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Executive Summary

This thesis reports on the work carried out in designing and
attempting to build an optical heterodyne phase—lock loop using

semiconductor lasers as the local oscillator and as the transmitter.

It is shown that homodyne detection of PSK is the most sensitive
modulation/demodulation format a communication system can use.
Receiver sensitivities for various schemes are evaluated. Performance
improvements of more than 10dB are realisible in a coherent scheme.
In a coherent system it is also possible to send thousands of signals
simultaneously down one piece of fibre providing they are separated in
frequency by a set amount, say SGHz. This use of the bandwidth is
called frequency division multiplexing and in monomode fibre could

result in increasing channel capacity by more than 10,000 fold.

Design guidelines are determined for building optical phase lock loops.
Laser phase noise, shot noise and loop propagation delay are
determined to be the main criteria which must be taken into account

when designing a coherent reciever.

Specifically if a receiver is to operate with a 10— 9 bit error rate and
suffer no more than 1dB power penalty as a result of phase noise
degradation then the bit rate to laser linewidth ratio must be in excess
of 2000. In addition to this the absolute stability requirement for a
phase lock loop is

wptq £ 0.736
where «, is the bandwith of the loop and 74 is the loop propagation
delay. In reality if w,74 is greater than 0.2 or 0.3 then severe

penalties are incurred.

The Hitachi HLP1400 laser diode which was used in this project is
fully characterised. It is shown that it is not suitable as the optical
source for a phase—lock loop as it has too large a linewidth, greater
than 5SMHz, and it does not have a broad continuously tunable tuning
range.

Several techniques are presented which can be used to enhance the



operation of laser diodes. In particular compound cavity and external
cavity laser modules were designed and built up around HLP1400
diodes. These modules had some vastly improved characteristics with
the external cavity having a linewidth of less than 100kHz and a
tuning range in excess of 10nm. The compound cavity although it had
a reduced linewidth was extremely sensitive to any alteration in
current, temperature or optics.Results are quoted for the performance
of other semiconductor laser devices incorporating different structures

such as Distributed Feedback and Distributed Bragg Reflector diodes.

The results of the experimental programme including the design and
build of the laser modules and the attempts at phase locking two
devices are presented. Phase lock was not observed during the
experimental programme. The main reason for this was that small
amplitude, 1 — 10nm, low frequency vibrations of the external cavity
of the laser module resulted in low frequency fluctuations of
magnitude 10 — 100MHz. The loop could not cope with such
frequency variations. This was partly due to the loop bandwidth being
restricted to less than SOMHz because of the size of propagation delay
and partly due to the frequency tuning control of the external cavity
diode.

The experimental programme terminated when it was found that the
spectral properties of the lasers being used deteriorated to the point
where they were useless. Upon close inspection it was found that the
lasers spectral profile had dramatically altered. Under free running
conditions it displayed a spectrum similar to that which might be

expected from a compound cavity structure.

Subsequent to the termination of the experimental programme other
groups worldwide have designed and built phase—lock loops using
semiconductor lasers. These loops operate in the manner predicted by

the design criteria developed during this project.



CHAPTER 1
1.1 INTRODUCTION

Mankind's ability to communicate not only with those around him but
also with those in other countries and those in future generations,
firstly through drawings and paintings, then through books, films and
tapes has enabled him to accelerate the rate of his development.
Although the speed at which he can transmit, receive and process
information is not as important as is his ability to read and write,
developments in "Real Time Communications” have also accelerated

and influenced the development of mankind.

During the last two hundred years man has advanced from Vsending
letters which, although they can contain much information, take days
to deliver and longer to reply to, through telegraph and telephone to
radio and satellite links. The main incentives in developing each of
these new technologies arose from reducing the cost of the overall
system and in increasing both its speed and information -carrying
capacity. The communications requirements of today's Information
Technology Industry, where huge amounts of data are repeatedly
transferred to and fro between computers, demand that continual

improvements be made.

One area of communications technology where potential exists for
major improvements over current system performance and future

reductions in cost are likely is coherent optical fibre communication.
1.2 COHERENT OPTICAL COMMUNICATION SYSTEMS

For the purpose of this thesis a coherent communication system will
be defined as one which uses either heterodyne or homodyne detection
and depends upon the relative stability of the carrier frequency of the

signal source when compared to the modulation rate.

An essential part of a coherent system is the transmitter, which must
have a relatively monochromatic signal when compared to both the

bandwidth of the proposed receiver and the proposed modulation rate.



It has, therefore, only become feasible to build a coherent optical
system since the invention of the laser in the 1950's!. Since then
many scientists and engineers around the world have explored the
possibility of building free—space optical communication system52»3,
with work still on going in this area, eg, for inter satellite links4»5,
Perhaps not quite such an important development as the laser itself,
but nonetheless a very important commercial as well as technical
development, was the invention in the 1960's of the semiconductor
laser6:7. These small, highly— reliable, coherent sources which are now
manufactured | using fairly mature technologies have made the prospect
of revolutionising communications seem both very attractive and

possible. To a certain extent this is already the case.

The other advance which stimulated most of today's interest in
coherent optical communications was the invention of optical fibres8.
Today after years of development these low loss (less than 0.2dB/km)
and high bandwidth (greater than 50,000GHz at 1.5pm8) fibres are
being installed all over the world, replacing much more expensive

co— axial cables.

Currently most commercially operated optical communication systems
have one basic format. They use  digital intensity modulation and
direct detection. In its simplest form this consists of turning on and of
the laser to transmit either a one or a zero and then detecting the
power at the other end. This works well but it suffers from thermal
noise and it does not exploit the bandwidth available in optical fibre.
Instead of sending thousands of signals spaced several GHz apart down

one piece of fibre, only one signal is transmitted at a time.

Yamamoto? predicted that coherent systems would offer improvements
of upto 20dB in receiver sensitivities over practical IM/DD systems.
Improvements such as these promise the reduction and possible
removal of the current requirement for remote booster/repeater stations

in trans— Oceanic or trans — continental hardwire communications.

As a result of Yammamoto's paper9, much work has been carried out
over the past decade. Indeed it was his paper which was the prime

motivation for starting the work at Glasgow. Many systems experiments



have been performed, which verified the predicted improvements of
coherent systems over direct detection systemswv“’lz,w. These
experiments have invariably used either gas lasers, or have been of a
self homo/heterodyne type, when attempting to investigate the most
sensitive type of receiver, the optical phase—locked loop. The main
reason for this has been the inadequacy of the spectral purity/stabilty
of the semiconductor laser as an optical source and the requirements
this inadequacy places upon the receiver design. Much effort has also
been placed upon improving the spectral qualities of semiconductor

lasers.

The main reasons behind research into coherent systems can be
summarised as the potential to exploit the bandwidth of optical fibre
together with substantial improvements in receiver sensitivity. It must
however be noted that in recent years much effort has been diverted
back towards intensity modulation and direct detection. The reason for
this has been the advent of in fibre, erbium doped, optical amplifiers
combined with the use of narrow bandwidth optical filters. The key
attraction of fibre amplifiers are that they have high gain, high
saturation output power, are polarisation independent, and have low
insertion losses. Which technology will prove to offer the most cost
effective solution in the longer term is a matter for debate. Coherent
systems are more complicated but can space channels close together
and truly exploit the bandwidth of the fibre. Perhaps the most
important aspect however will be the ease of monolithic

integration13a,b,c,

Many researchers have investigated, both experimentally and
theoretically, the problems behind building an optical phase— locked
loop14:15116’17’1&19’20. These workers have, however, invariably
failed to incorporate the effect of signal propagation delay around the
loop. In optical systems where laser linewidths on the order of 1 —
10MHz or greater may have to be tolerated, large receiver
bandwidths, in excess of 100MHz have to be used. In such a receiver
the effect of time delays on the order of Ins can have an extremely
undesirable effect upon the system sensitivity. In this thesis these
effects are quantified and design guidelines drawn up. Two design
examples are included in chapter 3.



1.3 OUTLINE OF THESIS

The research carried out by the author and reported upon in this
thesis was focussed on building a coherent optical transmission system
using semiconductor lasers as both the transmitter and as local
oscillator in an optical phase—locked loop reciever. The work was all
carried out at 0.85um, as the only monomode semiconductor lasers
commercially available at the start of this project operated at this

wavelength.

The reasons for attempting to build such a system are that a
phase—locked loop wusing phase modulation is the most sensitive
communication format known and that, if such systems as those
mentioned previously are ever to be used commercially, they will most
probably use semiconductor lasers. The work presented here also builds
upon the work of R.C. Steele and M.A. Grant both of whom worked
previously in the same department as the author. The author also
acknowledges the research carried out by W.C. Michie and the

contribution made by him on similar systems.

Chapter two begins by defining much of the terminology used in
analysing communications systems before proceeding on to present the
theory behind and to compare the performance predictions of present
day IM/DD systems with various coherent systems. In doing this the
reader is shown how to analyse a communications system in terms of
its receiver sensitivity and how to incorporate the effect of laser phase

noise upon such a system.

In chapter 3 the theory of operation of an optical phase— locked loop
is presented. Loop performance is analysed in terms of phase error
variance, a measure of the effect upon the system of both receiver
shot noise and laser phase noise. It is shown in this analysis that it is
possible to design an optical phase—locked loop so that the phase
error variance is minimised. Two design examples are given to show

how the optimum loop bandwidth is estimated.

In the latter part of chapter 3 it is shown that for real systems it is



essential that loop propagation time be fully incorporated into the loop
analysis. This is the case as the required bandwidth of the receiver
can be of comparable magnitude to the reciprocal of the propagation
time. It turns out that this is so if the laser phase noise is large, ie
the spectral bandwidth of the laser signal is greater than 100kHz, as
is the case with semiconductor lasers. The chapter concludes by

quantifying some design criteria for building an OPLL.

The purpose of chapter 4 is to summarise the theory of oscillation in
semiconductor lasers and to document fully the.operating characteristics
of the Hitachi HLP1400 laser diode. Special attention is given to those
properties which are of importance in a coherent system, such as
modal stability and spéctral purity. A description of the experimental
techniques used to measure the various properties such as, linewidth,
modulation sensitivity and modal stability is also presented. Some
elementary theory of oscillation in semiconductor lasers is given to
assist in the understanding of how these properties arise. There is also
an abbreviated analysis of the work by Henry24 which explains how
laser phase noise arises and how it manifests itself in laser spectra.
The chapter concludes by summarising the strengths and weaknesses of
"free running” Ilaser diodes in relation to coherent communication

systems.

In chapter five, various approaches for improving the modal stability
and reducing the laser linewidth of semiconductor lasers are examined.
The theory behind the operation of compound cavity, weak optical
feedback, and external cavity, strong optical feedback, structures is
given, as are experimental results detailing their relative suitability as
signal sources for coherent systems. Experimental results characterising
the operation of other laser structures such as Distributed Feedback,
Distributed Bragg, Integrated Passive cavity and Cleaved Coupled
Cavity diodes are quoted. ”

Chapter six reports on the experimental attempts which were made
throughout the course of the project to build an optical phase— locked
loop using line narrowed semiconductor lasers, both with external and
with compound cavity structures. The loops were designed using the

theory and results presented in the previous chapters. Although



extremely good beat spectra, less than 100kHz wide, were obtained on
a reproducible basis, solid phase lock was never achieved. The chapter
concludes by identifying inadequate modal stability, caused by low
frequency vibrations of the external reflector, as the main reason why
the loops did not lock. An alternative design for an external cavity or

an improved laser would probably resolve the situation.

The final chapter reviews the work presented within the thesis noting
that subsequent successful OPLL25 have been built in agreement with
the design criteria presented throughout this thesis. The thesis
concludes by offering some suggestions for future research and

development in the broad area of coherent optical communications.
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CHAPTER 2
2.1 INTRODUCTION

Most optical communication systems in use today use an intensity
modulation / direct detection format, IM/DD. This technique is both
simple and cheap but it does not fully exploit the huge bandwidth
available in optical fibre, 50,000 GHz! at a wavelength of 0.85 um.
In a coherent system, using different modulation/demodulation formats,
it would be possible to transmit thousands of signals simultaneously
down one piece of monomode fibre by separating each of them in
frequency by a set amount, say SGHz. This approach is called
frequency division multiplexing and it would be possible to increase
the channel capacity 10,000 fold. This huge increase in channel
capacity and the prospect of shot noise limited detection thus allowing
signals to be transmitted over greater distances and hence reducing the
number of repeater stations required are the two main attractions of

coherent optical systems.

It should be stressed at this point that there are some very serious
technical problems which have to be overcome before coherent optical
transmission sytems supercede IM/DD systems. The major area for
concern relates to the suitability of the chosen optical source, the
semiconductor laser. This area will be addressed in chapters 4 and 5.

It is the aim of this chapter to state the case for coherent fibre
optical systems in general by pointing out the benefits, in terms of
improved system sensitivities and in terms of exploiting the available
bandwidth, that may be gained by implementing such a system. The
chapter will analyse both non coherent and coherent systems in terms
of the noise sources at their receivers. Bit error rate calculations will
be evaluated for IM/DD, coherent Amplitude Shift Keyed (ASK),
coherent Frequency Shift Keyed (FSK) and coherent Phase Shift Keyed
(PSK) systems. Finally the effect of phase noise on coherent systems
will be incorporated into the analysis. Comparisons between the various
systems will be made in terms of the receiver sensitivities of the
different schemes. Most of this work can be found in references 2

through to 9, while reference 10 is an excellent introduction to many



of the general techniques mentioned throughout the chapter.

The receiver sensitivity of a communication system will be defined as
the minimum power required to achieve a specified bit error rate,
BER.

2.2 NOISE IN AN OPTICAL COMMUNICATIONS RECEIVER

Figure 2.1a shows a diagram of a typical receiver which could be
used for detecting an IM signal. The receiver consists of either an
avalanche or a PIN photodiode, an amplifier, equalisation and filtering

equipment as well as some decision circuitry.

Figure 2.1b shows a typical coherent receiver. This differs from 2.1a
in that a coherent receiver requires a local signal generator which is
part of a control loop that is used to track the frequency or phase of
the incoming signal.

2.2.1 SHOT NOISE

One feature of optical communications is that the receiver noise
contains a component which is proportional to the received optical
power. This is the shot noise that is characteristic of the
quantum— limited photodetection process. Noise of this type is
generated by all the light that falls on a photodetector. There is also
some additional shot noise generated by dark current, as the noise is
dependent upon the current flow in the diode. Shot noise is also
dependent upon the bandwidth of the receiver. The various
components of the shot noise photocurrent can be represented by the

following expressions, which give mean square variances:

12, = 2eRP<M>(2+X) B

2y, = 2eRP <M>(24x) B
2.2.1

i2L0 - 2eRPLo<M>(2+X) .B

10
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i24 = 2e(Ip + 1,)B

where s denotes signal power
LO denotes local oscillator
d denotes dark current
b denotes background light
B is the bandwidth of the receiver
e is the electronic charge
R is the responsivity of the diode
P is optical power
M is the gain of the APD
x is the excess noise factor
I is the multiplied part of the dark current

I, is the non multiplied part of the dark current
2.2.2 CIRCUIT NOISE

In any system, dissipative elements give rise to noise. In an electronic
circuit all .resistors give rise to Johnson Noise as a result of the
random thermal motion of the charge carriers. The noise introduced
into a receiver using a high impedance front stage FET amplifier is

given by‘1

122 - [4KT I (27Cp)25
2 - | Rl 1 ngL] + 2qlggee B + WIriZ=E3 2.2.2

where k is Boltzmann's constant
R is the load resistance
Ipate is gate leakage current
I' is a numerical factor determined by
the choice of FET material, 1.2 for
silicon and 0.7 for GaAs
gm is the transconductance of the FET.

As can be seen from this equation Johnson noise is dependent upon

bandwidth which for the purpose of this chapter will be assumed to
be equal to be 1/2 the bit rate.

11



2.3 EVALUATION OF BER IN OPTICAL COMMUNICATION
SYSTEMS

All the modulation formats which will be discussed in this chapter are
binary systems. In a binary system the probability of making a mistake
in deciding what has been transmitted is given by

PE = (probability of regenerating 0 when 1 is sent)
X (probability of sending 1) +
(probability of regenerating 1 when 0 is sent)
X (probability of sending 0) 2.31

Using probability notation!l this can be written as
PE = P(0|1)P(1) + P(110)P(0) 2.3.2

When 0's and 1's are sent in equal numbers, P(0) = P(1) = 1/2, so
that:

PE = 1/2[P(D|1) + P(110)]) 2.3.3
The problem of calculating error probability has now been reduced to
determining P(0|1) and P(1]0).
2.3.1 IM/DD
In an IM/DD system, ones and zeros may correspond to the power on
and power off states, dependant upon the coding used. If a mark,
power on, is sent the total noise power at the receiver is

proportional to the sum of all the variances of the individual noise

sources.

op2 ~ Tg2 + Tp? + Tp2 + T2 2.3.4
When a space, power off, is transmitted the total noise variance is

02 = Tp2 + Tp2 + 1, 2.3.5

12



Strictly speaking, shot noise is a discrete process and so it is governed
by Poisson statistics. If however the number of events taking place is
large, one can use Gaussian statistics and this is the procedure
followed here.10

For ease of calculation we assume that the multiplication factor of the
avalanche photodiode (APD) used equals 1 then the received signal

current I, in the presence of a mark is given by:

I, = PR = P& 2.3.6

where Pg is the received signal power, R is the responsivity of the
diode and % is its quantum efficiency. The probability density function

Py (x) for reception of a mark, power on, is given by:

1
Pp(x) = ————  exp ~((I14-%)2/20,2) 2.3.7
m (210m2)1/2 m m

For a space, power off, the function Pg(x)is given by:

1
P(x) = ———  exp -(x2/2042) 2.3.8
° (27042)1/2 ®

where asz is the noise variance when a space is sent. These functions
are plotted in figure 2. D, which is the decision level derived from
the overlap of the two functions, is evaluated below.

P(1]0) is the area of the probability distribution Pgx) which falls

above the decision level D. Similarly P(0]1) is the area of Pp(x)
which falls below D.

1 ©
P(110) = —  — J exp -(x2/2042)dx 2.3.9
(2.7.042)1/2 Jp

13
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1 D
P(0|1) = — J exp -((Ip-x)2/20,2)dx 2.3.10
(2.7.052)1/2) - " "

1 1 ®
PE = —| —— exp -(x2/2052)dx +
2l(2.x.042)1/2]p
1 D
R exp =((Ip-x)2/2052)dx 2.3.11
(2.7.052)1/2)
Introducing the standard change of variable, t = (I~ x)/op, in

P(0|1) and t = x%/gg in P(1]0) gives

1] 1 w
PE = — ) exp —t2/2 dt +
2l(2.7)1/2}p/ag

1 %
J exp -t2/2 dt ] 2.3.13
(2.7)1/2} (1,-D) /oy

Assuming that the probability of error in detecting a mark or space is
equal, the decision level D can be optimised:

Dopt/as - (Im - Dopt)/am 2.3.14

ol

N 2.3.15

Substituting 2.3.15 into 2.3.13 gives the BER in terms of the

complementary error function.

1 [+
BER = J exp -t2/2 dt 2.3.16

where Q = Ip/(oym + o0g)

14



Q2 is the input signal—to— noise ratio, SNR, at the detector. The
BER of this system is thus given by

BER = erfc(Q) = erfc[(S/N)1/2] 2.3.17

This function is shown graphically in figure 2.3. It can be seen from
this that for a 10~ 9 BER the required SNR is 15.56dB.10

2.4 QUANTUM LIMIT

In an ideal binary system the only noise present would be shot noise
generated as a result of the quantum nature of the light and of the
randomness of charge transport. There would be no noise present
when a space is sent as no power would be received. The only
circumstances in which errors would arise would be when the power
being sent as a mark did not generate any carriers at all. Therefore

using these assumptions the quantum limit can be calculated:—

Q= Iy /on 2.4.1
nePp/hv
Q- 2.4.2
(2e2ByPp/hr)1/2
Q2 = nPy/(hrfp) 2.4.3

where fg is the bit rate and is defined as twice the bandwidth.

In an ideal system % = 1. The number of photons incident on the
diode per second is given by P /hy and so the number of photons/bit
required for a 10~ 9 BER is 36. The average number of photons/bit
is half this value = 18.

The minimum received power required for a 109 BER can be
evaluated, given the parameters of the system. For a system operating
at 830nm, with a responsivity of 0.85 and a bit rate of 565Mbit/s, the

minimum power required is — 57.2dBm.

2.4.1 PRACTICAL LIMITATIONS

In practice this limit is not achievable in an IM/DD system. The

15
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dominant noise source is invariably the thermal noise at the front end
of the receiver. This fact results in practical systems being some 7 to

15dB less sensitive than the quantum limit 3,5,6,
2.5 COHERENT SYSTEMS

Figure 4 shows a diagram of a typical coherent receiver. This differs
significantly from that used for IM/DD systems in that this receiver

has extra components and a feedback control loop.

In a coherent reckiver the incoming signal is mixed with a locally
generated signal of known frequency and phase to produce an
intermediate frequency signal. The transmitted information can then be
read straight off from the IF signal. The extra components in the
receiver are the mixer, a photodiode in optical systems which is used
to compare the local signal with the incoming one, a local oscillator
and finally some feedback electronics to control the local oscillator so

that it has a definite phase relationﬁhip with the incoming signal.
2.5.1 HETERODYNE VERSUS HOMODYNE DETECTION

In the following analysis no consideration is made of phase noise in
the optical signals. This problem will be dealt with in section 2.6.
The optical signals will be treated as pure sinusoids.

In a coherent system, waves from a local source are mixed with the
incoming modulated waves from a transmitter. Provided that the
signals are mutually coherent and that they maintain their coherence
over the area of the photodiode, then the output current from the
photodiode will have a component which varies at the difference

frequency between the two lasers.

Consider a photodiode which is simultaneously illuminated by both an
incoming signal and by a local signal. To understand what happens it
is important to note that the instantaneous rate of carrier regeneration
is proportional to the square of the electric field amplitude. Let the
electric field components of the transmitted signal and that of the

local signal be represented by ET(t) ‘and Ej o(t) respectively. Then

16
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assuming perfect alignment of phase fronts

Ep(t) = Re[(2P7Z)1/2exp(i(wpt + ¢1))]

- (2PTZ)1/2cos(wrt + o1) 2.5.1

and

Epo(t) = Re[(2P1gZ)1/2exp(i(wiot + ¢1o))]

= (2P102Z)1/2cos(w ot + ¢p0) 2.5.2

where Z is the local space impedance (in vacuum Z = 3770), P1o
and Pg are the optical power densities, w is the mean angular
frequency and ¢ is the phase of the respective waveforms. Using the
above two equations, one can obtain an expression for the time

varying photocurrent by integrating over the area,A, of detection.

i(t) = R.A.[Ep(t) + Ejo(t)]2/z
= R.A.[PT + P g + 2(PpP ) 1/2%

cos(wrt + pr)cos(urot + ¢r0)] 2.5.3

Since the photodiode has no electrical response at (wr + (), the

above expression may be rewritten as

i(t) = R.A.[Py + P o + 2(PpP o) 1/2

cos((uwr - wpo)t + (o1 - vLo))] 2.5.4

The third term in this equation is the desired signal component. This
term is the difference frequency of the beat between the local and
transmitted signals. (¢T — ¢ ) is the phase difference between the
two signals. This component is proportional to (PTPLO)I/ 2 and so it
is possible to amplify the incoming signal directly by increasing the
local oscillator power. This is the main advantage of coherent systems
over IM/DD.

In a frequency locked—loop, only the difference frequency, wyp, is
used to feed back information to the local source. In a phase

locked—loop it is the phase difference that is important. If the loop

17



works with a finite frequency difference then it is a heterodyne
system. If the loop locks with wpp = O then it is a homodyne

system.

In the remainder of this thesis the impedance of the transmission
medium and the area of detection have been normalised to one. This
is done to simplify the analysis.

2.5.2 COHERENT ASK

In coherent systems there is additional shot noise generated by the

LO. The extra shot noise photocurrent is

iLO2 - ZeRPLoB 2.5.5

It is this term which makes the noise in coherent systems different

from IM/DD. The total noise variance of the receiver is now given by

02 - isz + ib2 + 1D2 + ic2 + 1L02 2.5.6

As a result of the proximity of the LO to the photodiode it is quite
simple to increase the local power until the LO shot noise dominates
all other noise sources. When this occurs, the receiver is shot noise
limited. Since Py >> Pt the noise variance for both on and off
states may be equated.

op = 052 = g2 2.5.7

Using this approximation the optimum decision level is given by

Dopt = —M 2.5.8

The BER can now be evaluated by repeating the procedure used in
section 2.3. The result is

18



BER - erfc[-%g-] 2.5.9

Now using the same parameters as for IM/DD the receiver sensitivity
can be evaluated for a 10~ 9 BER. The minimum required power for

such an ASK coherent on/off system is — 51.2dBm.
2.5.3 COHERENT FSK

In this system it is assumed that two different frequencies are
transmitted, fyj(mark) and fy(space). The signal is received by two
receivers tuned to f; and fy respectively. The receiver is shown in

figure 5.

It is possible to analyse this system by considering what happens only
in the time slot when a mark is transmitted. We shall denote the
voltages generated at the output of each receiver as v; and vy. The

probability density functions of the output voltages are

1 (Ig- v1)2
p(v]) = ——exp|- ——— 2.5.10
(2x)1/2¢g, 202
p(v,) = ——exp|- —— 2.5.11
(27)1/ 24 202

These probability distributions are shown in figure 6. An error occurs
in this state only if v9 > vj. Therefore the probability of error when
a mark is transmitted is given by

Pg = prob((vgy - v1) > 0)

0 1
-0 (ZW(O'mz + 0-52))1/2

(w - Ip)?2
exp|- ———— | dw 2.5.12
2(0g2+042)

19
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Using o = 0g = o and substituting

(w - I
U= — 2.5.13
21/24
1 Jw )
P, = exp -(u4/2)du
€ (2)1/2 J1,/(21/24)
=
= erfc 2.5.14
21/24

The probability of error when a space is transmitted is the same as
that for a mark and so, assuming that both are transmitted with equal

probability, the BER for an FSK coherent system is

Im
BER = erfc 2.5.15
21/24

Thus for a 10— 9 BER operating at 830nm and at a bit rate of
565Mbit/s the minimum required received power is — 54.2dBm. This is
a 3dB improvement on the ASK system but it should be noted that in
the ASK format power is only transmitted half of the time. The

average power required is therefore the same for both cases.

2.5.4 COHERENT PSK

It can be shown6 that the most sensitive type of binary modulation
format is one which employs antipodal signalling, ie the two signals
denoting the two possible information symbols have exactly the same
shape but are of opposite polarity. Binary phase shift keying, BPSK,
is a constant carrier mode which can employ such a modulation. A

typical BPSK signal can be represented by

E(t) = Ecos[wt + Afp(t)] 2.5.16

where A6 is the phase shift and p(t) is a binary switching function

20



with two possible states *1. At this point it is useful to define a

modulation index m for BPSK as:

m = cosA#f : 0 ¢gmgl 2.5.17

Substituting 2.5.17 into 2.5.16 and then expanding it is possible to

rewrite 2.5.16 as

E(t) = m.E.sin(wt) + p(t)(1-m2)1/2E cos(ut) 2.5.18

The first term in this equation is the carrier component and -the
second term is the modulation component of the received signal. The
average power in each component is given by m2A2/2  and
(1- m2)A2/2 respectively. It follows from this that the carrier will be
totally suppressed for A6 = «/2.

The BER will now be evaluated. The received signal generates a

photocurrent

Ip = IsinAg 2.5.19a

for a mark and

Ig = -IsinA¢ 2.5.19b

for a space, where I = 2R(PTPo)!/2. The probability distributions
of the two states in an antipodal PSK system are shown in figure 7.

The probability of error when a mark is transmitted is given by

1 lo (IsinAd - x)2
PE = ———— | exp - dx
(27) 1/20m © 2%12
- erfc[_l‘_.sinﬁ_] 2.5.20
Oy

But since the probability of error when a space is transmitted is the

same as that for a mark, and assuming both are transmitted with

21
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equal probability, the BER is:

BER - erfc [%“M] 2.5.21

If the system has m = 0 then equation 2.5.21 states that a PSK
system gives a 3dB improvement over a heterodyne FSK. Using the
parameters stated earlier the receiver sensitivity can be calculated. The
receiver requires — 57.2dBm for a 10~ 9 BER. This is only true for m
= 0.

If m # 0 a power penalty has to be paid. The receiver sensitivity is
reduced by 10logyg(1— m2) dB. The extra power is required for a
carrier so that carrier synchronisation can be achieved. Otherwise a
Costas loop or some other form of carrier regeneration would have to
be employed at the receiver. A 1dB power penalty is incurred if A#
is reduced from 900 to 630 and the required power at the receiver
will be — 56.2dBm.

2.5.5 HOMODYNE DETECTION

Up to this point all calculations have been based upon a heterodyne
receiver. If a homodyne receiver were used instead, there would be an
immediate improvement of 3dB in the receiver sensitivity. This
improvement arises because homodyne detectors only require half the
bandwidth of a heterodyne receiver? for a given bit rate. This

improvement is only obtainable in ASK and PSK systems.

2.6 EFFECT OF LASER PHASE NOISE ON A COHERENT
SYSTEM

So far in this chapter no account has been taken of the effect of
laser phase noise on an optical communication channel. The laser
signal has so far been modelled as a perfect sinusoid. Unfortunately
lasers do not emit perfectly monochromatic signals and it is the
purpose of this section to detail the effect of laser phase noise upon
the BER of a PSK system. Section 4.6 explains the origin and

describes the manifestations of laser phase noise.
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2.6.1 STATISTICAL REPRESENTATION OF LASER PHASE NOISE

The optical field emitted, far above threshold, from a monomode laser
diode can be modelled as an amplitude stabilised field undergoing

phase fluctuations?

E(t) = E.exp i[wt + o(t)] 2.6.1

where (t) is a stochastic process representing the random phase
fluctuations which lead to a broadening of the laser spectrum.
Amplitude noise is ignored far above threshold as its contribution to
the laser spectrum is negligible by comparison.

In analysing a coherent system it is is not the absolute phase of the
laser which is of interest but rather the phase jitter AL(t,T). This is

defined as

Ap(t,T) = o(t + T) - p(t) 2.6.2

The phase fluctuations of a laser output show, in a first order
approximation, the same statistical properties as brownian motion of
free particles. In this instance, first—order approximation means that
the phase fluctuations lead to a Lorentzian Lineshape. Thus the phase
jitter is assumed to be a zero mean stationary random Gaussian

process with the following probability distribution function 9

p(4p(T)) =

1 Ap2(T)
- 2.6.3

R exp —_—
[27<Ap2(T)>]1/2 2<Ap2 (T)>

where <A¢72(T)> is the mean square phase jitter of the laser field.
2.6.2 EFFECT OF PHASE NOISE ON BER

The system which will be analysed in this section is a Phase
Locked— Loop, ie one form of phase sensitive detection. Laser phase
noise can be treated simply as phase jitter in carrier recovery or as a
random phase modulation. Therefore its effect on a coherent system

can be analysed using standard techniques.
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The photocurrent is modified when phase noise is included and can be

written as:

i(t) = Icos[®g(t) + Apn(t)] + n(t) 2.6.4

where I = 2.R.(PRPLO)1/2s Pp(t) = ¢ — $ o and n(t) is a term
representing the receiver shot noise. n(t) is assumed to be a zero

mean Gaussian function with variance given by on2 = e.R.Pj.B.

When a mark or a space are transmitted the received signals are now

given by

ip(t) = Icos(App(t)) + n(t) 2.6.5

ig(t) = -Icos(4p,(t)) + n(t) 2.6.6

respectively. Making the same assumptions as before, that marks and
spaces are transmitted with equal probability and that the signal is
antipodal BPSK the probability of error is given by

PE = erfc[lcos((yA‘pn(t))] 2.6.7

The average bit error rate is evaluated by integrating the above
equation over the probability distribution of Apy(t). It should be stated
that the variance of Ay, is a function of both the 'probability
distribution of the intrinsic phase noise of the laser and also of the
bandwidth of the tracking circuit.

BER = % J:, erfc[lcos(ﬁ‘a“(t))] p(p)dp 2.6.8

In evaluating the above expresion it is assumed that cos(App(t)) is
quasi—constant over the bit period. The justification for this
assumption is given in section 3.3, where it is shown that the
linewidth— to— bit— rate ratio must be around 0.05% or less if the
system is to suffer no more than a 1dB power penalty, 0.5 dB due to

carrier generation and 0.5dB to compensate for the laser linewidth.,8

This equation was evaluated by Prabhu? for two different probability
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distributions, Gaussian and Tikhonov. The BER curves are shown in

figure 8.

A Tikhonov distribution is a more accurate representation of the phase
noise probability distribution in a phase locked— loop. In practice it is
very much more difficult to work with than the Gaussian

approximation and the final results are similar9.

It can be seen from figure 8 that in the case of a Tikhonov

distribution the system suffers a 0.5dB power penalty for Op = 10° if
a BER of 10~ 9 is to be achieved. It is also shown that a 10~ 9BER
cannot be acheived if 0p = 12.5°. If the Gaussian analysis is used

then the severity of the power penalty is increased.
2.7 CONCLUSIONS

In this chapter the case for attempting to implement a coherent
optical communication system has been presented. It was stated at the
start of the chapter that the major attraction of such a system was
that the bandwidth of the optical fibre could be more efficiently
exploited. It was then shown that it is possible to attain shot noise
limited detection in a coherent system where as practically this has
never been achieved in an IM/DD system. BER have been calculated
for different systems using the same parameters and it was shown that
the most sensitive modulation/demodulation format employs homodyne
detection of an antipodal PSK signal. The results of the BER
calculations are summarised in figure 9. It should also be noted that,
although no mention has been made of more complicated modulation
formats such as multi —level systems, it is possible to achieve

performance improvements at the cost of added complexity.12

Finally it was stated that if the phase error variance of the noise in
the receiver is larger than l2.5°, a 10~ 9BER cannot be achieved. It
was also shown that when coherent detection is employed the
performance of the system is corrupted by the intrinsic phase noise of
the laser. The final phase error variance is a function of both the

linewidth of the laser sources and the bandwidth of the receiver.
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CHAPTER 3
3.1 INTRODUCTION

From chapter 2 it should be clear that the most sensitive optical
binary modulation/demodulation scheme is one which employs bipolar
PSK homodyne detection. Such a receiver has many important
advantages but unfortunately is extremely difficult to implement. The
major difficulty is that a homodyne receiver must incorporate a local
oscillator which is phase locked to the received signal. The best way
to achieve phase locking from a communications viewpoint is to use a

phase— locked loop.

It is the purpose of this chapter to describe the operation of an
Optical Phase Lock Loop. The loop performance will be discussed in
terms of its phase error variance, UA¢2' An expression for o A¢2 will
be derived in terms of the loop parameters and the noise sources— :
phase noise and shot noise. It will be shown that the two types of
noise are processed in different ways by the loop and that an
optimum loop bandwidth exists, at which the effect of the noise is
minimised. It will also be pointed out that if the received carrier
power SNR is large, around 10dB, then "A¢2 is proportional to 1/w,

where w, is the loop natural frequency.

Consideration will then be given to the design of a particular system
and it will be shown that if the loop is to suffer no more than 1dB
power penalty (0.5dB from carrier generation and 0.5dB resulting from
the size of ‘TA¢2) and operate with a BER of 10~9, the
bit— rate— to— linewidth ratio must be at least 2000. The total system
power penalty will also be calculated for the same set of parameters

as used in chapter 2.

In the latter half of this chapter, consideration will be given to the
effect of loop propagation delay upon loop operation. This is not a
problem in microwave or electrical loops where the bandwidths are
relatively small, but does become a problem in optical systems where
1/wy is comparable to 7p (w, is the loop bandwidth and 7p is the
time delay). The limits of stability are calculated in terms of w,7p
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and it is shown that inclusion of 7p in the loop analysis is necessary

if the loop is to be properly understood.
3.2 OPTICAL PHASE— LOCKED LOOP

In this section the basic equations describing the operation of an
optical phase—locked loop (OPLL) will be derived and then used to
analyse a particular system, a pilot carrier loop. Experimental
problems in implementing such a loop, eg laser mode hopping, will
not be covered in this chapter. Chapter 6 will deal with experimental

systems.

Figure 3.1 shows a diagram of an OPLL complete with noise sources.
There are three main components in the loop— : the phase detector;
the loop filter and the local oscillator. In optical systems there are no
direct detectors of the laser field E(t). All detectors detect optical
power, |E(t) |2, thus losing all phase information. To circumvent this
problem the signals from the transmitter laser and the local oscillator
are superimposed before reaching the photodiode. The output of the
photodiode then includes a component with a phase equal to the
difference of the laser phases. The loop filter is a low pass filter
which is included in the feedback arm to control the transient and
dynamic behaviour of the loop. The third component is the local
oscillator. In this project only semiconductor laser diodes were used as
local oscillators. These devices, if biased well above threshold, can be
modelled as amplitude stabilised current controlled oscillators. The
frequency of the laser light changes when the bias current is
changed.

There is phase noise associated with the laser signal as a result of
quantum fluctuations within the diode cavity. These fluctuations are
included in the model as random noise terms in the phase of the
laser signal. The origin and manifestation of the phase noise is

described in sections 4.6,4.7 and 4.8 in chapter 4.
3.2.1 MATHEMATICAL ANALYSIS
The analysis of loop operation is based on standard PLL theory1 12,3,
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The received and local oscillator signals may be written as
ER(t) = Epexp i(¢R(t)) 3.2.1

Ejo(t) = Ejpexp i(p1o(t)) 3.2.2

where Ep and E;, are the amplitudes of the received and local
oscillator signals and ¢p and ¢, are the phases of the respective
signals. They may be expressed as:

pr(t) = 2xfpt + pp + pRrp(t) 3.2.3

P1o(t) = 27f1ot + 1o + Plon(t) 3.2.4

where f represents frequency, pp and ¢, are the steady state phase
terms and @R,(t) and ¢on(t) are terms representing the laser phase

noise.

The  output from the phase detector, which in an OPLL is a
photodiode, contains a term which depends upon the phase/frequency
difference between the two signals. It is assumed in this analysis that
the loop is locked and so the signals are at the same frequency. The
output of the phase detector is then given by

ip(t) = Kpsin[pg(t)]+ n(t) 3.2.5
where Kp = 2R(P;oP)1/2 is the gain of the photodiode, n(t) is the
shot noise term and pg(t) is the phase error

PE(t) = pRr(t) - p10(t) 3.2.6

If the loop is locked then one can linearise equation 3.2.5 using the

small angle approximation pg = sin(p g) for small ¢y g.

The rate of change of the local oscillator phase is

Plo(t) = 2x(f1o + Kiove(t)) + o1on(t) 3.2.7
where Kj, (HzA™1)is the gain of the local oscillator and igt) is the
feedback control signal given by

ig(t) = ip(t) @ f(t) _ 3.2.8
where f(t) is the impulse response of the loop filter and @ is the

symbol representing the convolution product.
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The rate of change of the phase error can be expressed as:

pE(t) = -27K)5ip(t) + ppp(t) 3.2.9

where ggp(t) is the sum of the phase noise terms.

At this point in the analysis it is convenient to transfer to the

Laplace domain. The last equation may now be rewritten as:
spgp(s) = 27Kl e(s) + sppp(s)

= 27K1oF(s) (Kppg(s) + N(s)) + spgp(s) 3.2.10

where s is equivalent to jw in the frequency domain. g may now be

written as
1 27K KpF(s) s
pg(s) = = N(S) + YENn(S)
Kp (s + 27KjKpF(s)) s + 27K]oKpF(s)
3.2.11
which can be rewritten as
oE(s) = éDH(s)N(s) + (1 - H(s))pgn(s) 3.2.12

where H(s) is defined as the loop transfer function for the complete
PLL system.

3.2.2 STATISTICAL REPRESENTATION OF THE NOISE SOURCES

Befote an expression for the loop phase error variance is derived it is
necessary to specify the statistical nature of the noise sources involved.
It has been shown experimentally that, to a first approximation, the

laser frequency noise is typically of the form shown in Figure 3.2.

There are three distinct regions. The first is the low frequency region
where frequency fluctuations are primarily due to thermal effects. The
resulting effect of this noise is ignored in this analysis, as its effect
turns out to be small in comparison to the dominant source of phase

noise, spontaneous emission’.
The second region is spectrally flat and is caused by spontaneous
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emission events. The origin and manifestation of this noise is discussed
in chapter 4. It is also shown there that it is these spontaneous
emission events which give rise to the Lorentzian lineshape of the

laser

The third part of the frequency noise spectrum is the high frequency
peak. This peak is a result of relaxation oscillations within the laser
cavity. In a well designed system the frequency of this oscillation is
always much greater than the bandwidth of the receiver and so it can

be ignored.

The phase noise of the laser is related to the frequency noise by the
following identity6,8,9,

S

2xf2

Sapr (£) = 3.2.13
where S¢, is the power spectral density of the frequency noise. For a
laser with a Lorentzian lineshape, and hence a flat frequency noise
spectrum, the magnitude of S(p is equal to the FWHM of the power

spectrum of the laser diode.

The current spectral density of the shot noise is?»8,9

Ssh(f) = eRPj, 3.2.14

where e is the electron charge
R is the responsivity of the diode

Pjo is the local oscillator power

The noise sources are assumed to be statistically independent. Under
this and previous assumptions it is possible to evaluate the phase error
variance of the OPLL. The phase error variance is the Fourier
Transform of the power spectral density of the phase error, that is

the Fourier Transform of g as given by equation 3.2.12.

2 1 [% 2 T 2
0g° = = o| IH(s)12Sgpdf + |11 - H(s)|2S_df 3.2.15
Kp¢J _» et 4

where Sy and S¢, are the power spectral densities of the shot noise
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and phase noise processes.
3.2.2 CHOICE OF LOOP FILTER

The loop transfer function H(s) is dependent upon the choice of the
loop filter. The most common choice of filter in microwave systems is

the lead lag filter

F(s) = L¥ 728 3.2.16

718

where 71 and 7 are the time constants of the filter shown in Figure
3.3. Substituting F(s) as given by 3.2.16 into the expression for H(s)
gives

"’n2 + 28wg,s
H(s) = 3.2.17
s2 + 2tups + w2

where «, is the loop natural frequency and ¢ is the loop damping

term given respectively by

2

Wy = [—Dﬂmk,l V/ 3.2.18

. _%2[51)&141 3.2.19
1

This particular filter response was chosen as it allows oy, ¢ and the
loop gain to be varied independently. Other filters may be used3:4.

3.2.3 CALCULATION OF %2

Equation 3.2.15 may be solved analytically for the particular case
where the loop filter transfer function is that given in equation 3.2.16,

using the standard integrals given in Table 3.1.

(AfR + Afo)w (452 + 1)we
02 = + 3.2.20
2f(dn IGKRPC

Pc in Eq 3.2.20 is the carrier power which is used for phase tracking.

From this expression it is clear that the loop processes the phase
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1 =
I = — j H (s).H,(-s) ds
-J=

co + cls + 0282 + s o + cn_lsn-l

Hn(s) = 2

do + dls + dzs + seee + dn_lsn-l

eoz coz.dz + clz.do
2'd0061 2.do.d1.d2

czzodoodl + (C12 = 2-00.02)do.d2 + C02-d2.d3

I3 =
2.d°.d3.(d1.d2 - do.ds)

Table 3.1 Table of Integral Solutions



noise (AfR + Afjy) and the shot noise differently. The equation
suggests that if the pilot carrier to shot noise ratio is large then o A¢2
is inversely proportional to . In practical systems this would not be
the case as the power penalty would be rather large. It also suggests
that there is an optimum loop bandwidth at which point the effect of
the noise is minimised. Figure 4 shows a plot of o A¢2 against wp,
with Af = 1MHz. The optimum bandwidth is calculated by
differentiating aAy,z with respect to w, and setting the result equal to

zero. This gives

3.2.21

8PcRx . Af ]'/2

wn - [
opt e(4t2 + 1)

which if substituted back into 3.2.20 gives an expression for the

minimum phase error variance

3.2.22

(4t2 + 1)ex.Af]1/2
9Apmi n2 =

8 £2RP¢
The natural frequency and the 3dB bandwidth are related by

WwdB = ol 282 + 1 + (282 + Y12 &+ D22 3223
This shows that increasing the damping factor increases the loop
bandwidth. This however will also result in the loop having a poorer

response to step changes3.

Gardner has also empirically evaluated the pull out range for a loop
with a sinusoidal phase detector. This can be written as

Aupo = 1.8wp(8 + 1) 3.2.24
For frequency steps greater than Auwpo the loop will lose lock.
3.3 DESIGN CONSIDERATIONS

At this point in the chapter, it is useful to consider how a design

engineer might go about building a coherent optical receiver given
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certain operating limits.
3.3.1 DESIGN EXAMPLE 1

If a system is designed to operate with a BER of 10~ 9 and with a
total power penalty of only 1dB, 1/2dB as a result of carrier
generation and 1/2dB due to the phase error variance, then it is
possible to determine the minimum bit—rate to linewidth ratio
permissible. To calculate this bit—rate an expression for 0A¢2 in

terms of fg must be obtained.

In a pilot carrier system some of the optical power is transmitted at
the carrier frequency, so that the OPLL has a signal to lock onto and
track. Following the notation of Hodgkinson’ the total received optical
power can be written in terms of the theoretical receiver sensitivity as

defined in chapter 2. For a PSK system Pyheqry is given by

eQZfB
Ptheory = ZR 3.3.1
and
PT - KS(KC + 1)Ptheory 3.3.2

Ks 51 and Kc > 0

where Pt is the total power transmitted,S and C refer to signal and
carrier powers respectively and so the carrier power may therefore be
written as

eszB

4R

Pc = KcKg

3.3.3

where Q is the normalised Gaussian variable. Substituting Eq 3.3.3

into Eq 3.2.22 gives

3.3.4

(42 + 1)x.AF)1/2
0A¢2 -

2¢2Q2 fgKKg

It is clear from the last equation and from published curves1O that for

the system to suffer 0.5dB penalty, ie UA¢2 = 0.03rad32, while
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maintaining a 10~ 9 BER then:

=

> 2000 3.3.5

This expression is the justification for assuming that cos(Ag(t)) is quasi
constant over the bit period when calculating the effect of phase noise
upon the BER of a PSK detector in section 2.9.

3.3.2 DESIGN EXAMPLE 2

Alternatively one may be concerned with the total power penalty in a
practical system if the bit rate is specified and the linewidth of the
optical source is known. If the system operates with Pg,, 1dB away
from the theoretical receiver sensitivity, 0.5dB as a result of the phase
error variance and 0.5dB from polarisation mismatch at the receiver,
then the total power penalty may be derived as follows. The total
power transmitted is

Pt = Pdata + Pcarrier 3.3.6
For this example the same parameters will be used as in section 2.2.
The laser linewidth is taken as 1MHz. The carrier power can be
calculated from equation 3.2.22 sinc_:e it is known that asz =
0.03rads? for 0.5dB power penalty at 10~ 9 BER. This results in Pc
==63.0dBm. The total power penalty is defined as:

Power Penalty = Pp - Ptheory -~ 2.5dB 3.3.7.
The optimum loop bandwidth may now be calculated by substituting
the value for Pc into equation 3.2.21.

Ynopt = 148Mrads/s 3.3.8

It is useful at this point to calculate the power penalty and optimum
bandwidth for loops where the linewidth of the beat signal is 15MHz,
which corresponds to a system where two free running HLP1400 laser
diodes are used and 100kHz is the beat linewidth which may be
expected from two line— narrowed laser modules, see chapter 5. The

results for both of these systems are displayed in table 3.2.

The results show the effect of laser phase noise upon a coherent
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system. If the phase noise is small then the power penalty and loop
bandwidths are also small. Similarly if the phase noise is large then
the power penalty and loop bandwidth are also large. Although this is
obvious, it is important to understand the relationship between
bandwidth and phase noise of an OPLL.

In practice one cannot build a loop which is unconditionally stable if
the bandwidth is large, ie 1/w, is comparable to the propagation time
around the loop. Under such circumstances, time delay has to be

incorporated into the analysis used to determine loop performance.9

3.4 EFFECT OF FRONT END AMPLIFIER BANDWIDTH ON LOOP
OPERATION

In the analysis so far the effect of the bandwidth of the front end
amplifier has been ignored when determining the loop operation. It
has been assumed that Bfyon¢ end has no effect, ie Bfront end = -
This is clearly not true. In practice the bandwidth of the front end
amplifier is dictated by the bit rate. Bfront end > fB. Therefore if
the system has been designed so that the total power penalty is 1dB,
as in design example 1, (fg/Af > 2000), then the front end bandwidth
is much greater than Ghopt- Under these circumstances the penalty
introduced by incorporating Bgront eng iS negligble. It is only in
systems where w, is comparable to 1/fg that a significant change in
loop performance will be observed. It has been shownll that provided
Bfront end > 6wy the power penalty introduced will be less than 1dB.

3.5 EFFECT OF PROPAGATION TIME DELAY UPON THE
PERFORMANCE OF AN OPLL

This section will analyse a loop model which incorporates propagation
delay within it. The section will start by deriving the loop transfer
function. The stability criteria will then be evaluated in terms of the
loop bandwidth and the time delay. The phase error variance will be

expressed in terms of the new transfer function . Unfortunately there
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is no simple analytical solution to the expression for o A¢:2 and so the
two integrals, the shot noise integral and the phase noise integral, are
calculated numerically. All the assumptions that were made are given
and the integration technique explained. The rest of the section is
devoted to analysing the effect of the size of 74 upon the loop

operation.
3.5.1 OPLL MODEL INCORPORATING TIME DELAY

Time delay in the Laplace Domain is expressed as e~ $7. This term is
included in the loop model, see Figure 3.5. The loop transfer function

can then be expressed as

_ Ky oKpF (s)e~S7
H(s) = — Ki oKpF (8) =57 3.5.1

If the same filter is used as in section 3.2.2 then Eq 3.5.1 may be

rewritten as

KL oKp(1l + juT2) (cos(wryg) - jsin(wry)) 3.5.9

H(jo) -(jw)-’-i'l + K oKp(l + juTg) (cos(wryg) - jsin(wry))
where €™ 57 has been written as [ cos(wrg) — jsin(wrq) ] and s =
jo

The loop transfer function can now be expressed in terms of w, and
¢

(wn? + 2%wp) (cos(urg) - jsin(urg))
H(jw) = - 3.5.3
(r.on2 + 2%wp) (cos(ury) - jsin(wry)) + jw2

Before substituting this expression into equation 3.2.15 to obtain an
expression for 0A¢2 which includes the effect of time delay, it is
crucial that the limits of stability are evaluated. This was not done
previously as the standard second order PLL is unconditionally stable,
but it is evident from expression 3.5.3 that this is not necessarily so

when a finite time delay is incorporated into the transfer function.
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3.5.2 LIMITS OF STABILITY

The stability criteria are easily determined using standard Nyquist

Techniques. The open loop transfer function of the system is

wn2(l + juwTp)(cos(urg) - jsin(ury))
G(jw) = 3.5.4

""nz

The argument of this function is given by

Arg[G(jw)] = arctan(uwTp) - wrg - = 3.5.5

and the magnitude is

G | = wp2(l + (aT9)2)1/2 / 2 3.5.6

For the loop to remain stable it is required that when Arg[G(jw)] =
(2k = =, k = (1,2,3 ...), the magnitude of the open loop function

be less than one. The critical solution is the case where k = 0,
giving

wrq = arctan(wly) 3.5.7
and

[n2(1 + (T9)9)1/2 / 2] <1 3.5.8

These equations were solved numerically and an upper bound on the
product w,7q was found for ¢ = 0.707. The upper bound for
absolute stability is

@nTq € 0.736 3.5.9

3.5.3 NUMERICAL EVALUATION OF crA‘f,2

Substituting Eq 3.5.2 into Eq 3.2.15 gives

dw
e+ (1402T92) -2020 2 (cos (wr g ) +or's in(wrg))

e @ (1 + &2T92)
® 4RPR
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2
Aftotr W 3.5.10
dw

—ot a4 (1402T92) -202w,2 (cos (wr g) +wrsin(ry))

The author was unable to find an analytical solution to these integrals

and so they were evaluated numerically.

Before any programs were written to calculate GAS(,2, 1H(s) |2 was
checked for continuity. It was found to be a monotonically decreasing
function and so it was relatively simple to evaluate aA(pz. The

integrations were calculated using a trapezoidal technique

500
n

Integral = S [lle’lnﬂ] Aw 3.5.11
n=0

where Aw = ,/100.

The limit of 100w, on the sum was chosen as the value of the
integrand at this point is 10~ 6 of its value at 1Mrad/s. The step size
was found to be optimum for time and accuracy ,after experimenting
with alternatives. The calculations were carried out on an IBM PC AT

incorporating an 80287 maths co-processor.
3.5.4 ANALYSIS OF LOOP OPERATION

The effect of the propagation delay upon the loop operation will now
be determined.

Figure 3.6 shows a plot of the normalised phase error variance
integrals, with both the shot noise and phase noise contributions,
plotted against the time delay bandwidth product. It is obvious from
this graph that once 1/74 is of the order of 0.2y, the degradation,

ie increase, of the phase error variance becomes quite severe.

The most informative way of analysing this effect is to examine what
happens to wpopy as 74 is varied. Figure 3.7, Af = 1MHz, and
Figure 3.8, Af = 15MHz, show plots of "A¢2 against wy, for several

different values of 74. It is immediately clear from these graphs that
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if a system is optimised for ry = 0, ie no account is taken of 74,
then the loop will operate with a much higher o A¢2 than is necessary
as a result of the time delay. The optimum loop bandwidth is

determined by all the loop parameters including 7p.
3.5.5 EXAMPLE

If the system is designed as in design example 2 section 3.2.2 and 7p
is asumed to be zero, then wpopy = 148Mrads/s and UA¢2min =
0.03rads 2. If it is then discovered that the loop has a propagation
delay of 3.5ns oM,Z will = 0.lrads2- If the time delay had been
incorporated at the design stage Wnopt = 80Mrads/s and o sz =
0.067rads2.

Figures 9 and 10 show the locus of “Apran against 74 for laser
linewidths of 1MHz and 15MHz respectively. Perhaps the most
distressing thing from an engineering design point of view is that for
a beat linewidth of 15MHz the propagation delay must be less than
0.5ns for the loop even to be capable of locking. In a system
operating with two lasers of linewidth = 500kHz, the maximum
allowable 74 for stable lock is 10ns. It should be stressed that for
10~ 9BER the allowed time delay for a 1MHz beat is around 1.5ns

This work has subsequently been developed by Norimatsu and
Iwashital3 who have evaluated the linewidth requirements of systems
operating with non negligble time delays. They have shown both
experimentally and theoretically that the linewidth requirement for a
PSK system using homodyne detection is §» * 7 = 2.04 * 10~ 3,
The work by Norimatsu and Iwashita agrees well with the work
presented in the earlier part of the chapter.

3.6 CONCLUSIONS

This chapter has presented an analysis of an OPLL incorporating
both shot noise and laser phase noise. The operation of the loop was
discussed in terms of the phase error variance. It was shown that the
loop processes the two different types of noise in different ways and

an expression for the optimum loop bandwidth was obtained. From
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the expression for whopy and 0A¢2min it was shown that if the system
power penalty is to be kept below 1dB then the bit rate to linewidth
ratio must be of the order of 2000. It was also pointed out that in
such a system it is permissible to neglect the effect of the bandwidth
of the front end receiver However if the bandwidth of the front end
receiver is comparable to w, then the loop operation will be degraded
since 6A¢,2 is dependent upon the bandwidth of the front end
receiver. It was also shown that in an optical system where the loop
bandwidths are relatively large, when compared to the microwave case,
that one must incorporate the loop propagation time in the analysis. If
one does not incorporate 74 the loop will not have been designed to
operate at the true Unopt- The effect of the time delay upon loop
operation was evaluated and it was shown that for the loop to operate
stably wyrgq < 0.736. |

The end results of this analysis are that loop operation with Afi, =
15MHz is wholly impractical, with Afi,¢ = 1MHz it is possible but a
10~ 9 BER will be very difficult to achieve but at Aftot = 100kHz a
10~ 9 BER should be easily achievable.
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CHAPTER 4

4.1 INTRODUCTION

Although coherent optical communications systems offer many
advantages over intensity modulation/direct detection systems they do
place very stringent requirements upon the spectral properties of the
lasers used. The lasers have to be monomode and must also have a
very narrow linewidth, ideally less than 100kHz. It was shown in the
previous chapter that for the system to suffer a power penalty of no
more than 0.5dB due to carrier regeneration the required
bit— rate— to— linewidth ratio is of the order of a few thousand for a
PSK homodyne system. This ratio decreases for less sensitive
modulation / demodulation formats. The linewidth required for a
565Mbit/s PSK system is therefore around 100kHz. The lasers used
must also be relatively stable. To obtain a beat signal from two
independent devices the frequencies have to be controlled to 10~ 7 of

their absolute frequency.

Semiconductor lasers have been chosen as the most promising optical
source for coherent optical communications for several reasons.
1. Low cost
Tunability
Small size
Reliability

Potential for wholly integrated receiver

AN o

Wavelengths which can be matched to the
low loss windows in optical fibre

7. Low power consumption

8. High efficiency

9. Mature manufacturing technology

Unfortunately many of these lasers are multimode with linewidths of
the order on tens of megahertz. The lasers used in this project were
Hitatchi HLP 1400 laser diodes. These lasers are monomode and side
mode suppression is greater than 30dB, with linewidth— power products
of the order of 100MHzmW. The object of this chapter is to provide

a summary of how the devices operate and how their properties arise.
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The chapter then goes on to describe a full characterisation of the
Hitachi HLP1400 laser diode and in doing so to point out its
inadequacies as a source for coherent communication systems. Chapter
5 goes into detail on how the properties of semiconductor lasers can

be improved presenting both theory and results.
4.2 SEMICONDUCTOR LASER

Unlike the situation for other lasers, the light generation process in
semiconductor diodes characteristically takes place between two
relatively wide distributions of energy, rather than between discrete
energy levels, This results in semiconductor lasers having relatively
broad gain profiles. Light is generated when electrons in the
conduction band recombine with holes in the valence band and emit

photons. This process is known as injection luminescencel»2,3,4,

There are several different types of electron transition which occur
between the conduction and valence bands in a semiconductor laser.
Some of these transitions are not optically radiative. An electron may
drop down into the valence band in several stages, emitting phonons
with different wavelengths as it does so. The phonons only serve to
heat up the material. Transitions of this kind hinder laser operation.
The number of non— optically— radiative transitions can be reduced by
using high quality material with fewer lattice defects and by putting a

premium on the control of the epitaxial growth process.

There are three different electron transitions which are of interest
when studying the properties of diode lasers: these are absorption,

spontaneous emission and stimulated emission.

Absorption, in the most important case, takes place when a photon of
energy greater than the band gap energy excites an electron from the
valence band up into the conduction band, see Fig 4.1a. There is also
free carrier absorption but this is not dealt with here. Spontaneous
emission is a random process and is simply the emission of a photon
when an electron transition takes place, see Fig 4.1b. Photons emitted
in this fashion are of random phase and intensity. It will be shown

later in this chapter that spontaneous emission is the major source of
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noise in laser oscillators. The third iype of transition is stimulated
emission. This occurs when a photon interacts with the material in
such a way as to cause an identical photon to be emitted, see Fig
4.1c. Einstein in 1917 developed relationships between the rate of
sﬁmulated emission and spontaneous emission. There will now be two
photons travelling in the same direction with identical phase and
intensity. It is this process which gives the laser its high degree of
spectral purity. The light which is emitted has a free space wavelength

given by

) 4.1.1

where h is Planks constant, ¢ is the speed of light, E. is the energy
level of the electron in the conduction band and E, is the energy
level of the hole in the wvalence band measured in Joules. The
theory behind the shape and the population of the energy bands
within a semiconductor laser will not be described in this thesis. It is
sufficient to know that electron/hole recombination takes place between
two bands of energy and that the levels are dictated by Fermi— Dirac
statistics and density of states theoryl»2,3,

At thermal equilibrium there will always be more electrons in the
valence band than in the conduction band and so absorption dominates
the emission processes. To achieve laser oscillation, a population
inversion must exist, where many electrons are available in the
conduction band to recombine with holes in the valence band. This
condition is satisfied at the boundaries of the depletion region in a
forward biased PN junction, where majority carriers are injected across
the depletion region and are available to recombine within it, see Fig

4.2, When this condition is satisfied laser oscillation is possible.

The second condition which must be satisfied before lasing can take
place is that there must exist some form of optical feedback
mechanism to set up oscillation. In a semiconductor laser this is
achieved by cleaving the material along two parallel crystal planes.
The boundaries between the semiconductor material and the outside

world then act as mirrors. Lasing may now take place when the
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injection current is increased until the total gain equals the total
losses. Above threshold, the power increases uniformly with current, as

shown in Fig 4.3.

There are many more aspects to the theory of laser action in
semiconductors: concerning the materials which can be used, the
doping concentrations and theory regarding the setting up of quasi
Fermi levels. These topics will not be covered here as they are not
necessary for an understanding of the properties of semiconductor
lasers which are of interest in the present context. For more
information on semiconductor laser theory and their operation see

references]»2,3,4,5,

The above section was included in order to emphasise that the
coherent light generation process takes place via transitions between
two distributions of energy and not between discrete levels, that the
optical resonator is firstly within the lasing material and is not formed
by two external mirrors and finally that it is the injection of free
carriers into the active region which allows laser oscillation to take
place. These three criteria dictate to a large extent the spectral

characteristics of semiconductor lasers.
4.3 PHYSICAL STRUCTURE

Most diodes in use today are double heterostructure (DH) devices as
their operation is far superior to lasers which have been manufactured
in only one material, single homojunction lasers. It is of benefit to
state briefly the reasons for the superior operation of double

heterojunction devices.

Figure 4.4 shows a schematic diagram of the physical structure of a
typical channeled substrate planar (CSP) DH AlGaAs/GaAs laser diode

because the Hitachi lasers used in this work were of this type.

As can be seen from the diagram, the laser is a multilayer device
consisting of three layers of AlGaAs, of different compositions, and
one layer of GaAs on top of a GaAs substrate. The active region is

the central GaAs layer, this may even be a suitably composed AlGaAs
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layer, which is of higher refractive index and lower band gap than the
two cladding layers. The higher refractive index of the active region
aids laser operation by confining the light in the horizontal plane. The
lower energy band gap of the active region helps to confine carriers
within it as there are potential barriers set up at either side by virtue
of the composition change. The current is confined laterally by the
stripe metal contact on the GaAs layer. The GaAs layer is used as an
ohmic contact in preference to AlGaAs because of its lower energy
band gap. This information is summarised in Fig 4.5. The laser itself
is a tiny device, typically 300um long and 100— 300um broad with the
substrate around 100um thick and the cladding layers of the order of
lum. The active region thickness is only about 0.1um. These
dimensions dictate, to a great extent, the modal properties of the
device. The laser is wusually mounted p—side down for thermal
reasons, ie so that the junction is closer to the heatsink. A
photograph of one of the diodes used in this project is shown in Fig
4.6.

4.4 FREQUENCY STABILITY, MODULATION CHARACTERISTICS
AND MODAL PROPERTIES.

Semiconductor lasers have relatively large spectral gain profiles, up to
60nm, resulting from the light being generated between two
distributions of energy. It is possible for the laser to oscillate over the
whole range of these frequencies, given suitable circumstances. The
particular mode in which the laser oscillates is determined by the
cavity geometry and, in the absence of external reflections, is usually
situated around the peak in the gain profile. There are many possible

modes and these are separated in frequency by

c
Ay = — 4.4.1
2nl

where n is the refractive index of the active region and 1 is the
length of the cavity. Ar for an AlGaAs/GaAs diode of 300um length
is around 120GHz, and the corresponding A\ around 0.3nm. This
would imply that a semiconductor laser of this size would lase with

many modes present. In reality the lasers used in this project were all
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Figure 4.6 Hitachi HLP1400 Laser Diode as
Received From Manufacturers



monomode, better than 20dB side mode supression, under free runing
conditions. This indicates that Hitachi HLP1400 laser diodes are

homogeneously broadened.

This however does not explain why all semiconductor lasers do not
operate monomode. Some manufacturers guarantee monomode
operation in some of their product lines, Hitachi and Sharp, where as
most others do not. Multimode operation is in contradiction to the
assumption of a homogeneous active layer and to the idea of

homogeneous broadening.

One possible explanation is that Hitachi and Sharp are better at
making laser diodes and that the reason most lasers are multimode is
that they have impurities and or defects in the material. It is possible
that material defects could cause a nonuniform distribution of charge

within the active region. This could cause multimode operation.

It is of crucial importance that laser designers fully understand what
causes some Fabry Perot semiconductor lasers to operate monomode

and others to operate multimode! 2.6,

The mode on which a Fabry— Perot semiconductor laser operates is
determined by the optical length of the cavity. This dictates that for
the laser frequency to remain stable it must operate in a controlled
temperature and current environment. A change in any of the laser
operating parameters could cause the laser to mode— hop. The most
informitive way to picture this effect is to examine some plots of
wavelength against current. Before doing so it has to be mentioned
that if there are any external reflections back into the cavity, then the
modal properties may change drastically. This effect will be dealt with
in great detail in the next chapter. To minimise external reflections,
an optical isolator is placed immediately after the laser collimating
lens. In a bulk system the isolator can be angled slightly to avoid

reflections back into the laser.
The optical isolator used in this work consisted of a piece of polaroid
followed by a 1/4 wavelength plate orientated at 450 to the optical

axis. The polaroid is aligned for maximum transmission. The light
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leaving the polaroid is linearly polarised and after going through the
M4 plate is either right or left circularly polarised. After the light is
reflected the polarisation changes from right to left or left to right.
On passing back through the A4 plate the light is again linearly
polarised but perpendicular to the orientation of the polaroid sheet
and so it is blocked. Additional isolation is achieved by slightly
misaligning the optics. Since no isolation can be placed before the
collimating lens, it is most important that the lens is anti— reflection
coated and that it is stably mounted. There are other magnetooptic
isolators available on the market but there were none available for

this work.

The modal properties of the HLP 1400 semiconductor laser were
observed by directing the emitted light through the optical isolator and
then through a 50/50 beam splitter. One of the output beams was
then directed into a 1m Rank Hilger monochromator which uses a
1200 line/mm grating, giving the device a potetial resolution of better
than 1 Angstrom. The second beam was fired into a Tecoptics
Scanning Fabry Perot Interferometer(SFPI), providing the function of
an optical spectrum analyser. The experimental arrangement is shown

in figure 4.7.

The Fabry— Perot interferometer used in this experiment had a free
spectral range of 2GHz and a maximum finesse of 170. The typical
finesse however was around 140. This gave the device a resolution of
around 14MHz. In the presence of external reflections the laser
spectrum may change quite drastically. Figure 4.8 show typical laser
spectra traces with and without feedback. Once it was clearly shown
that no feedback effects were present, the laser current was increased
and the wavelength monitored. Experiments have shown that more
than 55dB of optical isolation is required for the lasers to be

unaffected by reflections.

Some plots of the modal characteristics of HLP1400 lasers are shown
in figure 4.9. It can be seen from these that as the current increased
the wavelength also increased. The wavelength of the laser was
observed using the 2GHz SFPI. It was found that the laser tuned
continuously at a rate of 22GHz/OC until the mode hopping occured.
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When the laser mode hops the trend should always be in the same
direction unless there is some external feedback present. The number
of modes by which the emmision wavelength changes appeared to be
fairly random, but in integral multiples of Ar = <¢/2nl. There was
also a hysteresis effect in that the laser did not necesarily reproduce
the same mode hoping profile when decreasing current as it had
displayed while increasing the current. Figure 4.9c displays a laser
operating on a continuously tuning mode. This was most unusual.
Indeed when this laser was operated under slightly different conditions
the laser mode hopped in a similar fashion to those displayed in
figures 4.9a and b.

4.5 STABILITY AND MODULATION CHARACTERISTICS

In a heterodyne or homodyne system two or more optical fields must
be mixed. In practise this is done by multiplying the two signals
together. This is achieved by spatial alignment and good polarisation
control of the optical beams. They are then focussed onto a
photodiode. The intrinsically square law in the response of the diode
effectively multiplies the signals together. The low frequency
component of the output is a signal which is the difference frequency
of the two lasers. Practically, the bandwidth of the receiver will be no
more than a few Gigahertz, and possibly much less, so the frequency
of each laser has to be controlled to one part in 107 of its absolute
frequency, 5 . 1014 Hz, if a beat is to be detected.

Unfortunately the frequency of a typical semiconductor laser is
extremely sensitive and drifts with both changes in temperature and
changes in current. The frequency depends upon the optical length,
nl, of the cavity and when thé temperature changes both the length
and the refractive index change, where as when the current changes
only the refractive index changes, providing the current change is
faster than the thermal response of the diode. Otherwise a change in

current alters the temperature of the diode.

mc

4.5.1
2nl
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-mc |A(nl)
Ay = 4,5.2

2nl 1 (n1)2

To measure the frequency deviation with respect to temperature is
quite simple. The laser beam was directed through an optical isolator
before being split into two beams by a 50/50 beamsplitter. One beam
was then directed into a Rank Hilger Monochromator to monitor the
absolute frequency of the laser and more especially to check that the
laser did not mode— hop during the course of the experiment. The
second beam was then directed into the Scanning Fabry— Perot
Interferometer (SFPI) as in the set—up described in section 4.4. The
output of the SFPI was observed on an oscilloscope and as the
temperature changed so the trace moved across the screen. The
frequency drift was then determined by counting the number of passes

that the peaks in the laser spectra made across the screen.

The temperature of the laser was controlled using a feedback circuit
and was monitored using a 100Q ceramic resistance thermometer in a
bridge circuit. This signal was processed using an "in— house"
three—term controller, before being fed back to a Peltier
thermoelectric element which changed the laser temperature. Using this
controller, the temperature was controlled to better than 0.01K. This
accuracy was determined by monitoring the laser spectra on the SFPI.
If the Fabry Perot is assumed to be relatively stable then a change in
frequency of the laser causes the laser spectrum to move across the
display on the oscilloscope. Since the separation between peaks is
known to be 2GHz it is possible to determine the stability of the

laser temperature providing its frequency sensitivity is known.

The frequency drift of the laser can be calculated using

Av 1 dl 1 dn
— = —- —vg- = — vg = 22GHz/°C 4.5.3
AT 1 4dr n dT

where A» is frequency drift, AT is temperature drift, 1 is the length

of the laser cavity and n is the refractive index of the laser cavity. It
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should be noted that the rate of change of length with respect to
temperature has a different polarity than the rate of change of

refractive index with respect to temperature.

The output of the SFPI, as the temperature of the laser diode was
changed, is shown in Fig 4.10. The separation between the peaks in
Fig 4.10 was 2GHz, the free spectral range of the interferometer.
This effect was not bias current dependent. The variation of frequency
against current was not quite so simple to measure. Whenever the bias
current was changed. the device heated up or cooled down slightly and
so the temperature modulation effect was always present for dc
changes in current. To observe the current modulation effect the
current has to be modulated at a rate faster than the thermal
response time of the laser diode. The thermal time constant is

typically in the range of 10-6 — 10~ 7s,

An amplitude modulation signal was superimposed on the DC bias and
the laser spectrum was observed using the SFPI. The frequency drift
with current was easily determined if the modulation current was
increased until the sidebands had the same power as the carrier. At
this point

Af

— =1.5 4.5.4
fm

where Af is the frequency excursion and f,, is the modulation rate.
This is a standard result from frequency modulation experiments and
theory6. Figure 4.11 shows a typical spectrum for an FM— modulated
laser. As can be seen from the photograph the sidebands are slightly
asymmetric. This is a result of AM modulation which is always

present when the current is changed.

At low frequencies it is known that Af/AI is large. When this is the
case, Af/ffy, > 20, it is then possible to measure Af directly by
measuring the seperation between the two sideband peaks on the
scanning Fabry Perot’. The modulation was supplied diectly to the
laser diode which was in series with a 47} resistor. It was assumed

that the laser resistance was a few ohms.
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The above experiment was carried out at many modulation
frequencies in the range from dc to 990MHz and the results are
shown in Fig 4.12a. It can be seen from this graph that the
temperature modulation effect dominates at low frequencies, i.e. up
to 1 — 2MHz which corresponds to the thermal time constant, and
then the current modulation effect has a fairly flat response thereafter.
The relaxation oscillation resonance present in all semiconductor lasers
was never observed for any of the HLP1400 Laser Diodes. This is
hardly surprising as the experiment was only carried out at modulation

rates upto 990MHz.

What appeared to be a relaxation oscillation was observed during other
experiments when using a Hitachi HLP1600 laser diode. It was always
observed ar 2.8 GHz and it did not move around. The spectrum from
a self heterodyne experiment is shown in figure 4.12b. The HLP1600
is sold as being identical to the HLP1400 except for the packaging.

4.6 PHASE NOISE AND LASER LINESHAPE

Ideally a laser would emit a perfectly monochromatic signal of zero
spectral width. This however is not the case since no oscillator can
ever emit a completely pure signal. There is a fundamental limit set
by the Heisenberg Uncertainty Principle

Av > — 4.6.1
At

where Ay is the fwhm of the spectral lineshape and At is the finite
time taken to generate the signal.

In the case of a semiconductor laser there are other broadening
mechanisms present. The laser linewidth can be thought of as being
due to fluctuations in the phase or frequency of the laser field. These
fluctuations arise primarily as a result of spontaneous emission. Every
time that there is a spontaneous emission event both the phase and
intensity of the laser are instantaneously altered in a discontinuous
fashion, see Fig 4.13. There is also a delayed phase change as a

result of the coupling which exists between intensity and phase in a
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Figure 4.12b

HLP1600 Laser Diode Relaxation Oscillation
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Figure 4.13 The instantaneous changes of the phase ¢ and intensity | of
the optical field brought on by thei th spontaneous emission event [8]



semiconductor laser. The following theory is largely based upon the
work of C.H. Henry8»9v10.

Whenever the carrier density is altered by a spontaneous emission
event, the intensity of the laser is increased. In order to maintain
steady state operation, and as a result of gain saturation, the laser
will undergo relaxation oscillations. During this time there will be a

net gain change which can be written as:

-2wAn'"’
Ag = —— ’ 4.6.4
c
where An'' is the change in the imaginary part of the refractive index
caused by a change in carrier density of the active layer, Ag is the
change in gain, w is angular frequency and c is the free space

velocity of light.

There will also be a change in the real part of the refractive index
which will result in an additional phase shift. This causes the lasing
mode to shift in such a way as to keep the real part of the

propagation constant,

k= — 4.6.2

constant, resulting in the angular frequency being changed by

—wngn'

(o

Aw = 4.6.3

where An' is the change in the real part of the refractive index, Vg is

the group velocity and k' was the propagation constant.

The simplest way to get a physical understanding of phase and
frequency fluctuations in a laser is to consider what happens after
each spontaneous emission event. Whenever the carrier density in the
active region changes, so do the intensity and phase of the laser.

The laser must now alter its gain in order to return to the steady
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state output intensity. In altering the gain the laser changes its carrier
density, which in turn alters the phase. This secondary phase change
is a result of gain saturation8 and only takes place when the laser is

operated above threshold.

It was mentioned earlier that there was a peak at around 2GHz in
the laser modulation spectrum. This peak is as a result of the effect
described above. Whenever the laser tries to readjust to the steady
state it undergoes relaxation oscillations with a period, for a Hitachi
HLP1400, of around 0.5ns.

4.7 MATHEMATICAL ANALYSIS OF LASER SPECTRUM

This section on the mathematical analysis of the laser spectrum has
been included for the sake of completeness as many papers analyse

lasers using the following techniques.
The fundamental laser wave equation can be written as13,14

d 1
— E(t) = iw(N) + — ( G(N) - 1/Tp Y [E(t) 4,7.1
dt 2

where E(t) = JI(t) exp [i( «t + (t) )] is the laser field, G(N) is
the carrier density dependent modal gain per second, N is the carrier

number and Tp is the photon lifetime.

«(N) can be expanded to first order with respect to carrier number
using AN = N — N 4, where N ¢, is determined by G(N )
l/Tp. «(N) can be written asl4

Wy dn oGy
w(N) = wg - — — AN = w, + — AN 4.7.2
n* dN 2
where
n* =n+ wo(9n/dw) 4.7.3

is the effective refractive index and
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2w on
o= - — — 4.7.4
n*G oN

is called the linewidth enhancement factor. Also G(N) can be written

as

G(N) = G¢p + AG 4.7.5
Using AG = GpNAN, equation 4.7.1 can be rewritten as
d

T E(t) = [ iwg + A——g( 1+ ia) ]E(t) 4.7.6

It is now possible to obtain rate equations for ¢ and I, that is for the

phase and intensity of the laser field, respectively

I(t) = AGI + R 4.7.7
0AG
o(t) = — 4.7.8
2

where R is the average spontaneous emission rate. Before taking this

analysis further it is necessary to introduce Langevin Forces.
4.8 LANGEVIN FORCES

Consider a multivariable time dependent system, in this instance a
semiconductor laser. In the simplest useful case the variables are the
phase, the carrier number and the intensity. The Langevin rate
equations of such a system are8,9,10

p = f(p,I,N,t) + F(t)

I = g(p,I,N,t) + Fy(t) 4.8.1

N = h(p,I,N,t) + Fy(t)

where Fj(t) are the Langevin Forces.

The Langevin Forces are included in the analysis to describe how the

statistical distribution of the variables change in time. Langevin Forces

58



obey the following rules. Since the fluctuations are computed with
reference to an equilibrium state f,g and h are chosen so that <F{t)>
= 0. The forces are also assumed to be Markoffian, ie they have no
memory and so the correlation of their products function is a delta

function.
<Fj(t)Fj(u)> = 2Dj jé(t-u) 4.8.2
where Djj is called the diffusion coefficient. A variable with a

6— function autocorrelation is often described as completely random.

The Langevin Forces for ILN and ¢ are given by
Fp(t) =3 1-1/2 sin(8y)8(t-t;)
i

Fr(t) = 3 211/2 (cos(68;))8(t-t;) 4.8.3
i

FN(t) = -3 8(t-t;)
i

The ¢ functions are necessary in order to model the discontinuous
changes in N, and ¢ during spontaneous emission events. The
Langevin Force have been obtained by considering the instantaneous

changes after each spontaneous emission event, see figure 4.13.

The lineshape is the Fourier transform of the autocorrelation of the
electric field, E(t):

Sp(w) = J Rp(7)exp(-iwt)dt 4.8.4

where

RE(7) = E(t+7)E*(t) 4.8.5

t+7

-1 exp(iwot)exp[iJ o(t')de' ] 4.8.6

t

In general this is difficult to evaluate but since (t) is a normally
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distributed ergodic process: Rg can be written as1d

Rp - I exp(iwgt)exp[-1/2<Ap(t)25] 4.8.7

The problem has now reduced itself to calculating the variance of

AAt). Ap can be written as:

t o [t
Ap = J Fp(t)dt - -J Fy(t)dt 4.8.8
0 2o
R
<Bp(t)2s = — (1+a2)t 4.8.9
21

substituting this back into 4.8.4 and 4.8.6,the lineshape is given by

Af
Sg(w) = Eg2 4.8.10
2x[(£-f)2 +(Af/2)2]
where
R
Af = — (1+a2) 4.8.11
4al

Equation 4.8.11 can be rewritten as

vingphf (1+e?) In(1/Rp)?
Af - 4.8.12

87PynL2

where Af is the FWHM of the laser spectrum, Vg is the group
velocity and ngp is the spontaneous emission factor which accounts for

the fact that there is an incomplete population inversion.

Equations 4.8.10 and 4.8.12 predict that the laser will have a
Lorentzian lineshape of linewidth Af, where Af is (1 + c:2) greater
than that predicted by Schalow and Townesl4- It can be seen from
the above equation that the reason that semiconductor lasers have very

large linewidthis is that they have a very low cold cavity Q which is
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defined as

Q- 4.8.13

where

g = oy - %ln(/lez)] 4.8.14
where n is the refractive index,R; and Rjp are the facet reflectivities
and L is the length of the cavity. Equations 4.8.11 and 4.8.12 show
that the laser linewidth depends upon the length of the cavity and on
the reflectivity of the facets as well as upon many other material
properties. This suggests that one possible technique for improving the
spectral characteristics is to alter R and L. This topic is covered in

chapter 5.

4.9 LASER LINEWIDTH MEASUREMENT

Af for a free running semiconductor laser is typically in the range
from 5SMHz to 100MHz. Measurements of the linewidth of such lasers
can be performed using a high finesse SFPI of low free spectral
range, around 300MHz. Such instruments have a resolution of around
1MHz.

If the laser linewidth is reduced in any way or if high resolution
measurements are required, a slightly different approach is needed.
With the advent of optical fibre it has become possible to build very
compact interferometers with rather large path differences in the two

arms.

Using optical fibre for the optical path in one arm of a
Mach— Zender interferometer Okoshil6 devised the self
heterodyne/homodyne experiment, see Fig 4.14, The beam from the
laser is collimated out and directed through an optical isolator before
being split into two paths using a 50/50 beamsplitter. The beam in
one arm is coupled into the fibre delay line while the other beam
may be frequency shifted using a Bragg cell. The beams are then
spatially aligned, using a beamsplitter. The combined signal is then

focussed onto a photodiode.
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While the above experiment is being performed it is important to
monitor the laser spectrum on a SFPI to ensure that the laser is
operating monomode and to ensure that there are no uncontrolled

reflections entering the laser cavity.

If the time spent by the light in the fibre is longer than the
coherence time of the laser, then the recombined beams will behave
like two independent lasers of the same frequency beating together. If
this signal is then sent to a r.f.spectrum analyser, a spectrum which is

twice the width of the laser spectrum will be observed.

Gallionl7 has shown that the delay time should actually be twice the
laser coherence time for an accurate measurement to be made. The

photocurrent power spectrum is given by

Sy (W)= <i>25(w) +e<i>/2x + a2<i>Zexp(-Afr) 5(w-0)

Af /=
+ al<i>?

[1_

where o is a parameter which accounts for the relative wieght

(AF)2 + (w - 0)2

sin(w - Q)7
AfT ———————— 4+ cos(w - Q)7 |exp(-AfT) 4.9.1
(v - M7

between the amplitudes of the signal and the local oscillator waves, Af
is the full width at half maximum of the laser field spectrum, 7 is
the delay and Q) is the shift frequency.

The first two terms of the equation can be ignored from a spectral
analysis point of view. They represent the dc current due to incident
optical powerr and the corresponding random shot noise. The third
term represent any existing correlation between the two beams and the

fourth term is the Lorentzian part of the spectrum.
Figure 4.15 displays a plot of measured linewidth against actual

linewidth. It is obvious from the plot that when 7 > 27, the

measurement is reasonably accurate.
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Figure 4.16a shows spectra obtained when using a self heterodyne
experiment with a delay of 9km. These HLP1400 lasers had linewidths
of the order of 10MHz.

Figure 4.16b shows a more recent measurement on a newer set of
HLP1400 laser diodes, which have much narrower linewidths. This
improvement is most probably due to improved manufacturing
procedures resulting in higher quality material and better thermal

properties.
4.10 CONCLUSION

In this chapter the properties of semiconductor lasers which are
important to coherent optical communications, namely linewidth,
tunability and modal stability have been discussed, analysed and
measured. The operation of the device has been explained and the
importance of good optical, thermal and acoustic noise isolation has
been stressed. An analysis of how phase noise causes a broadening of
the laser line has been given using Langevin Forces and the self

heterodyne experiment for measuring linewidth has been discussed.

In characterising the Hitachi HLP1400 laser diode it has been shown
that the laser has a typical linewidth— power product of around
100MHzmW indicating a linewidth of around 10MHz at an output
power of 10mw. This linewidth is too large to be of use in a
coherent system. The laser was also shown to be extremely sensitive
to reflections of its emitted light returning to the diode cavity. The
laser was shown to be tunable with typical sensitivities Af/AT =
22GHz/0C and Af/Al varied from greater than 1GHz/mA at low
frequencies, < 1kHz, to 200MHz/mA at higher frequencies, >
100MHz. The temperature effect dominated at low frequencies, below
1Mhz while the current effect dominated higher up. Unfortunately the
laser also tended to mode hop in an unpredictable fashion, typically
the laser would jump in frequency several times its modal spacing of

0.3nm.

In conclusion the Hitachi HLP1400 laser diode has been shown to be

an inadequate source for use in a phase lock loop. However, as the
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spectralproperties of a laser diode largely depend upon the physical
dimensions of the cavity and the reflectivity of its facets there is
scope for physically improving their operating characteristics to the
point where phase locking may be achieved. This subject will be

addressed in the next chapter.
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CHAPTER 5
5.1 INTRODUCTION

In the previous chapters it has been shown that the linewidth— power
product of free running semiconductor lasers is too large for the
diodes to be of use in a coherent optical communications system. The
Hitachi HLP1400 laser diodes which were used in this project have
linewidth— power products of around 100MHz.mW. It was also shown
that these lasers are very sensitive to changes in temperature and
current and that they have a tendency to mode hop. These are the
three main areas of laser operation which require improvement before

semiconductor lasers can be used in coherent communications.

It is the aim of this chapter to explain how the properties of laser
diodes can be improved to the point where they are of use in
coherent systems. To this end the theory behind compound -cavity,
weak optical feedback, and external cavity, strong optical feedback,
laser modules is given, as well as experimental results characterising
their operation. Alternative laser structures such as distributed
feedback, cleaved coupled cavity and integrated passive cavity
semiconductor lasers will be discussed. There is also a section on the

reduction of the laser linewidth by means of electrical feedback.

The chapter concludes with the authors opinion regarding the future

use of the semiconductor laser in coherent optical communications.
5.2 COMPOUND CAVITY

It was mentioned in the previous chapter that one has to be very
careful to eliminate all reflections of laser light back into the
semiconductor cavity, when measurements are being made, because
uncontrolled reflections drastically alter the spectral and modal
characteristics of the diode. Feedback effects previously observed are
linewidth broadening, line narrowing, improved frequency stability ,
observations of multi mode lasers being made to lase monomode and

vice versal—10,
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This section will discuss the theory of weak optical feedback before
giving the experimental results of compound cavity operation. The
model used for the analysis is shown in figure 5.1. Ry and Ry are
the reflectivities of the semiconductor laser diodes facets. For an
AlGaAs/GaAs diode, Ri = Ry = 31%. The reflectivity of the
external reflector is denoted by r, where L is its distance from the

diode and nl is the optical length of the diode.
5.2.1 THEORY

It is useful to think of external feedback as a form of self injection
locking. The laser field is locked onto a part of the field which was
emitted one or more roundtrip times of the cavity earlier. For the
purpose of this analysis it is assumed that the feedback is weak
enough to count only one roundtrip of the light as having any effect.
It is possible to analyse this effect by adding a feedback term to the

standard laser wave equation 4.7.6.:

g% - [ -iwg + 5232(1 - ia)]l-:(t) + KE(t - 7) + Fg(t) 5.2.1

where 7 is the roundtrip cavity time in the external part of the
cavity, Fg(t) is the langevin force and K is a feedback parameter. All
other terms are as they were defined previously. K may be expressed

as.
K - S%[%]l/z 5.2.2

and can be derived by considering the combination of the
semiconductor facet and external reflector as one entity having an

effective facet reflectivity. 74 is the time spent by the light in the
diode.

The linewidth of the compound cavity module can now be evaluated
in a similar manner to that used in the previous chapter for
evaluating the linewidth, Af, of a free runnming laser. Agrawal8 has

carried out the required calculation and the result is
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Afg

Af = [1 + Xcos(pg + <pr)]2

5.2.3

where X = Kr(1 + « 2) 172, ¢ ¢y = tan —1y, 7 is the roundtrip
time in the external part of the compound cavity and Afg is the full

width half maximum of the free running laser diode spectrum.

It is clear from this equation that depending on the value of the
external cavity phase shift, g9 = wg7 + ¢, both line narrowing and
line broadening are possible. &, represents a constant phase shift at

the external mirror.

There are, however, other effects which are evident at the onset of
feedback. When feedback is present the change in steady state gain

and laser oscillation frequency, w — «y, are given by:

AG = -2Kcos(wr) 5.2.4

w - wy = -K(sin(wr) + acos(wr)) 5.2.5

In general 5.2.5 has multiple solutions corresponding to many
compound cavity modes. However, it is possible, in principle at least,

to obtain monomode oscillation if Kr is less than one.

Using a simple 3 mirror compound cavity model, Goldberg6 showed
that there are three distinct regimes where the modal characteristics of
the compound cavity module are quite different. He identified a
regime where, if the power P coupled back into the diode is below a
certain value r;P, then the laser module operates with only one
longitudinal mode. Goldberg also identified a regime where at least
three modes were present if the power returned to the diode was
greater than ruyP. The third area is the intermediate one where,
depending upon the phase of the signal which is fed back the laser
can operate on one or three modes, r, < r < ry. The expressions

for r; and ry are
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(n1)2R
r 5.2.6

2 L2(1-R)

3x]2(n1)2R
rp = (1.047)|—
2 J L21-r)

For a 12cm long cavity and R = 0.31 r; = 0.0039% and ry
0.009%.

Compound cavity operation also effects the stability of laser operation.
Differentiating equation 5.2.5 with respect to the distance to the

external mirror and also w.r.t. changes in the diode frequency gives:

Kw
dw = - — (cos(wr) - asin(wr))dL 5.2.7
c
dw,
do = 5.2.8
1 + Xcos(wr + ¢q)

where ¢, = arctan(a).

Equation 5.2.7 states that the frequency of the compound cavity
module is dependent upon the stabiltity of the external reflector.
Equation 5.2.8 states that changes in free running frequency are
altered by 1/[1 + Xcos(wr + ¢g)] and that the size of frequency
deviation is phase sensitive. These two equations suggest that
compound cavity operation will be extremely sensitive to changes in

any of the parameters of the module.

5.2.2 EXPERIMENTS

Figure 5.2 shows a photograph of the compound cavity module used
in this project.The laser used in the module was a Hitachi HLP1400
laser diode. The diode package was shown in figure 4.5. The diode
package was mounted on an aluminium heatsink. Light was collimated
out of the front facet using a single element 97% transmission diode
lens with a relatively long working distance of 5Smm and a numerical

aperture of .45. The lens was AR coated to reduce unwanted
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Figure 5.2

Photograph of the Compound Cavity Laser Module



reflections (lens serial number FLA40 and was supplied by Newport).
The lens was mounted on an Xx,y,z micrometer driven translation
stage. A partially reflecting mirror which was held in a
piezoelectrically controlled gimbal mount was placed in the beam path.
The gimbal mount sat on a piezo controlled longitudinal stage. (All
the piezo equipment was supplied by Physik Instrumente) Each of the
components was then mounted on an aluminium baseplate. The
mirrors used in this experiment were 1 inch, around 2.5cm, in
diameter and were specified as being flat to better than N10 at N\ =
780nm over their whole surface area. A variable attenuator was placed
in the external cavity to control the power fedback to the diode. The
temperature of the diode was controlled using the unit described in
section 4.5. It was impractical to attempt to control accurately the

temperature of the whole laser mount.

The experiments carried out on the compound cavity module consisted
of measurements of the laser linewidth under various Ilevels of
feedback, measurements of the modulation characteristic, observations
of the modal structure and of the laser frequency stability. The

experiments have all been described in chapter 4.
5.2.3.RESULTS AND OBSERVATIONS

5.2.3a LINEWIDTH

The linewidth of the compound cavity module was measured using the
self homodyne technique described in section 4.9 with a 2km optical
fibre delay. This gives the experiment a resolution of around 100kHz.
Figure 5.3 shows the results of some of these measurements. The
linewidth has been reduced from around 10MHz down to around
200kHz. These experiments were carried out using a mirror with 4%
reflectivity. The power being coupled back into the diode cavity being
substantially less than that

5.2.3b MODAL CHARACTERISTIC

It is possible even with a 4% reflector to collapse the laser mode

completely into many modes. Figure 5.4c shows a photgraph of a
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trace obtained from a 2GHz free spectral range SFPI when the laser
has too much feedback. Figure 5.4b shows a photograph with the
feedback slightly reduced and only three modes present. Finally,

Figure 5.4a shows only one line— narrowed mode.

With the feedback aligned for only one mode to be present several
plots of wavelength against current were made. An example of these
is shown in figure 5.5. An expanded scale is used around each diode
mode to indicate that the laser module mode hopped in between the
air cavity modes around each diode cavity mode.It can be seen clearly
that these traces are extremely erratic. The compound cavity module
was extremely sensitive to changes in any of its parameters. It is
extremely difficult and, in practice, impossible, to predict X\ to better
than a few times the mode separation of the air cavity even if the
feedback is well controlled and the laser is on a stable diode mode.
Otherwise the laser mode may hop by two or three positions. On

many occasions the laser was oscillating between two modes.
5.2.3c STABILITY

The frequency instability was measured using a FPI in a nonscanning
mode of operation. The FP mirror separation was adjusted until the
FP transmission was held at about 50% of the resonance peak
maximum. In this set up, frequency fluctuations of the laser source
are observed as relatively large deviations in the FP transmission

intensity.

The FPI was aligned so that the finesse was around 20, while the
free spectral range was 2GHz. With this set up, a frequency
fluctuation of 10MHz corresponded to a 20mV change in the
photodetector output voltage. It can be seen from figure 5.6, that the
module was extremely unstable.The frequencies of oscillation involved
were between 10Hz and 500Hz. The deviations shown in figure 5.6
are of the order of 50 to 100MHz. A servo loop was built to stabilise

the external mirror. This is described in section 5.3.6e.

In normal operation the laser module behaved as shown in 5.4 until it

drifted into complete instability, where it tended to mode hop
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uncontrollably. The module then tended to drift in and out of these

different regions.

5.2.3d MODULATION CHARACTERISTICS

Equation 5.2.8 states that the modulation sensitivity of the laser will
be reduced by a factor 1/(1 + Xcos(wT + ¢g)) when operating in a
compound cavity. This effect can be confirmed by observing the laser

spectrum while being modulated.

Figure 5.7 displays the spectra observed when the laser was modulated
with a signal of frequncy of SOOMHz with amplitude 158mV. Figure
5.7a was obtained when the laser was operated without feedback and
Figure 5.7b was obtained when the laser was operated under feedback.
By measuring the relative intensity of the peaks it is possible to
calculate the modulation sensitivity in both instances. The feedback

parameter X can also be calculated if it is assumed that cos(wT +

¢0) equals 1.

Under free running conditions Af/AI = 160 MHz/mA
Under feedback conditions Af/Al = 40 MHz/mA
Feedback parameter X=3

These experiments were extremely difficult to carry out as the laser
module tended to mode hop whenever modulation was applied, unless
the optics were extremely well aligned. The module tended to drift in
and out of this condition as a result of vibration and thermal

expansion of the laser mount.

Limits could also be placed on the extent to which the laser would
tune before mode hopping. In practice the laser module tended to
mode hop once the frequency had changed by approximately F/2,

where F is the free spectral range of the compound cavity.

5.2.3e CONCLUSIONS ON COMPOUND CAVITY MODULE LASER
OPERATION

Using weak optical feedback it is possible to reduce the linewidth of a
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semiconductor laser to the point where it can be of use in a coherent
system. The absolute stability of the semiconductor laser can also be

improved.

However the modal instability and the inability to predict the
wavelength at which the laser will operate render the compound cavity

unsuitable for phase— sensitive systems.
5.3 EXTERNAL CAVITY MODULE

The most effective way to reduce the laser linewidth is to add a long

passive section to the semiconductor laser in a “true external cavity."”

To operate in a true external resonator the semiconductor laser cavity
modes must be suppressed. The diode cavity modes can be suppressed
by placing an anti— reflection (AR) coating on one of the diode
facets. Once this has been done a mirror or diffraction grating can be
used to feed light back into the diode and initiate lasing. It is the
object of this section to detail the theory, design and operating

characteristics of an external cavity module.
5.3.1 ANTI REFLECTION COATING

Standard wave theory states that at a boundary between two materials
of different refractive index, partial reflection will take place at
normal incidence. This is true wunless a third layer of material is
placed between the original two and that this material is also exactly

1/4 )\ thick and of refractive index:

ny = (nyny)1/2 5.3.1

where n;, is the refractive index of the matching layer and np and
ny are the refractive indices of the original two materials. When these

conditions have been met 100% transmission of the wave is possible.

The refractive index of the active region of the the HLP1400 laser
diodes used in this project is approximately 3.5. The wavelength of
the light emitted by the diode was 830nm. Using these figures, and

asuming that the refractive index of air is one, the refractive index of
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the matching material should be (3.5)1/2 and of thickness 207.66nm.

As the department did not have facilities readily available for placing
such a coating on a laser diode this work had to be contracted
outwith the department. The coating had to be placed on the diodes
at temperatures below 800C, otherwise the properties of the lasers
would be substantially degraded.

Lasers were sent to two different companies for AR coatings. Initially
one diode was sent to "Kendal and Hyde Optical Coatings." This
company placed a cold V multi layer dieletric coating on the diode,
which reduced the reflectivity of the facet from 31% to 2.3%.
Another diode was sent to Optical and Eletrical Coatings who placed
a TiO, coating on the laser. This coating reduced the reflectivity of
the diode facet to around 0.3%.

Unfortunately, when a group of diodes which were matched in
wavelength to better than 0.lnm was sent to OEC, the quality of the
coating was drastically different. The three diodes which had been sent

off together, were returned with the following reflectivities

Diode 2203 R = 0.6%
Diode 2207 R = 1.1%
Diode 2209 R = 31%

No satisfactory reason could be established for this spread in R. The
three diodes all came from the same batch, with consecutive serial
numbers. All the diodes were coated at the same time under the same
conditions. The only obvious reason, other than extreme lack of care
at the coating stage, is that the diodes had been coated previously
with a passivating layer to protect the facet. However for this to have
been the cause of the spread in R the passivating layers must all have
been of different thicknesses. Although laser 2209 was sent for coating
on more than one occassion the reflectivity of the laser mirror never
altered. It is unclear why this was the case, but it did however point

up the fact that the coatings were of variable quality.
Folowing further dialogue with the company, more diodes were sent
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for coating. On this occasion the reflectivity of the diodes did not

change at all. No further contact was made with this company.

After the above events had taken place the last diode was sent to
Kendal and Hyde with the following resuit:

Diode 2206 R = 5%

5.3.2 MEASUREMENT OF THE REFLECTIVITY OF THE AR
COATING

It is possible to measure the reflectivity of an AR coated facet of a
semiconductor laser by comparing its new spectrum with its original
spectrumg. This comparison has to be carried out at the original
threshold current of the diode. The reflectivity is calculated by
measuring the Fabry Perot modulation index which is superimposed

upon the spontaneous emission profile of the diode, see Figure 5.8.

For a laser diode at threshold, the power modulation index, m, is

unity, where m is defined as:

Ppax - Pnin
m—-—-————_— 5.3-2

Pmax + Pmin

After coating, m is less than one, at the same driver current.

The roundtrip amplification factor for a laser can be written as
a = (R 1R 2) 2exp(2jfL)expl/2(G4+ + G_) 5.3.3

where G4 and G_ are the power gain terms, § is the propagation
term and Ry and Ry are defined as before. For a symmetrical
AlGaAs diode with cleaved facets, Ry = R , = 31% and
G+=G_.=G;

The amplification factor a is related to m by
2]a|

m‘_—-—— 5.3.4
1+ |a|2
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Spontaneous Emission Profile of HLP1400 Laser Diode
After Deposition of Titanium Dioxide AR Coating.
Facet Reflectivity = 0.3%
Measurement Range 807 - 852nm
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Figure 5.8b)

Spontaneous Emission Profile of HLP1400 Laser Diode
No 2203 after Deposition of Titanium Dioxide AR Coating.
Facet Reflectivity = 1.1%
Measurement Range 800 - 839nm




Assuming a = 1 at threshold,

RAR = lal?R) =.32]a|2 5.3.5

The residual Fabry Perot modulation index has to be measured at the
original threshold of the laser for the previous equation to be wvalid,
-as only then can gain saturation be neglected. M can be measured by ‘
driving the laser at It and directing the beam into a scanning
monochromator. The resolution of the monochromator should be
better than c/2nl so that peaks and troughs in the spectra may be
resolved. The output from the monochromator must be monitored on

a power meter. Figure 5.8 shows spectra from the coated lasers.
5.3.3 EXPERIMENTAL MODULE

Figure 5.9 shows a photograph of the external cavity module used in
this project. The laser diode was mounted on an aluminium heatsink
which was temperature controlled using the controller described in 4.5.
Light was coupled out of both facets using FLA40 collimating lenses.
The beam from the AR coated front facet was fired onto a diffraction
grating which was mounted with its grating lines perpendicular to the
active layer. The grating,which was blazed for 750nm, was aligned to
feed light back into the cavity. Light from the rear facet was used in
the measurement set up. The lenses were mounted on Micro— Controle
translation stages and the grating was held in a Physik Instrumente
piezo— electrically controlled gimbal mount that also had longitudinal
motion. All of these components were mounted onto an aluminium

baseplate.

5.3.4 EFFECTS OF PLACING AN AR COATING ON ONE FACET
OF A LASER DIODE '

The first obvious effect of placing an AR coating on a diode facet is
that the threshold current of the diode increases. Figure 5.10 shows
plots of the power— current characteristics of a coated diode, both
before and after coating. The diode used for this experiment was the
first to be coated with Titanium Dioxide. The threshold current
increased by about 55%, from 56mA to 80mA. This was in line with
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Figure 5.9

Photograph of the External Cavity Laser Module
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expectations.

The spectral spread of frequencies available to feed light back into the
diode is also much increased as the bandwwidth of the cold cavity has
been increased. Figure 5.11 shows a plot of output power against
wavelength when light was fed back from a blazed diffraction grating.
The diode used in this experiment had an original threshold current of
56mA and a new one of 77mA. During the experiment it was biased
at 66mA. At all points on the graph the side mode suppression was
greater than 13dB and at the peak the suppression was greater than
26dB. Unfortunately the tuning was not continuous but rather the
wavelength changed in discrete steps of 0.3nm. This was as a result
of a residual reflectivity of the AR coated lasers facet. It was possible
however to access any wavelength within the tuning range by adjusting
the current or temperature. Some periodic tuning was also possible by

adjusting the length of the cavity.
EVIDENCE OF HOMOGENEOUS BROADENING

The external cavity module operated in a single longitudinal mode
when the grating was replaced by a plane mirror. The wavelength of
the module was then adjusted by adjusting the length of the cavity.

When no frequency selective elements were used in the external cavity
the laser still exhibited monomode operation. This suggests that the

laser was homogeneously broadened.

5.3.5 THEORY OF LINEWIDTH REDUCTION AND MODAL
STABILITY OF AN EXTERNAL CAVITY SEMICONDUCTOR LASER
MODULE

It was shown in section 4.3 that the FWHM of a semiconductor laser
spectrum varies inversely with the square of the cavity length. If a
passive section is added to the cavity the linewidth will therefore
decrease as 1/L2. The physical reasons for this reduction are that the
relative average spontaneous emission rate into the lasing mode has
been reduced and that the number of lasing photons in the mode has

increased. Both of these effects depend upon the size of the cavity
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and since the only geometrical change was a change in length the

overall reduction factor is 1/L2.

Concommitant with this reduction in linewidth there is "a large
reduction in the modulation sensitivity of the laser. This is as a result
of the reduced effect that changes in the length of the active region
of the semiconductor have in altering the frequency of the new laser
module. The effect of fractional changes in the optical length 6f the

semiconductor upon the frequency of the module are reduced by
L>>nl 5.3.6

When the laser is operating in the external cavity its frequency
stability depends upon the mechanical stability of the external
resonator. The frequency of the laser changes whenever the length of

the cavity changes according to

14

Av -—-]:AL 5.3.7

where Ar is the change in frequency and AL is the change in length
of the cavity. From this equation it is easy to show that for a 12cm
long external cavity the frequency will shift by 10MHz for a 3nm

longitudinal movement of the grating

The modes in the external resonator are separated in frequency by

c
Af--z—t 5.3.8

For a 12cm cavity Af is around 1.2GHz.

5.3.6 EXPERIMENTS ON AND OBSERVATIONS OF OPERATION
OF THE EXTERNAL CAVITY MODULE ’

5.3.6a LINEWIDTH

The linewidth was measured using the self homodyne technique with
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2.5km of fibre delay. As this experiment only has a resolution of
100kHz one can only say that the linewidth was below this value.
However, using the graph in Figure 4.14 it can be said -that the
linewidth of these modules was less than 50kHz. Figure 5.12 shows
some results from the self homodyne experiment. These results were
confirmed in later experiments where two laser modules were

heterodyned, see chapter 6.
5.3.6b FREQUENCY MODULATION CHARACTERISTICS

The modulation characteristics of the external cavity module are
drastically different from those of a free running diode. The frequency
deviation for a given change in diode current is reduced by the factor

nl/(nl + L) and this effect has been confirmed experimentaly.
5.3.6c POWER VS CURRENT

When the module is operated under feedback the laser threshold
current can be reduced to the previous threshold current if enough
light can be coupled back into the diode. Figure 5.13 shows the
power vs current characteristic both before coating and also when the
laser is operated under feedback from a blazed grating. The grating
was blazed for optimum operation at 780nm.

5.3.6d STABILITY

Although this module was susceptible to low frequency vibrations it
operated much better than the compound cavity structure. This module
did not have the same tendency to mode hop but rather the
vibrations only caused the frequecy of the module to change
continuously. Figure 5.14 demonstrates the instability of the laser. This
trace was taken from a FPI in non—scanning mode. This experiment
is described in section 5.2.3d.

The laser of course did mode hop from time to time. The size of the

mode hop was dictated by the length of the external cavity.
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Figure 5.14

Laser Diode Frequency Fluctuations observed on
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5.3.6e FREQUENCY STABILISATION CONTROL LOOP

If a laser module is to be used as a source for coherent
communications then it is essential that the laser frequency be
relatively stable. The frequency must not drift by amounts greater than
the bandwidth of the front—end receiver, which will typically be less
than 1GHz.

The major problem with the use of external reflectors, whether in a
compound cavity or external cavity module, to reduce the linewidth of
semiconductor lasers is that the laser frequency becomes dependent
upon the stability of the reflector relative to the diode. Fluctuations of
as little as a few nanometers can result in frequency changes of 10's
of MHz. It is therefore of paramount importance that the external
reflector be extremely well stabilised and that the length of the cavity
be well controlled.

Figure 5.15 shows a diagram of the servo control loop wused to
stabilise the frequency of the laser module by stabilising the external

reflector.

Part of the laser beam was directed into a SFPI which was operating
in non—scanning mode. The FP was aligned for maximum
transmission of the laser signal. Figure 16 shows a trace of the
transmission characteristics of the FP. A small dither signal of a
frequency of SkHz was applied to the piezo drive of the FP. The
output of the FP was then mixed with the dither signal. The output
of the mixer was then processed through a low pass filter and a three
term controller before being fed back to the longitudinal control of
the external reflector.

Figure 17 shows a photograph of the detected output of the FP when
the dither signal was applied. The dither signal is also shown in this
photograph.
RESULTS

The control loop worked partially. The loop held the laser signal
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within the bandwidth (80MHz) of the FP transmission characteristic
until the laser mount expanded more than .Spym ( .Sum was the
maximum expansion of the piezo controller). The control loop did
not, however, compensate satisfactorily for small vibrations. With
hindsight this would appear to have been the result of two problems.
Firstly it is most probable that the power supply for the piezo driver
did not have a fast enough frequency response to cope with the
vibrations. Secondly the mechanical design of the laser module, not
wholly under the author's control, should be imprdved upon. The
optical axis was some 22 cm above the optical bench. Many of the
components including the laser, the lenses and the grating were only

secured at their bases leaving them to oscillate like tuning forks.
5.3.7. PRACTICAL DESIGN CONSIDERATIONS FOR FUTURE

1) The external cavity mount should be made from Super InvarlO
which has a very low thermal expansion coefficient, Qsuper invar =
3.6 * 107K~ Im™1 and oy = 2.5 * 1075k 'm™ 1.

2) The diodes used in this project were 300um long which
corresponds to a 0.3nm mode spacing. It would be better if the diode
cavity was shorter so that the residual modes would be further apart.
This would of course place more stringent requirements on other

aspects of the laser operation.

3) The grating should be mounted with its lines parallel to the active
region. This allows more lines to be covered, as the angular spread of
the beam coming from the diode is greater in the perpendicular

direction, and allows the resolution to be increased.

4)Shorter cavity lengths should be used so that the side— mode
suppression ratio may be increased. Alternatively, an intra— cavity
etalon could be used. This will also improve the modal stability as the
cavity modes will be further apart and so the frequency will have to
change by a larger amount before hopping can take place.

5) The mechanical design of the laser module should be completely
overhauled. Firstly the grating should be mounted directly onto a
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piezo— electric stack. The diode and all optics should all be mounted
as close as possible to the baseplate and the component stands should
be secured both above and below the optical axis. The overall
dimensions of the external cavity should also be reduced and all
components should be contained within a sealed container. The optics
should be secured in place using UV curing glues and the only mobile

component should be the piezoelectrically controlled grating.

Ideally a mount should be machined, to which the laser and optics

are glued.

6) It could be beneficial to use an intra cavity phase modulator to
tune the module. This would be most useful in a frequency
stabilisation loop.

5.4 ALTERNATIVE LASER STRUCTURES

The previous two approaches to changing the operating characteristics
have involved external reflectors which introduce mechanical
stabilisation problems. An alternative approach is to alter the design of
the laser structure at the fabrication stage. There are already several
different kinds of semiconductor laser structure which have been grown
and are currently under investigation as possible sources for coherent
communication. This section will describe some of these alternative

structures and give some details of their operating characteristics.
5.4.1 DISTRIBUTED FEEDBACK LASER

The laser structure upon which most hope is placed as a future source
for coherent optical communications is the distributed feedback, DFB,
laser diode. A simplified structure of one such device is shown in
figure 5.18. Unlike the Fabry Perot laser structure the optical feedback
mechanism in a DFB comes from a periodic perturbation of one of
the cladding layers and not from two cleaved mirrors at either end of
the cayity. The end facets should also be AR coated so that there is
as little FP modulation as possible. The grating which produces the
feedback gives the laser different characteristics such as guaranteed

monomode operation, see below.
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In recent years multiterminal DFB lasers have been designed and
manufactured. These devices allow the user to supply different sections
of the active region with different biassing. A schematic diagram is
shown in figure 5.18b. In even more complex structures different
pitches of grating are used to enable better wavelength selection and
narrower linewidth lasers. A schematic of such a device is shown in
figure 5.18¢30, Multiple Qauntum Well designs have also reduced the
linewidth of the laser by reducing the ¢, linewidth enhancement

factor.
5.4.1a MODAL CHARACTERISTICS

As a result of the frequency selectivity of a dispersive element, ie the
grating, the DFB laser can be made monomode. To ensure monomode
oscillation a phase shift must be included in the grating. Otherwise

two anti—resonant modes may oscillate.

The side mode suppression ratio can typically be greater than 35dB.
The mode is also more stable as the frequency of the laser depends

more on the grating than on the optical length of the cavity.
DFBs are extremely sensitive to uncontrolled feedback25,27,28,

5.4.1b LINEWIDTH

In general the linewidth of these devices is still too large for coherent
optical communication schemes. Linewidths of single section DFB are

typically in the range of 10 — 100 MHz. The overall trend, however,
is downwardl7,18,

Recently devices have been manufactured with a minimum linewidth of
70kHz19. This device was 1450pym long and had a linewidth power
product of around 0.2MHz mw™ 1. The laser was a strained MQW
DFB. The reduction in linewidth was as a result of a reduced o
factor and the length of the diode, 1450um. More recently a three
section corrugation pitch modulated device has operated cw over a
tuning range of 1.3nm with a wavelength of less than 100kHz30.
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5.4.1c OUTPUT POWER

DFB lasers have been built to give output powers equivalent to that
of FP devices. DFB laser diodes have been produced which emit 10's

of milliwatts.
5.4.1d MODULATION and TUNING

One major drawback of single section DFB laser diodes is that they
have very narrow tuning ranges, typically less than 2nm but often as
low as 0.lnm. This is as a result of the laser wavelength being largely
dependent upon the grating. Single section DFBs also have non— linear
modulation characteristics and are not ideally suited to direct current
modulation. This however, has been overcome by fabricating
multisection— multicontact devices with corrugation pitch modulation.
These devices offer many improvements in terms of tunability and
modulation. They are, however, expensive as they are difficult to
manufacture. Recently a device has been manufactured with a 7nm

tuning range with a minimum linewidth of 3MHz20,

5.4.1e OBSERVATIONS ON SUITABILITY FOR COHERENT
COMMUNICATIONS

On the negative side DFB lasers are extremely sensitive to the effects
of uncontrolled reflections?3 and in general have narrow tuning ranges.
They also require lithographic techniques which makes their
manufacture more expensive than Fabry Perot Devices17,18 27,28,

The major attractions of DFB lasers are that they can be integrated
far more easily than FP structures and that they can be guaranteed to
operate monomode. With multicontact designs they also offer
controlled modulation and scope for extended tuning ranges of greater

than 2nm..

5.4.2 DISTRIBUTED BRAGG REFLECTOR

The structure of the DBR laser diode is shown in figure 5.19. This is

a more complicated structure than that of the DFB laser in that it
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has separate gain and tuning regions.
5.4.2a LINEWIDTH AND MODAL CHARACTERISTICS

The linewidth of a DBR laser diode is comparable with that of a
DFB laser, typically 10 — 100MHz. DBR lasers are similar to the
DFB lasers because they too are monomode devices. The linewidth
will be driven down by using MQW technology, resulting in

improvements of as much as a factor of 5 or more.
5.4.2b MODULATION AND TUNING

DBR lasers have wider tuning ranges than DFB lasers as the grating
region is normally operated below threshold, thus allowing for larger
changes in carrier concentration. Unfortunately, many of these devices
suffer from mode hopping as a result of FP modulation of the active

cavity.

DBRs have recently been manufactured with tuning ranges approaching
100nm. These devices use a complicated modulation of the external
grating to allow for a frequency selective feedback which is controlled
by the refractive index of the grating region. The refractive index is
controlled by the bias current applied to that region. The structure of
such a device is shown in figure 5.19b31,

5.4.4 CLEAVED COUPLED CAVITY LASER

Cleaved coupled cavity laser structures, C3 lasers, are another
alternative to the standard FP laser diode. Figure 5.20 shows a
schematic representation of such a device. The device is just a laser
diode with an air gap in the middle. Current bias has to be applied
to both sides of the device and by varying the bias of one part
relative to the other, the properties of the C3 laser can be made to

vary?22,
Although these devices have shown promising results their operating
characteristics are critically dependent upon the size of the air gap,

which in practice, is extremely difficult to control. Over recent years
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interest in these devices has waned.
5.4.4a LINEWIDTH

The linewidth of these diodes has been measured to be as low as
250kHz at 10mw output power. This was achieved using a variable air
gap to optimise operation. In typical fixed airgap devices the

linewidth*power product is of the order of 30MHzmw.
5.4.4b MODAL STRUCTURE

Under optimum conditions these device have been measured as having

side mode suppression ratios of around 34dB.
5.4.5 INTEGRATED PASSIVE CAVITY LASER

This laser structure is shown in figure 5.21. This laser has a line
narrowed spectrum obtained by wusing the same principle as the
external cavity, i.e. by increasing the photon lifetime. The advantage
of this system over the external cavity is that there is no mechanical

vibration problem.

The linewidth of such a device has been measured to be less than
1MHz. The disadvantage of this device when compared to the external
cavity described previously is that this device only has a small tuning

range23,

5.4.6 LINEWIDTH REDUCTION AND FREQUENCY
STABILISATION USING ELECTRICAL FEEDBACK.

It is possible to reduce the linewidth of a semiconductor laser by
using negative electrical feedback24, Figure 5.22 shows a diagram of
the experimental technique. A Fabry Perot interferometer is used as a
frequency discriminator for the FM noise detection, and the output

signal from the detector is negatively fed back to the laser.

Using this technique the linewidth of a laser has been reduced from
SMHz to 330kHz. The stability of the laser is also improved as a
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result of the diode being locked in frequency onto the side of a FP
transmission curve. The major advantage of this scheme is that
provided one modulates at rates greater than the bandwidth of the
feedback loop the modulation characteristics of the laser are

unaffected.

The limitations of this scheme are dependent upon the processing time
and in the added system complexity. Wholly integrated negative

feedback loops may be possible in the future.
5.5 CONCLUSIONS

An ideal optical source for coherent communications would be
monomode, tunable over the bandwidth of the low loss wiﬁdow in
optical fibre, 50,000GHz, be stable in frequency but be capable of
modulation at rates upto a few GHz. The source would also have a
narrow linewidth and should not mode hop. The device should also be

insensitive to optical feedback and emit several milliwatts of power.

From the properties of the laser modules and alternative laser
structures described earlier it is clear that no individual device scores
well on all of these fronts. Immediately one can reject the compound
cavity module as it is extremely sensitive to changes in any of its
parameters. It also has poor tuning characteristics. The C3 laser can
also be rejected for, although it has many of the desired properties
such as narrow linewidth, monomode operation with the potential for
modulation, it is extremely difficult to optimise the properties of the
laser. In addition it has so far proven difficult if not impossible to
manufacture, in bulk, many devices with similar operating
characteristics, as the properties of the device are governed by the
size of the air .gap. Recently not much has been reported on C3
devices.

The external cavity module has a narrow linewidth (less than100kHz),
monomode operation and a large tuning range well in excess of 10nm.
It may even be possible to compensate for mechanical vibrations of
the cavity by building a servo— control loop, see section 5.3.6e. This
type of stabilisation may work well if the feedback loop ends on an
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intra— cavity phase modulator rather than on a piezo— electrically
controlled mirror mount. B.T. have developed a packaged device
which has performed well in field trials. Currently these devices
outperform free running lasers in terms of tunability, stability and
spectral purity. In addition they are useful laboratory tools and should
therefore be further developed.

The long term future for coherent optical communications, however,
probably lies in building wholly integrated receivers. This will reduce
the propagation delay in the loop and will thus reduce the overall
linewidth requirement. With this in mind the most promising devices
for the long term are probably MQW multi— contact DFB laser diodes
and multi— contact DBR laser diodes incorporating corrugation pitch
modulation. Much research and development, however, is still required.
In particular the sensitivity of DFBs to reflections has to be resolved

and narrow linewidths have to be guaranteed.

The integrated passive cavity gives the small laser chip the required
linewidth for coherent systems while removing the mechanical
instabilities of an external resonator. Since the major problems with
the DFB are that it has a large linewidth and that it is sensitive to
uncontrolled feedback a possible solution may be to add an integrated
passive cavity.
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CHAPTER 6
6.1 INTRODUCTION

The main purpose of this chapter is to report upon and discuss the
results of the experiments which were performed during the course of
this project, the primary object of which was to phase—lock two

independent semiconductor laser modules.

The chapter begins by describing the basic experimental system which
was used throughout the course of the project, a heterodyne
phase—lock loop. This is followed by a section, which discusses the
experimental programme which was carried out before theoretical work
showing fully the effects of propagation delay had been carried out.
This section deals with attempts to build a wide bandwidth loop using
free running lasers, that is without any form of optical feedback. This
work was followed by an attempt to build a wide bandwidth loop
using compound- cavity lasers. A detailed report on the experimental
programme on building a narrow bandwidth loop using line— narrowed
external— cavity semiconductor laser modules is then presented. This is
followed by presenting some results on laser spectral degradation,
which caused the experimental programme to be terminated. The
chapter conludes by comparing the experimental work presented in this
thesis with that of other groups and by reporting on advancements in
the years between the termination of the experimental programme and

the writing of the thesis.

The chapter is presented almost chronologically to enable the reader
to fully understand both how and why the experimental programme
evolved and how the theory incorporating the effect of time delay

arose.
6.2 HETERODYNE OPTICAL PHASE LOCK LOOP

It was decided at the very outset of the project that the experimental
programme should focus on building a heterodyne as opposed to a
homodyne optical phase lock loop. The first and perhaps most strongly

influencing factor in making this decision was that a previous worker,
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R.C. Steele, had succesfully locked a heterodyne loop. Secondly the
receiver electronics are very much simpler in a heterodyne loop.
Specifically, the need to build a balanced receiver is removed, as is
the need for a wide bandwidth d.c. coupled amplifier. A.C.— coupled

amplifiers are, generally speaking, much easier to build.

Figure 6.1 shows a schematic diagram of the basic experimental
system which was used throughout the project. One semiconductor
laser module was used as a transmitter while the other was used as a
local oscillator. Each laser was optically isolated from unwanted
reflections by wusing a polarizing filter and quarter—wave plate
combination, as discussed in section 4.4, and by using slight optical
misalignment. To confirm that the lasers were not suffering from the
effects of uncontrolled reflections each laser was continuously
monitored on a scanning Fabry Perot Interferometer of 2GHz free
spectral range. The beams from each laser were spatially combined
using a high quality 50/50 beamsplitter. One of the combined beams
provided by the beamsplitter was then directed into a Rank Hilger
monochromator to monitor the wavelength separation between the two
lasers, while the other beam was focused down onto an avalanche
photodiode which formed the front end of the receiver electronics.
The signal from the photodiode was then amplified and mixed with a
reference RF signal in a double balanced mixer before being filtered
and fed back to the local oscillator. The signal from the front end
receiver was monitored on a Tektronix Spectrum Analyser. During the
course of the project different amplifiers, photodiodes, filters and laser

modules were used but the system remained basically the same.

6.3 TECHNIQUES FOR OBTAINING A BEAT BETWEEN TWO
LASER MODULES.

Before discussing the attempts that were made to phase lock two
lasers together, it is important, from an experimental point of view,
to explain one of the main problems which has to be overcome if FP
semiconductor lasers are ever to be used in coherent systems without
having to be very carefully customised. The problem of mode hopping
has to be overcome, because otherwise it will prove impractical even

to obtain beat signals between two devices.
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At first thought it may seem a trivial problem to obtain a beat signal
between two semiconductor laser modules. It is only when the stability
of the lasers is considered, see section 4.4, that the difficulty of
controlling two lasers to within, say, 1GHz of each other is fully

appreciated.

The technique which was used throughout the project, consists of a
series of steps. This should not be as difficult with multicontact DFB
and DBR laser diodes.

1) The lasers which are used should be matched in wavelength to
within two or three nanometer while operating wunder standard
conditions, ie 30mA above threshold at 25°C. This is no longer quite

as severe a problem. Closer matches can be achieved quite easily.

2) Look at plots of wavelength against current, at several different
temperatures, for each laser. This enables points where the two lasers
have similar frequencies to be identified. Ideally one or both of the
lasers will have operating regions where they can be continuously
tuned. In practice it is a matter of chance whether two lasers can be
found with stable, tunable and overlapping modes. ( In this project
the author used sixteen HLP1400 laser diodes which were all
nominally matched to within 3nm when operated at 250C. At 25°C ,
however no two lasers had suitable modal characteristics for obtaining
a beat.)

3) Once these operating regions have been identified the individual
lasers are set at the appropriate temperature and bias current. The
wavelength of each laser is then monitored using the monochromator.
This has a resolution of 1 Angstrom, which is equivalent to 42GHz at
850nm.

4)One of the lasers is then tuned towards the other by changing the
bias current. If the lasers never mode hopped, such tuning, would be
a relatively simple procedure. In practice much trial and error is
involved before a beat signal is obtained. In some instances it can
take several hours to find suitable operating points for both lasers and
occasionally one of the lasers has to be replaced.
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5) Once two lasers are found which have overlapping modes it is
relatively simple both to obtain and to maintain a beat signal

providing the temperature and current control is adequate.

Figure 6.2 displays a typical beat spectrum obtained using two free
running laser .diodes. The most notable feature of this spectrum is that
it is neither Lorentzian nor is it of the expected linewidth of around
15 MHz. The reason for the spectrum actually observed is that the
beat signal is drifting while the spectrum analyser is scanning, due to

low frequency fluctuations in the laser temperature.
6.4 WIDE BANDWIDTH LOOP

Initially, before the theory incorporating the effect of time delay into
the system had been properly developed, it was thought that it would
be possible to obtain phase—lock between two free running HLP1400
laser diodes. Many attempts were made at phase— locking using a
variety of different filter designs and by increasing and decreasing the
loop gain and hence the bandwidth. It was only after several months
of experimenting with good beat signals that it was concluded that
there was something more fundamental than inadequate temperature

control preventing the loop from locking.

When the effect of time delay was incorporated into the theory it was
immediately apparent that the loops which had been designed were all
either inherently unstable, because their w,Tq product was too high,
or that they were operating too far away from the optimum bandwidth
for the loop to have any chance of locking. These points have been

~ covered in chapter 3.

In designing the initial experiments the effect of loop propagation
delay was never considered other than from the point of view that no
excess delays should be present in the system. This was largely due to
the fact that no analysis of optical systems behaviour that was known
at that time mentioned the problem. Moreover R.C. Steele, who
succesfully locked a heterodyne loop, had designed his loop to be
wideband, although when it was built up it was in fact narrowband.

This came to light only recentlyé. when R.C. Steele's loop was
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analysed taking the effect of time delay into account. Other workers
who had built successful loops using CO5 lasers also did not mention

the problem.

A description of the wideband system that was used in this project is
now given. The time that was spent experimenting with it was not
wasted, as the laser temperature control, drive circuitry and loop

electronics were all improved in the course of the experimental work.

Whether the loop being designed is of wide or of narrow bandwidth,
the front end receiver should have a wide bandwidth. This is for two
reasons. Firstly, the wider the bandwidth the easier it is to find a
beat signal and secondly, in order that the loop performance is not
unduly degraded, the bandwidth of the front end electronics should be
at least six times the loop bandwidth®,

The initial front end receiver configuration was built around a hybrid
UHF amplifier from RS Components Ltd., device number OM361
(Technical Specification 40 — 860MHz bandwidth and 28db of gain)
and a Telefunken avalanche photodiode BPW26. The module was
tested with by scanning a beat signal across the bandwidth. These
experiments showed the device to have a bandwidth of around
1150MHz, with a low frequency cut off of 1MHz and a gain of
20dB.

The output of the amplifier was coupled into a wide bandwith double
balanced mixer (DBM), Mini Circuits ZFM— 54, where it was
multiplied with an RF signal from a HP Oscillator. The insertion loss
of the mixer at a maximum drive level of 7dBm was — 7dB. The
insertion loss increased as the RF power was reduced. At a drive level
of —20dBm the loss was —50dB. It should be noted that the loop
gain could be controlled by varying the RF power into the double
balanced mixer. This had the effect of amplifying the beat signal in
the same way as the local oscillator is used to amplify the transmitted

signal.

Various attempts were made to lock the loop using different filters

and by altering the gain of the loop through control of the received
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power and the RF drive power, but these changes were all to no
avail. Much thought was given to why the loop was not locking. One
reason was thought to be that there was too much phase noise in the
system and that our understanding of the laser phase noise was not
complete. Another possible reason related to acquisition of the locked
condition. It was thought that the rate of frequency drift of the beat
signal was too high for the loop to lock. Other suggestions included

poor control over the damping factor, which would lead to instability.

Each of these suggestions was systematically examined, either
experimentally or analyticaly, and the loop components and the
control over the loop parameters were improved. The laser
temperature control was redesigned to improve the laser stability.
Various different forms of laser mount and collimating lenses were
tried, to improve the overall stability of the system. The loop
electronics were constantly under review and the whole system was
overhauled regularly, but all to no avail. The clue which pointed to
propagation delay as a key factor was when the same experiments

were carried out using compound cavity laser modules.

Although these lasers were extremely unstable, it was possible on
occasion, with very low levels of feedback, to obtain relatively stable
beat signals. The RF signal was then tuned to the beat, but still the
loop never looked likely to lock. Only after months of investigation

did the effect of time delay receive proper consideration.

As soon as the effect of time delay was fully understood it was
obvious why the loops had never locked, even when the compound
cavity lasers were used. The loops had either been unstable or were

operating at spurious bandwidths.

The more complete theory predicted that it would be impossible to
build a bulk optics phase lock loop using free running semiconductor
lasers, as the w,Ty stability criterion makes Tq too small. It also laid
down a new set of design criteria which indicated that the most
sensible approach would be to build a narrow bandwidth loop with

line narrowed laser modules.
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Figure 6.3a

Compound Cavity Beat Spectrum
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Figure 6.3b
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6.5 NARROW BANDWIDTH LOOP

The new loop parameters were selected in line with the design criteria
described in chapter 3. The variables which dictate the loop gain and
loop time constants are the linewidths of the two lasers, the total
received optical power and the total time delay around the loop.

These are all readily measured.

The lasers which were used in this series of experiments were true
external cavity laser diodes. The operating characteristics of these
devices have been described in detail in chapter 5. Figure 6.4 displays
beat signals between two such laser modules. The estimated linewidth,
from these photographs, of each laser is of the order of 10 to

100kHz. Figure 6.5 shows a time domain version of the beat signal.

The received optical power was very dependent upon the optical
alignment of the system. It was, however, possible to control this
parameter by using an optical attenuator in front of the photodiode
receiver. In this way the loop gain could be controlled. The received

optical power was in the range from — 30 to — 60dBm.

The third variable mentioned above was the propagation delay around
the loop. This was calculated as follows: the total free—space optical
transit delay was measured in distance and the corresponding time
delay was calculated using the speed of light. This delay was estimated
to be between 3 and 4 nanoseconds corresponding to 90 to 120cm..
In a fibre or integrated system this delay could be substantially
reduced. The delay introduced by the front end receiver was measured
to be 2.1ns by comparing the time it took a sinusoidal signal to travel
through a piece of coaxial cable and the loop electronics to the the
time taken by the signal with the electronics missing. The comparison
was made using a Tektronix 1100 oscilloscope which had a resolution
of around 1ns. The time taken for the double balanced mixer to
process the two incoming signals and produce an output was estimated
to be 1 or 2 ns. The local oscillator also had a response time in
excess of Ins as a result of the external cavity length of around

15cm. The total loop delay was therefore in the region of S to 10 ns.
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External Cavity Beat Spectrum
Individual Linewidth 50kHz
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Figure 6.4b

External Cavity Beat Spectrum
Individual Linewidth 50kHz
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In chapter 3 it was shown that w,Tq products greater than 0.2
seriously degrade the performance of the loop. Therefore a time delay
of this magnitude coupled with a beat signal of linewidth less than
100kHz suggests that loop natural frequencies of the order of 10 to
30Mrad/s will retain stability and satisfactory performance. Smalier
bandwidths could be used but the problem of acquisition and tracking
have always to be borne in mind. The larger the bandwidth the better

the tracking and acquisition characteristics of the loop.

The loop filter which was chosen for the system is shown in figure 5.
The resistors and the capacitor were selected using the above
information together with the loop gain. The operational amplifier
used in this project was a wide bandwidth Burr Brown device, 3551
series. These have slew rates on the order of 250V per micro second.
This device will allow a signal of amplitude greater than 1volt and
frequency SMHz(30Mrads/sec) to be processed. For a loop with
maximum bandwidth of upto 30Mrads/sec and a local oscillator of gain
greater than 10MHz/mA this was sufficient as the feedback signal to
the local oscillator was connected via a 500 resistor, ie it will allow a
signal of 20mA at a frequency of SMHz to modulate the local laser.

In practice the beat signal was seen to vary at sub kHz frequencies.

The gain of the loop was dependent upon the gain of the front end
receiver, the gain of the local oscillator, the efficiency of the mixer
and the received opticcal power. Ry as shown in figure 6 was chosen
arbitrarily as 1k{). The gain of the front end receiver had to be
increased from the previous loop experiments to compensate for the
reduction in the gain of the local oscillator which was caused by the
inclusion of the line— narrowing external cavity. The new front end
receiver consisted of three Watkins and Johnson wideband amplifiers
in cascade. The new arrangement had a gain of 55dB and a
bandwidth of 900MHz. The filter capacitance was then calculated by

rearranging equation 3.2.18 to give

2Recp-Kamn K1 o.Kn (P Py o) 1/2

6.5.1
Riun
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where Regy is the responsivity of the photodiode, Kymyp is the gain of
the front end reciever amplifier, Kj o is the gain of the laser Hz/A,
Ky, is the mixer gain, Py and Py are the recieved and local
oscillator powers, Ry is the value of the loop fiiter restance and «p is
the loops natural frequency. C was chosen to be in the region of

6.4uF to 6.4nF depending upon the received optical power.

Using the external cavity laser modules it was a simple task to obtain
a beat signal of suitable linewidth and power for a loop, as described
previously, to lock. However, whenever the loop was closed, lock was
never observed even after much experimentation with the loop gain

and the filter time constants.

It is conceivable that the loop did lock momentarily but that this was
never observed. This possibility is due to the fact that no phase noise
reduction would have been observed, as the linewidth of -the beat was

SO narrow.

The main reason why the loop did not lock was considered to be
frequency instability resulting from mechanical vibration of the laser
cavities. Such vibrations cause low frequency oscillations, but these can
be of large magnitude. In section 5.3.5 it is shown that an increase in
the length of either laser cavity of Inm results in a change in the
frequency of the laser of 3MHz. The instabilities being observed must

have been greater in size than this or the loop should have locked.

Another problem which was encountered was hysteresis. The piezo
controllers, combined with the mechanical mount, suffered from
hysterisis. The structure also suffered from backlash. Each of these

problems contributed to the laser instabilities.

At this stage in the project a choice had to be made regarding the
way forward. The whole laser mounts could have been re— designed in
line with the recommendations made in section 5.3.6 and 5.3.7.
Alternatively an attempt could be made to solve the problem by using
a control loop and the existing mounts. The decision was made after
discussing time scales with the departmental workshop and with

component manufacturers /suppliers. A new mount complete with the
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type of piezo control necessary would have taken several months to
manufacture. Furthermore, it was thought that the problem could be

overcome electronically.
6.6 INTERMEDIATE FREQUENCY CONTROL LOOP

An intermediate— frequency control—loop was designed and built both
to measure and control these instabilities to within the PLL acquisition
range. The IF control loop, which was designed to work in parallel
with the PLL, is shown in Fig 6.7. It consisted of a frequency .
discriminator with a bandwidth of around 70MHz, which was used to
monitor the beat signal between the two lasers. The discriminator
consisted of a double— balanced— mixer and a delay line. The output
of the mixer was amplified and level— shifted to produce a voltage
swing of +15v to —15v across its bandwidth. Figure 6.8 shows the
discriminator characteristic. This output was then processed through a
PID controller before being amplified and level shifted again en route
to being fed back to a piezo—drive on the longitudinal axis of the
local laser module.

Figure 6.9 displays the output of the discriminator with the loop open.
It can be seen frorh this that the laser modulation oscillations are in
the audio frequency range up to around 500Hz. The frequency
deviations can also be seen at times to be greater than 80MHz. This
would indicate that the mechanical oscillations are of the order of 10
to 20nm in magnitude in each laser cavity. The magnitude of these
vibrations and the associated problems of controlling them are largely

a result of inadequate mechanical design.

Figure 6.10 displays the output of the discriminator while the loop was
working. It can be seen from this that the loop held the beat signal
to within 10MHz of the desired value. The loop operated in this way
for many, several minutes at a time until the control loop integrator
saturated. The saturation effect was a result of long—term
temperature— drift causing the cavity as a whole to expand. This
happened continuously throughout the day while the laboratory was
heating up. The temperature of the laser diode was controlled but not

the temperature of the whole laser mount. This was thought to be

103



ptical

Laser
Module

=== Optical Isolator

Mirror/

RF Oscillator

Isolator
| ]

@.__,

\ Beamsplitter

Loop Filter

Laser
Module

Figure 6.7 Systems Experiment Incorporating

Photodiode and Receiver Electronics

Delay Line

~~Double Balanced Mixers

Intermediate Frequency

Control Loop

IF Control Loop



Output Voltage V.

t1v
max

< ' N Frequency

— 40 MHz + 40 MHz

Figure 6.8 Discriminator Characteristic



Frequency
20 MHz/cm

Time 10ms/cm

Figure 6.9

IF Discriminator Output: Open Loop Configuration



Frequency
10 MHz/cm

SRR

Time 10ms/cm

Figure 6.10

IF Discriminator Output: Closed Loop Configuration



impractical. The maximum range of the piezo— spacer was .Sum. The
thermal expansion coefficient for aluminium is 25*10™ 6Kk~ 1m—1,
Therefore a change in temperature of 0.03K was enough to saturate
the controller. The temperature of the lab changed by several degrees

over the course of the day.

With hindsight it would appear that the control loop coped well with
the dc temperature drift until saturation set in but that it had real
difficulty in coping with higher frequency ac terms. With hindsight it
may be that the reason for this was that the driver to the piezo

spacer was unable to deliver enough charge quickly enough.

It should also be noted that even when the loop was operating it was
noticeable that there were still discrete jumps in frequency rather than
smooth variations.  This appeared to be due to hysteresis in the

piezo— spacer or in the mechanical mounting or in both.
6.7 TERMINATION OF THE EXPERIMENTAL PROGRAMME

The experimental programme was terminated when it was noticed that
the laser spectra were deteriorating, as was also the stability of the
individual lasers.

Over the course of several months many attempts were made to lock
two independent laser modules using a combination of the frequency
control loop and the phase—~lock control loop. It appeared from all
the results that were obtained that the theory was understood and that
the only problems to be overcome were directly related to the
mechanical stability of the laser cavity and to the hysterisis in the
piezo— controllers. These problems could possibly have been overcome
using a combination of redesign of the laser mount/cavity and

improvements to the control loop.

Unfortunately another more serious problem apppeared. The laser
modules started to exhibit drastically degraded spectral purity and
decreased stability. The lasers started to mode hop more often than
previously. It was also noticeable that they were more difficult to align

to obtain monomode operation. Overall they became more to difficult
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to work with.

To find out what was causing the problems, laser spectra were taken
using the monochromator. The laser spectra were taken free— running
at the threshold levels measured before coating had been carried out.
They were taken at these currents, as comparisons could be made
with previously obtained spectra. The spectra obtained are shown in
Fig 6.11. As can be seen from the traces, a modulation has been
superimposed upon the original spectra shown in  chapter 5. The
source of this modulation is unclear, although it corresponds to a
cavity length of 30 um. As there were no external optics so close to
the cavity, the effect must have been due either to some internal
defect or to a periodicity in the laser AR coating. It was felt that it
was unlikely to be a problem with the coating and that the most
likely cause was some form of defect in the laser structure itself, such

as darkline defects.
6.8 CONCLUSIONS AND COMPARISON WITH OTHER WORK

At the end of the systems experimental programme the key results
could be summarised as :

1. Good line—~ narrowed beat spectra, less than 100kHz, were obtained
on a repeatable basis.

2. A frequency control loop was built which held the line— narrowed
beat spectra within a SMHz bandwidth. The control loop only failed

as a result of long term temperature drift.
3. The requirements placed upon the loop propagation delay make it

impractical to build a bulk—optics phase—lock loop for free running
Hitachi HLP1400 laser diodes.

4. Low frequency acoustic vibrations would appear to be the main

obstacle to be overcome when using external cavity laser modules.

5. HLP 1400 laser diodes exhibit severe spectral degradation when

operated in an external cavity over a sustained period, around 200 or
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300hrs.

6. Hitachi HLP1400 laser diodes are difficult to work with since
they are extremely sensitive tochanges in their environment. They were
however at the time of this project the best commercially avaialable

lasers operating at 850nm.

The results of the experimental programme described are similar to
those obtained by other workers, in terms of measured linewidths of
beat signals and stability of beat signals. At the termination of the
experimental work in January 1988 no group worldwide was claiming
to have successfully built a working phase locked loop using two free
running laser diodes. Workers at British Telecom had, however,
successfully built an OPLL using one external cavity module and a

HeNe laser operating at 1.55um.

Since then major developments have taken place, both in the
improvement of the spectral quality of the laser sources and in the
design and construction of phase lock loops themselves. Miniaturised
external cavity modules have been built and so too have complex
multisection DFB and DBR devices. These are covered in chapter 5.
Workers in Germany!0 and Japanl4 have successfully constructed loops
which use external cavity structures to improve the spectral quality of
the lasers. Kourogi et all3 have also locked a free running laser onto
a laser which had previously been line narrowed using electrical
feedback. This loop had bandwidth of 134MHz and a time delay of
around 1ns. Gliesell,12 et al has demonstrated a system operating at
1.5ym. and Ramos and Seeds!> successfully phase locked a loop using
two free running double quantum well laser diodes. All of these loops
took into account the design criteria presented in chapter three of this
thesis. All of the loops had very short propogation delays. These
groups are all continuing to develop the theory and experimental
development of coherent systems. Reference 16 and 17 present good
overview of the foundations and developments in coherent systems and
reference 11 indicates some of additional design requirements for

future applications.
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CHAPTER 7. CONCLUSIONS AND SUGGESTIONS FOR FURTHER
RESEARCH

7.1 CONCLUSIONS

The work presented in this thesis was carried out as part of a project
to build a bulk optics phase— locked loop (OPLL) using semiconductor
lasers. Along the way several goals were realised, although the major
objective was never achieved. In particular the understanding of the
operation of such systems was advanced and design criteria drawn up
which laid the foundation for other workers finally to build reliable
OPLLs. In addition much work was carried out in building reliable
line— narrowed (less than 100kHz), frequency tunable (greater than

10nm), laser diode modules.

At the start of the project it was already known that there were
particular problems associated with building coherent optical
communication systems and that most of these problems were related
to the spectral purity and stability of semiconductor lasers. However it
was also known that semiconductor lasers present the most attractive
option for future coherent systems in terms of cost, size, reliability,

tunability, lasing wavelength and ease of bulk manufacture.

In chapter 2 the reasons for carrying out this research were presented.
These being that coherent systems offered the potential to fully exploit
the bandwidth of optical fibre by multiplexing thousands of signals
spaced one or two GHz apart. Secondly it was shown that coherent
systems offered substantial improvements, upto 20dB, over practical
intesity modulated direct detection (IMDD) systems in terms of

receiver sensitivities.

An analysis of phase—locked loops was then presented in chapter 3.
This started by explaining how such loops operate before analysing in
detail the effects of shot noise and laser phase noise on the overall
system performance. The first part of this analysis led to wvarious
design criteria fo ensuring optimal loop performance. It was found
that for narrow linewidth lasers (less than 100kHz), near

quantum-— limited detection was possible and that as the linewidth of
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the lasers increased so the overall system performance degraded and
the engineering requirements increased to the point where
phase— locking became impossible. This analysis, however, did predict
that, although two lasers with linewidths of the order of one or two
MHz could be phase— locked, it is nearly impossible to phase— lock

lasers with linewidths in excess of 10MHz.

Experimental work which was presented in chapter 6 indicated that
the analysis given at the start of chapter 3 was inaccurate in that
phase lock was not achieved when expected. For many months systems
experiments were carried out which met the initial criteria in terms of
received power, receiver banwidth and laser linewidths but all to no
avail. As a result of this failure the theory was re— examined and the
effect of propagation time delay on loop operation was evaluated. The
new theory showed quite clearly that in order for a loop to lock,
there was a severe trade— off between receiver bandwidth and time
delay. The limitation on loop stability was calculated to be given by:
wnTq € 0.736
where «, is the natural frequency of the OPLL and T4 is loop

propagation time.

In practice w,Tq should not go much above 0.3. The effect of
propagation delay also meant that what were previously thought to be
optimal receiver bandwidths were far from optimal and possibly
unstable.

This new theory indicated that the experimental programme should
concentrate on building OPLLs with line— narrowed semiconductor laser
modules, as the time delay in the bulk system being used in this
project, around 5 to 10ns, meant that the bandwidth of the OPLL
should be around 10 to 30Mrads/s.

In chapter 3 it is shown that an OPLL with a bandwidth of this
order will only lock if the linewidth of the beat signal is of the order
of a few hundred kilohertz or less. This is because of the excess
phase noise inherent in semiconductor lasers. This phase— noise is why
it was only practical to phase lock two line— narrowed laser modules

using the bulk system described in chapter six.
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The origins and manifestations of laser phase— noise were described in
chapter 4 alongside a fairly detailed examination of the operating
characteristics of the Hitachi HLP1400 laser diode. This chapter
pointed out that although semiconductor lasers have many points in
their favour regarding their suitability as a source for future coherent
systems they have their drawbacks too. The key positive points are
that they are cheap, reliable, small, have low power consumptions, are
manufactured using fairly mature technologies, that they are tunable
and, perhaps most important of all, they have the potential to form
part of a wholly integrated receiver. On the negative side they are
extremely sensitive to changes in temperature and or current, they are
sensitive to reflections of light and as they stand at this point in time

they are too noisy, typical linewidths in excess of 5SMHz.

The theory behind reducing the phase noise of semiconductor lasers
and some experimental attempts at doing so were presented in chapter
5. The chapter investigated two possible approaches to reducing the
linewidth of a semiconductor laser. Either the finished article can be
used to form the active part of a larger laser module or alternatives
to the Fabry Perot structure can be manufactured. In this project only
the former was attempted, although some theory and results regarding
alternative laser structures such as Distributed Fedback, Distributed
Bragg, Cleaved Coupled Cavity and Integrated Passive Cavity laser
devices have been presented.

The two techniques used to improve the spectral properties of the
semiconductor laser involved reflecting some of the laser output back
into the active layer. The first approach was to build a compound
cavity where weak feedback dramatically altered the linewidth of the
laser. Unfortunately this technique is far from ideal as the module is
extremely sensitive to changes in current, temperature and movement
of the reflector. The module is difficult to tune and it mode— hops
regularly. The second and much better technique is to reduce the
reflectivity of one of the semiconductor laser facets and then to use
strong optical feedback to form a bigger laser with a small active
section. This technique has shown itself to be very successful in
reducing the linewidth, in extending its tuning range to greater than

10nm and in improving the overall stability of the device. The main
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problem with this type of module however is in controlling the
mechanical stability of the external reflector. Movements of as little as
a few nanometers can cause frequency shifts of several MHz. These
vibrations are at frequencies in the 0 to 100 Hz range. I bilieve that
it was these low frequency vibrations of the laser cavities which

stopped the successful construction of an optical phase— locked loop.

In reviewing alternative laser structures it was recommended that the
way forward would be to manufacture and investigate some form of
hybrid DFB/passive cavity type device. It was also mentioned that
quantum well structures offer much hope for the future. Unfortunately,
no single device would appear to meet all the desired criteria for an
ideal optical source, namely that it should be tunable, monomode,
have narrow linewidth and not be succeptible to mode hopping. It
should also have a low electrical power consumption, be reliable and

be insensitive to external reflections.

In chapter six, a range of experiments which had been carried out
during the course of the project were reported upon. Many attempts
were made at phase— locking two laser modules. The problems always
came down to inadequate control of laser noise, whether this was
phase— noise when using free running lasers or low frequency
fluctuations of the signal from an external cavity laser, lock was never
confirmed. Attempts were made to stabilise the external reflector using
piezoelectric transducers and by locking the laser onto a Fabry Perot
interferometer. Although these attempts were partially successful, the
design of the external cavity was found wanting. Chapter five gives
some recommendations regarding the design of such devices. An
alternative design would not guarantee success, as the first successful

loops used one semiconductor laser and one HeNe laser.
RECOMMENDATIONS FOR FUTURE WORK

There are four main areas of activity which should be pursued over

the next five years. Indeed research is on going in all of them.

The first area is perhaps the simplest and most obvious. Work should

continue on weakly coherent systems. It is not crucial to the future of
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optical communications that phase locked loops be built using
semiconductor lasers. Mahy researchers have demonstrated wavelength
multiplexed systems using frequency shift keying. More work is
required to take these systems from the laboratory through field trials
into everyday use. This area allows users to exploit the bandwidth of
optical fibre by spacing many signals several gigahertz apart. Indeed if
multi level FSK is used similar power performance can be achieved

when compared to binary PSK.

Following on from the work presented in chapters four, five and six it
is crucial that research should continue on improving the operating
characteristics of semiconductor laser diodes. Multiple quantum well
devices using multi~ contact DFB and DBR structures are continually
improving the performance of these devices. One area of particular
importance is that of de sensitising the laser diodes to the effects of
unwanted and uncontrolled reflections. This may be addressed in the
future by using some form of integrated isolator. Research should also
continue on building small packaged external cavity devices as they
currently outperform all free running devices with regard to tunability
and linewidth.

It is also crucially important to the future use of coherent optical
communications that research continue on developing active polarisation
control systems or very good polarisation maintaining fibre. Although
this area has not been mentioned in great detail in this thesis, largely
because the experimental work used bulk optics and polarisation
control was not a serious problem, it is essential that control is
achieved. The reason this is so important is that all power benefits of
using a local oscillator at the receiver end could be lost if good

mixing is not achieved.

In the longer term the author firmly believes that the future for
coherent systems technology lies in the area of wholly integrated or
hybrid receivers. These are receivers which will include photodiodes,
amplifiers, filters and local oscillators all on or around one chip. This
will remove the need for extremely narrow linewidth lasers by
reducing the propagation delay and therefore will allow for practical

optical phase locked loop systems to be implemented.
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