estab-
lished means of maintaining this point-ahead angle 
employs a separate assembly of mirrors and detectors. 
However, with modern high speed detectors and con-
trol electronics it should be possible to overlap point-
ahead control with the tracking function by tracking to 
an angular offset, the angle determined with locally 
stored orbital ephemeris. This approach would sim-
plify the ISL system design considerably. 

Noise has its greatest influence within the ISL system 
on pointing,  soit  is imperative that all noise sources be 
identified and quantified. The basic rule is to maximize 
received signal strength and broaden the tracking con-
troller bandwidth as much as possible. Once the noise 
behaviour is identified and a range of telescope diam-
eters selected a stable ISL design can be developed 
using the interactive-link algorithm presented. 

[5.4.7-17] 

Ka  

P(e* , r*) 

[5.4.7-19] 

PE* 
B 
KT  
Tma  
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The ISL network proposed overlaps the pointing and 
tracking functions without using a point-ahead mech-
anism or detector (Figure 5.4-15). Instead, the point-
ahead function is performed by the fine tracking 
assembly and controller. 

The system is calibrated to cause the transmit beam to 
align with the optical network boresight. CCD-type 
Quadrant detectors are used for receive beam fine-
tracking. In order to avoid the use of a separate point-
ahead assembly, the receive signal is offset from the 
quadrant detector centre by an amount équivalent to 
the point-ahead angle. The point-ahead offset is con-
trolled open-loop from orbital ephemeris data period-
ically uploaded from ground. 

This approach is made possible through the appropri- 
ate design of the network optics, and through the use 

of a programmable controller. In the case of the opti-
cal network, a 25 x magnification telescope/eyepiece 
assembly, and a 350 mm path between the telescope 
eyepiece and a 15 mm communication detector lens. 
Combined, this design provides a 300 prad communi-
cation field of view. This is more than adequate to 
accommodate the -±50 prad maximum offset required 
for point-ahead. The programmable controller is 
needed to dynamically adjust the offset of the receive 
beam from the tracking detector centre, and also to 
provide the fast response for compensating fine track-
ing disturbances. This approach differs from the other 
published methods which use a controller with a static 
control law to maintain a zero offset throughout the 
tracking phase. CAL feels this type of control can be 
accomplished with a space-qualified microprocessor-
basexl CCD acquisition and processing system already 
developed by CAL 
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6.0 TERMINAL DESIGN 

6.1 Design Procedure 

The optical intersatellite link is characterized by very 
narrow beam widths which minimize the transmitter 
power requirements by increasing the acquisition and 
tracking requirements. This places great importance 
on the design of the acquisition and tracking systems. 
The step by step design procedure presented below has 
been generally followed in the present design exercise 
except tht step 5 and 6 have not been attempted. 

1. On the basis of range, bit rate, bit error rate, 
laser wavelength and power, evaluate the link 
and determine the minumum telescope diame-
ter to support the communications traffic assum-
ing equal diameter for transmit and receive. 
From the minimum diameter the maximum 'VD 
is calculated. 

2. The maximum mispoint angle e is optimally 
placed at 4 dB down on the beam contour which 
is at 0.24 times the full beam width to the first 
null or 0.58 .1/D. 

3. From the tracking specification for loss of lock 
probability (PE) or burst probability and the 
maximum mispoint angle determined above, de-
termine the maximum noise equialent angle 
(NEA) from 

0.58 2/D  MaX  

—2In (PE) —V---22(17 

4. The minimum SNR is then obtained from 
1 3x I  VSNR = NEA 16 q• 

From the SNR and the tracking loop bandwidth, 
determine the signal power required for track-
ing. 

5. Evaluate the bit error rate over the beam width 
and determine the average bit error rate by in-
tegrating over a Rayliegh distributed pointing 
error out to 5 x NEA. Compare the average bit 
error rate to the bit error rate versus pointing 
angle to determine the pointing loss value for 
communications. 

6. Carry out an analysis of link stability and on the 
basis of this, and taking into account the tracking 
power requirements and the communications 
pointing loss; reoptimize the link parameters. 

7. The optics optimized above, and the required 
sensor power, determine the acquisition beacon 
power and the acquisition strategy. 

6.2 Requirements 

6.2.1 Baseline - 100 Mbps Direct Detection 

The baseline system is required to provide communi-
cations between a geostationary satellite (GEO) and a 
low earth orbit satellite (LEO). The bit rate in the 
forward direction, from GEO to LEO is 19.2 kbps 
which is sufficient to provide command capability of 
the LEO satellite. The bit rate in the return direction 
is 100 mbps which is required to handle the high data 
rates generated on the LEO satellite. This requires a 
100 mbps transmitter on the LEO satellite with a co-
operating 100 mbps receiver on the GEO satellite. In 
the forward direction the GEO transmitter and the 
LEO receiver both operate at 19.2 kbps. Apart from 
this difference the two terminals are very similar in 
design. 

A mini specification for the GEO/LEO link is given in 
Table 6.2-1 which is based on the link budget of table 

NEA — 
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6.2-2. A conceptual diagram of the optical system is 
shown in Figure 6.2-1 for the LEO terminal and in 
Figure 6.2-2 for the GEO terminal. An AlGaAs laser 
diode with approximately 80 mw is sufficient to trans-
mit 100 mbps with a telescope of 13.6 cm diameter. The 
modulation in the return direction is QPPM to maxi-
mize performance for the high bit rate. In the forward 
direction simple ASK gives adequate performance. 

The telescope diameter is derived from the telescope 
gain requirements based on the link budgets to meet 
the range and bit rate objectives. The other telescope 
parameters are design parameters with the values 
listed to indicate the design chosen. 

The course pointing mechanism (CPM) consists of the 
motor driven gimbals to point the telescope in the 
direction of the target satellite. These have to cover a 
range determined by the orbit parameters. In this case, 
the geostationary satellite has to point the telescope 
only in the direction of the earth equal to ± 15 degrees 
in both pitch and roll. On the other hand, the LEO 
satellite must cover the entire hemisphere with some 
additional range to minimize the probability of hitting 
the end of the range in the middle of the pass. The 
precision of the course pointing mechanism must be 
small enough so that the telescope can be moved with-
out going beyond the range of the fine  pointing mech-
anism. 

The slew rate of the CPM is large to minimize the 
elapsed time in the event that the azimuth stop is 
reached or, in the case of acquisition, to reach the 
indicated pointing direction. 

The optical encoder determines the pointing angle of 
the telescope with a resolution such that any motion of 
the course pointing mechanism is easily determined. 

The fine pointing mechanism is usecl to point the beam 
to an accuracy which is small compared to the beam 
width and with a response time capable of following the 
spectrum of disturbances expected. 

Acquisition is achieved by means of a broadened beam 
using a high power beacon laser on the transmit side 
and a wide angle CCD detector on the receive side. 

The time allocated for acquisition is 120 seconds and 
the probability of achieving contact in that time is 95%. 

After contact is established the probability that contact 
is lost due to noise in the tracking system should be less 
than 0.04% per hour which translates to an availability 
of better than 0.998. 

Two laser transmitters and two detectors are provided 
in a 2 for 1 redundancy configuration. The two lasers 
are wavelength multiplexed as are the two detectors in 
such a way that one detector works with one transmit-
ter and if either the laser or detector fails the other is 
not useable. 

Two fine track detectors are also provided in a 2 for 1 
redundancy configuration. The two detectors are con-
nected with a 3 dB power split so that each of the track 
detectors will work with either of the laser transmitters. 

6.2.2 Option 1 -1 Gbps Link with 
Wavelength Multiplexing 

There are two options described for increasing the bit 
rate capability of the return link to one gigs bit per 
second (1 Gbps). The one, described in this section, 
uses a series of wavelength multiplexed AlGaAs lasers 
to achieve the total throughput of 1 Gbps. A concep-
tual diagram is given in Figure 6.2-3 for the LEO 
terminal and in Figure 6.2-4 for the GEO terminal. 
The bit rate of each channel (laser) has been raised, 
compared to the baseline, to 250 mbps so that only four 
operating lasers are required to provide the required 1 
Gbps. A total of 6 wavelength multiplexed lasers are 
provided for redundancy purposes. 

On the receive side of the return link, the same direct 
detection QPPM receivers are used as for the baseline, 
with the bit rate per channel increased to 250 mbps to 
match the transmit bit rate. A total of six receivers are 
used for redundancy purposes. The six receivers are 
wavelength multiplexed in the same manner as the 
lasers in such a way that there is a one to one corre-
spondence between the lasers and receivers. Each 
receiver works with only one laser so that if either the 
laser or the receiver fails then the complete channel is 
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Table 6.2-1 Optical ISL Requirements (Baseline) 

TERMINAL GEO LEO 

Bit Rate forward (kbps) 19.2 19.2 
return (Mbps) 100 100 

Bit Error Rate lee 10'6  

Laser AlGaAs AlGaAs 

Wavelength (m) 0.8 - 0.9 0.8 - 0.9 

Wavelength stability TBD 'TBD 

Laser power (mw) 1 80 

Detection direct direct 

Modulation forward ASK ASK 
return OPPM OPPM 

Telescope type Reflective Reflective 
diameter (mm) 136 136 
rnagnification 30 30 

Course pointing rnechanism (CPM) 
coverage (deg) ± 15 pitch ± 203 Azimuth 

± 15 Roll —loto +100  elevation 
orientation TBD TBD 
precision (uRad) ± 100 ± 100 
slew rate (deg/sec) 20 20 

Encoder type optical optioal 
resolution (uRad) ± 15 ± 15 

Tracking mirror range (uR) ± 200 ± 200 
detector type CCD CCD 
detector range (uRad) ± 200 ± 200 
maximum point ahead angle (wad) ± 50 *50  
tracking accuracy (NEApRad) ± 0.5 ± 0.5 
response frequency (Hz) 1200 1200 

Mass TBD TBD 

Power TBD TBD 

Temperature Range (°C) 15 - 25 15 - 25 

Temperature Gradient TBD TBD 

Acquisition beacon transmitter separate telescope separate telescope 
beacon power (w) s3.8 s 3.8 
beacon wavelength (um) 0.8 - 0.9 0.8 - 0.9 
wavelength stability (deg) TBD TBD 
cone of uncertainty (deg) ± 0.15 ± 0.5 
acquisition time (sec) 120 120 

Detector range (Rad) ± 9000 ± 9000 
detector type CCD CCD 
probability (%) 95 95 

Probability of losing lock (%/hour) 0.04 0.04 

Availability .95 .95 

Terminal Design 
Page 8-3 



Forward Return 
Laser Type AlGaAs AlGaAs 
Wavelength (nm) 850 850 
Bit Rate (Mbps) 0.0192 100 
Modulator type Bias Bias 
Modulation type ASK ASK 
Detection type Direct Direct 
Path Length (km) 47000 47000 

TRANSMIT TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 13.6 
Aperture Gain 114.0 

'Aperture Eff./blockage 1.8 
Support Member Blockage 0.0 
Surface Errors 0.5 
Defocusing 0.2 
Transmission Loss 0.8 
Pointing Loss 0.6 
N.E.A. (micro rad.) 0.62 

TRANSMITTER POWER (dBW) 
Average Laser Power(dBW) -34.1 

(Watts) 0.000389 
Modulator Efficiency 0.0 
Modulator Transmission 0.0 
Polarizer Loss 0.0 

TRANSMIT OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 0.1 
Beacon Laser Coupler 0.1 
Beacon Detector Coupler 0.1 
Fine Track. Det. Coupler 0.1 
Comme.  Det. Coupler 0.1 
Look-ahead Coupler 0.1 
Look-ahead Mirrors 0.1 

110.1 110.3 
13.6 

114.0 
1.9 
0.0 
0.5 

0.8 
 0.4 

0.5 

-34.1 -10.9 
- 10.9 
0.081 

0.0 
0.0 
0.0 

-0.7 -0.7 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

SPACE LOSS (dB) 

RECEIVE TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 
Aperture Gain 
Aperture Eff./blockage 
Support Member Blockage 
Surface Errors 
Transmission Loss 

RECEIVE OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 
Beacon Laser Coupler 
Beacon Detector Coupler 
Fine Track. Det. Coupler 
Comme.  Det. Coupler 
Polarizer loss 
L. O. coupler loss 
Wavefront mismatch 
Alignment mismatch 

-296.8 

112.4 
13.6 

114.0 
0.3 
0.0 
0.5 
0.8 

-7.4 -0.5 
0.1 0.1 
0.1 0.1 
0.1 0.1 

6.97 0.14 
0.1 0.1 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

RECEIVER SENSITIVITY (dBW) 
Photon Energy (3) 2.34E-19 
Av. Ph./Bit at BER=10-6 45.0 
Rcv. Sens. (dBW) -126.9 
Extinction ratio assumed 0.05 
Laser Linewidth 0.0 
Background Noise 7.5 

-119.4 
2.34E-19 

45.0 
-89.8 
0.05 
0.0 
0.5 

-89.3 

SYSTEM MARGIN 3.0 3 • 0 

-296.8 

112.4 
1'3.6 

114.0 
0.3 
0.0 
0.5 
0.8 
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Table 6.2-3 Option 1 Optical ISL Requirements (where different from baseline) 

GEO Terminal LEO Terminal 

Transmitter type AlGaAs AIGaAs 
number single laser four wavelength multiplexed lasers 
laser wavelength (um) 0.8  -0.9 0.8 - 0.9 
wavelength stability TBD TBD 
laser power (each) (mW) 1 80 
bit rate per channel 19.2 kbps 250 Mbps 
redundancy 2 for 1 efor 4 
telescope diameter (mm) 180 180 

Receiver type APD direct detection APD direct detection 
number four wavelength multiplexed detectors single detector 
redundancy 6 for 4 2 for 1 

lost. Option 1 parameters that differ from the baseline 
are given in Table 6.2-3. These requirements are based 
on the link budget of Table 6.2-4. 

In the forward direction, the bit rate at 19.2 kbps is 
unchanged from the baseline and the same configura-
tion is used. 

Two fine track detectors are provided in a 2 for 1 
redundancy configuration. The two detectors are con-
nected with a 3 dB power split so that each of the track 
detectors will work with all six of the lasers. 

6.2.3 Option  2- 1 Gbps with Heterodyne 
Detection System 

The second option increases the bit rate in the return 
direction by using a single 1 Gbps Nd:Yag laser and a 
heterodyne receiving system. In the forward direction 

the bit rate remains at 19.2 kbps and the same AlGaAs 
laser with direct detection receiver is used as for the 
baseline. Option 2 parameters that differ from the 
baseline are given in Table 6.2-5 which is based on the 
link budget of Table 6.2-6. A conceptual diagram is 
shown in Figure 6.2-5 for the LEO terminal and in 
Figure 6.2-6 for the GEO terminal. 

The redundancy requirement is 2 for 1 for both the 
lasers and receivers, the lasers operate at different 
wavelengths and are combined into a single optical 
path by wavelength multiplexers. This means that each 
receiver operates only with one laser and if either the 
laser or the receiver fails then the other is not useable. 

As with the other options, the fine pointing detectors 
are connected with a 3 dB power splitter so that each 
work with either transmitter. 

Table 6.2-5 Option 2 Optical ISL Requirements (where different from baseline) 

LEO Terminal GEO Terminal 

Transmitter type Nd:Yag AlGaAs 
laser power (mW) 800 1 
wavelength (um) 0.96 - 1.06 0.8 - 0.9 
wavelength stability TBD TBD 
modulation PSK ASK 
number One one 
redundanoe 2 for 1 2 for 1 
bit rate per channel 1 Gbps 19.2 kbps 
telescope diameter (mm) 215 215 

Receiver type Direct detection Heterodyne 
redundancy 2 for 1 2 for 1 
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Forward Return 
Laser Type AlGaAs AlGaAs' 
Wavelength (nm) 850 850 
Bit Rate (Mbps) 0.0192 250 
Modulator type Bias Bias 
Modulation type ASK ASK 
Detection type Direct Direct 
Path Length (km) 47000 47000 

TRANSMIT TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 18.0 
Aperture Gain 116.5 
Aperture Eff./blockage 1.8 
Support Member Blockage 0.0 
Surface Errors 0.5 
Defocusing 0.2 
Transmission Loss 0.8 
Pointing Loss 0.7 
N.E.A. '(micro rad.) 0.5 

TRANSMITTER POWER (dBW) 
Average Laser Power(dBW) -38.4 

(Watts) 0.000145 
Modulator Efficiency 0.0 
Modulator Transmission 0.0 
Polarizer Loss 0.0 

TRANSMIT OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 0.1 
Beacon Laser Coupler 0.1 
Beacon Detector Coupler 0.1 
Fine Track. Det. Coupler 0.1 
Comms. Det. Coupler 0.1 
Look-ahead Coupler 0.1 
Look-ahead Mirrors 0.1 

112.4 112.4 
18.0 

116.5 
1.8 
0.0 
0.5 

0.8 
0.7 
0.5 

-38.4 -11.1 
-11.1 
0.078 

0.0 
0.0 
0.0 

-0.7 -0.7 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

SPACE LOSS (dB) 

RECEIVE TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 
Aperture Gain 
Aperture Eff./blockage 
Support Member Blockage 
Surface Errors 
Transmission Loss 

RECEIVE OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 
Beacon Laser Coupler 
Beacon Detector Coupler 
Fine Track. Det. Coupler 
Comme. Det. Coupler 
Polarizer loss , 
L. O. coupler loss 
Wavefront mismatch 
Alignment mismatch 

SYSTEM MARGIN 

RECEIVER SENSITIVITY (dBW) 
Photon Energy (J) 2.34E-19 
Av. Ph./Bit at BER=10"-6 50.0 
Rcv. Sens. (dBW) -126.5 
Extinction ratio assumed 0.05 
Laser Linewidth 0.0 
Background Noise 7.5 

-119.0 
2.34E-19 

50.0 

0.05 
0.0 
0.5 

-84.8 

3.0 3.0 

-296.8 

114.9 
18.0 

116.5 
0.3 
0.0 
0.5 
0.8 

-296.8 

114.9 
18.0 

116.5 
0.3 
0.0 
0.5 
0.8 

-7.4 -0.5 
0.1 0.1 
0.1 0.1 
0.1 0.1 

6.97 0.14 
0.1 0.1 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 

Spar Program 3670-F 
Volume 1 - Final Report 

Table 6.2-4 Option 1 Link Budget for 1 Gbps Wavelength Multiplered Direct Detection System 

Terminal Design 
Page 6-8 



Forward Return - 
Laser Type AlGaAs Nd:Yag 
Wavelength (nm) 850 1060 
Bit Rate (Mbps) 0.0192 1000 
Modulator type Bias External 
Modulation type ASK PSK 
Detection type Direct Hetrodyne 
Path Length (km) 47000 47000 

TRANSMIT TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 
Aperture Gain 
Aperture Eff./blockage 
Support Member Blockage 
Surface Errors 
Defocusing 
Transmission Loss 
Pointing Loss 
N.E.A. (micro rad.) 

114.4 112.5 
21.5 
116.1 

1.8 
0.0 
0.5 
0.2 
0.13 
0.3 

0.35 

-45.0 
-0.6 
0.87 

0.1 
0.3 

-0.7 -0.7 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 

T 

21.5 
118.0 

1.8 
0.0 
0.5 
0.2 
0.9 
0.3 

0.35 

RECEIVE TELESCOPE GAIN (dB) 
Aperture Diameter (cm) 
Aperture Gain 
Aperture Eff./blockage 
Suppor Member Blockage 
Surface Errors 
Transmission Loss 

RECEIVE OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 
Beacon Laser Coupler 
Beacon Detector Coupler 
Fine Track Det. Coupler 
Comms. Det. Coupler 
Polarizer loss 
L. O. Coupler loss 
Wavefront Mismatch 
Alignment mismatch 

RECEIVER SENSITIVITY (dBW) -119.0 
Photon Energy (J) 2.34E-19 1.87E-19 
Av. Ph./Bit at BER=10^-6 50.0 85.0  
Rcv. Sens. (dBW) -126.5 -78.0 
Extinction ratio assumed 0.05 0.05 
Laser Linewidth 0.0 ' 0.1 
Background Illumination 7.5 0.00 

SYSTEM MARGIN 6.7 

-77.9 

TRANSMITTER POWER (dBW) 
Average Laser Power(dBW) -45.0 

(Watts) 0.00003 
Modulator Efficiency 0.0 
Modulator Transmission 0.0 
Polarizer Loss 0.0 

TRANSMIT OPTICS PATH LOSS (dB) 
Fine Pointing Mirrors 0.1 
Beacon Laser Coupler 0.1 
Beacon Detector Coupler 0.1 
Fine Track Det. Coupler 0.1 
Comms. Det. Coupler 0.1 
Look-ahead Coupler 0.1 
Look-ahead Mirrors 0.1 

SPACE LOSS (dB) 

21.5 
118.0 
0.3 
0.0 
0.5 
0.8 

0.1 
0.1 
0.1 

0.14 
0.1 
0.0 
0.0 
0.0 
0.0 

21.5 
116.1 

0.3 
0.0 
0.5 
0.8 

-0.5 -2.7 
0.1 
0.1 
0.1 

0.14 
0.1 
0.3 

0:7; 

-294.9 

114.5 

-296.8 

116.4 
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Figure 6.2-6 Conceptual Diagram of the Option 2 GEO Terminal Operating at 1 Gbps 
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6.3 Optical Path Layout 

6.3.1 Design of the Beacon Transmitter 

The beacon transmitter is a multiple laser diode assem-
bly vvith a minimum power output of 3.8W. This power 
is spread over a wider beam width than the communi-
cations laser beam width which is dependent on the 
ability to detect the presence of the beacon signal at 
the acquisition detector. The beacon transmitter does 
not make use of the main telescope since it has a broad 
beam. The acquisition detector does use the main 
telescope in order to maximize the sensitivity of the 
receive system. The beacon transmitter is scanned 
over the cone of uncertainty and when contact is made 
it is unlikely to be at the peak of the beam. A 3 dB 
pointing loss is included for this factor. In addition 3 
dB loss is included for the power division to drive the 
main and redundant acquisition detectors. The beacon 
beam width is of the order of 700 IsRad which is less 
than the cone of uncertainty for the GEO spacecraft 
and much less than that for the LEO satellite. Typical 
beacon laser telescopes are refractive designs with 
about a 2-3 cm diameter. 

An alternative approach is to enlarge the beacon laser 
beam width until the beam width equals the cone of 
uncertainty. This cone is equal to ± 8700 ,uRad for 
Radarsat and ± 2600 ,uRad for the geostationary sat-
ellite. When this is done it is still possible to close the 
loop by increasing the dwell time or integrating the 
signal over many bit periods. To cover the larger cone 
of uncertainty of ± 8700 ,uRad the bit period must be 
increased by more than two orders of magnitude. Un-
fortunately the number of background noise photons 
also increases by two orders of magnitude with the 
result that the reduced signal level is immersed in 
background noise photons and much larger integration 
times would be required to detect the signal source. 
Much more detailed analysis would be needed to de-
termine the integration time required to ensure acqui-
sition. 

The scanning beacon approach is recommended. 

6.3.2 Communication and Acquisition 
Detector Optical Path Design 

In order to design the optical path, the requirements 
specified in Table 6.3-1 must first be identified. An F14 
collection telescope has been assumed. The selection 
of the F/# is a tradeoff between size and performance. 
As the telescope speed is improved the telescope 
length diminishes but the manufacturing tolerances 
become more stringent. On the US LITE program an 
F/1.7 Dall Kirkam design with a 20 cm aperture was 
employed. The high speed was dictated by volume 
constraints but super invar metering rods and careful 
thermal control were required to maintain the sensitiv-
ity [94]. 

The telescope could be either reflective or refractive 
depending upon the aperture size, the operating wave-
length, the weight and stability requirements. For this 
analysis a Cassegrain telescope will be employed since 
it the most commonly employed design for OISL appli-
cations [95]. Also, a certain amount of athermaliza-
tion is obtained with this design provided temperature 
gradients are minimized. Another advantage of the 
Cassegrain is that an intermediate image is formed, 
before the eyepiece, allowing a field stop (Lyot stop) 
to be positioned to limit the stray radiation from off axis 
sources such as the sun. 

Table 6.3-1 Baseline OISL System Requirements 

Telescope Type Cassegrain 

Diameter (a) 13.6 cm 

F/# (Fobj  / a) 4 

Magnification 30 

Acquistion FOV LEO 8700 grad (±.5 degrees) 

Acquistion FOV GEO 2600 prad (±0.15 degrees) 

CPA Precision 200 prad peak to peak 

Fine Pointing FOV 400 prad peak to peak 

Look Ahead Angle 100 grad peak to peak 

Communication Detector FOV 100 -150 'dad peak to peak 
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Following the collection telescope an eyepiece is em-
ployed to collimate the optical beam while magnifying 
the telescope field of view. 

The Magnification is given by: 

M — 
Tan . ) F .  
 eYePteee obi  
Tan (0 . ) F eYelneee eYe 

For this analysis a magnification of 30 was selected. 
This selection requires a tradeoff between the system 
FOV and the allowed optical element size. If the 
magnification is too low then the large collimated beam 
diameter will lead to large detector lens diameters. 
Alternatively, as will be illustrated in the next section, 
a large magnification and acquisition FOV can lead to 
a excessively large acquisition detector lens diameter. 

P = 

Figure 6.3-1 illustrates the interaction of the basic 
optical parameters. For the baseline OISL design the 
derived parameters are: 

pupil diameter equals 4.5 mm 
the objective lens focal length equals 544 mm  

the eyepiece focal length equals 18.1 mm 
the eyepiece aperture equals 14.3 mm 

6.3.2.1 Design of the Optical Path for the 
Acquisition Detector 

The acquistion detector is placed as close as possible 
to the optical telescope eyepiece so as to minimize the 
beam diameter. Figure 6.3-2 illustrates optical layout 
for the acquistion detector receiver. The beacon laser 
radiation is captured by the primary telescope and 
collimated by the eyepiece. Once the beam emerges 
from the eyepiece it strikes the beam splitter and is 
directed into the acquistion detector lens. The optical 
beam splitter may be a dichroic element if the beacon 
laser operates at a wavelength different from the com-
munication laser, otherwise the beam splitter will only 
be a partial reflector. Given an acquisition field of view 
of ± 8700 pradians, the aperture diameter of the 
acquistion detector lens is given by: 

d = p+2LMTane-2(F obi +F eye) Tan° 

where: 

mm is the eyepiece pupil diameter 
mm is the telescope focal length Fobj 

APLANATIC 
OBJECTIVE OPTICS 

Figure 6.3-1 OISL Telescope Optical Schematic 
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Figure 6.3-2 The Acquistion Detector Optical Layout 

mm is the eyepiece focal length 
L is the separation between the 

acquistion detector lens and the 
eyepiece 

M - is the magnification of the 
eyepiece 

0 rad is the acquistion half angle field of 
view 

A close examination of this equation reveals that for 
the OISL application, the second term dominates. 
Table 6.3-2 illustrates the predicted beam diameter as 
a function of eyepiece/acquisition lens separation. 
Note that once the optical beam leaves the telescope 
eyepiece, the beam diverges requiring an increasing 
larger collection optics clear aperture. If the FOV is 
large enough then a runaway condition can be reached 
in which the packaging of the redundant optics be-
comes a very difficult problem. Figure 6.3-3 illustrates 

Table 6.3-2 Acquisition Detector Lens Diameters 

Eyepiece/Acquistion Detector Peculation Detector Lens 
Separation (L) mm Diameter (d) mm 

50 21 

75 34 

100 47 

125 60 

150 73 

the relative size increase which can occur between the 
beamsplitter and the detector collection lens. 

To avoid this runaway condition, a design modification 
was implemented, based upon a wide angle lens for a 
SLR Camera in which a deflection mirror is accommo-
dated between the lens and the image plane [85]. As 
illustrated in Figure 6.3-7, the acquisition detector 
beam splitter can be placed directly behind the eye-
piece on the underside of the optical bench. By em-
ploying a negative front lens group and a rear positive 
lens group (reversed telephoto lens) the back focal 
length can be lengthened (beyond the effective lens 
focal length), allowing a beam splitter to be accommo-
dated before the detector array. The disadvantage 
with this design is that the placement of the beamsplit-
ter after the correction elements, within the converging 
beam, will be very sensitive to misalignment especially 
since the detector is effectively viewing a ±15 degree 
FOV (For an acquistion FOV of -17.5 degrees or 8700 
,u radians). 

Charge coupled detectors are commonly employed as 
acquistion detectors. The course pointing assembly is 
adjusted until the beacon laser spot size is aligned in 
the center of the array. 

The acquisition detector size is determined by the de-
sired detector lens F/# and the system FOV. As illus-
trated in Figure 6.3-4, assuming a CCD array size of 10 
mm square the detector lens focal length shall be 36 
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Figure 6.3-3 The Acquistion Detector Beam Diameters 

Figure 6.3-4 The Acquistion CCD Detector Size Requirements 
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the lens F/# will be 1.8. With a course pointing preci-
sion of 200 ,uradians peak to peak the maximum pixel 
size to ensure acquistion is 76 pm square. This yields 
a CCD array format of only 131 pixels square. How-
ever, manufacturability considerations will reduce the 
desired pixel size to about 20 - 40 ,um increasing the 
pixel count to better than 256 x 256. 

Therefore during course pointing the stabilization al-
gorithms will drive the beacon laser spot to the center 
of the CCD array; where the center of the array is 
defined by an area of about 4 pixels square. Since the 
beacon laser spot will be close to diffraction limited ( 
3.5 um diameter) the actual signal will only appear on 
a single pixel within this central area. The software 
algorithms will have to be adapted to ensure that the 
stabilized condition is recognized. Should it be neces-
sary to reduce this number to a single pixel, the CCD 
could be moved closer to the detector lens however, 
this would require a faster lens leading to 
manufacturability problems. 

Clearly further detailed tradeoffs are required before 
the optimum acquistion detector design is established. 

6.3.2.2 Communications Optical Path Design 

The communication optical path is designed using the 
same mathematical relationship established in the pre-
vious section. However, the required aperture diame-
ter is significantly reduced since the communication 
detector FOV is only ± 75,u radians. 

Table 6.3-3 illustrates the required aperture diameter 
as a function of eyepiece/detector lens separation. 
However, the first section of the optical path also 
includes the fine pointing mirrors therefore, the fine 
pointing FOV must be accounted for in the design. 
Since the aperture size for the communication and fine 
pointing detectors are not significantly different a 15 
mm diameter is sufficient for the baseline. In this way 
some design margin will exist to allow for fabrication 
and assembly tolerances. Figure 6.3-8 illustrates the 
optical design for the baseline system in which a 15 mm 
beam diameter was employed. A comprehensive.  opti-
cal tolerancing budget must be formulated using an 

Table 6.3-3 Communication and Fine Pointing 
Detector Lens Diameters 

Eyepiece/Detector Communication Fine Pointing Lens Lens Lens 
Separation (L) mm Diameter (mm) Diameter (mm)  

150 5.1 5.8 

175 5.2 6.1 

200 5.3 6.3 

225 5.4 6.7 

250 5.5 6.9 

275 5.6 7.2 

300 5.8 7.4 

325 5.9 7.7 

optical software design program before the final aper-
ture diameter is established. For the Option 1 and 
Option 2 requirements, the larger telescope diameter 
leads to a 20 - 25 min aperture diameter for the com-
munications and fine pointing optical path. 

The communication detector design also includes a 
spectral isolator. The spectral isolator shown is based 
upon the SILEX design. The portion of the transmit 
beam which passes through the beam splitter is re-
flected off of the flip-flop mirror into the light trap. 
The light trap contains a highly absorbent "optical 
black" coating which absorbs the radiation, ensuring 
that no scattered laser radiation reaches the communi-
cation detectors. However, for inflight calibration pur-
poses, the flip-flop mirror is moved out of the path so 
that the beam is retroreflected into the communica-
tions and fine tracking detector optics. 

6.3.3 Optomechanical Design 
Considerations 

To ensure that the required optical performance is 
obtained once the OISL system is deployed in space a 
comprehensive opto-mechanical tolerancing budget 
must be established. Within the budget, optical man-
ufacturing, assembly and enviromnental factors must 
be accounted. Optical design programs such as CodeV 
are designed to generate manufacturing and assembly 
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tolerances based upon various figures of merit such as 
wavefront error. The difficulty arises when the effect 
of the operating environment is included. Figure 6.3-5 
illustrates a typical formulation of a wavefront error 
budget for a space based optical instrument [134]. 

The impact of thermal gradients can be modelled using 
optical design programs but careful thermal engineer-
ing is required to ensure that the actual gradients do 
not exceed the design limits. Most optical instruments 

which are deployed in space utilize passive 
athermalization techniques such as opposing index of 
refraction coefficients and low thermal expansion ma-
tenais  such as Invar and carbon fiber composites. Also 
passive coolers, heaters and temperature sensors could 
be employed to control the optical bench temperature 
within 5 degrees or better. On larger Satellites a cen-
tralized cooling system may be available to draw away 
excess heat. 

Figure 6.3-5 A Typical Wavefront Error Budget for a Space Based Optical Instrument 
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Stable mounting techniques for all optical elements is 
essential to survive the vibration and shock environ-
ment subjected to the equipment during launch. Since 
no post launch optical alignment is desired mechanical 
fmite structural element modelling is essential. How-
ever, the range of travel for the fine pointing, course 
pointing mirrors along with the optical apertures can 
be slightly oversized to allow for some active focus 
compensation capability. 

6.3.4 Optical Path Layout 

6.3.4.1 Baseline 

As stated earlier the selected telescope for the baseline 
configuration is a periscope design with a fixed tele-
scope and moveable mirrors which directs the beam 
over a hemisphere or greater. A sketch of the tele-
scope is given in Figure 6.3-6. The telescope is a 
casegrain configuration with a central secondary mir-
ror and the eye piece mounted in the middle of the 
primary mirror. For the geostationary terminal the axis 
of the telescope (axis of the rust gimbal) is oriented 
parallel to the earths axis of rotation. See Section 6.7 
for a discussion of mounting orientation. Mounting of 
the terminal on the LEO satellite is less clear so the 
interface between the telescope and the optical bench 
is based on the concept for the geostationary terminal 
and would not necessarily be applicable to the LEO 
terminal. 

The optical bench is mounted on a honey comb panel 
and the telescope is mounted on the same panel. This 
is accomplished by means of three or more legs which 
provide a space between the telescope and the panel, 
see Figure 6.3-7. This space is needed so that the 
acquisition detector can be as close to the eye piece as 
possible as this minimizes the sim of the acquisition 
detector. The wavelength of the beacon detector, re-
ceived by the acquisition detection is reflected by the 
reflective mirror cube. Redundancy for the acquisi-
tion detector is provided by two CCD's mounted on 
two sides of a smaller cube. This cube is not wavelength 
sensitive but divides the power equally between the two 
detectors. 

All other wavelengths pass through a hole to the front 
of the panel and then are bent through 900  so that the 
optical path is parallel to the panel. The optical path 
layout for the baseline system is shown in Figure 6.3-8. 
The layout includes two 2-axis fine pointing mirrors in 
a 2 for 1 redundancy configuration. There are two 
AlGaAs lasers either of which provides the full traffic 
capability of 100 mbps on the LEO terminal or 19.2 
kbps on the geostationary terminal. These are tuned 
to slightly different wavelengths and combined with a 
reflecting filter cube. The transmit signal is combined 
vvith the receive signal also by means of a reflecting 
filter which passes the receive signal and reflects the 
transmit signals. Any leakage of the transmit signals 
through this filter is trapped in the light trap. Alterna-
tively the leakage transmit signal can be reflected back 
for detection by the communications receivers. 

A small fraction of the receive signal is tapped-off for 
use by the fine pointing detectors. This is accom-
plished by means of a wavelength insensitive reflecting 
surface. There are two fine pointing detectors in a 2 for 
1 redundancy arrangement. The power is divided 
equally between them by a wavelength insensitive re-
flecting surface. 

The fine pointing detectors are CCD detectors with a 
total range of 200 pRad. This range is required be-
cause the received signal spot will be positioned off axis 
by the amount of the point ahead angle (equal to 50 
,uRad in any direction) so that the transmit beam is 
always directed along the axis of the telescope. In this 
way separate point ahead mirrors are not required 
since the dual task of point ahead and five pointing is 
accomplished by a single set of fine pointing mirrors. 

There are two communications detectors in a 2 for 1 
redundancy arrangement. These are coupled into the 
optical path by means of a reflective filter. In this way 
one detector receives signal from only one laser while 
the other receives signal from the other laser. Thus if 
one of the lasers fails then the associated detector can 
no longer be used. The received signal doe,s not gen-
erally fall in the centre of the detector but is received 
off centre by the amount of the look ahead angle. The 
detector diameter is about 100 pm which is sufficient 
to accommodate a deviation of ± 50 pRad provided 
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Figure 6.3-6 Telescope Concept for the Baseline OISL 
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the focal length of the detector optics is kept short. 
The receiver bit rate is 100 mbps on the geostationary 
satellite and 19.2 kbps on the LEO satellite. 

The layout shown in Figure 6.3-8 is mounted on a panel 
of only about 260 mm by 350 mm (or 10 1/4" by 14"). 
This dimension can be reduced to about 250 x 250 mm 
by folding the optical path and mounting the fine  point-
ing detectors and the communications detectors on the 
back of the panel along with the acquisition detectors. 
This has the additional advantage that all detectors are 
mounted on the back of the panel away from the laser 
which is mounted on the front. This arrangement min-
imizes the risk of stray laser light reaching the detectors 
and degrading the performance. It does not reduce the 
level of laser light which might find its way down the 
optical path into one or other of the detectors. 

6.3.4.2 Option 1 - 1 Gbps Link with 
Wavelength Multiplexing 

The GEO terminal for the option 1 system is shown in 
Figure 6.3-9 and the LEO terminal in Figure 6.3-10. 
The layout is the same as the baseline except that the 
telescope has increased in size to 180 mm diameter 
which is in the range where the coudé configuration is 
optimum. The mounting to the optical bench is un-
changed from the baseline however, with the acquisi-
tion detector mounted adjacent to the eye piece behind 
the structural member and with the communications 
signal passing through a hole in the structure and then 
bent through 90° to be in the plane of the structure. 

The transmitter on the GEO terminal and the receiver 
on the LEO terminal are unchanged from the baseline 
since they still operate at 19.2 Kbps. The transmitter 
onthe LEO terminal and the receiver on the LEO 
terminal are upgraded to 1 Gbps which is accomplished 
by having four channels of 250 mbps each and each 
operating at different wavelengths so that they can be 
combined by wavelength selective mirrors. As seen in 
Figure 6.3-10, there are 6 lasers in a 6 for 4 redundancy 
configuration. 

The GEO terminal, shown in Figure 6.3-9 has six mul- 
tiplexed receivers each capable of receiving 250 Mbps 
of data so four are required to support the 1 Gbps rate. 

Each receiver operates at a different wavelength which 
is mateched to the transmit wavelength on a one to one 
basis. Thus if either a laser or a detector fail then both 
the laser and detector become inoperative. 

6.3.4.2 Option 2 - 1Gbps Link with 
Heterodyne Receiver 

The GEO terminal for the option 2 system is shown in 
Figure 6.3-11 and the LEO terminal in Figure 6.3-12. 
The layout is basically the same as the baseline and 
option 1 except that the 1 Gbps bit rate is achieved by 
a single 1 watt Nd:Yag laser on the LEO terminal 
combined with a heterodyne receiver at the GEO ter-
minal. The Nd:Yag laser is pumped by a laser diode 
and stabilized by means of a photodiode which detects 
the scattered light from the Nd:Yag laser. The 1 watt 
power level is currently achieved by combining the 
outputs from three such lasers. However recent tech-
nology innovations suggest that a single diode pumped 
Nd:Yag laser will meet the 1 Watt requirement by 1993. 
Modulation of the Nd:Yag laser which is required on 
the LEO terminal, is provided by an external modula-
tor. Such modulators are currently under development 
and actual performance capabilities are projected. 

An optical polarizer is provided at both the transmit 
and receive terminal. This converts linear polarization 
of the transmitter to circular polarization for propaga-
tion through space. The circularly polarized signal is 
received without any sensitivity to orientation of the 
spacecraft and then converted back to linear with a 
polarization aligned with that of the local oscillator 
signal. 

The Nd:Yag local oscillator laser at the receive termi-
nal is a low power unit and can be easily achieved by 
the single unit shown. The local oscillator laser is, 
however, complicated by the necessity to match the 
wavefront of the local oscillator signal to that of the 
incoming signal power. This requires a set of optics 
between the Nd:Yag laser and the L.O. coupler (la-
beled the wavefront forming optics). 
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6.4 Electrical Design 

The opto-mechanical subsystem of the OISL has been 
discussed in detail in sections 6.1 to 6.3 of this report. 
The electrical subsystem, illustrated in Figure 6.4-1, is 
of equal importance, however, it will not be discussed 
in as great detail since many of the elements of the 
electrical design are conunon to most satellite commu-
nications payloads. 

The OISL electrical system can be divided into the 
following subsystems: 

1. The receiver subsystem consisting of the com-
munication detectors, the preamplifier and the 
demodulation electronics. 

2. The transmitter subsystem consisting of the laser 
source and the modulation electronics. 

3. The pointing, acquisition and tracking electron-
ics required to control and drive the fine point-
ing mirrors and coarse pointing assembly and 
control the fine pointing and tracking acquisi-
tion detectors. 

4. The thermal control electronics consisting of the 
heaters and temperature sensors required to 
monitor and control the temperature of the op-
tical bench. The subsystem could also include 
thermoelectric coolers if active cooling of the 
lasers and laser modulators is required. 

5. A digital computer subsystem is required to con-
trol the electronic subsystems and to perform 
health and safety monitoring for the system. 

6. A power supply subsystem is required to drive 
all of the subsystems specified abôve. Further 
discussion of the power consumption can be 
found in Section 6.6. 

6.4.1 The Receiver Electronics Design 

6.4.1.1 The Baseline and Option 1 Design 

For the baseline design, as well as the design of option 
1, the detector and detector electronics will be similar 
with some optimization for the different data rates (100 
versus 250 Mbit/s). The detector shall consist of an 
Avalanche Photodiode (APD) and an optimized hy-
brid preamplifier configured in a transimpedance op-
erating mode. This analog front end will provide a 
voltage output, stabilized to a set level by an internal 
AGC function, to the demodulator circuit. A typical 
direct detection receiver schematic is illustrated in Fig-
ure 3.2.2-1. 

For a slower GEO/LEO link a simple photodiode with 
a separate baseband amplifier is adequate although the 
APD could be employed to retain design similarity 
between the GEO and LEO OISL payloads. 

The demodulator design for the GEO/LEO link em-
ploys the simple ASK format due to the low data rates. 
For the high speed LEO/GEO link the more complex 
QPPM format is employed. 

On the LEO platform the demodulated signals consist 
of spacecraft command signals or OISL terminal com-
mand signals. In either case the data stream is directed 
to the command subsystem which then executes the 
instructions. 

On the GEO satellite the majority of the demodulated 
information is data which is routed via a conventional 
microwave link to a ground station on earth. 

6.4.1.2 Design Option Two 

The GEO to LEO link employs a diode laser and direct 
detection detector as discussed in section 6.4.1.1. 
However, for the LEO to GEO link a single Nd:Yag 
laser system operating at 1 Gbps is employed in a 
heterodyne configuration. This requires additional cir-
cuitry to enable the local oscillator laser frequency to 
track the frequency of the incoming signal. 
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For this heterodyne dete,ction scheme a Nd:Yag local 
oscillator signal is mixed with the incoming communi-
cation signal on the detector element. When a Nd:Yag 
system is employed sufficient power is available to 
permit a PIN Fet to be employed. 

6.4.2 The Transmitter Electronics Design 

6.4.2.1 The Baseline Design and Option 1 

The 80 mwatt laser power required for both the base-
line and option 1 LEO to GEO link can be provided by 
a single laser diode source such as the Quantum well 
CW laser ffiustrated in Figure 3.1.2-2. To drive this 
laser source a hybrid drive circuit will be employed 
based upon silicon bipolar technology. Figure 3.1.4-4 
illustrates a typical circuit design. 

To ensure Transmitter high performance the modula-
tor drive current line and the diode current monitor 
must be impedance matched to the low diode laser 
ùnpedance (2 ohms). If impedance matching cannot 
be achieved then provision must be made in the drive 
circuit to ensure that the power reflected by the laser 
can be absorbed. 

6.4.2.2 Design Option 2 

For design option 2 a 0.8 watt Nd:Yag laser system has 
been baselined, unfortunately if state of the art com- 
ponents were employed today, three diode pumped 

Figure 6.4-2 Block Diagram Showing Laser 
Control Electronics 

systems would have to be employed in order to achieve 
the desired output power Furthermore, a high power 
Nd:Yag laser modultor has not yet been developed 
although several different vendors are currently under 
contract to deliver prototype units for evaluation. Fig-
ure 6.4-2 illustrates the electronic control functions 
required for a diode pumped Nd:Yag laser system. 
Note that this diagram contains three separate laser 
heads since it represents current technology. 

For the heterodyne configuration described in Section 
6.3.4, it is assumed that a single 1 watt Nd:Yag laser and 
a 1 watt modulator will become available in a few years. 

6.4.3 Pointing, Acquisition and Tracking 
(PAT) Electronics Design 

The pointing, acquisition and tracking electronics sup-
port separate functions but they employ common mir-
rors and detectors to meet their requirements. All of 
the control software will reside in the computer located 
within the OISL controller. 

The coarse pointing electronics control the coarse 
pointing mirrors or the Coude mounts employed for 
design option 1 and option 2. The control electronics 
guide the coarse pointing assembly to an established 
location during acquisition or will support the tracking 
function when large movements are required. The 
electronics monitors the angular position of the mir-
rors, adjusting the pointing mechanism in accordance 
with signals receiver from the acquisition or fine point-
ing CCD. 

The acquisition CCD is an integral part of the PAT 
subsystem. The CCD readout structure can be config-
ured for a serial readout or with an x-y addressable 
readout depending upon the PAT algoritlun employed. 
The acquisition CCD signal output is directed to the 
search pattern generator and the feedback control 
electronics. 

The control electronics for the fine pointing mirrors 
links the mirrors to the fine point detectors via a feed-
back loop and the point ahead angle. These mirrors 
are adjusted to maintain track. While the acquisition 
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detectors are used only for the beacon laser the fine 
pointing detector has a dual role after contact is estab-
lished with the communication laser and the beacon 
laser is turned off. See section 6.5 for further details 
on the acquisition procedure. 

6.4.4 The Thermal Control System 
Electronics Design 

The laser diode wavefront mode structure is critical for 
maintaining diffraction limited performance, however, 
it is also very sensitive to thermal induced optical cavity 
changes. To reduce the sensitivity researchers have 
employed a three mirror structure [133]. Altematively, 
active thermal control using a thermoelectric cooler 
and a thermistor can be employed. 

Similarly the operating environment of the entire op-
tical instrument must be controlled to ensure that ther-
mal induced wavefront errors do not exceed specified 
levels. Active temperature control of the optical bench 
can be implemented in a variety of ways depending 
upon the size of the platform. 

For small payloads a series of resistive heaters and 
temperature sensors are often employed in a feedback 
configuration to stabilization the optical bench tem-
perature to better than ± 5 degrees. The use of cold 
patch radiators or thermal louvres are also important 
for the removal of excess energy [132]. For large sat-
ellite centralized liquid cooling systems are also avail-
able to remove excess energy. 

In general the thermal control will be provided by the 
ISL controller in which a required optical bench tem-
perature and operating tolerance are stored. The heat-
ers and cooling system will be employed to maintain the 
optics vvithin the operating window. If the optics ex-
ceed the allowed operating range then a flag will be 
raised and the ground station informed of the problem 
via the GEO OISL link. 

6.4.5 Control, Status and Data Processing 
Electronics Design 

Many of the control, status and data processing func-
tions have already been discussed in the previous sec-
tions. As indicated, the central computer control will 
reside in the OISL controller. All data integrity and 
digital processing will be directed by this electronics 
assembly as well as control of the PAT assembly. Built 
in test functions such as power monitoring of the laser 
source and in-flight calibration employing the spectral 
isolator flip mirror will also be controlled on a periodic 
or as required basis from this assembly. 

6.5 Acquisition Procedure 

An optimum acquisition procedure is outlined in sec-
tion 5.2.7. This is based on a GEO terminal which has 
a beacon laser but no acquisition detector and a LEO 
terminal which has an acquisition detector but no bea-
con laser. In this way the mass and cost of the ISL 
terminals are reduced though at the penalty of in-
creased acquisition time. 

The configuration presented here retains a redundant 
beacon laser and a redundant acquisition detector at 
both terminals. The extra hardware could be dropped 
at a later date when a better estimate of acquisition 
time and equipment reliability is obtained. With two 
way acquisition capability the search rate can be in-
creased and the acquisition time reduced, and in addi-
tion the optimum procedure can be used for acquisition 
in the event of failure of either both beacon lasers or 
both acquisition detectors at either terminal. 

6.5.1 Primary Mode of Acquisition 

Acquisition begins when initiated by the central con-
troller station. The central controller will calculate the 
pointing directions for both the LEO and GEO termi-
nal and indicate the time at which acquisition should 
begin. The GEO and LEO terminals slew to the des-
ignated direction so that the cooperating terminals are 
within the respective cones of uncertainty. Figure 6.5-1 
shows the relative sizes of the cones of uncertainty for 
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Figure 6.5-1 Relative Angular Dimensions of Cones of Uncertainty, Laser Beam Width and Detector Fields of 
View 

the LEO and GEO terminals as well as other angular 
dimensions except that the smarter items are about 
twice relative size. The acquisition CCD's are turned 
on at both the LEO and GEO terminals and at the 
designed time the beacon transmitter on the GEO 
terminal is turned on and stepped over its cone of 
uncertainty. The step size is determined by the size of 
the beacon beam width and the dwell time is sufficient 
to provide the minimum detectable signal at the receive 
terminal. This allows time for the LEO terminal to 
respond during the dwell time. The GEO beacon is 
selected because the GEO terminal has a smaller cone 
of uncertainty and a raster scan can be âccomplished in 
less time than a similar scan on the LEO terminal. 

When the GEO beacon illuminates the LEO terminal, 
the signal is received on the LEO acquisition CCD 
which then directs the LEO telescope to point in the 
indicated direction. There are two standards for judg-
ing if the telescope is directed in the correct direction. 
The one, if it is within the range of the fine pointing 

CCD currently specified at 400 pRad (1-. 200 gRad) 
and the second if it is within the beam width of the 
communications laser which is of the order of 8 ,uRad 
( ± 4 ,uRad). The first can be achieved by the course 
pointing mechanism which has a precision of 200pRad 
(± 100 yRad). The second can only be achieved by 
activating the fine pointing mirrors on the LEO termi-
nal. The fine pointing mirrors are driven by the track-
ing detectors which nominally detect the GEO 
communications laser. However, the GOE communi-
cations laser is not yet directed at the LEO terminal so 
the LEO tracking detectors are activated by the beacon 
laser radiation. This is achieved first by placing a trans-
parent region in the center of the acquisition detector 
deflection mirror. This allows the beacon signal to 
reach the communications detector and the tracking 
detectors. However, at the communications wave-
length, the tracking detector receives only a few per-
cent of the signal power, so the track detector coupler 
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is a filter which reflects the beacon wavelength and 
passes the communications signal. 

This ensures that there is sufficient power reaching the 
track detectors to ensure detection of the beacon laser. 
The fine pointing mirrors are then driven to point the 
LEO terminal communications laser accurately at the 
GEO terminal. 

At this point the LEO terminal turns on its beacon 
transmitter. The GEO terminal receives this signal on 
its acquisition CCD and directs its antenna towards the 
received signal using the course pointing mechanism 
with a precision of 200 yRad. This is sufficient to 
ensure that the Leo signal can be received on the fine 
pointing CCD which is activated by the LEO beacon 
to drive the fine pointing mirrors to accuratly point the 
telescope. At this time the communications lasers are 
turned on and when these signals are received on the 
fine pointing CCD it takes over control of the fine 
pointing mechanism. 

The point ahead angle is detetmined and included in 
the positioning of the fine pointing mirrors when these 
are activated by the beacon laser as well as by the 
communications laser. 

At this point acquisition is complete. The beacon lasers 
and the acquisition detectors are turned off and the 
communications receivers and other equipment are 
turned on. The two terminals execute a hand shake to 
indicate that acquisition has been successful and trans-
mission of data begins. 

6.5.2 Alternate Acquisition Mode 

This essentially is the optimum procedure described in 
Section 5.2.7. The difference from that described in 
the previous section is that the step size for the beacon 
laser on the GEO terminal is reduced sot that the cone 
of uncertainty is covered by the GEO track detector 
rather than the beacon laser. When it is done the LEO 
terminal can respond using its communications laser 
rather than its beacon laser and the acquisition detec-
tor on the GEO terminal would be unused. The alter-
nate procedure is thus suitable in the event of complete 

failure of either of these units. For the present system, 
specified in section 6.2.1, the field of view of the track 
detector is It. 200,uRad. This is stepped by the course 
pointing mechanism which has a precision of ± 100 
yRad so that the step size is not greater than 200 1uRad 
to ensure complete coverage of the uncertainty cone 
by the track detector. For an uncertainty cone of ± 
0.15 degrees or ± 2600 ,uRad the number of steps 
exceeds 600. Assuming a dwell time of 0.25 sec the time 
to completely search the cone of uncertainty exceeds 
2.5 minutes. 

The alternate acquisition procedure could also be used 
in the reverse direction using the LEO beacon laser 
and the GEO acquisition detector. However, because 
of the increased size of the LEO cone of uncertainty, 
the acquisition time would be about 10 times as long 
which is completely unacceptable. 

6.6 Weight and Power Budgets 

6.6.1 Baseline 

The weight and power budgets for the baseline system 
are presented in Tables 6.6-1 and 6.6-2 respectively. 
Table 6.6-1 shows a mass budget including margin) of 
less than 30 kg. The power budget for the LEO termi-
nal in Table 6.6-2 has two cases, the operational phase 
and the acquisition phase. During acquisition all units 
associated with acquisition are active simultaneously 
whereas during the operational phase all units associ-
ated only with acquisition are turned off. These are 
principally the beacon laser and acquisition detectors 
but in addition the power requirements of the course 
pointing mechanism are considerably reduced. The 
power budget during operation is close to 50 watts and 
during acquisition close to 80 watts including a margin 
of 10%. The power budget for the GEO terminal is 
slightly less during operation due to the lower commu-
nications laser power. However, this difference is ex-
pected to be considerably less than the one watt 
budgeted for this laser on the LEO terminal. 
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Table 6.6-1 Mass Budget for the Baseline 
Configuration (GEO and LEO) 

Unit/Module Unit Mass Number Total 

Telescope & CPA 8.00 1 8.00 

Beacon Laser 0.50 2 1.00  

Beacon Detector 0.20 2 0.40  

ACO Coupler 0.07 1 0.07  

Fine Pointing Ass. 0.15 2 0.30  

Spectral Isolator 0.80 1 0.80  

AIGaAs Laser 0.25 2 0.50  

Laser Driver 0.08 2 0.16  

Fine Point Detector 0.15 2 0.30  

Track Coupler 0.07 1 0.07  

Reoeive Module 0.30 2 0.60  

Comma. Demodulator 0.20 2 0.40  

Data Unk Interface 0.50 2 1.00  

Thermal Interface 2.00 1 2.00  

Power Interface 0.50 2 1.00  

Structure 6.00 1 6.00  

ISL Controller 2.00 2 4.00  

Sum 26.60  

Margin 2.66  

Total 29.26  , 

Table 6.6-2 Power Budget for Baseline Configuration (LEO) 

RF Operat. AGO 
Unit/Module Eff. % Power Power Power 

Attitude Sensor 1 10  

Beacon Laser 3.8 15 25.3  

ACO. Detector 2  

Fine Point Mirror 6 6  

AlGaAs Laser 0.08 10 0.8 0.8 

Laser Driver 80 0.2 0.2  

Track Detector 2 2  

Reoeive Moduler 0.6  

Demodulator 0.3  

Data Interface 6  

Thermal Interface 10 10  

Power Interface 85 4.6 3.7  

ISL Controller 10 10  

Sum (W) 41.5 70  

Margin (W) 4.15 7 

, Total (W) 45.65 77 
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6.6.2 Option 1: 1 Gbps with Wavelength 
Multiplexed Sources 

The mass budget for this option is given in Table 6.6-3 
and the power budget in Table 6.6-4. The mass is 
similar to the baseline except that the GEO terminal 
has 6 receivers and demodulators and the LEO termi-
nal has 6 lasers and laser drivers. 

The power budget is changed in a similar manner for 
the operational power, however, for the LEO terminal 
acquisition can be completed using only one of the 
multiplexed AlGaAs lasers slightly reducing the acqui-
sition power for this case. 

6.6.3 Option 2: 1 Gbps with Heterodyne 
Detection 

there are additional items included in both the mass 
and power budget mainly associated with the local 
oscillator and the need to match wavefronts of the 
communications signal and the local oscillator. 

The tables show that the GEO terminal use AlGaAs 
lasers for transmit since the bit rate is only 19.2 Kbps 
and a Nd:Yag L.O. laser to receive the 1 Gbps from the 
LEO terminal. Similarly the LEO terminal uses a 
Nd:Yag laser to transmit the 1 Gbps data stream but 
has only a simple direct detection receiver for the 19.2 
Kbps signal. To complete acquisition the LEO termi-
nal must use is Nd:Yag laser resulting in an acquisition 
power of about 100W even though the operating 
power level is much lower. 

The mass and power budget for this option are given 
in Tables 6.6-5 and 6.6-6 respectively. For this option 

Table 6.6-3 Mass Budget for the Option I Terminal with Wavelength 
Multiplexed Sources 

GEO  Terminal; LEO Terminal 
Unit/Module Unit Mass 

Number Total Number Total 

Telescope & CPA 12.00 1 12.00 1 12.03  

Beacon  Laser 0.50 2 1.00 2 1.00  

Beacon Detector 0.20 2 0.40 2 0.40  

ACO Coupler 0.07 1 0.07 1 0.07  

Fine Pointing Ass. 0.15 2 0.30 2 0.30  

Spectral isolator 0.80 1 0.50 .. 1 0.80  

PJGaAs Laser 0.25 2 0.50 6 1.50  

Laser Driver 0.08 2 0.16 _ 6 0.48  

Fine Point Detector 0.15 2 0.30 2 0.30  

Track Coupler 0.07 1 0.07 1 0.07  

Receive Module 0.30 6 1.80 2 0.60  

Comma.  Demodulator 0.20 8 1.20 2 0.40  

Data Unk Interface 0.50 2 1.00 2 1.00  

Thermal interface 2.00 1 2.00 1 2.00  

Power interface 0.50 2 1.00 2 1.00  

Structure 6.00 1 6.00 1 6.00  

ISL Controller 2.00 2 4.00 2 4.00  

SUM 32.60 31.92  

MAFIGIN 3.26 3.192  

TOTAL 35.86 35.112 
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Table 6.6-4 Power Budget for the Option 1 Terminal with Wavelength Mutliplexed 
Sources 

GEO  Terminal LEO Terminal 
RF Unit/Module Eff. % Per ACO. °Pere ACO. °Pere 

Power Power Power Power 

Attitude Sensor 10 1 10 1  

Beacon Laser 3.8 15 25.3 25.3  

ACO. Detector 2 2  

Fine Point Mirror 6 6 6 6  

AIGaAs Laser 0.08 10 0.8 0.8 0.8 3.2  

Laser Driver eo 0.2 0.2 0.2 0.8  

Track Detector 2 2 2 2  

Receive Module 2.4 0.6  

Demodulator 1.2 0.3 

Data Interface 6 e  
Thermal Interface 10 10 10 10  

Power Interface 85 3.7 5 3.7 5.1  

ISL Controller 10 10 10 10  

Sum (W) 70 44.6 70 45  

Margin (W) 7 4.46 7 4.5  

Total (W) 77 49.05 77 49.5 
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Table 6.6-5 Mass Budget for the Option 2 Terminal with Heterodyne 
Detection 

GEO Terminal LEO Terminal 
Unit/Module Unit Mass  

Number Total Number Total 

Telescope & CPA 13.00 1 13.00 ' 1 13.00  

Beacon Laser 0.50 2 1.00 2 1.00  

Beacon Detector 0.20 2 0.40 2 0.40  

ACO Coupler 0.07 1 0.07 1 0.07  

Fine Pointing Ass. 0.15 2 0.30 2 0.30  

Spectral isolator 0.80 1 0.80 1 0.80  

AlGaAs Laser 0.25 2 0.50 0 0.00  

Nd:Yag Laser 1.60 0 0.00 2 3.20  

Laser Driver 0.08 2 0.16 2 0.16  

Fine Point Detector 0.15 2 0.30 2 0.30 

Track Coupler 0.07 1 0.07 1 0.07  

Polarizer 0.10 1 0.10 1 0.10  

Nd:Yag L.O. Laser 1.00 2 2.00 0 0.00  

Laser Driver 0.08 2 0.16 0 0.00  

L.O. Coupler 0.07 2 0.14 0 0.00  

Receive Module 0.30 2 0.60 2 0.60  

Comms.  Demodulator 0.70 2 1.40 2 1.40  

Data Link Interface 0.50 2 1.00 2 1.00  

Thermal Interface 2.00 1 2.00 1 2.00  

Power Interface 0.50 2 1.00 2 1.00  

Structure 6.00 1 6.00 1 6.00  

ISL Controller 2.00 2 4.00 2 4.00  

Sum 35.00 35.40 

Margin 3.5 3.54  

Total 38.5 38.94 
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Table 6.6-6 Power Budget for the Option 2 Terminal with 
Heterodyne Detection 

GEO  Terminal LEO Terminal 
RF Unit/Module Eff. % 

Power ACQ. Operat. ACQ. °carat. 
Power Power Power Power 

Attitude Sensor 10 1 10 1  

Beacon  Laser 3.8 15 25.3 25.3  

ACO. Detector 2 2  

Fine Point Mirror 6 6 6 6  

AlGaAs Laser 0.08 10 0.8 0.8  

Nd:Yag Laser 0.87 5 17.4 17.4  
Laser Driver 80 0.2 0.2 4.4 4.4 
Track Detector 2 2 2 2  

Nd:Yag LO. Laser 0.08 5 1.6  
Laser Driver 80 0.4  
Receive Module 0.6 0.6 
Demodulator 0.3 0.3  
Data Interface 6 6  
Thermal Interface 10 10 10 10  

Power Interface 85 3.7 4.9 7.4 8.2  

ISL Controller 10 10 10 10  

Sum (W) 70 43.8 94.5 65.9  

Margin (W) 7 4.38 9.45 6.59  

Total (W) 77 48.18 103.95 72.49 

6.7 Spacecraft Interfaces 

6.7.1 ISL Gimbal Orientation 

To have an intersatellite link it is necessary to have a 
terminal on the satellite at both ends of the link. For 
the GEO-LEO link one terminal is on a geostationary 
satellite while the other is on a low earth orbit satellite. 
The LEO satellite can have different heights above the 
earths surface. Radarsat has been chosen as a model 
partly because it could make use of an intersatellite link 
and partly because it has a near polar orbit with a 
keyhole problem associated with the gimbal orienta-
tion which does not appear on an orbit with low incli-
nation angle. 

Tracking systems experience the key hole effect when 
the line of sight to the other spacecraft passes through 
the azimuth  axis. At this point the system must rotate 
180 degrees in azimuth before tracking can continue. 

The communications link will be broken for a time 
which depends upon the slew rate around the aximuth, 
the antenna beam width and the angular rate of target 
motion. The size of the key hole also depends upon 
these factors. It is possible to reduce the key hole size 
and the outage duration by maximizing the slew rate 
and the beam diameter however, the best approach is 
to point the azimuth axis away from those direction in 
which the line of sight can occur. 

For the GEO satellite the line of sight to a LEO 
satellite is limited to about :I: 10 degrees from the 
Nadir. The key hole can be completely avoided by 
putting the aximuth axis normal to the nadir line, such 
as parallel to the earths axis of rotation. That is, normal 
to the satellite orbit. 

For a LEO satellite with low inclination angles the 
aximuth axis can be oriented in the same manner (Le. 
normal to the orbit plane) in order to completely avoid 
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the key hole. However, for a near polar orbit the key 
hole cannot be avoided completely as the normal to the 
polar orbit intersects the geostationary orbit on every 
orbit. The key hole is encountered whenever the geo-
stationary satellite is located at the intersection at the 
time the intersection occurs. The size of the key hole 
is much reduced compared to an aximuth axis along the 
zenith line, because the angular rates are much re-
duced. However, the time duration of the outage is 
largely controlled by the slew rate and is only reduced 
if the slew rate is increased. 

6.7.2 Geostationary Terminal 

The selected orientation for the azimuth axis (first 
gimbal) is parallel to the earths rotation axis, i.e. 
north/south. Most communications satellites have an 
extension of the north and south panel beyond the 
earth facing panel in the direction of the earth. The 
first choice for mounting location is on the inside of this 
extension with the telescope projecting inward from 
the panel. It is also possible to project outward from 
the panel but in that case it must be kept clear of the 
solar panels. 

Figure 6.7-1 shows conceptually how the OISL would 
be mounted on a ge,ostationary satellite. 

6.7.3 Radarsat Terminal 

Figure 6.7-2 shows radarsat fully deployed and oriented 
in its flight position. The spacecraft travels in the 
direction of the long dimension of the antenna array 
and tipped at an angle to the vertical so that the an-
tenna does not radiate vertically downward but at an 
angle to the Nadir line. The best position for the OISL 
terminal is the upper edge which has the best view of 
the upper hemisphere. However, this surface is the 
launch interface and is occupied by the launch adapter. 
It will be difficult to find space to stow the telescope 
for launch. 

Figure 6.7-3 shows Radarsat in the stowed configura-
tion. It is possible to find space to stow the telescope 
on the side of the spacecraft between the stowed solar 
panel and the antenna module. However from this 
location only half of the upper hemisphere is visible 
and it would be necessary to install a second terminal 
on the opposite side to obtain full coverage of the 
upper hemisphere. 
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Figure 6.7-1 The Optical Intersatellite Link Mounted on a 7)pical Geostationary Satellite 
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Figure 6.7-2 Radarsat Shown Fully Deployed 

Figure 6.7-3 Radarsat in the Stowed 
Configuration 
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7.0 CANADIAN INDUSTRY CAPABILITIES 

7.1 Introduction 

The above review of basic technologies and the system 
analysis and design exercise that followed have pro-
vided the study team with a good general overview of 
the technology and an impression, admittedly some-
what subjective, of the ability of Canadian industry to 
develop an optical ISL. 

In this section we address more rigorously the capabil-
ity of Canadian industry to participate in the develop-
ment of this technology and make some suggestions as 
to where in industry the capability lies. We conclude 
that, although little existing hardware (or software) 
exists in Canada that is directly applicable to OISL 
development (EG&G's direct detection system being 
a notable exception), the broad range of expertise 
required does exi.st. Furthermore, the Canadian space 
industry leaders have sufficient experience in the de-
velopment of space-qualified systems at the level of 
complexity and risk represented by an OISL program 
to be able to tackle this complex task. 

7.2 Canadian Industry Capability 
Review - Methodology 

Section 3.5 identified the critical technologies required 
for development of an OISL. In summary they are as 
follows: 

• Detector sensitivity 
• Laser output power 
• Telescope design 
• Pointing, acquisition and tracking 

In addition, for heterodyne systems: 

• Frequency tracking 
• Wavefront aligiunent 
• External modulators 

The methodology used to identify Canadian industry 
capabilities in these critical areas is depicted in Figure 
7-1. 

The steps were as follows: 

Step 1 

The reference publication "High Technology Oppor-
tunities", published by Investment Canada was used as 
the source list of Canadian companies, augmented in 
some cases by worldng knowledge of industry capabil-
ities already existing in the study team. 

This document was created to facilitate and expand 
cooperation between Canadian and foreign firms in the 
laser-based opto-electronic industry. It contains pro-
files of Canadian firms and research institutes with 
relevant capability, and was last updated in 1989. 

As a cross check, an additional source list was used. 
This was "Guide to Canadian Aerospace Related In-
dustries", published by the USAF Systems Command 
Liaison Office Ottawa in August 1990. This document 
lists 10 companies under "electro-optics" (including 
CAL, Spar and EG&G) and 19 under lasers (including 
MPB Technologies). 

The output of this review was a list of Canadian com-
panies having some level of relevant capabilities. 

Canadian industry Capabilities 
Page 7-1 



CANA DUN 
 SPACE 

INDUS7RY 
REVEW 

ARE ALL 
CRITICAL AREA 

ADDRESSED 

YES 

Spar Program 3670-F 
Volume 1 - Final Report 

INVESTMENT 
CANADA 

OPTICAL INDUSTRY 
REVEW OF CANA DUN 

 AEROSPACE USAF 

SURVEY 

UST OF COMPANIES WITH A CAPABILITY 

CRITICAL 
TECHNOLOGY 

AREAS 

1 LIST OF NON SPACE INDUSTRIES 
WITH A CAPABILITY 

LIST OF CANADIAN SPACE COMPANIES WITH 
SUITABLE CAPABLITES AND RESOURCES 

DETAILED 
DISCUSSIONS 

WITH COMPANES 

In- • CORPORATE PROFILE 
• OP77CAL CAPABILMES 
• CAPABILITES AGAINST CRITICAL AREAS 

• THE  PROPOSED SCENARIO 
• PREPARA  TORY  PROGRAM 
• RECOMMENDATIONS ON THE WAY AHEAD 

11101411 

SET-1F  WORKNO 
GROUP 

INDUS7RY PERSPECTIVE 
OF THE WAY AhEAD 

Figure 7-1 Identification of Canadian Industry Capabilities Methodology 

Canadian Industry Capabilities 
Page 7-2 



SPAR 

Step 2 

The list was refined to produce a pair of short lists in 
which at least one company was identified as having a 
capability against each of the main technology areas 
(critical or not). 

The companies were segregated into those with space 
experience and those without and is indicated in Table 
7-1. 

Step 3 

To streamline the process, it was decided to concen-
trate first on companie,s with space experience and only 
to turn to other companies to fill any gaps identified in 
the overall capability. 

Detailed discussions regarding capabilities and plans 
were held with the space companies identified in Table 
7-1. Each company was asked to provide: 

a. A Profile of Corporate Capabilities (a sample 
questionnaire is provided as Figure 7-2 and the 
results are provided as Appendix D.) 

b. A Matrix to indicate present and near-future 
capabilities provided as Table 7-2. 

In addition, the system designs/options described in 
Section 6 were discussed and company capabilities in 
the applicable technology areas identified. A summary 

Table 7-1 Canadian Industry with Potential OISL 
Capability 

Space Non-Space Industry Companies 
Industry 

Companies Company Speciality 

CAL Corp APS OPtios 

EG&G Use Inc Sensors, CCDS 

MPB Hughes Leitz Optics 

SED Inc Optics, Lasers 

Spar Interoptics OPtles 

Laser Institute Laser 

of the results is provided in Table 7-3. From the table 
it can be seen that the Canadian space industry has a 
technology base in all areas; there are no obvious gaps 
in capability. 

The review, and the discussions that preceded estab-
lished that, whilst the Canadian technology base is 
sound, there is very little direct experience at optical 
ISL development. To date Canadian industries in-
volvement in inter-satellite link technology has largely 
been at RF-using existing technology (S, Ku-Band links 
for space station (Spar)) or new frequencies (60 GHz) 
technology development for DND (Spar/ComDev). 

It should, at this point, be aclmowledged that the in-
dustry review is not exhaustive. Having established 
that a technology base exists within at least a subset of 
Canadian industry (most of the major space companies 
were contacted) no attempt was made to identify any 
competing capability. In the case of specific ISL prod-
ucts, we relied on the collective knowledge of the team 
to identify these (there are very few) and are confident 
no significant Canadian product has been overlooked. 

Step 4 

The above review suggests that Canadian industry has 
the technology base from which to develop a complete 
optical ISL capability. What is lacking is a heritage of 
space-qualifiable products and experimentation from 
which to proceed. This lack of heritage is likely to 
make Canadian industry involvement in existing or 
near-term OISL programs unlikely (beyond the exist-
ing SILEX involvement). 

On the other hand, our studies of emerging technolo-
gies both for telecommunications and remote sensing 
suggest that optical ISL technology is a key feature of 
many future systems designs. Furthermore, Canadian 
industry, as a strong competitor in these areas, cannot 
afford to be shut out of such a key technology. 

One clear strategy to adopt in these circumstances is to 
push forward with a national program which draws on 
the existing industry strengths and establishes an OISL 
credibility and heritage through development and 
demonstration of the key technologies. Such a pro- 
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PROFILE OF CORPORATE CAPABILITIES 

Company Profile: 

Include names of the top two executives within the company. Please 
identify one executive as the key contact person. 

Please identify your company's mission/markets. 

Please elaborate on scientific/technical brealcthroughs, successful 
commercialized/marketed products, and other events that you feel are 
significant to your company's development. 

Please provide the following information: 
• The year your company was established; 
• Total number of employees; 
• Identify how many are in Sales & Marketing and R&D functions; 
• Annual Revenues by Product/Service for most current fiscal year 

(exact data or growth percentage figures are accepted); 
• R&D Expenditures - as a % of overall revenues; 
• Stock listing - is your company publicly traded or privately held; 

and 
• Total number of Customers. 

A brief description of the company including historical development and 
general direction. 

Current Products: Identify and briefly describe each of your 
products and their applications. 
Future Product Directions: Identify and describe current methods of 
product distributions both direct and indirect (i.e. Direct Sales, 
Distributors, Manufacturer Agents). 

Firms with which that you repeatly conduct business. 

Identify current collaborative business arrangements (i.e. business 
partners, agreements with Universities, etc ...). 

Identify and describe the type of business opportunities your company 
is seeking (i.e. investment, distribution of your product/service, 
representing other groups in Canada/ the Unites States, commercial 
collaboration (e.g. OEMs), and joint research). 

Figure 7-2 Profile of Corporate Capabilities Questionnaire 
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Table 7-2 Present and Near-Future Capabilities Matrix 

en % nti ci • 
8 e s g. 

co g g -g 
Canadas  Corporate Capabilities  

ci ô E t 
Areas Bectronics X X X X X  

Lasers X X  

OPtios X X X X X  

Technology Control Bectronics X X X X  

Software X X X X  

Power X X X  

Imaging Recognition X  

Holographic X  

OPtlos X X X X  

Digital X X X  

Spectroscopy X X  

Displays X X  

Reproductions X  

Light & Energy Sources UV X  
Visible  
IR X X X  

Materials & Substrates X X  

Mechanical X X X X  

Sensors X X X X  

Markets Aerospace (Civil) X X X  

Automotive  
Communications - X X X X  
Defense (Air & Space) X X X X X  

Defense (Land/Sea) X X X X  

Construction  
Educational Training X  

Energy/Power X  

EnvironmeM X  

Industrial/Control X  
Industrial/Inspection  
Industrial/Processing X  

Information Technology  

Instrument/Lab. X 
Medical '  
Natural Resources 
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gram could go all the way to flight test and demonstra-
tion of a representative link or seek international col-
laboration for the full-scale development stage. In 
either case a domestic Preparatory Program will be an 
essential ingredient. 

Accordingly, the study team invited MPB Technolo-
gies and SED to join them for the purposes of outlining 
a structured program leading to full OISL capability in 
Canada. This program is described in the next section. 

Table 7-3 Company Capabilities for System  Design/Options 
Applicable Technology Areas 

Technology Capability 

Program Management Spar, CAL, SED 

System Engineering Spar, CAL, SED 

l&T Spar, CAL, SED 

OPtios Telescope CAL, Spar 

Optical Bench Spar, SED, MPB, CAL 

Lasers Beacon Laser Assembly EG&G, MPB 

Comme Laser Assembly EG&G, MPB 

Laser Drivers EG&G, MPB 

Receivers Acquisition Detectors EG&G (DALSA) SED 

Track Detectors EG&G (DALSA) SED 

Receiver Module EG&G, SED, MPB 

Mechanisms Coarse Pointing Assembly SPar  

Attitude Sensors Spar 

Beacon Mirror Steering SED, Spar, MPB 

Fine Pointing Mirrors SED, Spar, MPB 

Point Ahead Mirrors SED, Spar, MPB 

Electronics Drivers SED, MPB, Spar 

Modulator/Demodulator EG&G, SED, MPB, Spar 

Data Link Interface EG&G, Spar MPB 

' System Controller SED, Spar, MPB 

Other Thermal Control SED, Spar 

Power Supplies/Conditioning SED, Spar 

Structure SED, Spar 
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8.0 AN OUTLINE OISL TECHNOLOGY 
DEVELOPMENT PROGRAM 

8.1 Introduction 

A key output of the present study has been the identi-
fication of a baseline Canadian industry capability. 
However, this needs to be put in context against exist-
ing OISL programs and worldwide competition before 
a proper picture emerges of Canadian industries pres-
ent competitive position, from which a viable national 
OISL program can be structured. 

This section briefly reviews the current status of the 
plans of Europe, Japan and USA for optical intersatel-
lite links. From this the need for a domestic program 
is identified. A scenario for establishing a multi-na-
tional optical relay program is described as one possible 
option and program elements are identified including 
a domestic Preparatory Program to develop key tech-
nologies and a National Test Bed on which to demon-
strate them. An indication of schedule and cost is 
given. 

The section concludes with a recommendation that 
CSA fund an activity to further develop the ideas pre-
sented. 

8.2 Offshore OISL Capabilities and 
Programs 

In the US, Japan and Europe, a common theme among 
the space agencies has been to orient their R&D to-
wards data relay satellite programs. These programs 
are an indispensable factor in operating their space 
infrastructure. 

In Europe, the Data Relay Satellite (DRS) program is 
expected to be confirmed this year. It will provide 
communications between Columbus, Hermes, Polar 

Platform and the ground. In addition, and closely as-
sociated with DRS, ESA plans an experimental 
Artemis (GEO) program. Through Artemis and 
France's SPOT-IV (LEO) program it is intended to 
demonstrate essential technologies for relay satellites 
including optical links employing the SILEX and 
SOUT terminals. 

In Japan the Engineering Test Satellite-6 (ETS-6) pro-
gram will be used to assess new technologies including 
optical intersatellite communications and on-board 
switching and to test data relays. E1S-6 will be used in 
conjunction with the ADEOS scientific satellite to test 
optical cross-links, however the baseline communica-
tion experiment will be between ETS-6 and an optical 
ground station. The ETS-6 program will allow devel-
opment of the experimental tracking and data relay 
satellite program (E-TDRS). An inter-satellite optical 
communications experiment is then planned between 
it and the Japanese Experimental Module attached to 
Space Station. 

In the US, the emphasis has been on the application of 
S and Ku-Bands for STS, TDRSS and Space Station. 
In fact, Canadian industry (Spar) has made significant 
inroads into this market and has been selected to supply 
all the communications cross-link antennas for Space 
Station. NASA now plans to fly their Laser Commu-
nications Transceiver (LCT) originally slated for the 
Advanced Communications Technology Satellite on 
Space Station. The primary mode of operation will be 
communication with the ground, however, the capabil-
ity to allow communication with a GEO satellite wffi be 
incorporated. NASA plans to procure the Advanced 
TDRSS comprising some nine (9) satellites as a follow-
on to TDRSS. The system would be operational 1997 
- 2012. ATDRSS would employ the use of Ka-Band to 
meet increased data rate requirements. It could also 
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provide a platform for an optical link with Space Sta-
tion using the LCT. 

Figure 8-1 shows the schedule for the programs iden-
tified above. It is clear that considerable work is ongo-
ing in all Agencies. The optical inter-satellite work is 
proceeding almost in parallel. NASA and NASDA 
plan to take a two-step approach. The first to test 
communication from space to ground and then be-
tween two payloads in space. ESA plans to go directly 
to a space to space test (even though space to ground 
tests are also planned) between SILEX and SOUT in 
LEO and Artemis in GEO. It should be cautioned that 
DRS is slipping and that without it the agencies lack a 
suitable GEO end to their links. 

Itis understood that an International Working Group 
on Intersatellite Optical Communications comprising 
representatives from NASA, ESA, NASDA and CSA 
has been formed. Further it's task is to initially ex-
change rationale on the design approaches taken by 
each agency, particularly regarding tracking and acqui-
sition, and later to examine the possibility of inter- 

operability and cooperative or collaborative endeav-
ours. 

8.3 The Need for a National Program 
and a Possible Scenario 

8.3.1 The Need 

Although not discussed, the fmancial dimensions of the 
European, Japanese and US programs and their impact 
in terms of technology development will be fundamen-
tal for the national industries concerned. 

While the developments are aimed at supporting each 
countries space infrastructure, we can expect national 
industries to fully exploit the capabilities developed in 
the commercial market. The market is clearly develop-
ing for crosslinks with the trend towards distributed 
world wide communications system architectures em-
ploying many interconnected satellites in various or-
bits. One of the best published commercial systems is 
the Iridium system proposed by Motorola. The essen-
tial features of the system include 77 active satellites in 
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Figure 8-1 Offshore OISL Programs 
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LEO, evenly spread on seven orbital planes each of 
them connected to it's neighbours by six intersatellite 
links supported by 462 active ISL terminals. The pro-
posed ISL's would be at Ka-Band, however, conceptu-
ally they could be optical. The U.S. Department of 
Defence's BRILLIANT PEBBLES and BRILLIANT 
EYES programs are considering OISL's. The system 
architectures for these programs are similar to Iridium 
but each will have some 200-400 active satellites. 

A major concern is that if Canada does not embark on 
a significant development program,then we will have 
abandoned the market to the industry of other nations. 

Referring back to the schedule, Figure 8-1, it is clear 
that although some experiments will fly earlier, the 
majority of these OISL development thrusts come to 
fruition in the 1996-1998 time frame. In some cases 
development has been slowed by funding constraints, 
in others development started based on the technology 
of a few years ago has proved difficult to complete 
quickly. Whatever the re,asons, it is clear that Canadian 
industry, working from a sound foundation of relevant 
teclmology, can compete against this schedule. 

8.3.2 A Possible Scenario 

The following is not intended to be a plan in itself, but 
it is intended to suggest that there is merit in consider-
ing development of a plan. Thus, the purpose here is 
to describe a scenario and the possible elements of a 
plan. There will eventually be a need to clearly estab-
lish in detail the content, cost and schedule of all 
possible elements of any scenario. Further, it is sug-
gested that the eventual plan become an integral part 
of the Long Term Space Plan currently being consid-
ered by CSA. 

a. Objective 
To undertake a domestic optical intersatellite 
link development program. The program 
should target cooperative work with interna-
tional partners in the first instance, but should 
also address stand-alone work with international 
partners. 

b. Approach 

There are two possible approaches for the Ca-
nadian program; to develop either the GEO or 
LEO end of the link. The early stages of the 
program are likely to involve the same technol-
ogy and sub-system development, but the aim 
will be to enter cooperative flight test (and to the 
degree possible, cooperative development) with 
a partner country who will provide the other end 
of the link. 
The existence of the necessary geostationary 
data relay satellites, equipped with optical ISL's 
in the timescales shown in Figure 8-1 is by no 
means certain. If they are not developed in time, 
OISL's deployed in LEO orbit will face severe 
restrictions in their test and evaluation pro-
grams. A dedicated OISL relay, implemented 
on a GEO smallsat orbited over North America 
would enable a range of cooperative experi-
ments to be undertaken (subject to inter-
operability considerations), and would also be 
suitable for stand-alone space-to-ground work. 

Alternatively, the OISL could be implemented 
on a LEO satellite, possibly a future Radarsat or 
polar orbiting communications smallsat. Again, 
realistic service demonstration would only be 
possible through interoperation with a suitable 
GEO relay such as ATDRSS or 
ARTEMIS/DRS. Without such interoperabil-
ity more limited LEO-to-ground testing could 
be done, though in these circumstances the 
stand-alone GEO is probably the more attrac-
tive alternative. 
In order to put a suitable cooperative program 
in place, it will be necessary to take an aggressive 
approach in the "International Optical Commu-
nications Working Group" and ESA and to 
move ahead quickly on a Preparatory Program 
to explore the key technologies. 

c. Strategic Linkages 
Strategic Linkages with the ESA, NASDA and 
NASA programs as well as domestic programs 
should be fostered in order to maximize the 
benefits to the domestic program. As a direct 
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consequence of the CSA's participation in the 
International Optical Working Group, a multi-
national program could be proposed. Similarly 
CSA could sponsor a mini-satellite program in 
ESA. In any event, it will be necessary to stan-
dardize system interfaces, acquisition and track-
ing, and communications methods and protocols 
as well as make maximum use of existing pro-
grams and technology. 

In this regard, a Canadian role in ESA's SOUT 
program should be encouraged; CAL Corp. and 
Spar are at the time of writing investigating a role 
in developing the telesr,ope and coarse pointing 
subsystem. 

Domestically, a linkage with any smallsat bus develop-
ment would be most desirable. 

d. Team Canada 
All of Canada's major space activities have been 
undertaken in cooperation with other countries. 
This has been achieved through close collabora-
tion between Govenunent and the Space indus-
try. Key has been the development and 
enhancement of technology and skills necessary 
to maintain a solid Canadian industry infrastruc-
ture. 
In recent years, the international space industry 
has gone through a period of mergers and acqui-
sitions that have changed the competitive bal-
ance and created a global market. 
Canada's ability to continue to achieve success 
will be dependant upon a high degree of coop-
eration and interaction of government officials 
and space industry and between the individual 
members of space industry. Spar has gained a 
commitment from all the companies identified 
in Table 7-1 to work together towards the suc-
cess of the scenario proposed here. 

8.4 Program Elements, Schedule 
and Cost Estimates 

8.4.1 The Proposed Scenario 

Key to the program is the early identification of coop-
erative development opportunities (and the resolution 
of the GEO/LE0 question) and successful inter-
operability. For this reason it is recommended that a 
systematic operational research approach be adopted 
based on an iterative process of the optimization of the 
design based upon the analysis of requirements, lead-
ing to the generation of a simulation model. In this way 
interoperability and system control would be assured. 
This Phase 0 activity would provide a basis for: 

• Agency to Agency discussions 
• Industry to industry discussions, and 
• Program alternative identification and selec-

tion 

This activity would then lead into a Phase A, System 
Design and Specification activity 

The Phase A would comprise: 

• System design and specification and cost esti-
mates, and 

• Risk identification 

Phase A would be followed by a normal Phase B 

• Sub-system specification 
• Proof-of-concept demonstration of critical 

hardware 
• Proposal for Phase C/D, full scale development 

and launch 

A program overview responsive to the cooperative 
project window of opportunity described above is pro-
vided as Figure 8-2. 
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Figure 8-2 OISL Program Overview 

ROM costs for each phase would be as follows: 

Phase ROM 

0 $750K 
A 1 $5M - $10M B 

8.4.2 Optical Link Preparatory Program 

The objectives of the proposed scenario are ambitious 
and Canadian industry, though it possesses a strong 
foundation in the relevant technologies, cannot point 
to a heritage of OISL components, sub-systems or 
systems. This can be remedied by initiating an Optical 
Link Preparatory Program (OLPP) to focus develop-
ment of Canadian OISL technology and provide a 
means of demonstrating it prior to flight of a link. 

The OLPP will be focused around the development 
and maintenance of a national Optical Link Test Bed 
which will be used to demonstrate and evaluate the 

necessary OISL technology as well as to explore con-
cepts for complete systems. 

Within industry, key components and sub-systems will 
be developed and integrated into the test-bed to pro-
vide first a 100 Mbps demonstration link, with the 
eventual aim of demonstrating a 1 Gbps link. 

The test bed will provide a phased approach to increas-
ing Canadian industries OISL capability. In the first 
stage the demonstration of 100 Mbps capability will 
represent meaningful progress (100 Mpbs is a useable 
bandwidth for a number of remote sensing and tele-
communications applications) and will permit industry 
to develop and integrate all the key sub-systems re-
quired. It will also permit industry to taclde the chal-
lenges of overall system integration and test and to 
explore options for acquisition, tracking and stabiliza-
tion. 

As discussed in Section 6 above, the extension of capa- 
bility to 1 Gbps requires a change in the approach to 
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transmitter and receiver design. Options such as wave-
length multiplexing or heterodyne detection using an 
alternative laser wavelength will be explored on the 
test bed. 

With such a phased approach we believe that Canadian 
industry can demonstrate a basic capability early, and 
so lever a worthwhile position in a cooperative pro-
gram to develop a flight OISL. 

8.4.2.1 Component and Subsystem 
Development 

It is clear from the above discussion that the key tech-
nologies required to demonstrate OISL system capa-
bility on the test-bed can be identified now. 

Table 8-1 lists elements of the OLPP that the study 
team believes need to be addressed. The priority as-
signed is a reflection of the phased approach to devel-
opment; high priority elements are required for 
demonstration of the 100 Mbps capability and need to 
be addressed as early as possible. Lower priority ele-
ments can be tackled later as they contribute to in-
creased performance downstream. 

For completeness a capsule description of each devel-
opment line item is included as Appendix D. 

8.4.2.2 The Test Bed 

The components and sub-systems developed Will be 
evaluated and demonstrated in a test-bed designed to 
explore all  the systems and integration aspects of the 
OISL. 

The test bed would be located at a suitable CSA facility 
(possibly David Florida Laboratories) and would be a 
national facility with the following basic uses. 

• demonstration and proof-of-concept of com-
plete OISL systems 

• standard test/evaluation facility for individual 
components and sub-system development 

• test rig for development and evaluation of sys-
tem design issues such as acquisition and track 
algoritluns. 

• capability demonstrator for CSA and Canadian 
industry 

• reference system for trouble shooting flight 
systems 

Clearly the test-bed, if it is to be an evolving expression 
of current Canadian OISL technology, cannot simulta-
neously address all the above uses. Its use, and partic-
ularly the control of its configuration would have to be 
carefully integrated into the OISL flight program as it 
develops. Issues such as ownership (CSA) vs manage-
ment (CSA or an industry prime) would have to be 
addressed as part of the detailed planning of the pro-
gram. 

8.4.2.3 Schedule and Test 

A nominal schedule for the OLPP is shown on Figure 
8-2 against the cooperative program. Key milestones 
are demonstration of 100 Mbps and 1Gbps capabilities 
and the OLPP, starting as much as 2 years ahead of the 
Phase B will provide proof-of-concept demonstrations 
required. 

It should be emphasized that the test-bed is intended 
as a continuing program, or at least within the span of 
current OISL development out to the end of the de-
cade. 

The OLPP is not intended to be a high cost program. 
Within the program, high costs associated vvith space 
qualification, packaging and QA will be avoided, whilst 
providing proof-of-concept level equipment and build-
ing experience and credibility. It is anticipated that 
costs in the start-up years will not exceed $2M/year. If 
the program were started in FY 1992/93 the OLPP will 
provide basic technology development to a coopera-
tive OISL flight program at a total cost of approxi-
mately $10M. 
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Table 8-1 Proposed Canadian Optical ISL Hardware Developments 

Subsystem Unit Lambda Data Rate Priority Flak Cost 

Acquisftion and Tracldng Ans  Pointing/Point-Ahead Mirror/Assy. N/A — Medium Medium Medium 

Acquisition and Traeking FPM/PAM CCD-Acq. Drive Control Electronics NIA — High Medium Medium 

Acquisition and Traciling Receivers - CCD Version 780-900 — Low Low Medium 
- Pos. Sens. APD. 780-900 Low Medium Medium 

Beacon Laser source 780-900 N/A Medium Low Medium 

Beacon Telescope Beacon Tel. Assy. As required — Medium Low Medium 

Comma Modulators NA 1,300,100 Mbls Medium Medium Low (1) 

Laser drivers - normal 820/1032/1064 300 Mb/s Low Low Low 
- heterodyne 820/1032/1064 1 Ms Medium Low Medium 

Laser sources - normal 820/1032/1064 300 lies High Low Medium 
- heterodyne 820/1032/1064 1 Gb/s High Medium Medium 

Receivers - normal 820/1032/1084 300 Mb/s Medium Low Low 
• heterodyne 103211064 1 Gb/s High Medium High 
- Opt. Preamp. Ftx 820/1032/1064 High Medium High 

Demodulators - normal N/A 303 Mb/s Low Low Low (1) 
- heterodyne N/A 1 Gb/s Medium Medium Low (1) 

Opteal Bench Multiplexer/Demultiplexer As required — Medium Low Low 

Spectral Isolator As required — Low Low Low 

DichroicFilters As required — Low Low Low 

Optical Bench Unit 2 Ms Stabilized  Ans  Pointing hirror 820-1064 2  Mois Medium Medium High 
1 GbIs  

Compact  bench design using innovative techniques 820-1064 2 Mbis Low Medium Medium 
1 Gb/s High 

Telescope Objective As required — High Low Medium 

EYelgece As required High Low Medium 

Thermal Control Window As required Medium Medium Medium 

Coarse Pointing Assembly N/A High Low Medium 

Telescope & Drivers Telescope - composite lightweight structure 820-1064 10 Mb/s Medium Medium Medium2  
- hybrid refractive/diffractive 820-1064 -1 Gble Low Low Medium 

CPA - Parallel mirrors 820-1064 2-10 Mois Low Low Low 
- Coude 820-10M 10-1 Gilis Low Low Low 

Notes: (1) If implemented as ASIC's, both Development and qualification cost would be high. 

There is zdso the question of the National Laser Comms. Test Bed. It is assumed that the prototypes and engineering model examples discussed here are integrated 
into the Test Bed for systems evaluation. CAL has interests in this level of work as expressed at previous meeting with both Spar and CRC. 
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8.4.2.5 Conclusions and Recommendations 

This study has provided a review of basic OISL tech-
nology and outlined a concept for a 100 Mbps OISL, 
with growth capability to support 1 Gbps. 

The process has served to highlight the key technolo-
gies that must be mastered in order to successfully 
develop the OISL. The industry study team has re-
viewed the capabilities of Canadian industry, with em-
phasis on those companies with existing space 
expertise, and has concluded that Canada does prosses 
sufficient capability in the relevant technologies to 
consider the development of a complete optical ISL. 
The review did confirm, however, that Canadian indus-
try has generally developed little that is specifically 
applicable to an OISL and cannot therefore demon-
strate a heritage in this area. 

Our ongoing involvement in manned space, satellite 
communication and remote sensing has convinced us 
that these space systems will make increasing use of 
inter-satellite communications links in the future-many 
of which are likely to be optical. This view is clearly 
shared by the rest of the space community as OISL 
development figures in a number of programs, in 
NASA, ESA and NASDA in particular. 

The scope and schedule of such programs does not 
indicate that the te,chnology gap is wide and impossible 
to close, but it does suggest that Canada should begin 
work in this area without delay, to avoid being left 
behind. 

Two parallel thrusts are recommended. The team be-
lieves that the most effective route to fielding an OISL 
is via an international cooperative program where Can-
ada would provide one end of an optical link and join 
with an international partner (or partners) to demon-
strate interoperability and end-to-end communica-
tions. A possible example is to provide a first 
generation geosynchronous optical data relay satellite. 

In parallel, and to provide the OISL technology credi-
bility and focus on which to base the flight program, the 
team recommends that an Optical Link Preparatory 
Program be initiated immediately. Such a program 
would provide an ongoing development, evaluation 
and demonstration base through the use of a ground 
test-bed on which both component development and 
system concepts could be tested. 

We believe that the OLPP should begin as soon as 
possible, so as to provide early experience in Canada in 
the key technologies whilst the details of an interna-
tional cooperative OISL program are being finalized. 

Appendix B to the report lists a number of key areas 
where useful development could be carried out now, 
but further work is required to better detail the OLPP 
program, its cost, schedule and the details of the work. 

It is therefore recommended that the Spar team be 
contracted to fully define the OLPP and its links to 
potential international programs with a view to begin-
ning work in FY92193. 

An Outline OISL Technology Development Program 
Page 8-8 
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