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ABSTRACT
A study was made to develop key technologies in

intersatellite 1inks (ISL) based on the laser diode. Theoretical

. work was done including determinations of the receiver

sensitivity as a function of a number of parameters such as bit
raté, type of detectors, gain and detection techniques, both
direct and héterodyne. Investigations were also made on
modulation formats, laser diodes, detectors, noise and noise.
reduction techniques as well as acquisition and trackjng.

A communication testbed was built to study the‘problems
associated with a lTaser diode based system. The transmitter used
a GaAlAs laser diode operating at 830 nm and was modulated up to
1 Gbit/s. Both direct and heterodyne detection were employed
using Silicon avalanche photodetectors. Laser and detector
noises were measured and found to be within . their expected
ranges. The advantages in sensitivity of heterodyne detection

were found to depend on the success of removing excess noise

from the local oscillator.

The results of our study show that Canada has the
capability to participate fully in the ISL high technology
worldwide activity. A Canadian Industrial Strategy to the future.

ISL market is proposed.
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1.0 INTRODUCTION

' This is the final report for DSS Contract No. 1ST84-00177
entitled "The Development of Heterodyne-Based Optical
Intersatellite Communications",

| The contents of this report will describe work that was
performed at MPB Technologies Inc., both theoretical and
experimentals to develop key technologies in optical
intersatellite links (ISL) based on the laser diode.

fhe work incliuded a survey of the state~of-~the=art as well

as original system studies to fill in gaps not found in the
literature, and exberimenta] work on a testbed to identify the
potentials and problems of this new technology. Many aspects of
ISL have been considered and discussed in this report. These

include the transmitter and receiver subsystems, modulation

. formats, sensitivity of the receiver, noise, aquisition and

tracking, etc.

The breadboard that was built in the lab provided us with
invaluable first hand éxperience on the idiosyncrasies of this
technology. The transmitter used a Ga Al1As laser diode eﬁitting
at 0.83 uwm and was modulated up to 1 Gbit/s. The same type of
laser was used as the local oscillator. Direct and heterodyne
detection were studied using silicon avalanche photodetectors..
FSK'médu]ation was succeésfu]Ty investigated up to 1 Gbit. This
work permitted us to evaluate realistic expectations of ISL using
laser diodes. This report therefore includes a 1ist of problenm
areas that should be tackled to make this technology a reality.

'in view of Canadé's present involvement, recommendations

are also made that Canada participates fully in the ISL high
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technology field and Canmadian industrial strategy to the future

ISL market is proposed.
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Ressarch into the use of heterodyne technliques In optical
communication systems is primarily motivated by a signiflicant
galn 'In recelver sensitivity. I+ has been estimated that the use

(2.1) to-

of heterodyne detection could add a potential 15-=20 dB
the.system power budget. Such a galn could Increase repeater-
spacings In long haul flber optic communication systems by as.
much as 100 km. In Inter orbit safelll+6-+6-5a+e1li+e
communications such a galn in recelver sensitivities would allow
the use of low power lasers and/or a reductlion In antenna slze.
Such conslderations are a very important aspect of satelllte
optical commun fcation system design.

The bulk of R&D activity is currently found In the fleld
of flber optic communications. Although all optical heterodyne
communication systems are fundamentally the same, there are some
signlf!caﬁT~dlfferences in optical fiber heterodyne gysTems, and
those appropriate for space communication. These differences
rest primarily with the type of semiconductor laser most
sulféﬁle for each., Notwithstanding these differences, much of
the research Into fiber systems Is certalnly applicable to
satelllte systems.

Section 2.1 will present a brief discussion of Qarlous
considerations related to TheAspace environment, ouTl{nIng both
operational and environmental issues Important to system design.
Sectlon 2.2 then proceeds wilith a review of the fundamental
elements of an optical heterodyne communication system. Section
2,3 discusses some of the Inherent problems in such a system. It

Is on these problems that current research and development sffort
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Is focussed, Finally Section 2.4 will survey the state-of-
the-art and the progress made In developing solutflions to some of
these problems. |
2.1 Space-Regulcenents

Operation of optical communication sysfemS‘iﬁ a space
environment places unique boundary conditions.on system design.
Theserconditions affect both the.designs of system operation and-
environmenTal protection, A brief discussion of these space=-:
related fécfors follows,
2,1,1 Operational Factors

Communicatlions in a space environment are unimpeded by
beam attenuation or dispersion In the beam transport medium as Is
experlienced In fiber optic or atmospheric systems. However,
because of beam spfeadlng due to diffraction effects, the
captured optical power at the receiver Is only a fraction of +fhe
total signal power, for large baselengths L. This beam spreading
Is a function of wavelength, exlit+ aperture size and spacecraft
separation. The Intensity, on the optical axis, at the receiver

is glveh by:
P

3o

L .k = 2T (2.1.1)

I (L) =
0 DZ(1+4L%/Kk°D%) \

which for large baselengths L, reduces to:

2

D PL
IO(L) = 27\';\—2-'—'[‘—2- (2-1.2)

where D exIt aperture diameter

>
1]

laser wavelength
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baselength (l.e. T - R _distance)

—
I

-5
n

L launch power,

Therefore, It Is obvlious that In order to maxImize
recelvpd 6p+lca1 power the system designer should tend towards
short wavelength sources - whose power Is maxImized. Thls Is
perhaps: the slingle greatest advantage of optlcal systems: when
compared w}Th microwave systems, slince optical wavelengths are-
typically four orders of magnitude shorter than microwave,
resulting In greater optical antenna gains.

Ensuring adequate received power levels for high speed,
high performance systems Is a major concern, conslidering the
potentlally large baselengths possible In ISL IInks. Inter orbit
baselengths may be as large as 55,000 km. Assuming a 10 cm
diameter transmitting telescope and a 20 cm diaﬁeTer recelving
telescope a power loss of approximately 60 dB may result for a

short wavelength semliconductor laser. AIThough the telescope

" (antenna) slzes are very much a fluild design parameter, these

flgures suggest that practical optical sources should operated at
powef levels at IeésT on the order of 10 dBm - 20 dBm.

An ISL system must also account for the fact that the
baselength Is consTan*ly changing. This sltuatlion Is accentuated
for communicatlion between non-geostatlonary satellltes. The
condltion of variable baselength presents two problems to an ISL .
communication system. The first Is a non~constant average
received power level since recelved.power has been shown to vary.
as the Inverse squére of the baselengthe Thus some sort of

automatic power control would likely be required +To counteract
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+his effect. Secondly a problem with dynamic carrler frequencles
caused by doppler shifting may result for significant satellite
relative velocltlies. This could pose a problem for systems
requiring a high degree of signal spectral purity. Solutlions to
+he‘problem may Ihvolve~+racklng out the doppler shift or
uttlizing wide optical filters such that the signal is:prevenTed‘
from drifting outside the-optlical window of the recelver.

The use of a large optical window may be-precluded by
recelver noise |imitations due to high levels of background
radiation. Sources of such optical background include the sun,

moon, airglow and general stellar background. Of these sources,

+he greatest amount of care must be taken fo protect against

solar nolse., Hence relatively narrow optical filters may be a
requlremenT; Another aid in guarding against background noise Is
to restrict the receiver field of view, taking care that intense
point sources such as the sun or moon are not, or at least are.
rarely seen by the detector. However, the narrower the system
field-éf-view, the more difflcult become pointing and tracking
problems. -

Because of the large dlsTances‘be+ween spacecraft, the
probiems of signal polnting, acquisition and tracking may indeed
be quite formidabie. Although the beam spot size at the recelver
may be on the order of km's [n diameter, corresponding
baselengths on the order of tens of Thousands of kilometers
result in polnting demands better than fractions of an arc
second. Such accuracy is needed for signal acquisition. However
t+he power density of the beam is not constant over the entire

radius of the beam spot, therefore, although acquisition may be



obtained on the perimeter of the spot, system operation must
occur near the center where the power density is at a maximum,
This further Increases the severity of the pointing requirements,
Once signal has been acquired, a tracking fﬁnc+lon must be
performed. Thils tracking capabiiity Is necessary for two
reasons. FirsT-%he spacecrafts are never completely stationary
with respect to each-other, changing not only in separaffon, but-
Inposition as well. Secondliy, there Is always present a.certain
amount of spacecraft jltter. This problem would be most severe
at the transmitting end where there Is enormous l|leverage. This
JI1tter must be tracked out In the system pointing optics. There
may also be a need for point-ahead-optics for tracking spacecraft
with high relative velocities such as may occur in communication
between satel|ltes iﬁ non-ge§s+a+ionary orbits,
2,1.2 Environmental Factors

One of the most noteable characteristics of space systems
Is a lack of easy access for the purposes of maintenance, repalr
or control. Because of this fact, space systems must be designed
and manufactured with a high degree of rellabflify. Satellite
systems are expected to demonstrate a lifetime of typically seven
years., Any redundancy bullt into the system to help meet these
reltability requirements must be automatically controlled.

Since the system is in a remote and hostile environment,
It must be responsible for the generation of Its own supply
power, unlilke terrestrial systems where there Is relatively easy
access to power supply. Because of this situation, power on
board a satellite Is at a premliume. Therefore It Is Important

that all systems are as power efficient as possibie, In



addition, the availability of certain supply voltage and current
levels may be restricted.

Again, because of the remote location of space systems,
and because of the difficulty and cost of transport to these
locations, it is important to minimize system volume and weight
as' much as possible. Minimizing system volume results in either
a-smaller satellite, or In allowing the provision of greater
capabillitlies in a satellite of glven size. Minimizing system
welght resuits in elther reduced launch costs since launch
vehicle fuel requirements are governed by vehlcle weight, or In
easing welight requirements for other systems while still
maintaining a set welght budget for the spacecraft as a whole.

Therefore, In short, the remote location of space systems
presents a requlrement for small, 1ight, rugged, reliable énd
power effliclient subsystems., This requirement implies subsystems
with as low a complexity level as Is feaslible In order to get the
Job done.

Any ISL communication system must be desighed and
constructed In a manner such that 1+ will survive the rigors of
Iaunéh. This demands a system resistance to severe mechanlical
shock, vibration and stress.

The space environment has assoclated with [+ many unique
hazards that any |SL system must withstand. Among these hazards:
Is a severe thermal cycllng that may occur If the spacecraft
passes In and out of the sun's shadow. Indeed, high thermal
gradients will exlist within the sateliite itself, especlally If
it Is despun. The |SL system must be.able to withstand

bombardment by varlous sources of radlation Including cosmic
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rays, Van Alien belt-trapped radiatlon and magnetospheric
boundary accelerated solar partlicles, nuclear events producing
hard X-rays, vy-rays and neutron/proton radlatlion. Other |
pQTenTIal hazards Include contamination from rocket outgassing
and micro-meteorite bombardment.

This sectlion has discussed In a qualltative sense-some:of
the speclal cons.iderations that must be accounted for In the-
design.of a satelilte ISL optical communication system: Keeping
these In mind, a study regarding the prelliminary design and
feaslibillty of a high capacity optical heterodyne communication

system wiil be presented In the balance of This report.

The general theory of heterodyne communications Is well
known from radio and m!crowaQe applicatlions. However, tThe
detalls of actual Implementation can differ substantially between
var lous systems., Certalniy this Is ftrue with respect to optical
and microwave systems. The fundamental operatlonal elemenfs of a
laser based optical heterodyne system are shown in Figure 2.2.1.
The Indlvidual components are described In detall In Chapter 6.

The most critical components In such a system are %he
lasers (the local osciilator Indicated In Figure>2;2.1 Is also a

laser similar to that used In the transmitter). It Is +he~léser

that governs the critical system parameters of slignal power, AM

and FM nolse and mixIng efficlency. The lasers currently under
consideration for use In flber optic systems and now for
Intersatellite systems are single mode semiconductor Injection
lasers. Most of the necessary development work required to bring

these systems Into practice revolve around these lasers.,



Transmitter

Modulator |

—wl Driver

l_aser SZ

Recelver
Beam Detector +
Combiner Preamp

=)= (=L1=

Laser Local
Support, Oscillator
FIGURE 2.2.1:

fl
¥ 1

—s{ Demod

x>

AFC |a

T

Laser
Support

Fundamental Optical Heterodyne System

- O'[..



.

- 11 -

The signal and local oscillator beams are mixed at the
receiver In an optical beam combiner. The beam combiner may
simply be a conventional beam splitter. The mixed beam Is then
detected by a photodiode which recovers +helbea+ frequencies
between the two beams. This electrical signal Is amplified and
fed into the system electronics.

The local oscillator is frequency stablilized by an
adjustment of its bias current. The adjustment is made by the
error signal derlved from a frequency discrimlnator used In the
automatlc frequency control (AFC) loop. This loop senses the
stabltity of a specific frequency component in the electrical
dntermediate frequency (IF) spectrum. In many respects the local
osclilliator.laser can be thought of as a VCO.

The laser drive electronics In fhe transmitter represent
clircuitry unique to a semiconductor laser heterodyne
communication system. These electronics are used to direcfly
modulate the transmltter |aser according fto a specified
modulatlon format. The operatlion of the modulation and
demodulatlon electronics should be similar +0‘+hoseAgeﬁerally
used In other systems. However, actual Implementation may again
present some new problems because of the speeds capable of these
lasers and because of the level of Integratlion demanded by
satell Ite systems.

Modulatlon formats that have recelved consideration for
use in optlcal heterodyne systems are basically the shift keyed
formats commoniy used In heterodyne communicatlon systems In
general. These Include amplltude shift keylng (ASK), frequency
shift keying (FSK) and phase shift keylng (PSK) and varlatlons on
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these formats such as differential phase shift keying (DPSK),

minimum frequency shift keying (MFSK), etc. M=-ary techniques can
| also be employed in these systems. These modulation formats will
be discussed In greater detall in Chapter 4. However, [t can be
said that the FSK and DPSK formats have been found to be the most
attractive for use In optical heterodyne systems.,
2.3 AcsascofTechadcalsbongery

Many propertles of semiconductor laser diodes are ideally

suited for space appllication. There are however, many propertles
that pose severe technical problems for {SL optlical heterodyne

communicatlions. The two major of these are |isted below.

1. Semliconductor lasers are restricted to relatively
low output powers. These |Imits are caused by thermal
damage due 1o high anecflon currents and to optical
damage at the laser facets caused by a high electric
field. Currently avallable single mode GaAlAs lasers
are rated at 30 mW In cw operation., Lasers rated tfo
50 mW are expected In the near future. The prime
motivator for high power short wavelength lasers has
been the optical recording Industry. Long wavelength
InGaAsP lasers, made for the fiber optlcs industry,
have thelr powers |imited typlcally between 3 mW and
5 mW. There is no Incentive for power levels to be
Increased beyond this point because of nonllnear
optlical effects which begln to occur In the fiber.
Muitimode lasers afe commercially ayallable with cw

output powers as high as 200 mW.
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Semiqonductor lasers tend to exhibit a very dynamic
gpectrum. Unlike gas laser systems where optical
transitiéns occur in discrete energy states, semi-
conductor lasers can experience optical transistions
over a band of energy states. This results in a
broad gain spectrum extending over many cavity modes.
This spectrum is also dynamic, being a function of
carrier density (injection current) and temperature.
A drift in the gain spectrum can result in mode
hopping behaviour and partition noises both of which
are detrimental to heterodyne applications. Single
mode lasing has been established in those lasers with
the development of index guiding structures. Single
mode behaviour is mandatory in heterodyne systems..
The single modedness or spectral purity of the laser
is also proportional to the lasing power., The mode's
linewidth is inversely proportional to the

laser power. Hence, the higher the operating'bower of
the laser, the greater is the spectré] purity of the
laser. The actual lasing or dominant mode is

determined by the peak gain wavelength.

In addition to possessing a dynamic gain spectrum
the laser also has a dynamic cavity mode structure.
The laser cavity is in essence a Fabry Perot cavity
where the mode structure is a strong function of
cavity length and group refractive index. The

refractive index is influenced to varying degrees
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by the Al content in the active layer, the doping,
temperature, abso]ﬁte carrier concentration, and
gain. Of these effects the first two result in
laser to laser differencess the third usually
results in long term drifts while the last two

can result in short term instabilities and
operating point dependence. The last three effects
allow the laser to be temperature and current

tuned while the gain dependence allows it to be

FM modulated.

The existence of a dynamic gain and cavity mode
structure make frequency matching and stabilization
very difficult. The matching requirements (1.e;.
frequency offset or IF, linewidth, and long and
short term.stability) are set by the particular
modulation format in use and the magnitude of the

transmission rate.

When communications are attempted at high frequencies
approaching the Gbit/s region, additional technical problems are
encountered. An 1mmedi$te problem is in ensuring sufficient
bandwidth at the receiver. This involves the use of a high speed
yet sensitive detector. A special detector has been developed
for fiberoptic applications. This is the SAGM (separate
absorption graded multiplication) Avalanche Photodiode
Detector (APD). Unfortunately, this device is made froﬁ

InGaAs/InP and so is not well matched to GaAlAs lasers. Si-APD's
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which have peak efficiency around the GaAlAs laser wavelength are
commercially available with bandwidths in excess of 2 GHz and
Si=p=i-n photodiodes are commercially available with bandwidths
1h excess of 5 GHz.

~In addition to the high speed electro-optic components,
high speed modulation and demodulation electronics will be needed.
if Gbit/s transmission rates are desired. Such electronics are
now becoming available with the development of GaAs electronic
technology, especially integrated circuit technology.

" There has been a tremendous research and design effort in
the area of optical heterodyne technology since 1980{ when an
initial optical heterodyne detection experiment was conducted
using difect]y frequency modulated semiconductor lasers.

Evidence of this activity is given by the considerable amount of
papers being published in the Titerature and by the devotion of
technical sessions to the subject at major scientific

conferences such as the Conference on Optical Fiber Communication
and CLEO, among others. Substantial progress has been made in
developing this complex technology into a commercial reality.

The bulk of heterodyne, or coherent, research has been
taking place in the field of fiber optics long haul
communicatibns. The objective is to expand repeater spacings and
increase the data rate by taking advantage of the increase in
receiver sensit%vities offered by coherent transmission
technology. Because transmission is through fiber, the lasers
are being developed for operation at A = 1.55 um where there is a

minimum fiber loss window of ~ 0,2 dB/kme The current status -
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of this research is shown in Figure 2.4.1. A common system
performance measure in fiber optic system analysis fs b%t rate
distance product. Link loss can be estimated by using a fiber
loss of approximately 0.22 dB/km for 1l.55 um systems and 0.42
dB/km for l.3 um systems. Recent research has concentrated on
1.55 um systems using InGaAsP lasers. Figure 2.4.1(2°2) shows
that most systems to date have been designed for operation
between 100 - 500 Mbit/s with FSK proving to be a popular choice
of moduiation format. ASK was a common modulation format in
early systems, but was soon replaced by FSK and DPSK formats.
These formats offer an 1mproved performance/ease of
implementation tradeoff. High bit rate systems are still
dominated by intensity moduiated, direct detection systems,
however it must be reaiized that conventional direct detection
technology is much more mature than coherent technology.
Progress in the two technologies, us{ng this performance measure,
are compared in Figure 2.4.2.(2'3) The rapid development of
cohefent systems is clearly indicated. Receiver sensitivities in
recent coherent experiments have shown improvements over
equivalent direct detection systems of 5.4 dB in a 280 Mbit/s,
204 km, FSK, single filter detection system,(2f4) and 1.7 dB and
7.5 dB in a 400 Mbit/s and 1 Gbit/s, DPSK system
respective]y.(sz)

A laboratory demonstration of an end-to-end 1l.ink
operating at 100 Mbit/s designed for space application has
recently been made.(z's) An experimental package using heterodyne
téchno]bgy and consisting of the transmitting end of an optical

comminication system capable of a 220 Mbit/s data rate has been
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proposed for space qualification on the NASA Advanced
Communications Technology Satellite (ACTS), scheduled for launch
in lTate 1989. A system capable of full duplex heterodyne
operation is being planned for space deployment around 1991.
Communication systems designed for satellite application
are not laser power restrictgd by the non-linear optical effects
disp1a&ed by optical fibers. Currently avajlable single mode,
GaAlAs lasers are capable of 10 dB higher output power. lTevels
than those currently used in fiber systems. It‘is anticipated
that these levels will increase sfi]] further in the near future.
A large amount of device research in GaAlAs lasers has
been directed towards high power single mode lasers. Three major
device structures currently exist for high power AlGaAs lasers.
These are the large-optical=cavity structures:.fhe
thin—active-layer structures and nonabsorbing mirror"structures.
Lasers designed with LOC structures and TAL structures are shown
in Figure 2.4.3. The best published results of Tight-current
characterisfics for GaAlAs devices of these structures are shown
in Figure 2.4.4.¢2:7) The Matsushita diode has emitted a record
single mode“cQ bower at 100mW and a maximum cw power of 200mW.
RCA's CDH-LOC laser with a regrown nonabsorbing mirror achieved a
peak pulse power of l.5W wfth pulses 100 ns wide which is the
highest peak power yet achieved from a single mode laser. The
bulk of the laser was catastrophically destroyed at this power
level. Although several types of these lasers demonstrated cw
powers in excess of 100 mW, their reliable cw power levels are
presently limited to between 15 mW - 30 mW. These levels are

expected to increase to between 30 mW and 60 mW in the near
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future.

Several structures have also been deve]opedxin an effort
to improve spectral purity. A number of these structures are
shown in Figure 2.4.5. The structures that have received the
greatest amount of attention are the distributed feedback (DFB),
cleaved coupled-cavity (C3), and external cavity. External
cavities have been constructed using curved mirrors, gratings.,

and silvered grin-rod lenses referred to as grin rod external

coupled cavity (GRECC) structures.,

Narrow laser linewidths are important in reducing noise in
the heterodyné process and in facilitating locking of the AFC
loop. When the IF linewidth becomes on the order of the
modulation bandwidth then significant sideband distortion or
crosstalk in FSK systems can occur. Acceptable limits are
detérm{ned by the transmission rate and by the particular
modulation format and detection method chosen. It should be
possible to tolerate larger linewidths in high speed envelope
detecting systems, Should the linewidths become large relative
to the bandwidth of the frequency discriminator in the AFC loop,
then tracking and stabilization of the center frequency can be
seriously degraded.

The natural linewidths of semiconductor lasers are
typically in the range of 10 MHz - 100 MHz, full width at half
max (FWHM). Long term Téser drifts may well extend into the GHz
hegion. Doppler shifts of up to 10 GHz at a rate of 10 MHz can
be expected in éate111te systems, It is therefore absolutely
necessary that efficient frequency tracking loops be included in

semiconductor laser heterodyne systems. However, even once
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frequencyestabilization has been obtained, 1inew1dths on the
order of tens of megahertz are generally unacceptable. This
pfovided the incentive for deve]dpment of the structures shown in
Figure 2.4.:5.

Distributed feedback lasers have been receiving the
largest amount of attention in fiber optic research. These
lasers are fabricated from InGaAsP and lase at 1.55 um.
Linewidths of 1 MHz and below have been obtained, however these
lasers are currently being used in conjunction with externa]
cavity configurations to provide further enhanced linewidth
narrowing down to hundreds of kilohertz. Unfortunéte1y, such
lasers are not common at short wavelengths because of the
difficulty in constructing the necessary short period gratings.
External cavity configurations are much more common at short
wavelengths. Linewidths down to tens of kilohertz have been
reported. Although longer cavities result in narrower

linewidths, they also degrade FSK modulation efficiency. In

‘addition long cavities are more difficult to stabilize. Therefore

tradeoffs must be made to reach an optimum cavity length.
Grating feedback is generally employed as it allows greater
tuning capability. Also, adjustment of cavity length by
piezoelectric elements increases frequency stabilization

capabi]ity.

Laser 1inewidths and frequency stability have not yet
reached the stage where homodyne and PSK techniques requiring
automatic phase control can be effectively used.

Optics specially designed for laser diodes are becoming
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commercially avai]ab]e.‘ Diffraction 1Timjted AR coated lenses are
being designed for laser collimation, beam expansion and
receiving. Anamorphic prism pairs are being made for beam
circularization. Optical isolators are used in some systems to
prevent reflected 1ight from feeding back fnto the Taser cavity
and in doing so, degrading laser dynamic performance. The
isolators are usually based upon the Faraday Rotator. Optical
mixing is usually performed by conventional beam splitters. In
fiber optic systems fiber couplers are used. Waveguide mixers
may eventually find use in heterodyne systems. Miniature optical
components (i.e. lenses, grating, prisms, etc.) may become very
important to these systems, especially if stable, compact
external cavities prove necessa}y. Grin-rod (graded refractive
index) lenses have already found common use.

InGaAs APD's and InGaAs PIN: GaAs FET detectors are those
commonly employed in fiber optic Heterodyne systems. An SAGM
quarternary APD has recently been developed by J.C. Campbell et

(2.8)

al at ATA&T Bell Laboratories.: This device is réported to
exhibit a gain-bandwidth product of 60 GHz. Unfortunately sucH
devices are not well matched to GaAlAs lasers at .85 m. These
short wavelength systems use Si-APD's or Si-PIN's, APD's being
more common. At these wavelengths the low excess noise of
silicon APD's has allowed < 300 photons/bit for 10°9 error
rate.(2:9) High speed GaAlAs/GaAs PIN photodiodes are also
available at these wavelengths. Both Si based and III-V based
detectors have been produced with bandwidths approaching 10 GHz.

Custom devices are capable of still higher speeds. Continued

research and development should increase these bandwidths stil]l
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further in the near future.

Some of the best direct detection receiver results at a
number of wavelengths and bit rates, and a variety of
detector/amplifier combinations ére-shown in Figure 2.4,6,(2.9)
The decrease in receiver sensitiv1ty with increasing bit rate is
clearly evident from this figure.

As modulation rates exceed 565 Mbit/s and approach the
Gbit/s region, the availability of adequate electronics becomes a
major problem. Laser drivers will reqdire the use of GaAs FET
compbnents. IF frequencies in excess of 1 GHz will require the
use of microwave components. Electronics involving logic
functions will again most likely use GaAs IC technology although
Si=bipolar ECL may be used below 1 Gbit/s if custom designed.
Manufacturers of high speed GaAs logic circuits have been
marketing devices for over a year now, and are rabid1y bringing
new devices on 11ne.(2'10).The level of 1ﬁtegration is reaching
LSI levels with somé manufacturers offeriﬁg semi-custom gate
arrays.(2.11) '

In addition, appropriate measurement and test equipment is
only now becoming available for operation at Gbit/s plus levels.,
Bit error rate transmission test equipment in particular is-
currently being offered by at least three manufacturers.

Another problem that is encountered when working above .GHz
frequencies involves the fntrinsic noise behaviour of tﬁe laser,
Both the AM and FM noises of the laser peak at the resonance
frequency of the laser. The resonance peak typically oécurs
between 2 - 5 GHz at lasing and moves to higher frequencies with

an increase in power. Therefore operation at these frequencies
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N B A Det Amp Auth Year
1 225 250 0.83 SA SB-TZ Muoi 1982
2 264 50 0.85 SA SF-HZ Runge 1976
3 591 34 1.52 GA GF-TZ Walker 1984
4 640 6.3 0.9 SA SF-HZ Goell 1973
5 642 140 1.52 GA GF-TZ Walker 1984
6 847 2000 1.54 IA GF-HZ Kasper 1984
7 930 420 1.55 IA GF-HZ Campbell 1983
8 1046 140 1.3 Ip GF-HZ Smith 1984
9 1077 45 1.3 IA GF-TZ Forrest 1981
10 1186 446 1.52 GA  GF-HZ ~ " Toba 1984
11 1436 1200 1.53 Ip GF-HZ Brain 1984
12 1440 4000 1.51 IA GF-HZ Kasper 1985
13 1635 565 1. Ip GF-HZ Smith 1982
14 1872 800 1.3 GA SB-LZ Yamada 1982
.15 2053 45 1.3 Ip GF-TZ  Williams 1982
= Photons/Bit
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can cause a degradation in the system signal-to-neise ratio.

This problem has been alleviated to a large extent by the
deve]obmenf of a dual balanced detector receiver. A schematic of
such a receiver and its measured noise performance is shown in
Figure 2.4.7.42:12) sych a receiver was used in the 1 bet/s DPSK

coherent experiment mentioned earlier.{2:13)

The experimental
configuration is shown in Figure 2.4.8. The AM excess-noise
currents from the twd photodetectors are in phase with each other
while the signal components are out of phase. Therefore, by
differentially combining fhe two outputs, the AM excess noise is
cancelléd while the signal is completely recovered. The FM noise
cannot be removed by this technique.

Finallys one recent deve]ophent worth noting is that of a
packaged frequency-stable tunable, 20 KHz 1inewidth, 1.5 um

InGaAsP external cavity 1aser.(2ﬁl4)

The packaged grating-tuned
external cavity InGaAsP/InP laser was developed for use in
coherent transmission systems operating at a wavelength of l.5um.
The lasing frequency is selectable with'a.600 A raﬁge during
manufacture and can subsequent]& be‘tuned over a 5 A or 63 GHz
range. Long term relative frequency stability of better than 150
MHz was demonstrated. A schematic diagram of the device is shown
in Figure 2.4.9, '

Experiments have also been performed to demonstrate the
ability of optical heterodyne systems to perform frequency
division mu1t1p1ex1ng.(2'15) The concépt of optical FDM is
similar to that commonly used in microwave and radio

communications. Frequency channels are defined by the Tasing

frequency difference between the transmitter and local oscillator



ok uE Wn

-

) sm o gi em ph

- ws am

- 29 -

To
Detector 1 Post-
Detection
Electronics
Received
Beam
A Detector 2
Beam
Splitter | Local
Oscillator
Beam
_f]llllll| 1 [ Illllll 1 L) lllllll L | |l__~
~ Single-~detector S
o 20 Receiver Noise 1
= - Density -
s L \ =
ol-2 [ -
0|l Qo [ -
olZ C Quantum Dual Detector -
Z| ¢ 10E Noise Receiver Noise 3
= é - Density Density z
218t / 7
Q C -
oF ﬁIAA"_M,“&'M___ |
el o bob ity Lt bt [l

10 100 1000
Frequency (MHz)

FIGURE 2.4.7: Schematic of a Dual Balanced Detector Receiver
and Measured Noise Performance



h mw Bk NS W Ak Wm MR e

- 30 -
P-i-N :
Wideband
Dirce;ctiolnal E)/eieciors Amplifier
. oupler
Received \

Optical J (I)F
Signal ut

Equalizer
Preamp

——

LO Laser

FIGURE 2.4.8: Dual Balanced Detector Configuration Used in the
1 Gbit/s DPSK Coherent Experiment



- 31 -
aluminium silica laser diode
cilse tuning plate on heatsink
//
bl —~—
assembly ] | /

_ | m—
dffraction | 1" — \ \
grating | |

. \ fibge'
7 / \ cable
// /f W\ ,
silica piezoelectric lens fibre
base plate movement on mount gy

FIGURE 2.4.9: Schematic Diagram of the Grating-Tuned External
Cavity Laser .



- ey o

- 32 -

lasers. Therefore channel selection can be performed by tuning
either the transmitting laser or the 1o§a1 oscillator laser. FDM
would provide access to a potential 22 THz of useful bandwidth in
the .83 um window.

Such developments clearly demonstrate the progress made in
realizing the vast potential offered by optical heterodyne

techniques in practical communication systems.
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3.0 RECEIVER SYSTEM STUDY

In order that a receiver might be optimized as to its sensitivity,
a great deal has to be known about its various components and the expected
signal to be received. For example, the detector time constant, quantum
efficiency, noise sources, the detector area, the pulse width, information
format are all important parameters that will contribute to the sensitivity
of the receiver.

It is beyond the scope of this report to give a comprehensive
analysis of optical receivers. The reader is referred for instance to
R.G. Smith and S.D. Personick(3'1) for a good general discussion of such
recéivers.

The derivation in that paper is appealing as it attempts to
optimize the complete system in a general way. On the other hand, the
optimization requires the design of a mathematically derived equalizer
which might or might not be physically rea]izab]e; Also, the derivations
of this paper are rather abstract and do not give a good insight into
the contribution of each element to the total performance of the receiver.
It is therefore difficult to optimize piece-meal, as is usually required
in a real experiment when one is stuck with non optimum components such
aé the best detector which is available, etc. We shall therefore derive
as much theory as required to be able to follow the signal retrieval
process through the components of interest. We will then compare our
results with Smith et al to see how close to optimum our system approaches.

3.1 Dectector Study

The heart of the receiver system is usually the detector itself.

We shall therefore dwell most of our emphasis on this component of the receiver.
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Two types of silicon avalanche photodiode detectors will be examined,.

will be the 'RCA type C30950G which contains its own preamplifier as part of the chip

module, the other is the ANTEL type which is strictly the detector chip and
bias resistor . The advantage of the RCA detector is that the capacitance can
be minimized and impedance mismatched between detector and transmission
line can be removed by the buffer pre-amp. Unfortunately, the time constant
so far is limited to about 1 nsec or so. Because their behaviour is now
well characterized, these detectors merit our attention: On the other
hand the ANTEL type can be very fast but their performance is inferior
by necessity.

We shall derive the theory required to examine the behaviour of
a pulse as it passes through the detectors and the accompanying noise.
3.1.1 Pulse Evolution Through the Detector RCA C30950G

Assume that the input to the detector is a rectangular laser
pulse of duration To* This pulse is transformed by the detector into an
electrical pulse by the detector proper, which is transformed in turn by
the module preamp 1into an output pulse.

The preamp which is part of the detector module has a frequéncy

and impulse response given approximately by (3.2)
1
flu) v ——— (3.1.1)
1+ w?c?
d
F(t) o —f— exp(-t/t ) (3.1.2)
T
d

where Ty is the detector time constant.
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The normalized time development of the detector output signal pulse

is thus given. by

F(t - t )dt , __ (3.1.3)

where PR(t) is the time dependence of the received laser pulse power (watt) and

R,. is the current responsivity of the detector assembly. (Amps/watt)

di
By substituting the impulse function (3.1.2) into (3.1.3) and
performing the integration, we obtain for a rectangular pulse P of duration

T e

p
F1(t) = P|1 - exp(-t/c,) (f_ . 1} (3.1.4a)
d .
for t rp and
exp(-t/t,)
Fa(t) = P ———9(t(eX-1) -t Le* (x-1) + 11} (3.1.4b)
d
for t 2

g with x = Ip/Td

Figure 3.1.1 shows the time evolution of a rectangular pulse of

. duration T as it passes through the detector. The output is shown

normalized to the output value obtained for T and for P = 1. -The
output is plotted as a function of y = t/rd for a number of values of

X = rp/rd. It is seen that if a detector is first compared to L

(i.e., x >> 1), the curves reach 90% of their maximum attainable values,
when t o 4rd. On the other hand, when x < 1, the output never makes it to
the asymptote and reaches its maximum at about a time equal to the time
constant of the detector and, therefore, after the initiating pulse is

terminated. The maximum can be found by differentiating Eq. (3.1.4) to

obtain
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F(t ) = Plexp(x) - 13 exp (TT%E(W) (3.1.5)

This occurs at the optimum time

XT
3 d
tm T T - exp(-x) (3.1.6)

t

Figure 3.1.2 is a-normalized plot of these maxima as a function of x. It
is seen that the maximum available signal can be obtained by making x
2 4, 1.e. keeping T4 X 0.25 T

To bring out the features of the pulse output as it pertains to
pulse detection, we shall replot the time evolution on a linear basis for
3 values of x. This is shown in Figure 3.1.3. The absisca is divided in
time slots of duration T If it is assumed that the sampling is done
at the end of the time slot then it is seen that for x = 10, fhere is
essentially no intermodulation at t = 2Tp. On the other hand, for x =1,
the signal from the previous pulse is Targer than that generated at the
second time slot (in the ratio of .33 to .27). Also, the actual maximum
reached is only 35% of that when the response of the detector assembly
is faster (x larger). For the case of x = .1 this effect is even worse.

It is evident that strictly from the point of view of the signal alone,

it is .advantageous to have a detector with a time constant as fast as possible

(x as large as possible). This is good both for the amplitude and
intermodulation point of view. However, as we shall see, the larger x,

the larger the bandwidth of the detector and hence the Targer the noise
admitted into the system. Evidently there should be a compromised detector
time constant that would give the optimum error bit rate performance. In
order to find it, we must obtain a functional relationship for noise. This

will now be discussed.



ol
x N
o
E -
£
ue B
0.0l
0.00I | | I N l AR | | IIII!I'| l | L1 1irtd | ]t ot it
0.000I 0.00l 0.0l 0.l | 10

X = TP/Tq

FIGURE 3.1.2: Maximum Output as a Function of x



il i
/ et
| /) L
ﬁ 1 ikt
_W b \_ ! g
: ! A I =
i B | loe %
m ot
: L)
Y &
/ X g
_.\.s T : e o
i AT — noos
1O L N %
' i i I c
PN i v__A INPTHITHTE =t 2
1 h - _ | __ : » BETE AT ._n..uv
N Tl Ui U
“ g /ﬁE e < o
N 7
_ lli _w t
TN U o “
1 /11 ! i / _ B O 1|N
I //..II -+ ™
1 .l-’.. N
] i / 1)
i e il I ./ w
TR T T pwwnpormey el LT ! o
| L e AL P

06

09
08
07
05
04
0’ A

0.2
01

(1)

P Wl DA uR BN WP S5 Wk WS OGN Wi B Wn B vE NN e N uN




3.2

- 40 -

Noise Study

When an optical detector is used to detect optical pulses, the

noise output can be split into two major categories. One category is

time independent and is produced by the internal mechanism of the detector.

This includes dark current noise, gain noise, preamplifier noise, etc.

The other category is time dependent: themain contribution coming from

shot noise from the signal itself. It is not clear from Smith et al theory

whether that noise contribution comes mostly from the pulse being sampled

or whether a substantial amount is contributed by the past pulses. This

is because in the theory formalism, all the past pulse terms appear.

We shall therefore derive the noise contribution for one pulse for a

realistic case and determine its. influence on subsequent pulses.

3.2.1 Time dependence of Shot Noise

module is given by

The mean square of the noise current at the output of the detector

(3.2)

N R © 1 t
I 2(t) = gM2E(s9) SUIR .p(t - t)1.F2(t - t )dt (3.2.1)
n R® e O 0

where q is the electronic charge

t

0

M the mean current gain
E = ke M+ (1- ke)(2 - %) is the excess noise factor
for an avalanche diode

k

e a constant

R, = the unity gain responsivity (Amp/watt)

p(t)
F(t)
Ry is the load resistance of the detector (see Figure 3.1.4)

RL is the load resistance of the output circuit (see Figure 3.1.4)

i

the time dependence of the received input pulse (watt)
impulse response of the detector module

"

We can substitute into 3.2.1 the pulse of duration g starting at-

= 0, and the impulse function given in 3.2.1 and doing the required integration.
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This gives
for t
a) or t > o
~ QM*E RP R, 2 _ . _
Ina(t) - (Wd- &Y 1y (€% - 1)-yre®¥(2x - 1) + 11 (3.2.2)

b)

where

3.2.2

also generate a steady state noise term given by

where

with

d L

+ %EeZX(ZXZ S2x + 1) - 113

for t <t
p
2
_ gM<E ROP Rd 2
d L

P is the magnitude of the optical pulse (Watts)
y = t/Td

X = Tp/Td

Total Noise of Detector Module

In addition to the time dependent noise term, the detector will
(3.3)

2

1 Ry 57 2 2
I?] = E(ﬁ—l:) 0 (So + w Sz)"f ((.U)d(.l) (30204)

(3'3)the noise power spectrum (Watts/Hz) of the detector is

4kT

- : : 2
q = electronic charge (Coulomb )
Ids = unmultiplied portion of the detector dark current (Amp)
I, = effective gate leakage current of the preamp transistor (Amp)

I

multiplication gain

LO() = 2 (D) - eV ey gD (3.2.3)
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E = keM + (1 - ke)(2 - 1/M) is the excess noise factor
ke = a constant
Rd = Tload resistance of detector

)
n

output. Toad of the circuit

ib average detector current due to background radiation power

idb = multiplied portion of dark current

k, t have the usual significance and f(w) was defined in Eq. (3.2.1)

The other term contributed by the transistor preamp is

Sa = e2(Cy + Cp)?%, (3.2.6)

i

where e, equivalent transistor noise voltage
Cy = detector capacitance, and

C, = effective transistor input capacitance.

The integration of Eq. (3.2.4) gives

2 _ 1 2 2
12 = p_r (Sot q + Sz)(Rd/RL) (3.2.7)
d

which is the average current nhoise power.
3.2.3 Sample Calculations
In order to have a feel for how the detector parameter will affect
the system performance we shall examine a specific case'based on the
RCA C30950G detector module.
The performance of a communication system is usually given in

terms of the bit-error-rate. We start by noting that the probability of



Gl = 2 4 TR A A Sl w A ne MR ol O U B U O
3 4 . e— b v Te -

- 44 .

error for a two level system is given approximately by

1 D-A B-D
P. = o (erfc( ) + erfc ( )) (3.2.8)
Tz /2o, /s
B
where erfc = 1 - erf
erf = the error function

A and B are the two signal levels (B > A) at the sampling time

op» Og are the r.m.s. noise occurring at level A and B respectively

D is the optimum decision level.

It is assumed here that both signa1 A and B are equally likely and
that the signal-to-noise ratios are not too small. For simplicity in this
discussion, we assume that op GB which implies that the system is not
signal shot noise limited. Under this simplification, the probability

of error is simply

Pr = 5 erfc(0//2) (3.2.9)
D-F F -D
S_. s

- min _  ~max
where Q = = = -
and A and B have been replaced by the two possible signal levels F, ~ and F

min max

occuring at the sampling time rp and er obtained- from Eqn. 3.1.4a and b.

Solving for Q by eliminating D, we get

2
Fg - Fs .
Q2 =l _max min

4o

S
_ 1 .
= (_ETB) (3.2.10)

where Spp/N is the peak-to-peak signal to noise power ratio.
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Determining the performance of the system requires therefore
the evaluation of Spp/N which we shall proceed to do.

Let us try to determine the detector time response in a
semi-quantitative fashion. Suppose we wish the system to have a BER of
1 part 1in 109 if there were no intersymbol interference. Then the
question that can be asked is what is the largest intersymbol
interference we could tolerate that would at most change the BER
from 1 to 2 parts in 109? By solving this problem, it can be shown
that this requires that

FS(ZTp) < .01
Solving from Eqn. (3.1.4b) we get

T
X~ 6.6 = ;B'
d :
or the detector should be about 6 times faster than the pulse width. .

A plot of two such pulses inserted into two adjacent slots,
is shown in Fig. 3.2.1 where the normalized signal is plotted agafﬁst
units of Toe It is seen that such a signal would be close to ideal since
at z = 2, the sampling time, the signal would rise close to its
maximum value while the past signal is decreased close to zer& at that
point.

Next, it would be interesting to calculate the time development
of the shot noise for such a detector and to determine its relation
with respect to the steady state noise. By using Eqns. (3.1.4a,b, 3.2.2,

3.2.3, 3.2.7) and using the following typical values for the constants
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0‘ L
IdS = 300 nA
Idb = 4 nA
It = 3 uA
e, = 2nv/Hzl/?
Cq = 10 pF
C, =2pF (3.2.11)
T = 293 K
ke = .02
RO = 4 A/W
M =60
LI 10 ns
= 66.35
5 ns

we can calculate the time evolution of the signal noise I;(t) and steady

state noise I; and S/N. The result is plotted in Fig. 3.2.2.

[t is seen that the time dependent noise term does push through above

the steady state noise level at about y = 2, i.e. at a time equal fo

twice the detector time constant or 20 nsec. It stays~above"this Tevel during
the sampling time (t = t_ ). In fact, the loss in S/N due to the time

P
dependent noise term is about 4 dB. In this particular case however, because

\ 20

the S/N is high (n 22 dB), the BER is Tess than 1 part in 10™" and this Toss

is therefore inconsequential. By the time the second sampling time (t = ZTP)

is reached, that noise term is completely inconsequential. At that time

only the steady state noise is important.
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3.3 Computer Optimization

The previous calculation is a useful guide in showing the
interaction between a fast detector“that provides quick rise and fall
of pulse with Tittle intersymbol interference and time dependent noise
which does rise above the other noise sources and thus Timits the
ultimate S/N. The calculation was carried out for a gain of M = 60,
Different gain values would produce different proportions of noise as it
affects both the steady state and time dependent noise in different ways.
It would be desirable also, to carry out the analysis without simplification
such as assuming that the noise of the high and low signals are the same and
to make use of the time development of noise_we have derived: The only
practical way to optimize the detector module is therefore to use the

computer to maximize the Spp/N by determing the optimized value of 7, andM

d

at the sampling time.

3.3.1 Case 1 - Optimization of RCA Preamp Type Detector - Assumption 1
Assumption 1 is that at the sampling time, the previous signal

was on if the present signal is off and vice versa, i.e. the previous

signal was off when the present signal is on.

It can be shown that under these conditions and for a S/N which

is not too low and for Gaussian noise the decision level D can be found

by solving
i, - D
h
= Q (3.3.1)
%h
D - i
— L (3.3.2)
2
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where ih, 1£ are the signal current for on and off state respectively
and s Op are the r.m.s. noise corresponding to the on and off state
respectively.

With Assumption 1, this entails

R

ih = 1‘(Tp) = ROMP(Rﬁ(E-)Fl(Tp)
o R
ip = 1(2Tp) = ROMP(—R—L)FZ(ZTP)

0ﬁ=1'2+12('r)

n ntp
2 - :2 2
of = 12+ In(ZTp)

(3.3.4)

(3.3.5)

(3.3.6)

(3.3.7)

where Fi, Fa, in and In have been defined in Eqn. (3.1.4a and b, 3.2.4, 3.2.1).

Eliminating D and solving for Q* we get

- - - 2
Q2 E (1h 1[‘) = Spp

2
(Og + oh) NT

From this definition, Spp/NT is thus the peak-to-peak signal
power to effective noise power °T2
where op = 0, + op.

A computer algorithm is then set up to maximize the Spp/NT
by optimizing the detector time constant and the gain. The plotted
results are shown in Figs. 3.3.1 to 3.3.4. Figure 3.3.1 shows the

optimum S /NT as a function of Pa the received pulse power at the

pp

(3.3.8)
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detector where NT = UTZ' This is done for a number of pulse widths i
(or bit rate). The detector parameter values are the same as those
selected in 3.2.11 and Rd = 15 Ko and RL = 50 Q. We observe that for
larger Tp, the Spp/NT is greater. This is to be expected since a narrower
bandwidth can bé used in the receiver with a reduction in noise. A line
is drawn to show the Tevel at which the bit-error-rate is 1 part in 109.
This graph therefore reveals the amount of received power PR which is
required at the bit-error-rate for various bit rates (pulse widths).
Figure 3.3.2 shows the optimum gain required as a function of PR for each
pulse width (bit rate). It is seen that in general, the lower the
received power and/or the higher the bit rate the higher is the gain.
Figure 3.3.3 gives the 6ptimized detector time constant as
a function of PR for various bit rates. It is found that in general,
the higher the bit rate the Tower T4 is expected. Also, except for
the very high bit rate (10 Gbit), the lower the received power the higher
the required detector time constant, although the change is relatively small.
To see the relation of optimum 4 to o> we have plotted these
parameters in Fig. 3.3.4. It is seen that at low PR’ optimum Ty is
essentially proportional to T In fact Tdo . v 1/4rp.
3.3.2 Case 2 - Optimization of RCA Preamp Type Detector - Assumption 2
Assumption 2 is that it is now assumed that at sampling time, previous
signal was always on whether present signal is on or off. This entails

now that the intersymbol interference is always present, so is the noise

from the previous pulse. This is therefore slightly more pessimistic than

-the previous case. We shall, nevertheless, use this assumption from here

on so as to be able to compare our results with those of Smith & Personick

who made that assumption.
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It is easy to show that under this assumption

i
Q=—un"n (3.3.9)
0£+h + og
where Tpih is the r.m.s. noise caused by the present plus past pulse at the

present sampling time (rp).

So that
i, 2 S

g2 = . . ' (3.3.10)
(Gpan * op)” Ny

Note that the definition of Spp/NT is now slightly different from (3.3.8).
‘ In order to make our model a 1ittle more realistic at higher

bit rates, we shall further assume that Rd is not a constant for a]].Td

but is given by

T
R =15ke x 9 (3.3.11)
. d 6.82 nsec

down to 50 Q.

This will conform approximately with a number of va]ueé found
from the manufacturer for various values of Ty

Using the same parameters as in Eqn. (3.2.11) we get the results
plotted in Figures 3.3.5 to 3.3.8. The results are substantially similar
to the previous ones even though the SPP/NT is slightly less and the
optimum 4 slightly larger. The main advantage of using Assumption 2

however is that we can compare our results with those of Smith & Personick

"In order to do that, however, we have to put our results in their form.

Figure 3.3.9 shows the results that Smith & Personick obtained
using their calculations where the plot is in nP vs. bit rate. Here n

is the quantum efficiency while P = aVeragé power of pulse for on and off
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pulses. Thus P = P/ 2.
To conform to the values they have chosen, we further make the

following slight modification to our parameters:

Ro = .6 A/W
n=.9
and ke = .03

ReworKing the optimization, our results can then be plotted on that same graph

as shown in Fig, 3.3.9. It is seen that our result is only about 3 - 4 dB
above theirs. To account for the difference, it should be noted that we
calculated the exact noise that includes both the time independent noise
plus. the time dependent noise while Smith & Personick made the assumption
that the time dependent noise is negligible., If we look at Fig. 3.2.2
however, we see that the time dependent shot noise could go as high as
3 dB above the time independent noise for that case. Other cause for
the slight discrepancy is that Smith & Personick assumed the use of
an equalizer. Also, some detector parameters not explicity given in
this paper, might be sTightly different from ours. Note also that such a
module is not available at present for bit rates above 500 Mbit/sec.
The results are thus shown in dotted line in that region.
3.3.3 Case 3 - Optimization of Fast Detectors Without Preamplifiers

It is generally desirable to have a preamplifier built as an
integral part of a detector module. This allows better matching of impedances
and reduction of stray capacitances. As the bandwidth requirement increases,
however, the effective load resistance has to decrease more and more until
it reaches 50 @ or lower. Under these conditions, transmission Tine

techniques are advantageous. In fact,-all fast detectors, with rise time
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< 1 nsec are usually supplied without preamplifiers. We therefore have to
derive theoretical models for such detectors that have to be connected
directly to commercial low-noise preamplifiers.

Using the model shown in Fig.v3.3.10 for the detector-amplifier

combination, it can be shown that the impulse function is

R -t/ -t/
F(t) = A_d_( 1 ) (e d_o "8 (3.3.12)
LT~ T
where A = Voltage amplification of amplifier (at low frequency)
Tq = Rd -CT = time constant of detector
T, T Time constant of amplifier
CT = Total input capacitance to amplifier.

The time development of the output signal is thus

for t < ¢
p

S
out Ty

-

: R -t/ P -t/t
. _ _ d 1 d a
i (t) = Fs(t) ROMPA-n—— (;;—_“m_) Td[l -e } - T, 1-¢e ] (3.3.13)

d t
and for t > Tp

Tp/T

R. -t/ T/t -t/t a -
ig () = F(t) = R MPA a1 T d [e P d—1} -t e a[e S 1
out RL Ty Ty

(3.3.14)

The noise model is as shown in Fig. 3.3.10.

The time development of the shot noise can now be shown in this

case to be(3'4)
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For t <
p

While for t > rp

R . 2 2
iz (t) =qmERP (A | . [
Nout 0 R T, - T
L d a
T -2t/ 2t /T T -2t/ 2t /T -1
A d [é prd {{+ 2e a[ﬁe Pel
2 2 ]

-t/t t /T
- 2.t e € [% L 1} -

to this must be added of course the c.w. component of the noise which is

now given as:

. R 2
j2 a d 1 : . . 2 . 4kT
nout(c'w') = (A —E— ) T ZqI} i 1b) M?Z E + T ¥ E——
L LdJ

‘-A_Z‘._]-—

--—-—) + KT(NF - 1)-
R

( 1
4t T, L Ta

where NF = Noise figure of preamplifier

(3

.3.17)
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To optimize for minimum bit-error-rate, we use the same definition
of Q given in Eqn. (3.3.9) substituting the corresponding values obtained
from Eqn. (3.3.13 » 3.3.17) and using the same values for the parameters

as given in the previous case, except that

Rd = RL = 50 @

NF = 2 dB,
we allow the computer to maximize Spp/NT‘ Plotting thé results and
comparing with Smith & Personick, we obtain Fig. 3.3.11.

It is noted that this system is worse than the previous system
af low bit rate but approaches it as the bit rate increases. Past 500 Mbit,
it is better and in any case the only combination commercially available.

3.4 Heterodyne Detection Systems

Fundamentally, heterodyne detection requires a local oscillator
mixing with the incoming signal through a mixer. When this is done, it
is easily shown that the detector signal current at the difference

frequency is given by:

= 2 R MYP.+P, . cOS w.

if rR*PLO ift (3.4.1)

where PL is the L.0. power at the detector and Wie the intermediate

0
or I.F. frequency.

The noise term in a heterodyne system can be simplified
substantially by noting that the only noise term of importance is that
due to the L.0. shot noise. Hence the noise term at the output of the

I.F. filter can be simplified to
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i;if(wif) = 2q PLoR, M% E B. ¢ (3.4.2)
where Bif is the effective bandwidth of the I.F. amplifier.

Note that there is no time.dependent noise\term as in the
envelope detection. We shall now consider two main modu]ation—&emodu]ation
schemes which will be representative of many others - namely, a heterodyne
coherent 0.0.K. and heterodyne-envelope 0.0.K. system.
3.4.1 Heterodyne Coherent 00K

Figure 3.4.1 depicts the essentials of a heterodyne coherent 00K
system. The received laser signal beats with the L.0. on the detector
to produce a first i.f. current 11f after it passes through a bandpass
preamp combination. The current is then heterodyned in turn with a reference

current 1R on a second mixer which, after passing through a Towpass

filter, becomes the output signal current 15 .
0

‘It can be shown that the time dependence of the output signal
power (Watt) is given by
2 (t) =

RZ M* P . P. GZ(t) (3.4.3)

ip Ro M PLg Ps Gy
where GT(t) is the time function part of the output current taking into
account the signal pulse éhape and the transfer functions of the detector,
preamp bandpass filter and 1owpass filter. |

For simplicity, we assume that as was done in the previous
section, the transfer function for the detector-preamplifier-bandpass filter
can be put in the form

g;(5) = —— | (3.4.4)

1+T1-S
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and the transfer function of the output Towpass filter

gO(S) = _.__L_
1 + TOS

where Ty T, are the respective time functions. It was shown in Egn. 3.3.13

that under these conditions, the combined time function is for t < Tp.

-t/T. N -t/t
GT(t) = (;__}___) T [1 -e 1} - T, [1 -e 0] (3.4,5)
i~ T .

J
The noise output at the end of the Towpass filter is given by

B ' | (3.4.6)

2 - 2 =2
™ = 1/4 q PLO R0 M E-1R o

3 0

where BO is the baseband filter bandwidth.

Hence
S (t) 4P.nG2(t)
A (3.4.7)
NO h\)E-Bo

Bit-Error-Rate

Using Assumption 2 as before, we get

Py, Sl (3.4.8)

h\)-E-B0 N

QZ

0

where use has been made of the fact that for heterodyning Sprn = Op-

Also, in this case B = I S (3.4.9)
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Computer optimizations of the parameters for minimum BER gives

results such as shown in Fig. 3.4.2 where So(rp)/N0 is plotted against P
9

R
Picking as before the SO/N0 required for a BER of 107, the sensitivity
6f such a receiver is plotted in Fig. 3.4.3. The comparision with our.
previous systems and Smith & Personick reveals that this heterodyne
receiver is substantially better than all others and in fact approaches
the quantum limit. A slight improvement over that system would be found
with a coherent FSK which in essence is two heterodyne 00K back-to-back
each with its own frequency shift.

3.4.2 Heterodyne Envelope Detection System (00K)

The heterodyne envelope detection system is simpler physically

than the heterodyne coherent system since there is no reference oscillator

and a second mixer fsee Fig. 3.4.4). On the other hand the noise theory is more

complicated. This.comes from the fact that the statistics are not Gaussian but rathe

follow a Rician or Rayleigh distribution. The bit error rates are then

‘given by:

For Targe S/N when 1£ is very small:

: ; L .
BER = 1/4 erfc + 1/2 exp _h (3.4.10)
' 2/%¢ 802
where ih = 2¢PSoPLO RO-M GT(rp) : (3.4.11)
is the envelope signal
- 2
and o=24q PLO RO M° E BIF

(3.4.12
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when i, is substantial and cannot be ignored (12/0 > 3) then

i, - i ,
BER = 1/2 erfc |21 (3.4.13)
2/%20
where Ty = 4+ )
i =1,
and . 1, _ 6/ 5.
2 = 2/PSPL0 R, M GT(ZTP).

Using condition (2), it can be shown that

) 12 - ,
L 2 3.4.14
BER = 1/2 erfc (2/_2_ (So/&/Noz ) ( )
where Soz/Noz is the S/N at the output of the output filter. Computer
optimization of the parameters for max S_ /N minimum BER are plotted

of Tog
in Figs. 3.4.5, 3.4.6. It is seen that the sensitivity of the receiver for

this case is intermediate between square Taw detection and heterodyne
coherent detection.

It can be noted that the slope of sensitiVity of direct detection
(Figure 3.3.11) is smaller than that for the heterodyne cases. The
implications are that, as the bit rate increases, the advantages of the
heterodyne detection schemes decrease. It is expected therefore, that at
some bit rate higher than 1 Gbit, the adVantage of heterodyne detection might
be lost. This same trend was observed in connection with HeNe and C0, Tlaser
systems that we have studied. More theoretical work is required‘to explore
more fully the condition at which it is better to use direct detection at

very high bit rate.
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4.0 MORULATIONSFORNALS

Optical carrier frequencies are typically Three‘orders of
magnitude greater than microwave carrier frequencies. This
results in one of the major advantages offered by optical
communication systems - a |arger aveilable signal bandwidth,

Such bandwidths allow the exploitation of digital pulse code
modulation techniques. In a pulse code modulatlion formet the
message slgnal Is quantlized in both time and amplitude. |+ Is
well known that the use of digltal encoding techniques offers
many advantages over analog modulation technlques. These include
relative insens!+ivi+y to transmlission noise and interference,
ability for efficient regeneratlon and the possibillty of a
uniform format for different kinds of baseband signa!s.(4'1)
Since it is generally accepted that digital communications will
be used in satellite optlical communication links, (in fact
digltal techniques are used In almost all optical
telecommunication systems), especlally |f data communication Is
involved,this report will be concerned only with evaluating
candidate pulse code modulation formats.

Two kinds of digital systems will be considered. Thesé
are baseband direct detection systems and coherehf detection
systems. Coherent detection systems can further be classified as
homodyne and heterodyne detectlon systems. Modulation formats
commonly considered for use in direct detection systems are
dlirect inTensITy modulatlon (IM), also known as pulse intensity
modulation (PIM), on-off keylng (00K), or amplltude shift keying
baseband detection (ASK baseband), and pulse position modulatlion

(PPM). Coherent detection systems utllize variations of three
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fundamental modulatlion formats. They are amplltude shift keylng
(ASK), frequency shift keying (FSK), and phase shift keying
(PSK). Both coherent and envelope detection technliques can be
used in the coherent systems.
4,1 OlregdfDetaction

An intensity mecdulatlon direct detection system represents
the simplest conflguration. A basic system block diagram Is
shown in Figure 4.1.1. In this format, the laser is turned on by
a current pulse when a binary 1 is sent, and is fturned off when a
binary 0 is sent. In practice, the laser is never turned
completely off in order to avold laser turn-con delays. The zero
level is uéually set just above laser threshold such that the AM
extlnction ratio is maximized.s PIM transmitters are generally
designed so that the average output power level Is kept constant
by an electro-optic feedback loop. Laser spectral purity js
generally not an Important factor unless long distance
transmission is performed over optical fiber, or the de+ec+or.is
preceeded by a narrowband optical filter. A photodiode-preamp
combination of sufficient galn and bandwidth is used as a
detector. The electrical signal out of the detector Is then
demodulated by a threshold detector., System performance is
limited by the thermal noise In the recelver electronics and the
sensitivity of the photodiode.

Pulse position modulation is another type of direct.
detectlon format presently being considered for Intersatellite

| 1nks, (4+2)

in pulse position modulation one pulse is sent per
bit period. The exact time slot within the bit period that the

pulse Is in represents the data transmitted In a corresponding
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number of baseband bits. For example, biﬁary PPM sends one pulse
per baseband bit at an equivalent bit rate, quarternary PPM sends
one pulse per pair of baseband bits at one half the baseband bit
rate, etc. This scheme is illustrated in Figure 4.1.2., Although
the baslic system block diagram for the PPM system is the same as
for the IM system, the Individual blocks are slightly more
complex. The most notable differences are in the modulator where
a baseband tc¢ QPPM encoder is needed, and in the decislion
circuit. The most notable advantage of PPM over IM is that no
adaptive threshold clréulf Is required, rather the signal can be
demodulated by suitably delayling the received signals in each
time slot and uérng a "greatest ofﬁ circuit., A disadvantage of
PPM is that it requires an increase in system bandwidth of aft
least & factor two over an equal capacity PIM NRZ system.

An analysis has been performed comparing the performance
of O0OK and low-order PPM modulations in optical communications

(4.3 The results showed a 3 dB

using APD-based receivers.
improvement In recelver sensitivity for a QPPM system over that
of an equlvalent data rate 00K system. Recelver performance
curves‘are shown in Fighre 4,1.3 for the example communications
link nominal parameters. Two Impoffanf qual ificatlons should bé
noted. First the absolute sensitivities are highly dependant on
the physical system device parameters and secondly the PPM
improvement will be slightly degraded by the increase in thermal
noise caused by the increase In receiver bandwidth for PPM,
Again various simplifying assumptions are made in the analysis,

however it Is useful as a relative comparison of the performance

of the two modulation schemes. It can be clearly seen that there
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Is no performance advantage in choosing a BPPM modulatlion format
over an 00K modulation format, however the 2-3 dB galn offered by
a QPPM modulation format may well justify the marglnal increase
in complexity.
4,2 Geherendsletechion

The various coherent modulafidn formats and demodulation
techniques are summarized in Figure 4.2.1. In this figure,
reference Is made to two stages of detection: optical and
electronic., Optical detection describes the difference frequency
between the transmitter laser and the local osclilator resulting
In elfher a homodyne or a heterodyne system. Electronic
detectlon describes the signal demodulation after
optical-to-electronic converslion. In homodyne schemes baseband
is directly recovered whiie in heterodyne schemes elther coherent
deTecfion can be performed whereln baseband is recovered by
mixing the signal with an electronic local osciliator at the IF
frequency, or conventional envelope detection may be used.
Automatic fréquency control of the optical local oscillator is an
important aspect of heterodyne receiver design. Similarily,

automatic phase control of the electronic osclilator is an

important aspect of coherent receiver design. |In homodyne.
systems this phase control Is extended to the optical local
oscillator,

Ampiitude shift keying (ASK) Involves the modulation of
the laser's ampllitude or Intensity. Such a format is
conceptually simplie in that either the laser is pulsed or not.
However, complicatlons may arise in the laser spectrum when

moduiated at high powers with a farge modulation Index. A
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FORMAT OPTICAL DETECTION ELECTRONIC DETECTION
ASK Homodyne
Heterodyne Coherent
Envelope
FSK Heterodyne Coherent
Envelope
PSK Homodyne
Heterodyne Coherent
DPSK Heterodyne Coherent
FIGURE 4.2.1: Summary of Coherent Modulation Formats

and Demodulation Techniques
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-certaln amount cf frequency modulation is to be expected but this

should not pose a serlous problem as long as frequency drift Is
minimized. Four types of ASK receivers are shown in Figure
4,2,2., Of these four, heterodyne-envelope detection Is the
easiest to implement. ASK heterodyne-coherent requires the added
complexity of establishing a phase tracking loop for the IF local
oscillator. This task could prove to be difficult If there is
substantlial phase nolse in the slignal, as will be discussed. In
an ASK homodyne system thls phase tracking must be performed on
the local oscillator laser with tolerances much finer than in the
frequency tracking loop. This phase locking may be performed
elecfronically using a phase lock loop (PLL) or by injection
locking the local osclllator with the incoming signal.

Frequency shift keying (FSK) involves the modulation of
the laser frequency. This modulation can be induced by the
direct application of a current pulse-of a few mA amplitude.
Therefore, & small amount of ampliitude modulation can be expected
as well. A second method of performing the FM modulation is to
use an external modula%or. However, this adds to the transmitter
complexity and at +he same time reduces transmitter power by
Introducing an insertion loss Into the system. Variocus FSK
recelvers are shown In Flgure 4,2,3. Homodyne detection is not
possible for FSK modulation. Of the schemes indicated the first
two are the most common with envelope detection agaln belng the
easlest to implement. Single filter envelope defecf!on s
identical to ASK heterodyne-envelope detectlon and so does not
glve the FSK performance gain. Consliderations regarding phase

and frequency control affect the FSK recelver In a manner similar
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to the ASK receiver. One notable feature of the FSK receiver is
the requirement for wide bandwidth., For example, operation at a
transmission rate of 1 Gbit/s, could require a receiver bandwidth
approaching 10 GHz depending on the detection scheme employed.

In the envelope detection scheme, performance sensitivity to
laser linewidth is reduced with increasing bit rate. It is the
linewidth/bit rate ratio that is important, rather than absolute
linewidth. However large linewidths may degrade the operation of
the AFC loop.

Phase shift keying (PSK) involves the modulation of the
laser's phase. Although semiconductor lasers can be directly
phase modulated if they are first weakly injection ]ocked,(4'4)
phase modulation is usually performed by the use of external
phase modulators. Such a modulator increases transmitter
complexity and introduces an optical loss source. It is
imperative that this insertion loss does not negate the gain in
receiver sensitivity. Three PSK receivers are diagrammed in
Figure 4.2.4, The first receiver uses coherent detection much
Tike the ASK and FSK coherent detection receivers. A receiver
unique to phase shift keying is the differential ﬁhase shift
keying (DPSK) receiver where the local oscillator is replaced by
the signal itself delayed by one bit period. PSK Homodyne is
also possible, however establishing the necessary phase lock on
the local oscijlator is very difficult. Of these schemes DPSK is
currently the most popular.

4.3 Comparison "
The relative format performance cdmparison given in this

section is based upon an analysis performed by Okoshi et a1.(4ﬂ5)
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Okoshi's analysis follows from that of Yamamoto(4+%) and Smith
and Personick.(4+7) This analysis uses a GaAs:FET amplifier after
the detector while Yamamoto uses a Si:bipolar amplifier.
Although the absolute receiver sensitivities are very much a
function of the receiQer electronics (i.e, thermal noise,
wavelength, detector parameters, etc.), the theoretical
performance gains attributed to the various heterodyne schemes
are independant of these operating conditions. Okoshi's analysis
also did not take into account degradations due to signal
waveform distortion, laser amplitude noise and laser phase noise,
Intrinsic laser noise can become very important at frequencies
near the laser resonance peak which is typically a few gigahertz.
Figure 4.3.1 gives a comparison of an ASK heteroyne system
with an IM/DD system. The figure shows minimum detectable signal
power versus bit rate in order to maintain a bit-error-rate of
1079, The IM/DD curve assumes a dark current of 1 nA. APD gain
is set at optimum. The déshed Tine shows the performance for an
IM/DD system when maximum APD- gain is limited to 100. Further,
this plot is generated for a short wavelength system using a
silicon APD with an excess noise factor of x = 0.2. Operating
temperature is 300 K, Figure 4,3.1 illustrates a definite
convergence of perfofmance curves at high bit rates to within 1 -
2 dB. The actual improvement is very much a function of the
operating parameters and front end receiver design. For example
at high bandwidths it becomes much more difficult to achieve shot
noise 1Timited operation of the APD. A1s§ the design of wide band
detectors with high qQuantum efficiencies along with low noise

electronics is very important. The heterodyne gain is greater at
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longer wavelengths, primarily due to the higher excess noise
factors of the materials used to make the APD's at these
wavelengths.

Chapter 3 of this report gives a rigourous comparative
analysis of IM/DD, ASK-envelope and ASK-coherent systems. Figure
4,3.2(4+5) tabulates the BER calculations and gives the
theoretical performance gains. Homodyne detection gives a gain of
3 dB over like heterodyne detection by virtue of a factor two
decrease in bandwidth. The analysis shows a 3 dB increase in
sensitivity for FSK over ASK, however it should be noted that the
same BER is achieved with the same average signal power in both
because in the ASK system the signal power is zero in the spaces.
The FSK system has another advantage in that its decision level |
is easily optimized. Phase shift keying gives an additional 3 dB
gain over FSK systems although this advantage will quickly
deteriorate with transmitter phase fluctuation. Littie
performancé improvement is gained in using heterodyne-coherent
detection over heterodyné-énve]ope detection, especially at
higher signa]-to;noise ratios where exp-(x)2 = erfc(x).

The general performance analysis identifies PSK homodyne
detection as the most sensitive system. However, at present,
technical difficulties in frequency and phase stability make it
largely impractical to implement. The optimum perfofmance/ease
of implementation trade off appears to be with the FSK envelope
and DPSK systems. Potential improvement is 3 - 6 dB above that
of the ASK gain. These gains could reach 10 - 25 dB above IM/DD
systems depending on the nature of operation.

Kikuchi et al,(4+8) Jater analysed the degradation of the
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bit-error rate in coherent systems due to the transmitter and
local oscillator phase noise. Results of this analysis are shown
in Figure 4.3,3 where BER vs SNR for various phase error is given

where

2
SNR = >,
20
s(t) = 2VPS(t)PL
2 en
[¢] = Ze m— PLB

The variance o¢215 determined by the bandwidths of the IF phase
fluctuation ¢n(t) and the phase-tracking circuit. The variance

has been calculiated as follows:

2 GfT + §f
o =
.F

X

L [rad2]

where GfT

= transmitter linewidth (FWHM)
6f, = local oscillator Tinewidth (FWHM)
and fx = 2f. in both heterodyne coherent and optical PLL

homodyne scheme (f_ is the locking bandwidth

of the PLL).

fo = fg in a DPSK scheme (fg is the signal bandwidth)

-
!

= 2f; in an injection locked homodyne scheme (fi

relates the degree of injection locking)
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The curves in Figure 4.3.3 show that for PSK schemes, the
phase error must be less than 0.2 rad to prevent a S/N
degradation of 3 dB at a BER of 1079, For ASK operation the
phase variance restriction is much more severe, For afT = 8fy =
10 MHz for a GaAlAs laser with an output power of 10 mw, (4.8)

f. must be greater than 500 MHz for o < 0.2 rad. This dictates
a PLL bandwidth of greater than 250 MHz for heterodyne PSK and
optical PLL homodyne systems, a signal bit rate greater than 3
Gbit/s for heterodyne DPSK and a signal power greater than =37
dBm for injection-locking homodyne. These calculations
demonstrate the difficulty in implementing heterodyne coherent
detection and homodyne detection techniques. In fact, the
injection-locking homodyne technique cannot be implemented since
the receiver sensitivity must be better than =37 dBm to be
useful, Figure 4.3.3 also shows a theoretical BER curve for PSK
and FSK schemes as a function of ¢ in the Timit of infinite S/N.
This curve shows that even for infinite §/N, the phase ndise o
must be less than approximately 0.25 rad for a BER of 10-9 to"be
achieved.

Therefore, unless the linewidths of the semiconductor
lasers can be substantially reduced, it would appear that from an
ease of implementation standpoint, heterodyne-envelope detection
receijvers are the most attractive. This is certainly the case
for high S/N where the theoretical performances are similar.

4,4 Signal Muyltiplexing

As mentioned in Section 2.4, frequency division
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multiplexing techniques are applicable to optical heterodyne
systems. However, before FDM can becoﬁe practical the problem of
lTaser frequency stabilization must be solved. The tran;mitter
lasers would need to be frequency locked together, or have
sufficient guard bands, to ensure that one laser does not drift
into the frequency window of another. Also local oscillator
tuning must be well established in order to lock onto the proper
carrier. The advantage of FDM technique is increase in 1ink
capacity that it will allow. However, because of the increase in
complexity that it adds to the system it is 1ikely that TDM at
high bit rates will be fully exploited before FDM techniques are
used. It is also likely that wavelength division multiplexing
(WDM), which is a crude form of FDM, will find application before
FDM simply because of ease of implementation.

It is éxpected that optical ISL heterodyne 1inks will
accommodate conventional TDMA communications in certain
scenarios. One such scenario would have conventiona] microwave
TDMA communications between LEO (low earth orbit) or satellites,
aircraft or earth stations and geostationary communication or
data transfer satellites. Optical links could then be
established between a number of these relay satellites to form
global communication networks. The optical transmission
technology should certainly be capable of operating in the burst
mode of operation that such a system would demand. The optical |
bus between these satellites would be constantly maintained.
However, it is unlikely that TDMA would be feasible if optical
1inks replaced the microwave links used in communication with the

relay satellites. The narrow laser beam is incapable of covering
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an area large enough to include many targets, therefore multiple
optical 1inks are needed to establish this communication. These
1inks would require sophisticated acquisition, tracking,
sp]ittiﬁg and combining subsystems. Thus} it is anticipated that
strictly optical TDMA links may only be implemented with a high
level of complexity, however the optical transmission technology
can be operated in burst mode which will accommodate TDMA
operation if earth/satellite communication uses.convéntionaT

techniques.
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5.0 ACQUISITION AND TRACKING

The problem of pointing acquisition and ftracking in an

optical satelllte communicatlon link Is very difficult. This Is
essentlally because to make full use of the advantage of a laser
communicatlon system, & laser [Ink must have an extremely narrow

beamwlidt+h (in the sub. microradleans)., This puts a major
éonsfra!nf on the mechanical pointing requirement of the | ink.
In addition, because the required cone of the beam is much
narrower than the cone of uncertainty of the position of the
other satelllte, a speclal stragegy must be adopted during
acqulisition to widen the laser beam to encompass This
uncertalnty. The result however Is a decrease In S/N at a time
when I+ Is‘mosf needed.

A vast amount of +hebre+lcél studies have been
published on the subject. For completeness In this report, we
shall fouch upon fthe subject fo bring out the problems and
possible solutions., We shall refer the Interested reader to the
| tterature (See References 5.1 = 5-13) for more comprehensive
dlscusslions.
5.1  Acgulsltlon

Acqulsition, In the context of bp+lcal.communica+Ion, can
be deflined as the process whereby two satellite statlons search
for each other using the optical link untll acqulisition is
obtained and then proceed ftowards a fine fracking mode that will

allow two-way communication.

Some "a priori"™ information Is assumed iniftially as to the

approximate locatlion of the other satelllfe station. The mutual

search must therefore cover the total solld angle of uncertalnty
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in order to permit the acquisition and then the process of
establishing contact with the other station.

The main objective to be achleved is to cover the complete
area of uncertainty In a reasonable time and that once
aéquisiflon Is made, 1to swltch to a tracking mode fast
enough so that the conTac* Is not lost durling the process.
Problems are dlfferent [f acquisition Is between LEO (low earth
orb1+) or GEO (geosynchronous earth orblit)., Also a LEO to GEO
Iink requires acqulsition perlodically since the line of sight is
broken every tIme the LEO is ecllipsed by the earth.

Positlonal uncertainty of one satellite with respect to
the other includes a) altitude uncertalnty of the satelllte
itself, b) orbital ephemeris of the poszlon and veloclity of the
other satellite with respect to the flirst one, ¢) relative timling
errofs, d) point ahead errors, e) attitude uncertalnty of the
satellite Itself, f) vibration noise of the satelllte.

(5.1)

I+t was found In a study that satelllte attitude

errors dominated the other sources and could be of the order of
.250, 3 axls rms, It can therefore be assumed that the angular
uncertainty that could be used In systems analysis could be taken
as .50, describling the full uncertainty cone from one satellite
to the other, ‘

Analysis showed(5'1)

that acqulisition t1me was directly
proportlonal to the uncertainty solld angle and inversely |
proportlonal to laser power Iif acqulislitlion is done by array or
quadrant detectors.,

The possiblé acquisition systems are many, each with its

own advangfageé and‘disadvanfages. Fundamentally, It consists
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of a satelllte sending a beacon In the-probable direction of the
other satelllte. This could be done as wide as the cone of
uncertalnty, or narrower, but made to scan the full cone. At the

recelving end, acquisition of the beacon could be achieved by
using an array detector to cover the full Coné of uncef+ain+y, or
alternatively usling a quadrant detector, or a single detecter,
but have the receiving optlics scan the entire area of
uncertainty. One adQénTage of this latter scheme Is that the
same transmlitter/receiver optlical subsystem can be used for both
acqulsitlon and then communication. A reprint of a study which
we have made for NASA Is Included for convenlence at the end of
the section,

Whatever technique Is used for acqulsition requlires a
predetermined protocol of a "handshake" sqch that when one
satelllte acquires the other, It transmits that informatlion to
the other,.- Eacﬁ satellite can then narrow Its fransmitter beam
to It+s final narrow communication beam thus boosting up Its S/N.
Wideband communication can then begin., A trackling mode must be
counted on to keep the two transmltting beams continuously
pointed towards each other during regular communication.

5.2  Paolntlng

A systems éfudy described In Ref, 5.1 reveals that with
present technology, servo system should allow a 1 urad polnting
and tracking accuracy using gyro stablllzed or other approaches.

Such high pointing accuracy requlirements put very hligh
demands on the electromechanical control system of the gimbal
mounts., A large number of error sources have to be considered In

the analysis such as sensor nolse, spacecraft base motion
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disturbances, frictlion torque dlsturbances, polnt ahead errors,
gyro nolse, dynamic following error,efc. Detalled anélysis (5.1)
however shows that careful design could result In pointing errors
of less than 1 prad.

Efflcient optical communication telemetry format znalyslis,

(5.1) that The digital pulse position modulation is the

has shown
better scheme to use. The blt rate requirement for poinflng
control is of the order of 10 Kbps. With 8 time slcts, the time
per slot Is 37.5 usec. Typical laser dlodes giving out 20:mW

average power and APD are adequate for this use.

5.3 Burst.and System Errars

The origin of bit error rate can be categorlized as coming
from the communication systems channel or from burst error. The
former source Is that which is usually calculated In a
communfcatlion channel and occurs from tThe standard nolse sources
such as shot nolse, Johnson nolse, etc, The probability of error
is then derived from the signal to noise ratio during sampl ing.
The burst error on the other hand, is assoclated with the
probabtiity that the servo system will malintaln pointing within
some predetermined error 1Imit, Burst error could be the cause
of the loss of many bits since tThe response time of the pointing
system, belng mechanlical, Is much longer than the bit time.
Therefore a sizeable amount of effort is required to reduce the
burst error to a minlimum.

5.4 [upnary

The result of a number of studlies seem to conflirm, that

although acqulsition and tracking is a difflicult problem for

optical ISL, It should nevertheless be possible fto design and
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bulld such systems both for LEO and GEO terminals. This would be
possible for data rate of the order of 500 Mbs and should not

impose undue penalty to the host satellltes.
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A Dual Scan Acquisition Technique for a
Laser Communication Systein

Abstract

A dual scan acquisition system is described in which both
the transmitter and the receiver optics scan, although at
different frequencies. The condition where only one sta-
tion scans appears as a special case of the general approach.
Curves of acquisition time versus various parameters are
calculated. The effect of range is aiso discussed.

Introduction

With the advent of satellite communication systems, interest in
the possible use of lasers as a carrier is developing rapidly. One of
the first problems that will have to be solved, in such a system, is
that of acquisition. The problem arises becaase a certain amount
of uncertainty exists as to the exact location of each satellite.
For acquisitior, then, a spatial search routine has to be estab-
lished. One of the simplest and most elegant ways of accomplish-
ing this was proposed by McAvoy et al.! This consists essentially
of spreading the transmitting bean of one of the satellites to
cover the whole region of uncertainty in the position of the other
satelfite. The latter satellite then accomplishes a spatial scan with
its receiver until it acquires the wide laser beam. The critical
problem is caused by the fact that a wide laser beam implies very
little power received. This problem is compounded by the fact
that the sensitivity of the superheterodyne system is lower prior
to acquisition, because a certain amount of uncertainty exists
on the relative laser frequencies between transmitter and LO.
The bandwidth of the receiver must therefore be widened to
accommodate this uncertainty with a resulting loss in sensitivity.

We shall consider here a generalized approach, in which both
the transmitter and the receiver scan, although at different fre-
quencies. The transmitted beam is, however, narrower, in general,
than that required to cover the whole region of uncertainty. It will
be found that this system, when optimized, can provide sub-
stantial reduction in acquisition time. The method proposed by
McAvoy et al. is a special case of this generalized approach.

Theory of Acquisition

Geometrical Considerations

Let A and B be two satellites trying to acquire each other as
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shown in Fig. 1. The general approach we propose is then as
follows. Transmitter A produces a beam in space of angle'«
during acquisition. It is held momentarily in a fixed position.
During this time, the optics of B, with receiving field of view «p,

- scans one complete angular frame 6% in a raster fashion. Here 8,

and 5 are the linear angles of uncertainty to be searched by 4
and B, respectively. At the end of the 82 frame scan, the optics of
4 deflects one unit .angular beamwidth «,. One complete frame
is again scanned by B. This is repeated for each step deflection of
A using a step-raster scan until the acquisition of 4 by B is com-
pleted. At this point, B stops its scan and sends a narrow beam
(angle #p) in the direction of A. The receiver of 4, of field of view
o, then detects this high intensity beam (because of the narrow
field of view) and localizes the position of B. The optics of A4 is
then aligned towards B and its field of view reduced to its final
narrow angle 7,4, At this point then both A4 and B receive and
transmit on their communication narrow field of view 5, and
1g, respectively.

The total scan time required to complete one full search occurs
when one complete raster of A has been entirely stepscanned,
We shall call this time the equivalent period T,.

Let the power received by B during communication be
P, ,=KP, where K is a factor taking into account the geometry
optics and wavelength used and P, is the power output of 4.
During acquisition, however, the received power is reduced to

1.4\ .
P, = <;—"> B, )

A

Let us now redefine angles in terms of scanning cells. Let
n,=(0,/e,) be the total number of scanning “cells’ required to
cover the angle «,. Similarly, ng=(6z/«y) is the total number of
cells to cover the uncertainty angle «p. In terms of these, we have

. n2
P =P, <n—> @

Ao,

where 7,4,=(0,4/n,) is the maximum number of linear cells pos-
sible into 84; this occurs with the narrowed field of view 7,
which is diffraction limited.

Electronic Considerations

It is shown above that during acquisition the power received
by the satellite can be reduced considerably if the angular uncer-
tainty in position is large. In general this would reduce the SNR
of the received signal close to or below threshold. Since no com:-
munication is required during acquisition, one of the simplest



Fig. 1. Geometrical configuration.

methods to increase the SNR to tolerable level is to reduce the to-
tal bandwidth of the system. In a superheterodyne system, which
we shall assume, this can be achieved by passing the output of the
mixer through a narrow-band filter of bandwidth b centered at
the IF frequency J,. If the exact transmitter frequency is not
known at the receiving end, the IF produced by an erroneously
tuned LO can be so large as to be outside the bandwidth of this
filter. It is evident then that the higher the noise in the system, the
narrower the filter must be, which in turn could put very stringent
tolerances on the correct tuning of the LO. This can be particu-
larly difficult in a laser communications system where absolute
stabilities of the order of 1 part in 10 could be required. One of
the simplest techniques that can be used to decrease this require-
ment is then to get the transmitter {or LO) to perform a frequericy
search by employing a sawtooth frequency modulation for one of
the lasers. The frequency swept must be large enough to include
the complete range of possible frequency uncertainty between the
two lasers (Af). If we assume the acquisition bandwidth b to be
small compared to Af, a pulse will be produced through the
filtler for each transmitter (or” LO) sweep (assuming optical
acquisition). If the sweeping frequency is f;, then the rate of fre-
quency sweep is f =Af"f. The pulse width is then (b/ /). Now
the risetime of the filter is approximately (1/b). We must therefore
impose the condition that the risetime of the filter is sufficiently
short that the signal can build up during the window opening,
ie.,

&)

oo fo—

b
7.
and, by substitution,

b =AS S @)

In terms of the two satellites we are considering, the receiver
which is being discussed is the fast scanning or B receiver. Its
scanning frame consists of n3 cells. The sweep frequency is related
to the frame period Ty by f,=(n}/Tp). This ensures that during
the spatial search, at least one frequency scan will occur during
the momentary optical alignment with the other satellite.

By substitution we obtain

nZAf

b ==

&)
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Now the power SNR for a superheterodyne receiver is given by
P,

g4 (6

(NEP)- b

where NEP is the noise equivalent power of the superheterodyne

receiver. Solving for Ty we obtain

2
Ty = n,z,A_l'[@-—-—————EP)(SNR)} . )]

SNR =

P,

a4

Finally, the equivalent scanning period T, (or total period
per complete search) is given by

2 2 4
T.=niTy= (n_3> Af[@w] (%) . 8)
ny P N

na

We recall that ng=(0p/ag). To reduce T,, we would like to make
ng as small as possible [from (8)]. This can only be done by reduc-
ing the uncertainty ;. [t would not be advisable to reduce ny by
increasing o Which is a receiving field of view. This would reduce
the resolution and increase the background noise. We shall as-
sume then that agz=7p, ie., a diffraction-limited field of view.
Other ways of reducing T, for a given SNR comprise a reduction
in Af and in NEP, or an increase in power transmitter. Also it
should be noted that a reduction in the uncertainty 6, would
help in a reduction of T, by a fourth power.

Finally, we note that an increase in the number of transmitting -

cells 1, would reduce the acquisition time.

In what follows, then, we shall discuss how 7, can be mini-
mized by optimizing the value of n,. We shall therefore assume
that all other terms in (8) have already been optimized for lowest
possible T,. .

Since (8) dictates the highest possible value in n, for low T,
let us find out what are the limiting conditions.

1) Bandwidth Limit: The bandwidth of the filter cannot usefully
be larger than the system’s bandwidth. This implies that

> (f;’ ) o)

max

2) Mechanical Limit: The mechanical optics scanning fre- i

quency of B is given by f,,=(fi/np). It is evident that mechanical
limitations will impose a maximum value for f, and so, by sub-
stitution,

1EEE TRANSACTIONS ON AEROSPACE AND ELECTRONIC SYSTEMS MAY 1970
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Fig. 2. Effective scan period versus number of cells
n, for various SNR.

ning
St

In order to gain some insight into the theory, we shall discuss
a typical case that could be met in space by using reasonable
assumptions,

Let the communications system be a CO, laser superhetero-
dyne system at 10.6 p with an uncertainty in the IF, Af =10
MHz, a power NEP of 107! W/Hz, narrow fields of view of
14=1p=0.002° and also 8,=0,=02° and P, =107'? watts.
Using (8), we can then plot a family of curves giving the effective
acquisition time T, versus the number of cells n, for various
SNR. This is shown in Fig. 2.

In order to impose limits 1) and 2) we shall further assume that
buyaxy=10 MHz and that f,, =1 kHz. Equations (9) and (10)
are then plotted onto the same graph. Since the regions under
these curves are impossible, it is evident that in the case we chose,
the system is mechanical rather than bandwidth limited. This is
generally true. We also note, that for a given SNR the shortest
acquisition time occurs in general for the case. where n,> 1. In
words, this means that although it might appear that spreading
the search beam to cover the compiete region of uncertainty
(63) woud allow a faster acquisition time than to narrow the
beam and search, in actual fact this is usually not true. The reason
is that although the wide beam system gains in search time on
geometric grounds by the factor n3 compared to a narrow beam
system, it loses on power grounds by a factor of nf.

T, = (10)

Effect of Range on Acquisition Time

So far we have ignored the effect of transit time on acquisition.
To take this into account, we note that the frame period T should
be increased to include thie transit time required for the beam of
A to reach B at the beginning of each step scan. Similarly, that
same transit time should be added at the end of each step scan.
This is to cover the case when the acquisition cell happens to be
the last B cell that would occur before A4 step scans again.
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Fig. 3. Effect of range on acquisition time.

Time should then be given for the acquisition information to
travel from B to 4 thus stopping the step scanning action. If R
is the range hetween the two satellites. thep an extra time of
(2R/c) should be added to Ty, where ¢ is the velocity of light. In
addition, we shall add an extra constant period 7, to cover the
small time required to step scan from one cell to the next. The
total effective frame period Ty, is thus

2R
TBQ=T§,+-7-+ T (1
thus
2R
Ton = nf.l:TH + - + TQJ (12)

where T is the effective scan time when the range is then taken
into account.

To get an insight into the effect of range, we have plotted in
Fig. 3 the relative increase in acquisition period. or (T, /1) as a
function of range for a SNR =10 and various values of nn,. This
was done for the samg numerical values of the parameters that |
were used in the calculations of Fig. 2. It is seen that for higher
n,, the effect of range occurs sooner, and that below 1000 miles,
its effect is minimal. For higher distances, when the discrepancy
becomes appreciable, (12) should therefore be used in calculating
the effective acquisition time,

Conclusion

We have examined a laser acquisition system using heterodyne
detection in which both stations scan spatially to acquire the
other. This generalized system was compared with one in which
any one of the stations searches spatially while the other remains
passive and illuminates the entire search area. It was found that
for a given SNR, the former method can usually prnvsde sub-
stantially shorter acquisition time.

A. WAKSBERG -

RCA, Ltd.

Research Laboratories
Montreal, Quebec, Canada
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6.0 SYSTEM DESCRIPIIQN
The fundamental elements of a semiconductor laser

heterodyne communication system were presented In Figure Z2.2.1.

Each element will be discussed briefly below. The first flve

elements are located in the ftransmitter, while Thé remalining

seven can be found in the receiver,

1) Moduletor: The modulator accepts fthe input data signal and
performs any speclial encoding or multiplexing functions
that may be requlired., The moﬁulafor then supplies the
laser driver circult with a ftrigger pulse approprlate for
the modulation format that has been selected. The major
technlcal problems ehcouhfered with the modulator are high
speed design (GHz bandwidths) and pulse jitter,

2) Laser Driver: Actual current modulation of the laser Is
performed by the laser drliver circuit. However, If
external modulation -of the laser beam Is performed,
then the |aser drive would supply the external modulator
wlth a voltage signal. Further discusslon will conslder
onlyﬂdirecf current modulatlon., The driver must supply
current pulses of the proper amplitude and format. These
pulses may be very small as would be the case If FSK were
used, or they may be very large as may be the case In anA
ASK system, Whatever the system chosen, the driver must
have the speciflied power capability and fthe necessary
bandwidth. It Is also necessary that the pulses dlisplay
low jitter and dlstortion,

3) Laser: For the reasons dlscussed previously, GaAlAs lasers

operating In the .8 um - .85 um reglon seem to be the most
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promising. The advantages offered by these lasers for
space systems include small slze and welght, low
complexity, direct modulation capability, power

efficiency, high capacity for Integration, relfability

and relatively low cost. However, these lzsers also

possess certaln disadvantages such as relatively low
output power, especially for tasers c¢f the requlired
spectral purlty, lasing frequency In s+abi|l+y and beam
nonuniformity. Promising solutions to these problems have
been proposed, although further research and development

is stlll required to bring them to frultion.

4) Laser Support: Laser support functions refers to all

subsystems required fo ensure successful operation of

~ the laser and yet are not Involved In the signal

generation., These subsystems Include a stable, low noise,
tunable bias-current supply, laser package temperature
controllers, and any necessary laser frequency
stabilizatlion cénTroIs. These subsystems may be
elec?roﬁfc, optlical, mechanical, or some combination

thereof.

5) Transmitting Optics: Special optics are needed to collimate

the highty dlivergent ltaser beam. The emitting aperture of
a semliconductor laser is generalfy a few tenths of microns
in the transverse dlrectlion by up to ten microns In

the lateral direction, Thﬁs, the farfield pattern In

the planes perpendicular and parallel to the juncfion
expegience different degrees of divergence resulting In a

elliptic beam profile., Typlcal divergence values are
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10~15° x 25-30°., Such a condition pleces two Important
constraints on the ftransmitter optics. First, the
collimating lens must have a high numerical aperture in
order to collect a higher fraction of the emitted laser
radiation. This results In a short focal length and
working distance for the lens and hence the need fcr a
very stable lens mounting assembly to guarantee stability
of the laser/lens separation., Secondly, there may be a
strong requirement for beam circularizing elements so that
the beam spot at The receiver is as uniform as possible,
This condition Is required to obtaln efficient mixing with
the local oscillator at the beam combiner and so minimize
amp| Itude noise caused by pointing error. Following
collimatlion and circularization, beam expanslion Is needed
to minimize the extent of diffraction of the laser beam.
Expansion from beam diameters of 5 mm to 20 cm may be
conslidered typical., Some spatial filtering of the beam
may be easlly Incorporated if necessary., |In additlion,
pointing and tracking optics will be required which will
certalnly Include scanning elements. Further modificatlon
will be needed [f certaln optical frequency stabillzatlon
techniques are used and if the system Is designed for

full duplex operation (i.e., transmitter/recelver sharing
the same or parts of the same optical assembly). Care
must be taken to prevent any refiectlons from re-entering
the laser cavity., This necessitates the antireflection
coating of certaln critical optical components. If this

problem proves to be serious, then an optical Isolator may
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be needed In tThe OPTILa{ assembly., Finally, Tthe lenses
should be desligned for diffraction limited operatlion at
the lasing wavelength.

6) Recelving Optics: The recelving optlical assembly must be

desligned to collect as much signal power as feasible and

after mixing wlith the local oscillator beem, focus It onto

an optical detectcr., Many of the same considerations that

apply to the +ransml++lng optics apply also to The
recelving optlics with the following addl+lons. [T 1Is
Important that the entrance aperture of the recelving
telescope be as large as possible, within physical
limitaticns, This Is necessary In order Tc collect as
much signal power as possible. In an effort to restrict
background op%ical radiation from implnging on The
detector and thus becoming a source of nolfse, a "na?row-
band" optical fil+er is Incorporated Into the receiving
optlics., Baffles would likely be Incorporated in order ‘o
restrict the fleld-of-view of The réceiver and hence

[ Tmi+t exposure to bright point sources such as the sun,
moon, earthglow, etc. The receiver optical assembly would
also Include the collimating optics, etc., for the local
osclllator,

7) Beam Combiner: The optlical signal Is mixed wi+h the lccal
csclllator at the beam combiner., The simplest beam
combliner {s a conventional beamspliftter cube., More
sophisticated beam combiners can be made uélng fiber
optic.couplers or Integrated optlic waveguides. Thé beam

comblner must provlide good spatlial and polarization



- 109 .

alignment of the two beams. Mismatch of the wavefronts

must be minimized for efficient mixlng to occur.

8) Detector/Preamp: A square-~|aw optical detector Is used tfo

recover the message signal from the cptical beam. The
most ettractive devices are semiconductcor APD and pin
photodicodes. An attractive feature cf APD's are their
infrinsic gain., The pin photodiode Is restricted to unity
gain, however [t Is a generally higher speed device. To
compensate for the unity gain Iimitation, it is cémmon In
fiber optlc recelvers to integrate the detector wifh.a
GaAs FET amplifier., The two most critical requirements
Imposed on a detector for high épeed, long distance
communications Is large bandwidth and high sensitivity.,
Unfortunately, high bandwidth necessarily means |[ower
sensitivity. Therefore, optimum compromises must be
found. For coherent communications approaching 1 CGbit/s,
detector bandwlidths approaching 10 GHz may be a
requlremen%. Silicon and GaAs detectors are used to match
detector peak quantum efficiency with laser wévelengTh.
Optical alignment ftolerances can be eased with the use of
large area detectors, however this usually implies a
reduction iIn bandwidth., |f the availablility of high
vo|tage sources In satellite appllication is low, the
APD's may be at a disadvantage since they typically
requlire bias voltages ranging from 100 vV - 450 V,
Regardless of which detector structure Is chosen,

a low noise front end amplifler Immediately following the

photodector will be a requirement. Although high
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Impedance front ends offer supertor sensitivity, they may
not be capable of operation at the requlred high speeds.
Therefore, transimpedance front ends may prove tTo be a
better choice. IF fliters, centered at the heterodyne
frequency, would also be used.

9) Demodulator: The demodulator recovers the baseband signal
from the recelved signal. Therefcre tThe demoduletor will
require clock recovery clrcultry, declsion/regeneration
circultry and any decoding or demultiptexing clrcultry., A
major technlcal probiem, similar to that encountered with
the modglafor, Is the capabillty of the electronics to
operate at The necessary high speeds and levels of
Integration.

10) AFC Loop: The automatic frequency cénTrol loop is necessary
in achieving the required long=term stability In the IF
signal. The loop adjusts the Jocal oscillator frequency
in accordance with the drift in the received signal
carrler, Impliementation is performed with a freguency
discriminator and a low pass filter. The errér érgnal
derlved from the frequency discriminator provides a
reference signal fto the local oscillator blas electronics.
The local osclilator Is then current tuned In such a
manner as to keep the IF signal centered within the band

pass of the receiver IF filter,

11) Local Oscillator: Another laser similar if not identical fto
the transmitting laser Is used as the local oscillator.
The transmitting laser and the Jlocal oscillator should be

well matched in terms of wavelength, mode pattern, and
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beam quality to enable efficient mixing. Thus, most of
the discussion regarding the transmitter laser ailso
applies to the local oscillator. The most significant
difference, however, is in the method of operation. The
transmitter lTaser must be capable of high speed modulation
while the local oscillator will be operated in a cw
fashion, requiring only sufficient bandwidth to be able to
accept the feedback signal from the AFC loop. Thus,
although the laser chips themselves may be identical,
their packaging may be entirely different.

12) L.O. Support: The Tocal oscillator support éubsystems are
the same as those discussed for the transmitter laser.
Although actual implementation may differ, the same

considerations apply.

6.1 Experimental System

The experimental system was assembled such that it could
accomodate ASK baseband and heterodyne shift keying and FSK
shift keying modulation formats. The heterodyne mode of
operation used noncoherent, or envelope detection., Effort was
concentrated on the FSK hetero@yne §1ng1e filter envelope
detections although ASK could be employed by a change in the
transmitting laser operating coné1tion. The ASK baseband mode of
operation could be implemented simply by blocking the Tocal
oscillator beam.

A testbed schematic is given in Figure 6.1l.1. The AFC loop
components included the filter, the frequency discriminator, the

LPF and ampiifier. The frequency discriminator éomponents




FIGURE 6.1.1: Testbed Schematic Diagram
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included the power splitter, the mixer and the delay line. For
measurements performed without the AFC, the output of the preamp
fed directly into either the oscilloscope or the,spectrum
analyzer. The spectrum analyzer served as the envelope detector
in the system. The collimating optics and the detector were
mounted on precision three-axis positioners. Three baseplates
were employed; one at the transmitter, one at the loccal
oscillator and one at the beamsplitter/detector assembly. The
beamsplitter was mounted on a precision z-translator and rotator.
The signal generator served as the modulator. It produced a
square wave pulse of adjustable bit rate, duty cycle and
amplitude. Each component part is identified in Table 6.1,
Further detailed discussion is given in Chapters 7 and 8. The
entire experiment was supported by a floating granite optical
table. Photographs of the system are shown in Figure 6.1.2,
6.2 System Qperation

The fransmitting laser was modulated by a 500 Mbit/s, 50%.
duty cycle, pulse from the signal generator. This pulse stream
simulated a binary 1010 1Gbit/s NRZ message signal. The pulse
amplitude and laser dc bias correspond to the desired modulation
format. For ASK operation, the bias was set close to threshold,
while the pulse amplitude was at its maximum (i.e. about 20 mA
for this pulser). For FSK operation, the bias was set high to
maximize power and minimize linewidth, while the pulse amplitude
was attenuated to the milliamp level. Outside of the difference
in implementation, there is essentially no difference in the ASK
detection and in FSK single filter envelope detection as far as

the receiver is concerned. ASK and FSK spectrums are shown in



Element

Signal Generator
Laser Drive Board
DC Bias Circuit

Laser

Tx Cooler
Cooler Drive

Tx Collimating Optics

Beamsplitter

L0 Collimating Optics
Local Oscillator

LO Cooler

Cooler Drive

DC Bias Circuit

Detector

Pre-Amp

Filter

Power Splitter
Mixer

LPF

Amplifier

Positioners &
Mounts
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TABLE 6.1: Parts Listing

Part Number,

Colby PG 1000A

*

*

Hitachi HL8311E
Hitachi HLP1400

Melcor CP 1.4-71-10L

*

NSG W-1.8-0.23-B/BC-0.83
Melles Griot GLC-002
Melles Griot GPA-001
Melles Griot GBX-001
Optikon 33 5520 '
NSG W-1.8-0.23-B/BC-0.83
Hitachi HLP1400

Melcor CP 1.4-31-10L

*

*

Antronics AR-S5
Antronics AR-S?

RCA C309506

Miteq AFD3-020040-30
RLC F10-4000-R

R.F. Z43PD-4

R.F. ZFM-4212

*

*

Linetool Model A
Model J
Model A (LH)

Newport T1 o

Description

Pulse Generator

Grin-rod lens
Collimating lens
Anamorphic Prism Pair
Beam Expander
Beamsplitter Cube

Grin-rod lens

APD
PIN
APD

Low Noise Amp1ﬁf1er

DC-4 GHz Filter

DoubTe Balanced Mixer

X-Y~Z

Prism Table
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Table 6.1: Parts Listing - cont'd.’

Element Part Number Description
Measuring Equipment HP 8569A Spectrum Analyzer
Tek 7834 Storage Oscilloscope
7A29 High Speed Amplifier
7B92A Dual Time Base
7511 Sampling Unit
7T11 Sampling Sweep Unit
Scientech 360203 Power Meter
Jarrel Ash Czerny-Turner Scanning Spectrometer:
2 meters '
Power Supplies HP 6218A Tx Laser Supply
6234A LO Supply
Lambda LO0422FM Cooler Supplies
Power Designs Pacific 3K10 High Voltage Detector
Supply

* - Denotes elements that were designed at MPB Technologies Inc.

Note that a variety of general lab supplies such as optics holders,
sma connectors, digital voltmeters, etc. were used. Custom design
laser mounts and a custom designed chamber for the local oscillator

were also machined.




FIGURE 6.1.2(a): Experimental testbed. This photograph shows the transmitter in the
foreground with bias circuitry in the box to the left of the laser
assembly and the cooler control circuitry on the right. The local
oscillator is housed in the white chamber. The detector is mounted on
the three axis positioner immediately in front of the spectrum
analyzer. The beamsplitter cube is immediately in front of the
detector.

FIGURE 6.1.2(b): Experimental testbed (top view)

o
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The frequency discriminator

components can be seen at the bottom of the picture next to the

local oscillator chamber.



FIGURE 6.1.2(c) This photograph shows the elements of the frequency discriminator.
Following the detector comes the pre-amp, the filter, the power
splitter and finally the balanced mixer. The coaxial delay line
between the splitter and the mixer can be seen to the left of
these components.

FIGURE 6.1.2(d): Experimental testbed
looking near the optical axis
from the transmitter side.

The laser dc bias box is in
the foreground.
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FIGURE 6.2.1: Theoretical Spectrum of the ASK and FSK Modulated
Signal After Optical Detection
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Fﬁgure 6.2.1, In.the ASK scheme signal is present at the beat
frequency when a one is transmitted. No sigral is present when a
zero is transmitted since the laser is turned off. Demodulation
is performed by a bandpass filter with bandwidth corresponding to
twice the message bandwidth (i.e. 2 GHz for a 1 Gbit/s bit rate)
centered at the IF frequency and an envelope detector followed by
a threshold detection circuit. In an FSK system, signal is
always present'és indicated in 6.2.1(b). The dotted TiF spectral
1ine corresponds to the beat frequency when no modulation is
performed. When a one is transmitted the beat frequency shifts

to fy, while when a zero is transmitted the beat frequency shifts

to fy. There is a small difference in line strength due to a

small AM modulation. For frequency discrimination or dual filter
detection, receiver bandwidths corresponding to 2(Af + fm) are
required as determined by Carson's rule., However, if single
filter detection is used the same demodulation technique as used
for ASK can be employed. The trade-off is a degradation in
performance to the ASK heterodyne level, in favor of ease of
implementation. In order to avoid spectrum folding problems and
problems in the baseband interference, the cw IF frequency should
be set at least four times greater than the message
bandwidth.(6+1) Therefore for dual filter, or frequency
discrimination demodulation and a 1 Gbit/s transmission rate, a
receiver bandwidth of at least 6 GHz would be required. In a
practical system this figure would probably be closer to 10 GHz,
However, for single filter detection the required receiver
bandwidth would be reduced to 4 GHz. The detector used in this

experiment has a measured bandwidth of 3.5 GHz., Therefore,
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because of this reduced bandwidth requirement and ease of
implementation, FSK single filter detection was chosen. The

system was operated such that the fl frequency component occurred

at 3.0 GHz. The operating window was 2.0 GHz to 4.0 GHz,



- 121 -

7.0 JRANSMIIIER

The functiconal elements of the testbed transmitter were
given In Figure 2,2,1 and briefly dlscussed In Chapter 6. In
summary, These elements Include the l|eser, dc blas drive,
modulation electronics, cooler cfrcul*ry and optics. Also

included In the transmiftter were custom designed laser mounts and

a laser bias board for combining the dc and modulation signals at

the laser.

The transmitter Is capable of operation in both ASK and
FSK modes. |Input pulse ampllitude In ASK systems Is |Imited to
20 mA or approximately .36 of threshold current. The cbjective
of the transmitter deslign was to develop the simplest system
capable of providing cw heterodyning with a high degree of
flexibility with respect to the modulation format, Performanée
evalﬁaflon using slignal-tfo-nolse ratio measurements and general
assessment of ease of Implementation were prime objectives.
Effort was largely concentrated on the laser diode behaviour
since it represents the most critical component In the
transmitter design.
7.1 Laser

I+ Is important that the laser satisfy certaln criteria as
discussed In previous sectlons. These criteria result In the

followling fundamental laser specliflcatlons:

1+ Maximizatioh of output power
2. Single mode operation
3, Short wavelength operation

4, High speed packaging
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5. Flat FM modulation in the region of interest.

Based on these general criteria a transmitter laser was
selected. Initially, the transmitter was operated with a Hitachi
HLP 1400 laser diode. This laser was later replaced with a
Hitachi HL831lE. Both lasers are essentially the sames, differing
only in their packaging. The laser packages and their
dimensional outlines are shown in Figure 7.1.1. The HLP 1400 has
the advantage of easy optical access to both laser facets. This
ability facilitates operation in an external cavity
configuration. The initial design of the transmitter was such
that this configuration remained an option., However, because
the diode is not hermetically sealeds, it is exposed to a
generally hostile environment (i.e. airborne volatiles, dust,
humidity, damage from physical contact, etc.).

Both the HLP 1400 and the HL831lE lasers are fabricated
from GaAlAs and have a channelled substrate planar structure as
shown in Figure 2.,4.3., These lasers thus tend to sihg]e mode
operation by virtue of their index guiding property. They are
rated for 15 mW cw operation corresponding to a current level of
approximately 2I., where I, is the current threshold of the
laser. Measured threshold levels are in the range of 55 mA at
room temperature. Beam divergence in a plane parallel to the
junction is specified at 10° for an output power of 10 mW while
the beam djvergence in a plane perpendicular to the junction is
specified at 25°., Typical farfield batterns are shown in Figure
7.1.2 ”

| Continuous wave (cw) spectra for the HLP 1400'are shown in

Figure 7.1.3. Spectra are given for operation just'be1ow
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threshold, at threshold, and well above threshold. Near
threshold the laser can be seen to display multimode behaviour,
This is an inherently noisy region of laser operation due to
extensive mode competition. However, at currents of 60 mA and
70 mA single mode operation has been well established. A
curious mode shift occurs between traces (d) and (e). This
behaviour was further investigated and the results are shown in
Figure 7.1.4.

When single mode operation is first established at about
1.1 I.,, the lTasing wavelength was measured to be about 8257 A.
As the drive current was increased, and hence the junction
temperature, the lasing mode tended to longer wavelengths as
expectéd from a drift in the gain spectrum caused by a decrease
in bandgap due to increased junction temperature. At the same
time the laser is experiencing a modification of its cavity
refractive index, also stemming from the change in'temperature.
These drifts are about 20-25 GHz/©°C for these lasers. However;
at a certain current level mode hops spanning four modes occur.
This same phenomenon occurs again after a further current .
increase of about 10 mA. This behaviour is characteristic of CSP
lasers, and has been attributed to a distortion in the gain
spectrum caused by spectral and spatial hole burning due to a
finite thermalization time of injected carriers.(7jl) This
mechanism results also in a hysteresis effect so that the lasing
wavelength is determined not only by the témperature and drive
current, but also by the manner in which they were arrived at
(i.e. éurrent/temperature increased or decreased).

It is fairly well known that if the instantaneous current
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of modulated lasers drops below threshold, then normally single

mode lasers will d{sp1ay multimode behaviour. The extent of this

behaviour is sensitive to the frequency and amplitude of
modulation and the bias level. The behaviour can be attribtued
to an overshoot of the threshold condition by the gain spectrum.
When this happens many satellite modes may momentarily experience
net gain and hence begin to lase. Gain overshoots are enhanced
by high frequency modulation, high pulse current and low bias
levels. At low frequency modulation (i.e., < 1 MHz), a
temperature modulation of the gain spectrum may also result in a
multimode spectrum. Conversely it has been observed that for a
laser in cw multimode operation, the application of modulation
can induce single mode operation.

This type of behaviour has been observed in the HLP 1400
Taser as can be seen in the pulsed spectrum given in Figure
7.1.5. This figure shows pulsed spectra at three bias current
levels and at three pulse frequencies. Series (a) shows spectra
for bias near threshold. Comparison of the 50 MHz spectra with’
cw given in Figure 7.1.3, shows an enhancement of sing]é mode
operation, however at higher frequencies multimode operation is
enhanced. At 1 GHz near the resonance peak, evidence of high
frequency chirping can be seen which is caused specifically by
the gain modulation effect. However, when the bias level is
adjusted well above threshold levels, as in series (b) and (c)»
there is a suppression of general multimode behaviour. At lower
pulse frequency levels some two and three mode operation can be
seen. This behaviour is a result of the mode hopping behaviour

characteristic of the CSP laser as discussed earlier. Whén the
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modulation is such that the current level drops from one plateau
to anothers there will be a shift in the lasing mode. The
measured strength of this mode will be proportional to the time
that the mode is lasing since it is time averaged spectra that
has been measured. Lasing of a satellite mode adjacent to a peak
mode such as seen in series (b), is most probably due to
partition noise resulting from the gain peak being centered
SOmewhere-bétween the modes. Operation at high frequencies and
at high bias levels and at pulse currents that do not drive the
laser into different operating plateaus still retain the single
mode behaviour of the laser as witnessed in Figure 7.1.5.

Heterodyne operation was performed in an FSK fashion,
hence pulse current ampjitudes were no more than a few milliamps,
at laser bias currents near 80 mA.

The dynamic behaviour of semiconductor lasers is governed
by a pair of coupled rate equations which describe the carrier
and the photon populations within the laser cavify. At
modulation frequencies in excess of 1 GHz the equations become
out of phase and thus display resonant behaviour. The peak of
this resonance is very much influenced by the physical parameters
of the lasers and also by the operating point of the laser, The
resonance peak can be shifted to higher frequencies by an
increase in the bias current. As noted, the refractive index is
strongly influenced by the carrier concentration through the free
carrier plasma effect and anomolous dispersion. Therefore the
refractive index of the laser active region can be modulated in a.
fashion corresponding to the gain modulation, which leads to FM

modulation of the Taser. A peak in the frequency modulation
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efficiency of the laser should be expected at the laser resonance
‘frequency as it is in the amplitude modulation response. A
frequency modulation curve for a CSP laser is shown in Figure
7.1.&7'2A1so shown is the shift due to increased bias current
levels. The frequency modulation response is flat between
approximately 10 MHz and 1 GHz, Below 10 MHz, temperature
modulation of the refractive fndex is experienced, The
modulation efficiency of the laser is reduced at higher bias
currents. This behaviour is demonstrated in Figures 7.1.6(a) and
(b). .

AM and FM intrinsic laser noise resulting from quantum
process inside the laser cavity (i.e. laser shot noisel), is seen
to display a similar spectrum as will be discussed later in the
report,

| For system modulation at frequencies in the GHz region
this resonance peak can become a serious problem because of a
not flat FM hodu1at10n responsetand noise enhancement. It is
therefore important to force the peak to as high frequencies as
possible and to reduce the intrinsic noise level perhaps through
the use of dual balance detectors. The enhanced low frequency
modulation response can be suppressed by the appropriate use of
equalizers in the laser modulation circuit.

Equally important to heterodyne success is the frequency
stabjlity and l1inewidth of the lasing mode. Traditionally laser
linewidth was predicted by the well known Schalow-Townes formula.
This relation demonstrated a Lorentzian l1ineshape with a FWHM
inverse power dependence. However, experimentally measured

Tinewidths were constantly found to exceed the calculated value.
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Recently,s, Henry has demonstrated that the Tinewidth of
semiconductor lasers is increased by a variation of the real
refractive index with carrier density.(7'3) The width of the
laser 1ine can be thought of as being due to fluctuations arising
from spontaneous emission events which discontinuously alter the
phase and intensity of the Tasing field. As Henry points out:
"Besides the instantaneous phase change caused by spontaneous
emission, there will be a delayed phase change resulting from the
instantaneous change in field intensity. To restore the
steady-state field intensity, the lTaser will undergo relaxation
oscillations which last about 1 ns. During this time, there will
be a net gain change Ag(t) = (=2w/c)An"(t), wherean"(t) is the
deviation of the imaginary part of the refractive index from its
steady-state value. The change in n" is caused by a change in
carrier density, which will also alter the real part of the

refractive index n!'. jhe ratio of these changes is:

An' 7.1.1

a = A"‘"nn

A change in n' during a limited period of time resulits in an
additional phase shift of the laser field and in additional line
broadening." The term o is referred to as the:linewidth
enhancement factor. The laser linewidth can now be calculated as
follows:

Af = (1 + a?)afgy | 7.1:2
Afer is the linewidth calculated using the Schalow-Townes
formula. An estimation of the linewidth enhancement factor of

A1GaAs lasers can be made by a correlation measurement between
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the AM and FM noises.(7+4) The value of CSP lasers has been
estimated to be 2,2 - 2,8 using this method. The factor is
dependant on the particular leser structure.(7'5) Natural
lTinewidths in the range of 10 MHz ~ 30 MHz have been reported for
GaA1As CSP lasers.

As discussed in Chapter 2, techniques currently used for
reducing laser Tinewidths concentrate on the uses of special
laser structures that predominantly increase 1aser-cﬁvity Q
and/or provide selective optical feedback. The structures
receiving greatest attention are the distributed feedback laser,
the cleaved coupled cavity laser, and the external cavity laser,
The use of these structures has reduced laser Tinewidths to well
below 1 MHz, The effect on system performance of laser Tinewidth
with respect to modulation format was discussed in Chapter 4,

Finé11y an important source of lTaser noise external to the
laser itself should be mentioned. Both the laser power and
f?equency stability have been found to be very sensitive to
optical feedback by reflections from optical components in the
system.(7'6) These reflections can occur in the near field or in
the far field. Near field reflections occur when the point of
reflection is only on the order of a few centimeters from the
laser facet. This case can be treated theoretically as a double
cavity.(7'7) Fluctuations in laser output intensity and
wavelength occur when there is a change in the interference
condition of the double cavity which can be caused by a change in
the external cavfty length due to physical movement of the optics
or by a change in the effective laser cavity length due to

temperature and gain effects caused by changing laser carrier
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concentration. Generally farfield reflections are considered to
be reflections from points from the laser where the round trip
time of the external cavity is well beyond the coherence time of
the laser. When these conditions prevail it has been found that
the Tight output intensity varies in proportion to the feedback
amp1itude.(7'8) There is a possibility for these reflections to
mode lock the laser causing it to exhibit noisy.se1f pulsations.
In addition line broadening and degradations in spectral purity
and stability can be induced by reflections, The reflection
effects become pronounced when "the reflection coefficient with
respect to amplitude is larger than the relative amount of
spontaneous emission in the Tasing modes".(7{9) This implies that
single mode lasers may be particularly sensitive to these
reflections. For this reason it is important that certain
critical optical components be antireflection coated to reduce
the reflection coefficient. Many experimental heterodyne systems
have further included optical isolators for the specific purpose
of reducing laser noise induced by optical reflection.
7.2 Electronics
7.2,1 Laser Bias Board

The dc bias signal and the modulation signal are combined
oen the laser board before application to the laser. The board is
mounted directly on the laser mount behind the laser package. A
circuit schematic is shown in Figure 7.2.1. 1In order to
accommodate the high speed operation required by the experiment,
microstripline was used for the laser board. The stripline was
designed for 50 @ impedance so that impedance matching was

maintained. The stripline was terminated at the laser by the
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chip resistors and chip capacitors. An SMA connector was used to
bring the signal onto the board. Chip capacitors were used to
prevent the flow of dc current into the modulator. The dc¢ bias
current was supplied through the IN914 diodes and the inductor.
The inductor was required to prevent the loss of modulation
signal into the bias circuit. The silicon diodes were included
to prevent the bossib11ity of back bias on the diode. These
diodes were removed for the HL831lE laser. This laser board
configuration was such that the modulator drove the laser
directly. The critical design consideration for this board is
the ensurance of proper impedance matching of the stripline and
its termination such that the signal is delivered to the laser
with a minimization of reflected power. Distortion of the
current pulse through the Taser can seriously degrade the
performancé of the system. In Tater work, should any transmitter
equalization circuitry be required,'it can easily be incorporated
onto the laser bias board.
7.2.2 DC Bias Circuit

Two dc bias circuits were used during the course of this
study. The circuit shown in Figure 7.2.2(a) provides a regulated
voltage output from the LM 337. This circuit was used in
conjunction with the HLP 1400 laser. The circuit shown in Figure
7.2.2(b) provides a regulated output current. This circuit was
used to drive the HL831llE laser. Maximum output currents of
-90 mA and -92 mA were obtained with these drivers. Drive
currents were nofma1]y monitored with in line digital
multimeters, however a voltage signal was obtained across the 4.7

and 183 resistors in order to drive an X-Y plotter when 1ight
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current curves were measured., The drive circuits must be capable
of supplying the required current range, have sufficient
protection built in to guard against laser damage (e.g. turn on
transients or component failure), and must be sufficiently stable
in order not to induce current noise into the laser which would
resultin line broadening. Short term stabilities of these
drive circuits were generally within 0.1 mA as monitored by the
DMMs. For prototype systems it may be worthwhile to re-evaluate
the current stability from these circuits, especially long term
stabjlity which are affected by factors such as temperature. In
additions it may be valuable to incorporate a power feedback-
control into the bias circuit.
7.2.3 Modulator

No effort was put into the design of modulation
c1rcu{try; a laboratory signal generator was used instead. A;
already mentioned, the generator could supply a 1 Vpp signal into
50 at repetition rates ranging from 1 MHz to 1 GHz. Duty
cycles were adjustable within this range. In order to preserve
pulse shape when frequency modulating the laser, the output was
set at maximum and attenuators were inserted between the pulser
and the laser bias board. This pulser adequately performed as
the modulator for purposes of this study.
7.2.4 Cooler

A Peltier effect thermoelectric cooler was used to provide
cooling for the laser heat sink. This cooler was driven by the

circuit shown in Figure 7.2.3. Cooler drive current was

Vadjustab]e between 0 and ~ 500 mA. Temperature feedback was

provided by an Omega TFD thin film platinum thermistor. The
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thermistor was placed in a bridge, where the temperature set was
determined by the 100 @ pot. The output signal from the
differential amplifier was then amplified and sent to another
differential amplifier where it was comp&red with a reference
voltage. The output of this amplifier drives a voltage regulator
which feeds the thermoelectric cooler. The cooier current needed
to maintain a desired heat sink temperature is set by the 500
pot after which, a temperature lock is provided by the feedback
circuit. The feedback’circuit could be disabled by a switch.,
The laser was normally operated at a temperature near 20°C, or a
few degrees below nhormal lab temperature.
7.3 Optics

A discussion of transmitter optics requirements has
already been made in Chapter 2, and 6., The transmitter optics
employed in this study were limited to co11imating~optics for the
transmitter laser. A grin-rod lens of .23 pitch, AR coated, was
used to collimate the HLP 1400 laser. The output was
approximately circular with a beam diameter of about 1.8 mm. A
Melles Griot GLC 002 laser diode collimating lens was used with
the HL831lE laser. This lens formed a beam strip of abut 8mm x
3 mm oriented perpendicular to the junction plane. This lens
mated with a Melles Griot GPA 001 anamorphi¢ prism pair
which expanded the beam by a factor of two in the direction
parallel to the junction. The elements weré AR coated, and
designed for diffraction limited operation at .8 - .85 um. The
lens/laser alignment was performed using a Linetool precision

X~Y~Z positioner.
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The funcfiohal elements of the testbed receiver were given
In Figure 2.1.1 and briefly discussed in Chapter 6. In summary,
these elements include the detector, the local osciltater, bias
end cooler electronics, a beam combiner, and local oscillator
collection optics.s Also Included as part of the receiver were a
custom laser mount and an environmental protection chamber for
the local osclllator., An AFC loop was later developed to Improve
the frequency stability of the IF. This loop consisted of a low
pass fllter, a power splitter, dual balanced mixer and a delay
line. Components were also procurred for Thé construction of
laser external cavitlies. The purpose of the external cavity Is
to narrow the laser linewldths. Such a configuration would have
added further refinement to the system,
8.2  Deector.Devlces

In order to maximlize the possible performances of the
heterodyne receliver, three detectors have been purchased and
fully tested. These devices are slilicon photodiodes -which have
high efficiency In detecting near-infrared radiation (peak
efficliency ~ 900 nm), Each detector has an optimum receiver power
and frequéncy range of operation, The detectors corresponded |
elther to a high sensitivity device having a sensitive area of
about 1 mm2 and a time response in the nanosecond range (RCA) or
to a device having a faster time response (v 50 psec) on a
reduced area slze and sensitivity (Antel). Two types of
photodiodes have been used In this work: a pin diode and two

avalanche photodetectors (APD). The avalanche photodiode differs
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from the pin by the multipllcatlion process taking place at the
junc?lon which results In more generated electrons for a glven
number of Incident photons., This multiplication factor, called
the photodiode gain, Is dependent on the bias voltage applled to
the detector, The galn can be varied from 1 (APD equlvalent fo a
pin diode) up to 150, High gain values usually requlre voltage
bieas too close to the breakdown value to safely operate the
detector. The plin and the APD made by Antel Optronics Inc. are
very fast devices, having bandwidths of several glgahertz.
However, this wide frequency response reduces both the detector
sensitivity and Its area., The APD built by RCA has a
preamplifier module Inftegrated info the detector. This increases
the detector sensitivity by allowing an effectlve dlode load
Impédance'higher than 50 Q@ with a bandwidth of 200 MHz. The two
following subsectlons give the theoretical definition and the
experimental measurements of the main detector pérameTers.

8.2.,1 Theoretlcal Background .

This part glves the relatlonship between the Inclident
power on the detector and the signal and noise output
measurements, The galn appeérs expllcitly In the equaticons which
are thus valld for boTH a pin and an APD detection device.

RESPONSIVITY

The detector responsivity which Is wavelength dependant is

related to the photodlode efflclency by the equation:

- (2) .
R, = S_”W_ 8.2.1

where n(x) Is the photon-electron converslion effliciency (<1)
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g and h and v have their usual significance.
The RO value quoted by the manufacturer usually includgs
radiatlion loss through the protective window or the focussing
lens eventually mounted in front cf the dlode.
SIGNAL
The signal current (!S) flowlng through the dicde Is

related to the detector received power (PR) by the equation:
IS = MRO PR _ 8.2.2

where M is the APD gain (M = 1 for a pln diode).

This Ilnear reletionship is observed up to a certaln power level
at which the detector starts to saturate. This saturation level
Is given as a current value which remalns the same for any
detector galn values, The corresponding saturation power Is
obtalned from the Equation 8.2.2., The output voltage IS gliven
as:

= IS Ry =M Ro Pe Ry §.2.3

Yout R

where Rd ls the diode load Impedance,

Any additional load connected at the detector output has fo be
taken Into account since the photodetector acts as a_currenf
source, However, the RCA photodiode has an Integrated
preamplifler module and so acts as a voltage source having Its

responsivity quoted in Volts/Watts according to the equation:

8.2.4




1.
with Ro = M Ro Rd .

NOJSE POWER DENSITY SPECTRUM
The noise power density variation versus frequency Is
given by the following equation for the RCA photodicde coupled to

Its preamplifier:

P = Ry (5.%S, )t%(w) du 8.2.5
The different terms In this equation have been detailed In
Sectlions 3;1.1 (Equation 3,1,1) and 3.2.2 (Equations 3.2.5 and
3,2.6), The nolse power density appears as a compliex sum of
noise sources: The_dark current which Is always pfesenT even wlith
no light on the detector, the thermal noise, and the shot noise
which is Induced by the incident radiation (backgfound + slignal).
Due to the preamplifier module ¥n+egfa+ed o the photodlode, the
frequency response differs from a RC one. The bandwidth of the
detector which is defined as the frequéncy value at wHich tThe
signal drops by a 3 dB factor Is related to the detector time

response by:

V34g = 0'1024/Td 8.2.6

The noise power density equation Is much simpler in the case of a
photodiode detector directly connected to Its locad resistance

(Antel detector):

Pp = TRq 2014 +(ig +Pp R

1
n E}+4kT]x———?—7 de 8.2.7
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The relation between the bandwidth and the detector time respcnse

Is:

\)3d,B = O.1592/Td 8.2.8
This case corresponds to a RC clrcuit where the cut-off frequency
Is set by the diode capacltance and load Impedance values. The
rise time can be related to the time response Ty by:

("__ -_
TR(108-90%) = 2.197 T _ | 8.2.9

8.2.2 Experlimental Measurements of Some Detector Parameters
Detector parameter values such as the responsivity, time
response, etc., quoted by the manufacturer are usually typical

values, Therefore more precise values have to be obtalned by

experimentally measuring these characterlistics. In this section,

it is assumed that the gain value of the APD is known. The gain
experimental determination is descrlbed In detail In Sectlon
8.2.3., Each type of measurement Is performed repeatedly
In order fo decrease the percentage of error. The results are
shown In Table 8,2.1 with other non-experimentelly measured
parameters.,

PHOTOD |ODE LOAD RESISTANCE

The value of the load resistance connected In serles with

the photodiode has been obtalned from simultaneous measurements
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TABLE 8.2.1: Detector Characteristics

RCA APD ANTEL APD ANTEL PIN
309506 AR-SbH AR-S2
Responsivity (A/W) 0.72 A/M 0.25 A/M 0.30 A/W
at 830 nm
Diode Load Resistance 1000 50 50
(@)
Time Response (ns) 0.7 0.045 0.02 *
Rise Time (10+90%) (ns) .2 0.100 0.045 *
Bandwidth (GHz) 0.146 3.5 >5 *
Gain ’ 1280 1+100 1
Saturation Current (mA)  0.100 1.0 1.0
Bias Voltage (V) 234 (for gain -134 (for gain -15
= 60) = 60)
+/-12 preamplifier ‘
Sensitive Area (mm2) 0.25% 0.03* 0.01=*

* As Given by Manufacturer




of the current flowling through the detector and of the output
voltage (Equatlion 8.,2.3) while shining the detector with a HeNe
leser, Both the current end the voltage have been measured on a
digltal multimeter (Fluke 75). The measurements have been
repeated for variou; Incident power levels.,

RESPONSIVITY AND SATURATION LEVEL -

To do @ responsivity measurement, the absolute amount of
power incident on the photodetector has to be known. We havé
used e}fher a HeNe laser or a semiconductor laser. Both have
been cal ibrated In power with a Sclentech power meter (Model
360203) after passing through a lens which focussed the radiation
on the detector sensitive area. By recording the output voltage
for different amounts of Input power (using calibrated neutral
denslity filters) the responslivity and the saturation level has
been obtained for a cw radiaflon. Responsivity measurements have

also been performed with the semiconductor laser pulsed In the 10

~MHz - 1 GHz range. As expected the responslivity steays constant

up to a frequency close to the detector bandwldth (see next
subsectlon)., In the case of the two Antel photodiodes no drop Is
observed since their bandwidth is wider than 1 GHz,

BANDWIDTH AND TIME RESPONSE

As It has been dliscussed iﬁ subsection 8.2.1, the detector
3 dB bapdwldfh frequency and the time response can be related to
each other very easlly. It Is thus sufficient to measure only
one of these two characteristics., The time response can be
obtalned from the measurement of the time evolution of an
incldent pulsed signal but this Is only possible if the Input

pulse rise time Is faster than that bf the detector. The
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experiment has been performed on the RCA APD..The radiation
source was a |lght emitting diode (LED:C86011E from RCA). Its
pulse shape is presented In Figure 8,2,1(a). It has been
measured with a fast detector coupled to an osclilloscope
(Techtronix 7834 Plug In 7A29 and 7892A), The cutput signal of
the RCA avalanche photodiode appears In part b of the same
figure. The experiment has been done for various bias voltages
applied on the preémplffler modul e, Th}s bias Is expected tc
change the detector time response which Is essentially determlined

by the preamplifier module. A value of T, Is obtalned by fitting

d
the experimental results to the theoretical time evolution

equatlon of the signal pulse gliven in Section 3,1.1. To do so an
analytlcal function describing the LED Incident pulse is used,
The fit Is shown in Figure 8.,2.2 for two different preampllfler
bias voltages. The limited accuracy given by the oscllloscope Is
responsible for the dliscrepancles observed on this graph.
However, the curve slope is senslitlive enough tc a T4 change to
give us a reasonable time response measurement.

The detector bandwldth can be measured in the frequency
domain by recording the shot nolse power spectrum. The nolse
has been measured on a spectrum analyser after amplificatlion.
The radlation source was a HeNe Iasér. Depending on the
frequency fange, different spectrum analysers and amplifiers have
been used: 0 - 500 MHz 40 dB Amplica amplifier 401 USL coupled
wi+h-a spectrum analyser HP 8553B and 2 GHZ - 4 GHz 33 dB Mliteq
amplifler AF03 couplied with a spectrum analyser HP 8569A. A

pertlon of the noise spectrum of the Antel avalanche photodlode

Is presented In Fligure 8.2.3. The 3 dB frequency which defines
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the detector bandwldth Is indlcated on this graph with ITs T4 and
corresponding values.
8.2,3 Gain Measurement Technlque
The galn value of an avalanche photodiode Is strongly

related to the signal to nolse ratio (S/N) optimlizatlon for the
receiver system, |ts absolute value and its variation as a
function of the defector bias voltage have to be accurately known
but are usually ﬁ&f provided by the manufacturer and thus have to
be experlmentally measured., As dlscussed in Sectlon 8.2.1, the
slgnal current Is proportional to the product of the detector
responslivity and the galn. By measuring the signal variation as
a functlon of the blas volfagé for a fixed amount of recelved
power, the relative varlatlon of the gain Is obtalned since the
responslivity before galin Is not a functlon of the bias appllied on
+the APD. However, its absolute value cannot be obtalned wlth
this type of experiment unless the responsivity Is known. We
thus searched for another way of measuring the avalanche gain.
Looking back to the theoretlical Section 3.2.2, it is found that
the noise power density Is a functlon of the galn square through
the shot noise term (assuming 1 Hz BW measurement):

2

P = 2 R R MTEP
d o)

2
shot noise f(w) 8.2,10

R

where f(w) !s elther the RCA frequency response (Equation 3.1.1)
or the usual RC frequency response.

If the experlimental condltions are such that the dominant noise

source Is the shot noise (dark current and thermal nolse terms

are negliglible) and if The measurements are performed at a much
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lower frequency than the 3 dB bandwidth value (f(y) = 1), the
signal to noise ratio becomes a simple function of the detector

gain only, glven by:

MR P
S/N = o R = 4 : 8.2.11

2
2q Ry Pp ME  2qME

where E is, as previously described, a function of the gain:

£ = Mok + (1 - k(2 - 1)

o 0 8.2.12

with ke = 0.02 for a silicon photodiode.

One of the most interesting features of this technique is that
the measurement does not require the knowledge of the received
power. The galin value accuracy depends only cn the
Instrumentation used. This attractive way of making gain
measurement requires one con&i+ion; +h§+ the recelved

power level 1Is high enough to have a shot nolise limited receiver
but lower than the detector saturation level. The signal and the
noise have been slimultaneously measured as a functlon of the bias
voltage applied to the detector. The experimental set up has
already been described (Section 8.2.2)., The shot noise has been
induced by elther HeNe radiation or the LED operating In a pulse
mode., The results are presented for the two avalanche
photodlodes In Figures 8.2.4 and 8.2.5, The dlscrepancy seen in
Figure 8.2.,4 between the values obtalned with the cw and the
pulsed measurements Is a result of the spectrum analyser'scale

accuracy which is of the order of +/- 1 dB.
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8.3 Local.Qsclllator

The laser That was used as the lccal osclllator was a
Hitachi HLP 1400 simllar to that used for the transmitter.
Therefore, much of the description in Section 7.1 also applies to
the local oscillater., Typlcal device speciflcations are also
identical.,

The most signiflicant difference between the local
osclliator and the transmitter laser Is in the manner of
cperation., Whereas the fTransmitter laser Is modulated at high
speed, the local osclllator Is operated strictly In a cw fashion
with fine adjustments to [ts drive current made only feor the
purpose of frequency tracking the transmitter signal. As such,
ne laser drive board comparable to That used for the transmitter
was requlred. .The laser wes however, connected to a
microstripiine board which was then connected to the dc drive
clrcult +hrough SMA cable, but this was done simply for ease of
connection.

The Iécal cscllliator was placed In an environmentel
profécflon chamber. This chamber was double walled with
insulatlion between the plexiglass and aluminum walls. Such a
structure was used to lIsolate the LO from ambient temperature
variations. The housling was sealed from the Top Thus brofecflng
the laser from alrborne contaminants. In addition desecan+ was
placed Inside the housling In an effort to reduce the relative
humidity experienced by:The laser.

Al]l lissues regardling spectral purity, linewith, fregency
s%abillfy and noise apply to the LO In the same manner as they do

for the transmitter laser.
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Coarse wavelength matching of the two lasers was
accompl Ished by temperature tuning.
8.4 Eleclronles
8.4,1 Local Osclllator Bias Circuit

The local oscllliator bilas circulf used In This receiver Is
shown in Figure 8.4,1. This circuit is based on the cne used +to
bias the HLP 1400_+ransmi++er laser. However, thls circult Is
modlfled In a manner such that I+ will automatically adjust the
output voltage In accordance with the error signal from the AFC
loop., The error signal Is compared with The current set at the
differential ampliflier, the output of which is used to drive the
voltage adjust pln on the LM337 negative voltage regulator. A 5V
zener dicde has been added for diode protectlion, A signal Is
taken across the 122 resistor To.drive an X~=Y recorder when
measuring light=current curves. Al'l components with The
exceptlion of the laser dlode and the ampmeter are contained on
the blas board. The current range for this drive circult Is 1 -
90 mA.
8.4,2 Detector Bias Circult

The three detectors used In this study were all bjased by
laboratory high voltage low current suppllies. A Power Desligns
Pacific Inc. 310 was used to blas the Antel AR-S5 APD., A Kepco
APH 1000M was used to blas the RCA C309506 APD. An HP 6234A
general dual supply was used to provide the low voltage bias To
the Antel AR-S2 PIN detector. In addition, an HP 6234A was also
used to bilas the Miteq amplifier. In all cases precautions were
taken to |imit the bias current below the damage threshold levels

quoted by the manufacturers,
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8.4.3 Cooler

The cooler drive circuit used for the local oscillater is
identical to that used in the transmitfter with the following
minor exceptions, The 1 M resistor at Tthe monitor output was
replaced by a voltage follower using one of the op amps on the LM
348 chip., A Melecor CP1.,4-31-10L Thermoelectric cooler was used
instead of the CP1,4-71-10L used in the fransmitter. Aside from
these differences, the discussion in Section 7.2.4 is also
applicable here.
8.5 Qpdlcs
8.5.1 Local Osclllator Collection Optics

A grin-rod lens idenffcal to that used for the HLP 1400
Transmitter laser was used for collection and collimation of fhe
local oscilliator |ight. The part number is given in Table 6.1.
The lens was mounted on a Linetool three-axis precision
positioner. The beam spot was approximately circular with a
diameter of 1.8 mm.
8.5,2 Beam Combiner

The beam combiner used in this testbed Is a conventional
beamspl itter cube. This beamsplitter cube was made of BK 7 glass
with a broadband coating. A typical reflection curve shows a
reflection coefficlent of approximafely 58% at 830 nm.
Absorption is specified at about 5%. A disadvantage of a
beamspl itter cube is the occurance of refiections off of two
faces Instead of one, causing a possible Increase in reflections
seen by the laser, and a s|light increase In optlical loss.

The beamsplitter cube was fixed on a prism table which was



-

- 161 -

fastened to a rotating stage. This stage was then mounted on a
preclslon Z=axls translator. Such an assembly faclilitated the
optical allgnment of the system.

Using the relation g < »4d where d Is the diameter of the
detector, A Is the lasing wavelength, and o6 Is the misalignment
between the two beams, the allgnment of the local oscillater and
the transmitter beam should be better than or equal ot 0.06° or
346 min., of arc,

8.6 dmprovements
8.6.1 AFC Loop

As a next step In upgrading the heterodyne testbed, an AFC
loop was designed. The components In this lcep are shown in
Figure 6.1.1. The locp Is made up of a bandpass filter (in our
applicaton a low pass 0 - 4 GHz filter sufflced), a power
splitter, a dual balanced mixer, a delay |line and a low pass
output fllter. Part numbers are glven In Table 6.1, This signal
would then normally pass through an adjustable gain amplifier In
order to match the {aser current - Af slope wlth the feedback
signal. B
The mixer/delay line combination compesed a frequency
discriminator. The output of the discriminator Is determined by

the followling relation:

_ A
Vg = 7 cOs (

2md
\'

) s f 8.6.1

where A Is the signal Input amplitude, 5 Is the delay In the two
paths, v Is the speed of the wave in the gulde ( 2 x 108 m/s In

+his case) and f Is the signal frequency. Coaxlal cable was used
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as the delay line, It Is important that amplitude varlations be
eliminated so that changes In the error signal are only due to
changes in the IF frequency. Figure 8.,6.1 glives the measured
normal lzed discriminator response. The discriminator has a
useable capture bandwidth of about 600 MHz centered at 3 GHz.
The vertical scale, or slope In mV/MHz Is Hefermined by the
strength of the Input signal. AM noise In the input to tThe

discriminator will result In a mismatching of the discriminator

AV/Af response and the local oscillator Af/Al response. Frequency

tock is lost, or at IeasT‘severeiy degraded In such a case. i+
is Important that discriminator noise not add excessively to
drive current nolse which may result in laser |Ine broadening.
For efficient dliscriminator operation the |F should be kept as
narrow as possible.

The discriminator has been developed to track The
frequency of The f1 component, It Is Important therefore that
this frequency component be sufficlently strong. The power
contained In thls component Is very code dependent, For example,
if a long string of zeros were sent, then the time averaged power
may drop to level such that frequency lock may be lost. |1 is
also Important That the f1 sidebands be out of the bandpass of
the discriminator otherwise they may appear as faise signals.

Frequency tracking can only be monltored between ~ 2,7 GHz
and 3.3 GHz., This corresponds to wavelength offsets near 0.1 ;.
Therefore the discriminator will not be able to correct for any
mode hops by the lasers.

An AGC amplifler may be needed to maintain a constant IF

slgnal strength Into the discriminator. Ampllificatlion and
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Frequency Discriminator Response
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clippling may not be feaslble If fthe cllppling procedure Induces
excesslve signal distortion.

As noted in earlier discussions, IF frequency stabillty Is
ex+rémely Important In coherent detection, and so it is in fThese
systems that AFC operation Is most critical. FSK single filter
envelope detection is amongst the systems most tolerable of IF
drift and Ilnewldth.

8.6.2 External Cavlity

Components were purchased to enable experlimentation of

laser llne narrowlng In an external cavity conflguration. As

previously mentioned, Ilnewldths well beiow 1 MHz have been

reported using such technliques. The external cavity was deslgned

for tunabliity by using selective grating feedback, and by
adjustment of the cavity length. The cavity was Intended for use
with the HLP 1400 laser used In the local osclliator. However,
due to fime and cost constraints thls Improvement was not fully
implemented.

Pertlnent measurements wlith thls conflguréffon would
Include the extent of |inewldth narrowling and Its sensitlivity tfo
cavity length and reflectivity, funablliity, effect on FM
modulation response and ease of Implementation with regards to
stabillty, complexity and use., Sophisticated cavity
confliguratlions have used automatic feedback to plezoelectric
elements attached to the grating, or mirror, which can provide a
fine adjustment in cavity length.

Operatlon of the HL8311E was not possible In Thls

conflguration because of Ifts slngle facet access.
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9.0 PERFORMANCE MEASUREMENTS
A series of experiments have been performed for both
direct and heterodyne detection in order to measure system

performance. The 1asers:were operated in cw and pulsed mode.

Extensive studies on the laser excess noise were done as a

function of various parameters such as laser current and power.
the receiver frequency range and laser modulation., The results
were compared to theory which, -was then used to extrapolate
§ystem performance.

9.1 b A "v‘-.".D{f‘!.-..

The direct detection performance is described throughly
the signal to noise ratio (S/N) which can be achieved under

various conditions. This ratio depends on the detector

'6haracterist1cs that determine the amount of shot noises, and on

the laser excess noise which, for semiconductor lasers, makes a
significant contribution in certain frequency ranges. As a
result the system operates either as a shot noise limited
receiver or as a laser excess noise limited receiver. The
transition between these two modes of operation is a complex
function of the laser and the detector characteristics. This
section describes the theoretical and experimental approaches
towards this system behaviour,
9.1,1 Laser Excess Noise Equation

The fluctuations of the carrier and photon populations in
the semiconductor laser result in modulation of the Taser output
power., The mean square noise fluctuation percentage can be

written as:

AP 2 . 9.1.1
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where PL Is the laser total output power (usually different from

the recelved power PR).

(9.1)

The nolse power density spectrum (APL)2 Is glven by: (for
1 Hz bandwldth measurement)
2
w
(L v ) + 2 (1-p)
¢ ot o 8ot 9.1.2
(aP) ZthPLy[ 2 : 12] 1
(w,? + - w?) WP+ )

where vy Is the reciprocal value of the degree of Iinverslon
which [s dependant on the laser éurrenf
- o ls the photon | 1fetime
-0 Is the effective time constant of the cavity In the
- presence of galn
- T Is the carrlier lifeftime
- Is the damping time constant
- w, Is the resonance frequency at which the maximum nolse

enhancement 1s observed

- W, h,vL have thelr usual significance.

This equation shows that the AM laser excess nolse spectrum has a
max Imum around a particular resonance frequenﬁy. This frequency
which Is dependant on the laser current Is In the glgahertz
reglon when the laser Is driven above It+s current threshold. The
magnification factor Is such that an Increase up to 15 dB Is
obtalned on the laser excess nolse around Wy e The laser
parameters lnvolved In Equation 9.1.2 have not been measured In
this work. We have used typical values given In the

llferafure(9'1).
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T = 2 ns

From these, values for mO’ 91 and'fP can be obtalined using the

following equa+lons:(9’1)

Wi - 2 913

RBoT

w % o=

where ‘L/iTh is +the ratio between the laser current and Iits

threshold current

B Is typlically equal to 0.2

o 9.1
1 w s ot8 -
with m = 1 for a single laser operation
¢ Is typically of the order of 1074,
L-liy,z2, 9.1.5
Tl T 0 .

. As 1t has been mentloned above, wO and Y are a funcflon of the

laser current. This Is also true for 01 and Ty The only
parameter for which no exact value has been found Is the factor
Y. However thls factor appears as a multiplication factor and
Qii! not affect the nolse frequency varlation.
9.1.2 Total Nolse.Equaflon

The total amount of noise collec+ed.a+ the detector output
is a sum of the laser excess AM nolse and the detector dark

current, thermal and shot noise . The detector nolse has been

digcussed In Sections 3.2 and 8.2.1. The laser excess.noise

effecTIvely collected at the detector output Is glven by:
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PaL = Rg (a.P2 REMZ)F2(w) du 9.1.6

where Ry 1s the load resistance of the photodliode

AZL is given by the equations 9.1.1 and 9.1.2 and Is

a function of w,

,PR is tThe portion of the fotal laser power received at
| the detector
RO Is the detector responsivity
M is The detector galin

f(w) is the detector frequency response function (RCA or

ANTEL Type);
The total nolse collected at the detector output Is given by:

p = Rd [2q{ids + (idb + RAPLIM2E} + 4 kT

n 0O'R
+ AE pﬁ RS M21£2 () du 9.1.7

This equation assumes that no background Jight Is detected. It
I's tnfefegflng to observe fhaf the laser excess nolse term varles
with the square of the recelved power while the shot noise Is
pfoporfiona| to I+t. The observation of a shot nolse or laser
nolse limifed recelver will thus depend on the amount of
attenuation of the laser beam. This competitive effect will also
vary with the collected frequency range since the laser excess
noise shows a strong frequency resonance while the shot nolse is

almost constant up to the defector bandwidth frequency value.
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9.1.3 Laser Excess Nolse Measurement
The laser AM noise has been measured on a spectrum

analyser after amplification of the detector output. The amount
of recejved laser power has been monitored simultaneously by
measuring the detector signal current. The equipment used has
been detalled previously (Section 8.2.2). The experiments have
been done on both lasers (local oscillator and ftransmitter) for a
wide current range and for laser cw and pulsed mode of operation,
The complete set of resuits Is not presented here. The two
lasers behave In a similar way and the concluslions of these
experiments are applicable for both the local oscillator and the
transmitter. Two typlical plctures of the total noise collected
at the detector output are presented in Figure 9.1.1. They
correspond respectively to the system nolse with and without
laser radiation Incident on the photodiode. The amount of laser
nolse ts obtained from the difference between these two nolse
levels, after subtraction of the shot noise contribution which
can be calculated from the signal measurement, The graph In
Figure 9,1.2 presents the laser noise for different laser
currents. As described by the theory, the resonance frequency
increases with the laser .current while the noise amount follows
an Inverse current variation, The variation of the resonance
frequency versus the laser current Is compared to the theoretical
one In Figure 9.1,3, A good agreement Is obtalined between the
two curves. The next graph (Figure 9.1.4) shows the theoretical
fit of one resonance peak. The maximum value [s normalized to
that of the experiment., The last figure of this section (Figure

9.1.5) shows the nolse spectrum measured in The case of a pulise
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Frequency Range: 0 - 1 GHz
Bandwidth: 1 MHz

Laser Current: 60 mA
Received Power: -13 dBm

-90 dBm-

Part a: System Noise with Laser Radiation

-90 dBm-

Part b: System Noise Without Laser Radiation

FIGURE 9.1.1: System Noise Spectrum Measurement
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operation of the laser and compares It to the nolse spectrum
obtalned for a cw laser radlation. A square pulse (100 MHz, 50%
duty cycle) of 20 mA Is appllied on the laser. The lowest current
portion of the pulse drlves the laser just above Its Threshold
while the highest portlon corresponds to a current value close to
80 mA. By comparling the nolse spectra for cw and pulsed
operation, one observes that each portlon of the square pulse
generates the equlvalent cw laser resonance peak.
9.,1.4 System Total Nolse Measurement

The ftotal noilse varlatlion versus the amount of power Is
presented !n Figure 9.1,6 for two frequencles. As expected In a
éhof nolse limlited system, the nolse, at low frequency, varies
proportlonally with the amount of recelved power. At high
frequency, the laser nolse domfna+es'and the system nolse becomes
proportlonal fo the square of the recelved power., These
behaviours can have Important repercussions on the envelope
detectlion performance. Thls Is discussed In the following
sectlon. |
9.1.5 System Performance

SysTem performance Is usually evaluated In Termé of The

signal to noise ratlio obtalned under different opéraflng
condltlons which In this case are the amount of recelved power,
the APD galn, the laser current and the frequency wlindow In which
the slignal Is recelved., This section concerns the direct
detection of cw laser radliatlion. Being confident that the laser
and system nolses are well described by Equations 9.1.2 and
9.1.7, as It has been shown by the good fitting obtalined with the

experImental resuits, the slignal to nolse ratio for different
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experlimental Eondlfions have been calculated. Figure 9.1.7 shows
the S/N as a function of the received power for different APD
galn values. As In all the followlng graphs, the calculated
results are compared to a purely shot noise |imited system (gas
laser for example)., |t Is seen that as soon as the system starts
to be {imited by the laser nolse the APD galin does not influence
the performance. Thus the galn should be adjusted as low as
possible to ensure that the laser noise appears above the
detector ampllifier thermal noise level. The S/N vartiation as a
functlion of the recelved power, for different frequencles Is
shown In Figures 9.1.8 and 9.1.9 at two laser current values. It
Is observed that the transition between a shot nolse and a laser
nolise |imited system occurs at lower frequency and at lower
recelved power levels when the laser Is Opera+ed relatively close
to It+s thresholid. Figure 9.1.10 shows the frequency and the
recelved power combination-.at which the shot nolse and the laser
AM nolse are eﬁual. These curves are glven for four laser
operating currents and an APD gain of 1, They remain essentlally
the same for other gain values. All these performances refer to
a photodetector with no preampllfler module (ANTEL type) and
assume a recelver 1 Hz bandwidth. Depending on the experimental

detection bandwidth, the ratio between +he laser and shot nolse

amounts will vary., As a general rule, however, a sysfem'whlch
Iinvolves low frequency detectlion ( 500 MHz) of low signal will be
shot nolse |imited while the laser AM noise will dominate and

deterlorate the performance when detecting high signal levels
and/or when working at high frequencles, (gigahertz range)

Performances achlievable for the detection of modulated
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laser radiation, are muchk more compliicated to evaluate. The
experimental results presented in Figure 9.1.5 have shown that
the laser excess noise contributes to both the "signal on" and
the "signal off" portions of the radiation puise. This is due to
the minimum biasing current kept on the semiconductor laser to
maintain its operating current above the laser threshold value.
The consideration of .this laser excess noise behaviour in the
theory developed in Section 3 for pulse detection requires
complex computer calculations which have not been done in this
work. However, as a general comment based on.the conclusions
obtained for cw radiation detection, a system working at low
frequency and involving low signal levels is expected to behave
as a shot noise limited receiver. Such a system will follow the
theory described in Section 3. when the laser noise starts to
dominate, a degradation of the S/N is expected. This will result
in a different optimization of the receiver ch;racteristics. A
decrease of the overall system performance is expected by
comparison to a'éhot noise Timited recejvers a decrease which can
be re]étive]y small if the system characteristics are carefully

reoptimized.

9.2
“ The system performance for_heterodyne detection has been
measured for cw and modulated laser operation of the transmitter.

The two semiconductor lasers which are mixed together on the
photodiode and the experimental testbed are described in detail
in Sections 6 and 7. The detection frequency window is chosen to
be 2 to 4 GHz., The detection corresponds to an enve]ope

detection at the IF frequency. 1In order to minimize the laser
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excess noise contribution, the lasers are driven at high current
which gives a noise resonance peak frequency around or above 4
GHz. The results described here do not involve any type of
stabilization feedback system except the temperature controlier.
A typical heterodyne cw signal is shown in Figure 9.2.1. The
observed signal to noise ratio is 100 dB for a 1 Hz bandwidth
detection system., In order to be sure that the two laser beams
are well aligned and that the maximum available signal 1is
actually measured, we calculate the heterodyne signal using the

equation:

Het - 2p% u p

P PR _ ' 9.2.1

S T LO 'L

- where Ry and M are the photodiode responsivity and gain values

PLo and Py are thevioca1 oscillator and transmitter
received laser powers '
R, is the system load resistance
Using this equation and the experimental parameters given in
Figure 9.2.1, the heterodyne calculated signal is =10 dBm which
is in a éood agreement with the =14 dBm experimental value. This
calculation takes into account the fact that the signal 1s spread
over a wide frequency range (see Section 9.,2,1).
9.2.1 Signal Frequency Width | |

A semiconductor laser linewidth follows typically a
Lorentzian profile function. The heterodyne signal which
results from the convo]utioﬁ of these two laser linewidths is

also described by a Lorentzian equation. By fitting the
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CTR 2.7348 Giz.  SPAN 200 Miz/ RES BW 3 Mz W OFF
REF ~18 dBw 3 d/ ATTEN 10dB  SWP AUTD D AVG
"y

PLo = -9 dBm

Prransmitter -~ - 10 dBm

Frequency Range: 1.8 » 3.8 GHz
Bandwidth: 3 MHz

Peak Value: - 14 dBm
Amplification: 33 dB

FIGURE 9.2.1: Measured Heterodyne Signal (cw Case)
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experimental signal to a Lorentzian function, an approximate
value of the sum of the two laser 1inewidths is obtained. This
fit is presented in Figure 9.2.2, Assuming that the two"1asers
have identical characteristics, a linewidth of 45 MHz 1s measured
at the half maximum. This value is reasonable for the type of
laser used in this work with no external cavity.
9.2.2 System Noise

The system noise collected at the detector output in the
gigahertz range is essentially due to the lasers' AM and FM
noises. At this stage of our work, it is difficult to
discriminate between the relative FM and AM contributioné since
they are strongly related to each other. By comparing the
measured noise level to the one obtained for similar laser power
in the case of the direct detection, an increase of about 10 dB
is observed. However based on other results reported in the
11terature,(912) the use of a dual detector receiver should allow
a cancellation of the AM noise contribution which is claimed to
be about 20 dB.
9.2.,3 S/N Variation Versus the APD Gain

According-to the signal equation 9.2.1, the heterodyne
signal varies with the square of the photodiode gain. This is
confirmed by our measurements as shown in Figure 9.2.3. It is
interesting to observe that the noise presents the same behavibur
and that the signal to noise ratio is thus constant., This noise

power variation is expected and is identical to the laser excess

" noise variation observed for the diredt mode of detection,

proving that this heterodyne receiver is laser noise limited in

the gigahertz range. Such a system will be considerably improved
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by using a dual detector scheme.

9:é.4. FSK Heterodyne Experiments

The feasibility of FSK modulation on our system has been
tested up to 1 Gbit/s using a 1010 NRZ pulse. The laser
frequency was modulated by applying a current modulation of a few
milliamp around the laser DC bias current. The current pulse was
a square pulse of 500 MHz repetition rate'w1th a current
amplitude adjustable from less than 1 milliamp up to 10 milliamp.
At this stage of our work, the detection system was'very simple.
The signal was detected on a spectrum analyser after a suitable
amplification of the detector output. The results are presented
in Figure 9.2.4. The experiment corresponds to a heterodyne IF
signal at 2.8 GHz when no frequency modulation is applied on the
transmittef laser. When the laser frequency is modulateds, the
heterodyne signal displays two frequency componenfs: fo and fq.,
which correspond respectively to the transmission of a zero and
a one signal (see also Figure 6.2.1b).

The frequency spacing between these two components
constitutes a measurement of the laser frequency shift induced by
the laser current modulation. This shift increases with the
current modulation amplitude.

Around each of these %requency components, sidebands
spaced by 500 MHz (pulse repetition rate) are observed also.

Figure 9.2.4a shows the signal observed for a +/- 2 mA
current modulation. The two frequency components (fo and f;) are
co]]écted inside the frequency window set on the speétrum |

analyser (1.75 GHz - 4.25 GHz; 500 MHz per division). From the
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frequency spacing measured between them, a laser frequendy shift
of 250 MHz/mA is obtaingd. Higher shift frequency is observed if
the amplitude of the current modulation is increased. This is
shown in part b of the same figure. In this case on{y fl is
detected in our spectrum analyser frequency window. fo appears
somewhere above 4.25 GHz indicating a laser frequency shift of at
Teast 325 MHz/mA. These experimental results are very promising,
regarding the capability of our heterodyne system to operate in a
FSK mode. From Figure 9.2.la, it can be seen that no important
amplitude change is observed between the two frequency
components.

An extensive number of experimental and theoretical
studies on direct detection and heterodyne communication systems
using semiconductor lasers have been published in the last 10
years. These works correspond to a wide range of system design,
receivers and modulation formats. Some of these state-of-the-art
systems have been discussed in Séction 4. In this section, the
experimental results obtained with our testbed are compared to
published perforﬁances of similar systems.

9.3.1 Laser AM Excess Noise

Our measurements of the laser AM excess noise can be

(9.3)

compared to the results given by Yamomoto From his data

"(Reference 9.3 Figure 8.a) which gives the laser noise

normalized to the shot noise, both referred to the laser output
power, a value of the received laser noise equivalent to our
factor AZL is obtained at different laser bias and compared to

our measured values in Table 9.3.1l.
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CTR 2.7348 Gz SPAN 500 MHz/ RES BW 3 Mz
REF -13 dBm LINEAR ATTEN O dB SWP AUTO

Current Modulation: +/- 2 mA

TR 2,743 GHz SPAN 500 MHz/ RES BW 3 Mz
REF -34 dBm LINEAR ATTEN O dB SP AUTO

Current Modulation: +/- 4 mA

FIGURE 9.2.4:

Measured Heterodyne Signal (FSK Case)
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TABLE 9.3.1: LASER AM EXCESS NOISE

This Work Reference 9+3
/1, = 1.11 - AZL = 5.6x10 " LlHz™! 6.3x10"L1Hz~1
1.20 l.2x10” 11 1x10” 11
1.33 0.45x10~11 0.43x10" 11

1.57 0.15x10"11 . 0.23x10-11
A good agreement is obtained between the two sets of values.

9.3.2 Direct Detection

No direct detection performance results have been reported
by Yamomoto and his co=-workers to which ours may be compared., A
study similar to ours;(9j4) but involving a different laser
reports an important decrease of the S/N due to the laser noise

compared to the shot noise limited receiver. 1In their case, a

drop of 10 dB is-observed at 50 MHz for a received power value of

-10 dBm. By further increasing the laser output, no improvement
is obtained and the .S/N stays constant at 120 dB. Looking at our
results presented in Figures 9.1.8 and 9.1.9 » s%mi]ar behaviodr
is observed except that the 1a;e; noise épﬁears at highef
frequency (above 300 MHz or 1 GHz depending on the laser bias
current). The final achievable S/N constant value is also higher
and is about 140 dB. This coﬁparison points out the 1mp0rtancé

of choosing carefully the type of semiconductor laser which is
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‘going to be used in relation to the application (bit rate,

received signai levels receiver type etc.).
9.3.3 Heterodyne Detection

o A typical heterodyne signal obtained with our system as
the one shown in the previous figure 9.2.1, can be compared with
no restriction to the signal reported by Saito(gfs). The
lasers are identical and operate at similar power TéveTS. In the
work of Saito, an observed S/N of 36 dB 1is reported which is very
close to the one measured with our set up.

Results with FSK modulation reported by the same

workers(gﬁs)

shows a laser frequency shift of 200 MHz/mA of
Taser current modulation at a frequenqy of 500 MHz., This is
similar to our performance which appears to be 250 up to

325 MHz/mA.

In\concTﬁsion, this comparison between our results and
performances reported in the 1iteratu;e for similar systems has
shown that our testbed gives good performances compared to what
was expected. This allows us to extrapolate that the aadftion of

other more sophisticated subsystems (AFC.loop, external cavity,

dual detection scheme, etc.) should bring our system performances

to the actual state~of-the-art.
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9.4 Summary of Accomplishments

A number of experiments have been performed on a laser
diode communication testbed, in order to study the possible use
of such a system for ISL.

A first set of results concerns varfous detector
performances. Different types of Silicon photodiodes (pin diode
and avalanche diode) have been studied in relation to their use
in a wideband heterodyne receiver., Detailed experimental and
theoretical work has been done on the detector noise.

' A second series of experiments are related to direct
detection. The receiver performances and the noise contribution
induced by the laser itself (laser AM excess noise) have been
studied in great detail.
| The heterodyne mode of operation of our system has also
been investigated. For these experiments, the Jaser traﬁsm1tter
has been operated cw and in a FSK-modu1ation mode.

These experimental results give us useful information on

the performances of a laser diode communication system for direct

and heterodyne detection modes. They also point out the effect
of the lTaser excess noise on the overall system signal to noise

ratio. The performances achieved in this work show the strong

relation existing between a particular system requirement and the

type of receiver which has to be used.

S i e ey f

9.5

Many studies have been made for possible uses of diode

lasers for ISL.(9{7'9j10) Comparison of GaAlAs laser systems with

others such as the Nd:Yag and 002 lasers "shows that a]though no

definitive superiority exists among these laser systems,
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the GaAlAs diode based systems have been found to hold appealing

promise. The main advantages include small size, high

" transmitter efficiency, direct modulation capability, wavelength

selectability and high reliability.

Laser power requirements for 00K envelope detection are
shown through curves such as (9:8) Fige 9.4.1. It is seen, for
example, that an optical aperture of tge ;rder of 30 cm would
require about 100 mW of laser power for a range of 35 - 40 km at
500 Mb/s. Most laser diodes cannot produce such power 1eve1$ in
single mode operation. Power in the 35 - 50 mW range can be
expected at present. Projected power in the 100 mW level is
expected in the early 1990'5.(9ﬁ10) However, special techniques
are employed presently which can bring up the power level of
today's lasers substantially. For example Casey(gjll) has used
power combfning schemes where 6 sing]e'mode lasers have been
combined to produce 250 mW peak power at 500 Mbit/s.

If heterodyne systems are used, the receiver sensitivity
can be improved by 10 - 20 st.(gle) This then drops the power
requirement by the same amount or alternatively, reduces-the size
of the optics necessary for equivalent performance.

In our own work, we have studied the power requirement of
laser systems as a fqnction of S/N and thus error bit performance
(see section 3.3 and 3.4). Also, laser and detector noise have
been studied experimentally (see section 9.1). |

It was shown that diode lasers produce excess noise which
is not present in other lasers such as gas lasers. This can
seriéus1y affect the performance of laser systems under certain

conditions., It is therefore useful to examine whether or -not in
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our own case this laser excess noise is consequential.

Let us take, %s a starting point, power requirement as
determined in Section 3.3.2 for an integrated pre-amp type ‘
detector, For a 1 Gbit/s system ( p = 1 ns) we find from Fig.
3.3.5 that for a BER of 1 part in 109, the Taser power required
is about -35 dbm. Now, let us look at Figﬁ 9:1i10 for i/ith =
1,60. The curve defines the frequency and power values at which
the laser excess noise and shot noise are equal. It is seen that
at -35 dbm, the laser excess noise is smaller than the shot noise
during the "on" part of the pulse. We assume here that the "off"
power of the laser i1s close to zero so that its contribution to
excess noise is negligible. We can conclude then that for the
above specifications, and for the laser we used, the excess noise

should not be a problem.

These remarks pertain to diredt detection. Our heterodyne

measurements have not been pushed far enough at this point to

allow a conclusion as to the impact of the laser FM excess noise
on a communicatioh system.

In generals our performance results reported in previous
sections confirm prédictions made by others regarding the
potential of laser diode in ISL. The additional effort required
to bring the technology closer to its ultimate aim is the subject

of the next section.
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10.0
This study has resulted in a characterization of the
applicability of optical heterodyne detection technology to ISL
systems, an identification of the important system elements, a
definition of the key areas of technology and the review of
potential solutions to probiem areas.
Based on this information, recommendations will be made

regarding the direction of further work effort in the development

,of the key areas of technology for the purpose of providing

Canada with a capability for competing in the supply of
subsystems for perceived ISL links utilizing optical direct and
heterodyne systems. At this point, the possible users of this

technology include Intelsat, NASA, ESA and military agencies.

10.1  Recommendations

The scope of this study was very wide ranging. As a
reéu1t many systems and general design issues received attention.
It is now recommended howevers that based on the work presented
in this report, and from known efforts by the international ISL
community, our own effort éhou1d be directed towards the
development of improved optical heterodyne/direct systems. The
particular modulation/detection format may be chosen based upon
the analyses performed in this study. Although this system would
have its design based primarily upon one modulation/detection
formats, it should still be made general enough to accommodate, as
much as possible, different operational parameters such as
transmission rates and modulation indices. As such; this system
would sti11 be considered to be an experiﬁenta1 Taboratory

system. In additions the underlying technology would be
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adaptable to a specific ISL requirement, be it based on a
heterodyne or direct detection system.

Whereas the current study has been concerned with génera]
measures of performance and implementation, the development of a
defined system would require the identification of more specific
technical problems which in turn would require the development
of detailed technical solutions. In this ways specific technical
expertise can Be developed and a large jump can be made on the
learning curve.

The current study has determined the critical subsystems
invoived in the different design approaches to optical envelope
and he{erodyne detection. The proposed systems work would
involve detailed analysié of these subsystems. Subsystems that
would require specific attention would be: |

i) the development of sensitive, state—of-thé-art

receiver electronicss including low noise amplifiers,
demodulation and regeneration circuitry.

11) the development of an improved optimum bandwidth,
automafic frequgncy control circuit with maximized
capture bandwidth.

i11) the development of a fully integrated laser driver
optimized for the selected modulation format yet
tunable over a range of operating conditions.
Design should accommodate an ECL baseband message
signal. In other words, the baseband signal need not
be modified to vary the laser operating condition.
The baseband signal may be supp]ied'by a transmission

test set or by a pulse generator as done in the
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current study.

Secondary priority should be given to optimizing the beam

‘combining procedure. It is recommended that the detector and

local oscillator be integrated into a single package for thjs
purpose. Although it is not believed that beam expansion would
be a necessary issue for this system, a cértain amount of
consideration may be given to collection and transmission
telescopess The inclusion of a pointing and tracking subsystem
would be premature at this stage of development although it will
eventually represent a critical ISL subsystem.

It 1s recommended -that the design of this system be
complete enough to permit performance measurement in sufficient
detail to allow comparison to state-of-the=-art in both heterodyne
and direct detection systems. Performance meésurement may be
performed using either sensitivity vs. bit rate for a specified
BER or BER vs. received optiéa] power for a specified bit rate,
as deemed appropriate.

Certain technical problems, unique to semiconductor laser
heterodyne systems, have been identified in the current study.
Examples include intrinsic laser noise due to resonance
phenomenon, laser phase noise resulting in broad linewidths and
lTaser instability caused by reflections into the laser cavity
from external components. The severity of these problems to
system performance is generally dependant upon the operating
condition of the laser as discussed in this study (i.e.

modulation format, detection technique, transmission frequency,

bias currents, etc.). Solutions to these problems should be

addressed as required in the development of the experimental
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system. This shou]d'become evident in the design phasé of the
system. - ‘

It is believed that the development of such an
experimental system is required to fully establish a Canadian
systems expertise in optical heterodyne detection technology for
intersatellite Tink application.

In addition to the two global recommendations made above
theffo11owing observation is noted as a result of the systems
analysis performed in this study. The performance anaTysis has
shown that at high transmission rates (i.e. greater than 1 GHz),
the performance of an optimized intensity modulated direct
detection system approaches the performance of an ASK heterodyne
system at a much reduced Tevel of systém complexity. However,
this must be qualified by the fact that the analysis assumes
optimum APD gains which are not always practicé[ at the current
level of technology. Therefore more theoretica] work is required
to bring out more clearly the/conditions under which direct
detection is definitely superior. In any case, such a situation
indicates that some consideration should perhaps be given to the
development of a sensitive direct detection system for operation

at transmission rates exceeding lGbit/s. Of the direct detection

" formats analysed in this study, the optimum candidate would

appear to be a QPPM system. Investigation could also be made into
the Jeve]opment of laser a;rays and appropriate beam combining
schemes in order to increase.manyfold the maximum transmittor
power available in a direct detection system. Although the
development of such a system is potentially very valuable, it

should not preclude further effort in optical heterodyne
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detection. The performance gains in heterodyne detection are
significant at lTower bit rates and possib]y at highef bit rates
in the case of future more sophisticated heterodyne and homodyne,
systems., In fact, a point may be reached where neither system
will provide the required sensitivity at high bit rates, given
the limitations on practical antenna size and actual laser output
powers, This sensitivity may be obtained however through the use
of a dual multiplexed heterodyne or m-ary heterodyne systems at a
reduced bit rate. :

In addition to the development of the system described
above it is further recommended that consideration be given'to
research in particular difficult technical areas in semiconductor
based heterodyne detection systems regardless of fhe actual
system impleméntation. Reduction of tﬁe-effects of intrinsic
laser noise through the development of a dual balanced detector
could involve one such area of research. Excess transmitter
noise may be induced by poor stability %n the driver electronics
therefore the development of low noise transmitter and receiver
electronics may be investigated. More theoretical work is also
required to determine more clearly the degradation of a laser
system due to excess noise,

The reduction of laser phase noise can be very important
to coherent demodulation techniques and to efficient AFC loop
operation., Reduction of phase noise is mandatory if PSK homodyne
detection systems are ever to be realized. Reduction of laser
phase noise may be accompliished using external cavity techniques
or through the design of new laser structures, or through a

combination of both. The design of efficient tunable stable
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external cavjties is a very demanding technical problem.

The investigation of laser frequency control systems other
than the electronic AFC loop already discussed could be
potentially important. Such a system may involve the use of
optical or opto-electronic feedback techniques. Although
techniques such as injection Tocking present]y-appear very
difficult to implements they may offer an interesting field of
study with potentially valuable applications.

Finallys, further development of external modulation
techniques may be beneficial. Although the use of external
modh]atibn eliminates the direct modulation advantage of
injection laserss, these techniques may be valuable at high bit
rate operation if insertion loss and drive voltages can be
reduced. The modulators must also be capable of handling the
power densities expected in these systems.

From a device perspective, any dev;1opment work résu]ting
in an improvemept in lTaser operating characteristics such as
higher frequency resonance, lower intrinsic noise, higher perr:
and greatér frequency stability would be véry beneficial as
discussed in Chapter 7. Also, the development of hfgh bandwidth
(up to 10 GHz)», low noise and high sensitivity detectors is very
important to ISL appliications. These detectors should have high
quantum éfficiencies at the short wavelengths where the Taser

operates.

10.2
“ In order that Canada could have a place as a supplier of

ISL techn61ogy; it is essential that there be in this country,

strong on-going R & D program in this field. This program Shou]d
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be relevant and should be adaptable to follow the requirements of
potential users.

The key areas of technology that are relevant today
include a systems and integration capabilitys an electronic
design capability encompdassing both integrated circuit design and
microwave electronic design, a capability in device technology
referring to high bandwidth detector des%gn and laser
development, and a capab111ty.1n optical design and packaging. Of
these key areas the most critical is the systems capability which
involves not only systems engineering but also a fundamental
understanding of the science involved with optical enve]ope'and
heterodyne detection. Expertise in communication theory and
experience in supply of space qualifiable hardware are also vital
areas of technology.

Canada appears to be well adapted to many of these key
areas. With the commissioning of this study a basic systems
capability has been developed although a continued research and
devejopment effort is required to increase this capability to the
supply stage. The capability to pursue the recommendations
discussed in Section 10.1 certainly exists at present and should
not be lost. |

As discussed in this report, operation at frequencies in
the GHz region requires the use of microwave electronic
components and microwave design techniques. Examples of these
components were given in the system description. Many firms
exist in Canada which have the potential to becéme suppliers of
these components.

The high bandwidth detectors used in this study were
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purchased from a Canadian company. Two such high speed detector
suppliers currently exist in Canada with a third being a
recognized supplier of reliable, low noise, state-~of-the-art
detectors. 1In additions, there is one laser diode manufacturer in
Canadas however this manufacturer does not produce a laser
appropriate for this application at this time.

Canada also has experience in the suppiy of space hardware
along with the facilities for space qua]ifyiﬁg hardware at the
NRC Florida Laboratory. Canada has developed many communication
satellites based upon conventional microwave technology, and is
currently -involved in the space station program. Much of this
experience should be transferrable to optical communication
system development effort.

It should also be ﬁoted that certain specific areas of
reséarch such as laser diode device research, external modulator
research, high speed detector research, and research into various
areas of integrated optics can be supported in Canadian
universities and research institutes.

In addition to the laser ISL development, the kind of
research. recommended here has the further benefit in that the
experience and knowledge that will be gained can be spun off into
other areas such asselectro-optic microwave technology.

Canada's reputation in satellite communications is well
established worldwide. In order that this expertise remains
competitive in this fast moving technical field, Canada has
to enter fhe era of Optical ISL in earnest for fear of being left
behind. This can only be done through resolute further

committments in R&D effort for laser satellite communications

systems. -



- 205 -

11.0 CONCLUSION

The objective of This study was To define and develop key
areas of |SL technology so as to put Canadian industry in a
favourable position in competing for International supply
contracts on subsystems for |SLs., The.sfudy was to emphasize The
development cf technology for heterodyne.detectlion using
semiconductor |asers.,

The objective was achieved through a general analysis of a
number of systems which evaluated performance and complexity. In
conjunction with this systems analysis, an experimental testbed
was developed which was used to gailn hands-on experience with the
fundamental technology required in a free space optlical
heterodyne communication system. |In addition, a survey of the
state-~of-the-art and direction of current research effort was

performed,
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