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SUMMARY

This thesié presents studies concerned with the design of an
optical homodyne PSK receiver.

Fundamental receiver sensitivities for a number of optical
detection schemes are presented. The principal of performance
degradation due to finite phase error in the detection process is
established. The major noise source in semiconductor lasers is
considered, 1lineshape anomalies, which may affect coherent
communication systems, outlined, and methods for laser phase ncise
reduction discussed.

An experimental technique for the measurement of laser phase
noise is implemented, and results from free running lasers
presented. Techniques for linewidth reduction are investigated and
results given.

An analysis of the optical Costas loop, an optimum solution
of PSK detection, is presented. Performance in the presence of
non—-negligible phase noise is considered. Equivalent noise
bandwidth integrals are evaluated for a number of loop filter
functions, and a design procedure for a second order loop
incorporating an active lead-lag filter derived. Consideration is
then given to system operation in the presence of significant loop
propagation delay. A model of the system is developed &nd results
presented for beat iinewidths typical of a number of common laser
sources.

A number of components necessary for the implementation of
the Costas loop are developed. These include a wideband
detector/amplifier module, and a phase modulator. Consideration is
also given to the design of a 90° optical hybrid and an active

filter network.

Experimentation using the semiconductor laser modules

vii



developed in the project is reported. It was predicted from
theory that the beat linewidths obtained would not, with the
available system components, enable phase-lock to be acquired.
It was not possible to confirm this experimentally due to a fire
in the Department.

It was concluded that the reliable acquisition of phase-lock
in an optical Costas loop will require further development of the
laser sources. Acceptable loop performance will be achieved with
" an additional improvement of approximately one order of magnitude

in system beat linewidths.
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CHAPTER 1
INTRODUCTION
1.1. Historiecal Background,

The current generation of optical fibre communication systems
employ direct intensity modulation of some optical source at the
transmitter, either a light emitting diode (LED) or laser diode
(LD), and power detection at the receiver, with an avalanche or
PIN photodiode. This system is commonly known as intensity
modulation/ direct detection, or IM/DD. This method of information
transfer is analogous to the spark gap transmitters developed at
the birth of radio communications around the turn of the century.
The development of tuned circuits and associated theory coupled
with the invention of the vacuum valve led rapidly to the use of
frequency selective transmitters and receivers, and to the
'coherent’ modulation and demodulation of amplitude, frequency,
and phase modulated carriers. The use of these techniques resulted
in an improvement of several orders of magnitude in receiver
sensitivity and frequency selectivity, and, hence, more efficient
use of the available radio frequency spectrum.

Similar advantages are to be gained from the use of coherent
techniques in the field of optical fibre communications. It has
been estimated that the useful spectral ’'window’ in currently
available single mode silica fibre at 1.5pm is ~50,000GHzl.
Coherent techniques would allow 1GBit channels to be spaced
perhaps 2GHz apart in a frequency division multiplex system. In
addition, receiver sensitivity improvements could allow an
increase of up to four times in the distance between repeaters in
a fibre optic link. This makes, for example, 'island hopping’ of
submarine cables feasible over a larger number of routes

worldwide, reducing dramatically cable maintenance costs. Such



systems are still, however, several years in the future. Reliable
operation of optical coherent receivers has yet to be proven in
the laboratory, and the theoretical analysis of these receivers,
and of certain artifacts unique to optical detection, has only
recently advanced to a competent level. The work presented here

seeks to contribute to this understanding.

1.2. The Development of Coherent Optical Systems.

With the invention in the 1950's of the laser, a narrow
linewidth (temporally coherent) optical source, the development of
coherent technology for optical communication systems became
feasible. Atmospheric transmission experiments began in the 1960's
with HeNe and CO, gas lasers 2'3'4'5’6. However, these experiments
were not extended to fibre optic systems until recently, when
single mode CW semiconductor lasers became more readily available.
The first successful demonstration of an optical heterodyne
experiment applicable to fibre optic systems was reported in
19807’8. Frequency shift keyed (FSK) modulation was employed, and
AlGaAs semiconductor laser diodes were used as the transmitter and

9

local oscillator. Also in 1980, Yamamoto” quantified for the first

time the performance limits for coherent detection schemes in the
optical regime.

The performance improvements over IM/DD systems predicted by
Yamamoto have been the driving force behind the considerable body
of research which has since been reported. This research effort
can be divided into three broad areas:

1) Theoretical analysis of coherent detection systems,
including the transmitters, fibre waveguide, and receivers.

2) Research into and development of special devices required

for coherent detection systems, such as frequency stabilised and



spectrally pure laserslo'11'12'13, polarization state controllers,
and modulators.

3) Systems experiments, including bit error rate (BER)
measurements on various modulation formats.

The effort in this Department was initiated in 1980. In 1983,
R.C.Steele reported, for the first time, phase locking of
semiconductor lasersl4. This was done with two 825nm GaAlAs
devices. A number of other papers around this time reported the
results of BER measurements for various ASK, FSK, and PSK
demodulation system515'16’17’18. Sensitivity figures only 1dB away
from the shot noise 1imit15, and 19dB better than direct detection

18 yere being achieved. Thus the theory derived by Yamamoto

systems
was confirmed experimentally. However, these measurements were
done under ideal conditions, using either injection locked lasers
or a self heterodyne process. No attempt had been made to phase
lock two sources in a similar manner to Steele. There was,
therefore, considerable scope for work on systems, and in
particular phase locking, experiments. Most challenging was seen
to be the case of the homodyne PSK receiver.

To improve on Steele’s loop, development of the laser sources
to improve stability and spectral purity was required. It was
hoped that sufficient advances could be made to bring the sources
within the scope of the loop theory available at the time9’19.
This required that the effects of phase noise on the loop be
negligible. Several new techniques for line narrowing were
investigated. However, as outlined in chapter 4, the linewidth
reduction and stability improvements achieved did not meet the
theoretical criterion. A phase-locked loop model was therefore

required which incorporated phase noise effects and optimised the

loop parameters to take account of them.



In 1979, Armor and Robinson20 reported on studies conducted
into the coherent combination of CO, lasers for phase array
applications. They derived an expression for the optimum
equivalent loop bandwidth (minimum phase error variance) in this
relatively noiseless situation. This was found to be a function of
the heterodyne receiver shot noise, and various phase
perturbations produced as a result of acoustic disturbance of
experimental elements (mirrors, etc), and also of quantum phase
fluctuations of the two laser sources. The application of this
result to fibre optic coherent systems, which utilised large
linewidth (noisy) semiconductor lasers, was not realised until
almost six years later.

Recently, a considerable amount of work has been published
based én Armor’'s model21727, 711 of the workers base their
analysis on PSK systems. These systems are most affected by phase
noise., It was concluded that PSK homodyne detection requires a bit
rate to linewidth ratio of ~5x10"4 for less than a 1dB
performance penalty. The model presented in chapter 5 is a
synthesis of these reports and work conducted in parallel in this
project. Included for completeness is the evaluation of a number
of equivalent noise bandwidth integrals not previously considered.

An assumption of a narrow beat linewidth (~ tens of kHz) was
made throughout the above analyses. In this context, beat
linewidth is the linewidth of the optical signal resulting from
the mixing of two individual optical emissions, as occurs in a
coherent optical receiver. The magnitude of the beat linewidth is
the sum of the individual linewidths of the transmit and local
oscillator lasers. At the present time, only one semiconductor
laser source11 has been reported as having a linewidth of the

order of 10kHz. Therefore, beat linewidths of 1MHz or greater are



still likely to be encountered in experimental phase-locked
coherent communication systems. Current theoretical models cannot
fully describe the performance of phase-locked loops operating
under these conditions. A modified loop model was therefore
developed to fill this knowledge gap.

To maintain the variance of the loop phase error to within
acceptable levels under the above conditions, a large value of
loop bandwidth will be required. This in turn will mean that the
effects of propagation delay in the loop will be significant. A
theoretical model which evaluates the system phase error variance
accounting for these effects is described in chapter 6. This
analysis is relevant to all types of optical PLL’s operating in
this regime. However, only for the case of a Costas loop does
chapter 6 represent a complete set of design criteria. In other
cases, effects such as data to phase-lock crosstalk may have to be

consideredzz.

1.3. Outline of Thesis.

The work presented in this thesis falls into four major
divisions. Chapters 2 and 3 present the necessary background
material to this work. Chapter 2 contains the derivation of
equations describing the theoretical minimum receiver
sensitivities for a number of optical detection schemes operating
under ideal conditions. This is known as shot noise limited
detection, and yields the underlying reason for pursuing this
field of research. In addition, the principle of performance
degradation resulting from phase noise in the detection process is
established.

Chapter 3 examines the major sources of spectral broadening

in semiconductor lasers. Initially, the free running laser is



studied, and an expression for the fundamental 3dB linewidth, or
full-width half-maximum (FWHM), derived. Anomalies in the expected
spectral lineshape of the emission are discussed. Techniques for
the reduction of the 3dB linewidth are also considered in this
chapter. These include several passive techniques as well as
discussion of innovative laser structures.

Experimental measurements of laser linewidths are made‘in
chapter 4 using a technique first described by Okoshi et a128,
This self heterodyne experiment allowed various line narrowing
techniques to be evaluated. Results from two types of line
narrowing systems are reported, and the correlation of experiment
with theory examined.

The development of a loop model which will satisfactorily
describe the operation of a Costas loop with the beat linewidths
obtained from the sources reported in chapter 4 is described in
chapters 5 and 6. Chapter 5 contains an analytical model which
describes the effects of phase noise (non-negligible linewidth) on
loop performance. However, this analysis falls down when large
values of beat linewidth (>~500kHz) are considered, and large
values of loop bandwidth are required. The effects of propagation
delay in the loop will then bring about a degradation in
performanée. A model which incorporates propagation delay and
which quantifies these effects is described in Chapter 6.

Chapter 7 details experimental steps taken to forward the
implementation of an optical Costas loop. Several loop components
were designed and constructed. Measurements were made of beat
spectra between two of the modules described in chapter 4. Using
the model of chapter 6 and result of loop propagation delay
measurements, conclusions were drawn relating to the likelihood of

success of this experiment.



Conclusions and recommendations for further work are outlined

in chapter 8.
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CHAPTER 2,

A PERFORMANCE COMPARISON OF OPTICAL DETECTION SCHEMES,

2.1. Introduction.

In any research project it is necessary to derive some
datum level against which experimental or theoretical results can
be measured. This éhapter will perform such a function by defining
a maximum achievable performance for a number of binary optical
detection schemes. Theoretical limits will be derived and a
comparison of the results made. Consideration will also be given
to the practical realisation of the calculated performance. The
detection systems discussed will bel:2,3,4.5,

a) Intensity Modulated Direct Detection (IM/DD) systems,

b) Amplitude Shift Keyed (ASK) coherent detection systems,

c¢) Frequency Shift Keyed (FSK) coherent detection systems,

and

d) Phase Shift Keyed (PSK) coherent detection systems.
The effect of laser phase instabilities on coherent system
performance6'7’8’9’10 will also be discussed and conclusions

reached as to the modulation format most likely to give the best

performance.

2.2. Noise in Optical Receivers.

The basic components of any optical receiver are shown in
figure 2.1. They are the photodetector (an avalanche photodiode
(APD), or PIN diode), a front-end amplifier and equalisation
circuitry, and a decision circuit to recover the transmitted data.
This essentially completes an IM/DD receiver. A coherent receiver
will require, in addition, some form of feedback path (dashed

lines in figure 2.1) to control the frequency or phase of the
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local oscillator, the reference signal against which the received

optical signal is compared.

2.2.1, Shot Noise.

All optical receivers will be subject to shot noise due to
the quantum nature of light. Noise sources of this type will
include the received signal power, any received background
emissions, the dark current internal to the diode, and, in the
case of coherent receivers, shot noise due to the incident local
oscillator power. Each of these sources will produce some

equivalent mean square photocurrent at the output of the diode:-

i* = 2.e.(n.e/h.v).Pg. >3 B —-[2.1]
13, = 2.e.(n.e/h.v) Py >2¥X B ——[2.2]
17y = 2.e. (a2 4+ 1).B —-[2.3]
and E;LO = 2.e.(n.e/h.v).PLO.<M>2+X.B —-[2.4]

where s denotes signal power, b, background light, d, dark
current, and LO, local oscillator power and where

B is the bandwidth of the diode/front-end amplifier

combination,

n is the quantum efficiency of the diode,

h is Planks constant,

e 1is the charge on an electron,

v is the frequency of the incident radiation,

M is the gain of the APD ( = 1 for PIN),

13



X is the excess noise factor of the APD,
P is the received power of the appropriate source,
Im is multiplied dark current,

and In is non multiplied dark current.

Dark current results from the spontaneous emission of hole-
electron pairs in the device which travel to the device terminals
constituting a current under no light conditions. If the device is
an APD then, depending on where the emissions occur, they may or
may not undergo a multiplication process. In a PIN diode, Iy = 0.

It should be noted that no attempt is made in this analysis
to account for the effect of pulse shape, intersymbol
interference, or any other effect associated with a non-ideal

IM/DD receiver. The reader is referred to references 11 and 12 for

a fuller treatment of these subjects.

2.2.2, Thermal Noise.

Associated with the front-end amplifier and the equivalent
load resistance will be a significant noise contribution due to
thermal or Johnson noise. If a simple load resistor is used to

bias the diode, then the equivalent noise power will be:-

i2, = 4.k.T.B/R, ——-[2.5]

where k is Boltzmanns constant, Ry is the load resistance, and T
is the temperature of the device. If RL is chosen so as not to be
the dominant thermal noise source then the noise contribution from
the front—-end amplifier must be considered. A likely choice of
amplifier is a high impedance FET. The equivalent noise power of

this device is given by the expressionlz-

14



i3, = [(4.k.T/R)) . {1+7 /gy R} + 2.e.Igpg]

+ 4.x.T.0 . (2.n.Cp)2.B% / g -—-[2.6]

where, in addition to those terms already defined:-

&n FET transconductance,

N

IgaTp = 8ate leakage current of the FET,

a numerical factor given by the FET material,

and CT = total load capacitance of the amplifier.
Using equations [2.1] to [2.6] the theoretical performance of

the optical receivers under consideration can now be derived.

2.3. Theoretical Performance of an IM/DD System.
2.3.1. Probability of Error.

As stated in section 2.2.1, the solid line components of
figure 2.1 constitute a basic direct detection receiver. The
transmission format in such a system is ’'power on' denoting one
state and 'power off’ denoting the second. As such, the receiver
is subject to two noise conditions. If ‘power on'’ is defined as -
the mark or '1l’ state, and 'power off’ a space or '0' state, then
when a mark is received the total variance of the input noise
current is the sum of the variances of the individual noise

sour-ce513 H

o?py = itg + i3g + 1% + i3, —-[2.7]
where D denotes direct detection. Similarly, for a received space:-

It is implicitly assumed above that the noise processes

15



described in [2.2] are governed by gaussian statisties. This is
not strictly accurate since photodetection is a discrete process
governed by Poisson statistics. However, the gaussian analysis is
a much simpler approach, and, if the number of observed events is

large, the associated errors are very small.

If the corresponding signal current for a received mark is

given by (assuming <M)> = 1 for simplicity):-

Sp = n.e.Pg / h.v -—-[2.9]

then the probability density functions for the reception of the

two states can be calculatedlsz—

1
Po(x) = ——m888 exp —(x2/2.0%p,) —1I[2.10]
0 (2.n.o’D )0'5 0
and
1
Pl(x) = — exp -((SD—x)’/Z.c’Dl) —[2.11]
(2.71.0%p,) 03

These functions are plotted in figure 2.2, D is the decision
level derived from the overlap of the two functions.

If Peo(x) is the probability that a mark is received when a
space is transmitted and Pgy(x) is the corresponding mark error,

then the total probability of error is given by:-—

Pp = Peo(X).Pg + Pey(x).Py ——I[2.12]
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where P0 and Pl are the probabilities that a space and mark
respectively were initially transmitted. For simplicity, it is
assumed that on average an equal number of ones and zeros were
sent. Thus, PO =Py = 1/2. From figure 2.2 it can be seen that

Poo(x) is the area of the PDF, Py(x), which falls between D and

©s -

1 -]

Poo(x) = — 0.5 JGXP =(x3/2.0%p,) dx ——[2.13]
(2.“.621)0) M D

Similarly, Pel(x) is the area of P;(x) between -= and D:-

1

D
(2.m.0%p) " —

Substitution of [2.13] and [2.14] into [2.12] yields the total

probability of error or bit error rate (BER) of the system:-

1 1 ®
PD = - { _—7——0.5 jexp —(x’/2.o’D1) dx
. 2 (2.ﬂ.6 DO) D
1 D
+ — Iexp -((Sp=x)2/2.0%pq) dx ] ——-[2.15]
(2.ﬂ.6’D1)0' o

Introducing the change of variable, t=(Sp-x)/op; in Pgq(x) and

t=x/aDO in Peo(x) results in:-

17



17 1

PD=

[ exp -t2/2 dt
2 L (2.m%53 Jp/op,

1 [ b 1
+ 0.5 exp ~t3/2 dt = -——[2.16]
(2.1)7+3 J(Sp-D)/opq ]

Assuming an equal probability of erroneous mark or space, then the
limits in both integrals can be equated to give an optimum

decision level:-

D/epg = (Sp - D) / opy

%po Sp
=) Dopt = ———— —[2.17]
%po * °p1

and hence, substituting [2.17] into [2.16] yields a total

probability of error, or BER, of :-

[

1
BER = exp -t2/2 dt -—[2.18]
(2.m%35 ) s,

(opg*opy)

The form of the integral in [2.18] is well defined® and is known
as the complementary error function of Q (erfec(Q)), where Q is the
finite lower limit of the integral (Q = Sp/(opy+opy) in this
case).

It should be recognised that (SD/(aD0+qD1))2 is the detector

input signal to noise ratio (SNR). Thus, for a given input SNR the

system bit error rate is easily calculated:-

18



BER = erfcl(S/N)0-5] —[2.19]
This function is plotted in figure 2.3. From this graph it can be
seen that the required received signal to noise ratio (SNR) for a

BER of 109 is 15.56dB (Q = 6).

2.3.2. The IM/DD Shot Noise Limit.
Consider the case of a noiseless receiver, ie opo = 0. Under
those circumstances an expression for the theoretical minimum

received power per bit for a prescribed error rate is obtained:-
Q= SD / 6D1 _—[2.20]
Substituting [2.9] and [2.7] (and hence [2.1]) into [2.21] yields:-

n.e.Ps / h.v

(e2.B.n.Pg / h.v)0:5

Il
v
[=]

N

]

n.Pg / (h.v.B) -——-[2.21]

The term n.Ps / h.v is the number of photons incident on the
diode per second. In an ideal receiver, the input bandwidth, B,
can be minimised to pass power in frequency components only up to
the bit rate, fp. Therefore, the minimum required number of
photons per bit can be found. This figure is 36 photons per bit
for a 10”9 BER. If a system bit rate and receiver responsivity
(R=n.e/(h.v)) is then defined, this number will correspond to an
average received power. A typical system responsivity for
a silicon PIN diode operating at 830nm is R=0.85. Also a bit rate

of 565Mbit/s will be specified. This results in a minimum received

19
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_power of -54.2dBm required to achieve the specified performance in

this systemn.

2.3.3. Discussion on Direct Detection Systems.

It can be seen that the sensitivity of a direct detection
system depends on a number of parameters. In a optical fibre
system, background light is normally insignificant, and depending
on the wavelength of operation and hence the type of detector
used, the detector dark current can usually be ignored as well.
This leaves the thermal noise component of the receiver as the
dominant noise source. Combining this with the fact that the
quantum efficiency of the detector is always less than 1 (0.8 -
0.9 for silicon devices,'and 0.6 — 0.8 for germanium), results in
a system that can be some 10-15dB less sensitive than the shot

noise limit.

2.4. Theoretical Performance of Coherent Detection Systems.

2.4.1. General Considerations.

Returning to figure 2.1, the broken line portion of the
illustration represents the additional components required for the
general implementation of a coherent detector. These are;

a) some form of feedback control electronics providing frequency
or phase information to the local oscillator from the beat signal
impinging on the detector,

b) the local oscillator, which provides a reference signal with
which the receiver compares the incoming signal, and,

¢) some form of mixer to combine the local oscillator signal with
the transmit, or information bearing, signal.

The output of the mixer can be represented as the sum of the

complex amplitude of the two input signals.
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Let:-

Ep(t) = Re{(2P) %3, exp(i(upt + @)

(2P) %5 cos(ugt + @) —[2.22]

be the magnitude of the received optical signal and:-

Epo(t) = Re{(2P[ )0+, exp(ilo ot + 81) )

(2PL0)O'5 cos(vp gt + OLo) ——[2.23]

the magnitude of the local oscillator signal. w is the mean
angular frequency and ¢ the absolute phase of the respective
waveforms, At this point, no consideration of any phase
instabilities in these signals is being made, i.e. the source
linewidths are assumed to be zero. Since the photodiode (PIN or

APD) in the receiver is a power detector the photocurrent
resulting from the mixing of Ep and E;4 is of the form:-
i. = R.[ Ep(t) + E o(t) 12
s~ T LO
= R.[ PT + PLO + 4(PT.PL0)0'5 COS(th + QT)OOS(wLOt + wLo)]

—I[2.24]

where R is the responsivity of the diode. Expanding cosines and

ignoring the 20 terms, since no optical response is possible at

those frequencies, yields:-
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15(t) = R.[Pp + Ppg + 2(Pp.Pp ) 0+% coslug-upg)t + (Gp-0 )0

——I[2.25]

The term (wT—wLO) is the difference or intermediate frequency
term of the beat signal denoted wrp. @1 - @9, denoted Ug,
represents the phase error between the reference signal and the
input. In a frequency locked loop, only TR is used to provide
feedback information. In a phase locked loop GE is utilized to
provide a control signal. If stable lock is achieved (in frequency
or phase) with TR # 0, then the coherent detection process is
known as heterodyne detection. If orp = 0, then the detection is a
homodyne process. The following analysis will assume heterodyne
detection. The performance variances of homodyne detection will be

considered in section 2.4.5..

2.4.2. ASK (On—Off-Keyed) Coherent Detection.

As indicated below in equation [2.26], there is an additional
noise source in coherent detection systems not present in direct
detection systems. This is the quantum shot noise introduced by
the local oscillator. From equation [2.4]:-

izLO = Z'e'R'PLO'BH ""'""[2.4]

where By is the IF bandwidth of the coherent heterodyne receiver.
It should again be noted that, at this point, laser phase noise is
excluded from the discussion. Incorporating this in [2.7] and

[2.8] the total variance of the input noise current for on-off-

keyed (OOK) systems is obtained:-

oty = E;T + i + E;d + 12y + 12, ~——[2.26]
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and:-
oigo = 12y + 124 + 13 + i3, -—[2.27]

However, due to the proximity of the local oscillator to the
receiver, PLO >> Pq. Moreover, P o can be made large enough to
dominate all other noise terms. Thus, since i?LO is present in
both [2.26] and [2.27], the noise variance for mark and space

detections are the same:-

62H1 = O-ZHO = ozH = izLo ———_[2;28]

The signal amplitude in an ASK scheme, SH’ is given by the

magnitude of the AC component of [2.25]:-
_ 0.5 —_—
Sy = 2.R(Pg.PLq) [2.29]

Thus it can be seen by comparing [2.28] with [2.29] that Pio
appears in both the signal and noise terms. This obviously has
implications for the signal to noise ratio of the system in as
much as by increasing Pjg, I;LO becomes the dominant noise source,
as was stated, while at the same time the signal power, Sp, is
also increased. Such a situation realises the maximum input SNR °
for the receiver, and is known as shot noise limited detection.
This state can be reached for any modulation format employing a
coherent receiver and is the reason why coherent detection systems
may achieve quantum limited detection when direct detection
systems do not.

From [2.28] and [2.29] the PDF's for zero and one

transmissions can be calculated (Figure 2.4). Since 6%y, = o3y,

23



"UOI}3313(] justayo]y NSy 4o
suoljoung Ayisus( A}j1qogoud

"' 4nbi4
0
X
uoidaday jo Ayqogold A v d
(x)d_ .
B (x) ¥d
d
AXVOwn_ Im
(%)t
X NS

apnyjdwy jpubis



the optimum detection level will be half the mark signal power

level: -

Dopt = Su/2 ——[2.30]
Using an identical argument to that described in section
2.3.1., an expression for the total probability of error can be

derived. Utilising [2.28], [2.29], and [2.30] in [2.10] through to

[2.18]:-
1 SgDopt Dopt
BERASK = - [erfc[.————gg— ] + erfc( op ] ]
2 GH UH
Sy
= erfc (—) —[2.31]
ZO'H

The minimum receiver sensitivity of a coherent ASK system is
obtained by substituting [2.28] and [2.29] into [2.31] and

equating to Q, as in section 2.3.2.:-

R.Pyp

Q2 - —-[2.32]

2.e.BH

The IF bandwidth of an ideal heterodyne receiver will be
twice the system bit rate. Thus, if the same system parameters are
used (R = 0.85, fp = 565MBit/s), the minimum received power/bit
for a 1079 BER is -51.2dBm. |

Depending on the wavelength of operation, bit rate of the
system, and quality of the direct detection system, the received
optical power for an ASK heterodyne direct detection system can be

in practice some 7-12dB less than that required in a direct
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detection system for the same performance. This is due purely to
the ability of the coherent receiver to attain shot noise limited

detection.

2.4.3. F3K Coherent Detection.

FSK, unlike ASK, is a constant carrier mode, ie there is a
carrier transmitted with both mark and space bits. Information is
transmitted by keying between two frequencies, fl and f, for mark
and space respectively, and detection is implemented through the
use of two receivers tuned to f1 and f5, producing in turn output
voltages, vy and v, (Figure 2.5). Thus, by summing these two
outputs, a decision can be made on the received bit. The total
probability of error thus requires consideration of the outputs of
both receivers in one bit period.

Considering the reception of a mark bit and hence the
presence of a signal power, Sy, given by [2.29], at the output of

receiver 1, then the PDF islz—

1

P(vy) = exp —((Sy-v{)2/2.0%,q) —-[2.33]

(2.n.6’v1)0'5

while the PDF of receiver 2 is:-—

exp —((SH—VZ)’/Z;azvz) —-[2.34]

These signals are then input to the summing device. An error will
therefore occur if v, > vj. The probability of error when a mark

is transmitted is then:-
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Pg(vq) Prob(vy - vy < 0)

1

0
= (2.7, (6% +g? ))0'5 I €exp ‘((W‘SH)z/z.(azv1+czv2) aw
. . vl v2

—

————1[2.35]

Since, as described in 2.4.2., the local oscillator signal will be
the dominant noise term at the input to both receivers, the noise
variance for a received mark will equal that for a received space,

ie o2,y = o%,, = o?g. Thus [2.35] becomes:-

1 0
Poy(w) = ———— | exp ~(w-Sp)2/4.0%y dw  ——[2.36]
o1 2.(m0:5 .5, L i H

Using the change of variable u = (w—SH)lzo'saH:—

1 [--]
P q(w) = — ] exp —(u2?/2) du
1
€ (2“)0'5 SH
0.5
2 oy
= erfe (85/2% 30y -—-[2.37]

An identical argument yields the same result for Peo(w).

Therefore, by using [2.12] and assuming that P, = P; = 1/2, the

total probability of error can be obtained:-

0.5 _—
BERFSK = er‘fc (SH/2 UH) [2.38]
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Comparison of [2.38] with [2.32] shows a 3dB improvement in the
sensitivity of an FSK heterodyne system over an ASK heterodyne
system. Thus, for the parameters previously specified, the minimum
received power in this case is -54.2dBm.

However, it should be noted that because in ASK power is
transmitted only on a mark, the average power transmitted in an
ASK coherent detection scheme for a specified bit stream is half
that required for an FSK scheme. Thus, when comparing average
transmitted powers, the two formats are found to be equally

sensitive.

2.4.4, PSK Coherent Detection.

Phase shift keyed (PSK) transmission is also a constant
carrier mode. However, instead of a change in carrier frequency, a
change in carrier phase is used to transmit information. This can

be represented as:-
Ep(t) = (2P)% sin (gt + A6p(t) ——1[2.39]

where O is the carrier frequency (in radians), A6 is the peak
phase deviation, and p(t) is some binary switching function with
possible states of +1. It is convenient to define a modulation

index for [2.39] as:-

cos A6 ——1[2.40]

i

m

Substituting this into [2.39] and using a standard trigonometric

expansion, an expression in terms of carrier and modulation

sideband signals can be obtained:-
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Eq(t)

PTO'5 [sinurt.coslp(t)cos™Im] + coswrt.sinlp(t)cos™Im]]

Pp0-5 [m.sinagt + p(t)(1-m2)0-5cosuqt] ——-[2.41]

From [2.41] it can be seen that the average power in the carrier
cqmponent of the wavefornm is m’PT/Z, and that in the modulation
sidebands is (1-m2)Py/2. Thus, if A& = n/2 (m=0), all the
available signal power is in the modulation sidebands. This
special case of PSK is known as phase reversal keying or PRK, and,
because sideband power is maximised, it is an optimum modulation
format. The lack of a transmitted carrier can, however, be a major
problem in demodulating the signal. Some method of regenerating a
carrier component at the receiver is required in order to
demodulate the signal with minimum performance degradation.
Inevitably, this adds to receiver complexity (chapter 5).

It can be seen from [2.41] that the amplitude of the received
modulation signal is modified by a factor of p(t)sinA6. Thus, the

received signal level , Sg., becomes: -

Sy = Sy sinAe —-[2.42]
for a mark bit and:-

=Sy = —Sy sinA® ———[2.43]
for a space, Sy = 2R(PT.PLO)0'5 as before. Thus, the phase shift
keyed signal is an antipodal signal with PDF’'s of the form shown
in figure 2.7. This, as expected, indicates that maximum signal
power and minimal PDF overlap is achieved at A8 = n/2.

Again, following a similar argument to section 2.4.2,, the
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probability of error can be derived. Taking the case of the mark

bit:-

1

L]

0
Pel(x) [ exp -(SHsinAe-x)’/Zo’H dx

0.5
(27[) .O'H

erfc

SHsinAe
[ _— ] —-[2.44]

SH

and since P q(x) = P (x), and also assuming Py =P; = 1/2, then

from [2.12], the total probability of error is :-

—1[2.45]

SH( 1-m2 )
BER = erfc [ —_—_— ]

SH

In a PRK system (m=0), this gives a 3dB sensitivity improvement
over FSK heterodyne (cf. [2.38]); Hence, for the parameters
previously discussed, an ideal heterodyne PRK receiver would
require -57.2dBm of received power to achieve a 1079 BER. Ho;ever,
if a modulation index of less thann/2 is used, this sensitivity
will be reduced by 10 log;4(1-m2)dB. Thus, a 1dB penalty will be
incurred if A6 is reduced from 90° to 63°, and the required power

at the receiver input will be -56.2dBm.

2.4.5. Homodyne Coherent Detection.

The analysis so far has aésumed that a heterodyne detection
system (Figure 2.8) has been used. In order to avoid the effects
of spectral overlap in this detection process, the Nyquist
criterion requires that the bandwidth of the detector/front-end

amplifier combination is equal to or greater than twice the
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maximum frequency present in the modulation (baseband)

bandwidth13:-

By = 2.Bg —-[2.46]

where Bg is the modulation bandwidth and By is the heterodyne
receiver bandwidth centred on wrp. Since the local oscillator shot
noise power is proportional to receiver bandwidth, a reduction in
BH would reduce o2y and increase the receiver sensitivity. Such a
reduction is possible in ASK and PSK systems by employing the
system of figure 2.9. Here the local oscillator frequency is the
same as the received signal (wT = ”LO) converting the received
data directly to baseband for detection, thus requiring a receiver
bandwidth of only BB' This produces a 3dB improvement in received
SNR for homodyne systems against heterodyne systems.
Unfortunately, as will be shown in chapter 5, this also requires
an improvement in local oscillator and transmit source stability,

which may well lead to a more complex and costly system.

2.5. BER Degradation In Coherent Systems Due To Laser Phase Noise.

The coherent systems considered in section 2.4 have been
ideal in the sense that only fundamental noise sources, namely
quantum and thermal perturbations in the detection process, have
been included in the discussion. This has led to the set of
theoretically achievable results listed in figure 2.10 (section
2.6). However, if it is now assumed that laser sources with non-
negligible linewidths are to be used in such systems then some
degradation in performance will be observed. The quantitative

evaluation of this degradation is the subject of this section.

Spectral spread in a laser can arise from phase instabilities
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both internal and external to the device itself3:4,6 The source
of these instabilities will be discussed in chapter 3. It is
sufficient to state that here that, in general, gas lasers are
some four orders of magnitude more stable than currently available
unmodified semiconductor lasers. However, for reasons to be
discussed in chapter 3, it is the latter group of devices with
which this project will concern itself. Their linewidths can be of
the order of tens of megahertz. This results in substantial phase
uncertainty at the receiver, and if not controlled in some manner,
the effect on the system BER could be catastrophic. Depending on
the type of modulation scheme used, various control techniques can
be employed. Since, in section 2.4, it has been shown that a PSK
format is the most efficient modulation scheme, the following
argument will be confined to such a system. Moreover, the use of a
phase locked or data synchronising control loop as distinet from a
frequency locked loop will also be assumed.

The effect of phase noise can be analysed in the classical

4

PLL sense as phase jitter in carrier recovery' and as such an

analysis leading to a modified set of BER curves can be derived

8. This phase jitter is incorporated in

from standard rf techniques
the photodetector output [2.26] as a phase error between the IF

carrier and the reference LO signal:—
is(t) = SHcos[GE(t) + AGn(t)] + x(t) —I02.47]
where Sy = 2.R(Pp.P )%, Op(t) = Op - @5, and it has been

assumed that g = wvpq. x(t) is a white, gaussian noise term

arising from the shot noise at the receiver input. It has zero

mean and variance given by :-
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o*x = e.R.Pq.By ——-12.48]

thus equating to o*y discussed in the previous section. The phase
error variance term is also a zero mean gaussian random variable

with variance:-
<A@ 2(t)> = oy ——[2.49]

As with the shot noise term, it is the variance of the phase noise
that will determine the final system performance. The variance
itself is a function of the bandwidth of the phase fluctuations
@,(t) (which also determines the laser linewidth) and of the phase
tracking circuit.

The inclusion of AG,(t) will modify the demodulator output

and hence the PDF's Py(x) and Py(x):-

i () =

<{ Syeos(A@,(t)) + x(t) - mark transmission
s

—SHcos(AGn(t)) + x(t) - space transmission

With the signal still being antipodal the decision level D is
unaltered. However, P.,(x) and Po1(x) now include a second random
variable, AGn(t). For a given AGn, the probability of error is

given by [2.4418:10._

Spcos (AG, (t))
BERw = erfc [ ]

——1[2.50]
GH .

The average bit error rate is obtained by averaging [2.50] over

the probability distributions of A@,, yielding:-
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SHCOS(Aen(t))
| | T —S

1 [--]
BER = ~ j erfec
2 ).

°H

where p(Jd) is the PDF of AUn(t). The resultant BER curves were
calculated by Prahbu® for two distributions of p(@), gaussian and
truncated gaussian., In the majority of practical cases the most
useful distribution is the zero mean truncated gaussian (or
Tikhonov) distribution. This describes most accurately the band
limited nature of the noise process being considered. Bit error
rate calculations for this (solid lines) and the zero mean
gaussian case (dashed lines) are plotted in figure 2.11 for
various values of og. In the Tikhonov distribution case it is
shown that for a 109 BER, a 0.5dB SNR penalty is incurred if og =
10° (o2 = 0.03 rads?). Moreover, if o5 = 12.5° (g2 > 0.047) then
a 1079 BER is not achievable. This BER figure is a common
specification for commercial communications links and therefore
places important performance limitations on practical

implementations of phase control loops.

2.6. Optical Detection Systems: Discussion and Conclusions.

This section has defined and quantified the basic noise
sources relevant to optical detection. In IM/DD systems these
sources were shot noise from signal, background light, and dark
current terms, and thermal noise from the electrical components in
the receiver. In coherent systems it was shown that in order to
maximise the SNR at the receiver input, the local oscillator power
should be made large enough to make the resultant shot noise term
the dominant source.

The theoretical minimum probability of error, or BER, was

evaluated for an IM/DD system and several coherent modulation
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formats, and it was shown that since coherent detection systems
can achieve shot noise limited detection, they can offer between
10 and 25dB improvement in receiver sensitivity over direct
detection systems depending on operational wavelength, bit rate,
and recelver efficiency. It was also shown that the most efficient
modulation format and detection scheme was homodyne detection of a
phase reversal keyed (PRK) waveform. A comparison of the main
results of sections 2.4 and 2.5 is shown in figure 2.10.

Finally, the degradation of BER due to spectral spread in the
local oscillator and transmit lasers of coherent systems was
discussed. It was shown that an increase in the probability of
error will occur proporfional to the variance of the phase noise
error at the receiver. In the case of a Tikhonov (zero mean,
truncated gaussian) phase noise distribution it was shown that if
630 = 0.03 r-ads2 then a 0.5dB increase in SNR will be required to
maintain a BER of 1079, If, however, o2y > 0.047 then a 1077 BER
is not achievable. It was stated that a’a is dependent on the
linewidth of the sources used and also on the bandwidth of the
phase tracking receiver., These results will be used extensively in

the analysis of optical phase locked loops in chapters 5 and 6.
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CHAPTER 3,

SEMICONDUCTOR LASER PHASE NOISE AND LINEWIDTH REDUCTION,

3.1. Introduction,

It was shown in chapter 2 that the performance of a coherent
optical phase locked loop (OPLL) was dependent on the magnitude of
the phase instabilities of the lasers used in the system. It would
therefore be desirable to utilise lasers with minimal phase noise
components or, in other words, narrow linewidths. If consideration
is confined to optical fibre communication systems, which will
support propagation in the near infra-red, then only two types of
laser can be utilised, Helium-Neon (HeNe) gas lasers, or
semiconductor lasers (either GaAlAs or quaternary).

On initial inspection, HeNe lasers satisfy a number of the
criteria for successful coherent demodulation. Cavity lengths are
around 30cms and the lasing medium is not dense. As a result
optical confinement is high, cavity losses are low, and hence the
cavity Q is high. Linewidths of the order of a few kHz are easily
achievable. If the device is carefully handled, then the output
emission is also relatively stable. On the other hand, its size
makes it cumbersome to manipulate, the optics required to couple
light into external components can be sizeable, and the process of
coupling into these components is prone to mechanical vibration.
Therefore, although the emission of the solitary laser might be
quite stable, the overall system output may well be unacceptably
transient. In addition, pumping of the gaseous lasing material
requires a high level voltage source and, consequently, a power
supply that is both complicated and large.

Similarly, the PZT positioners which when attached to the

laser mirror are used to implement frequency control over the
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output line, require a high voltage drive. Moreover, these devices
have a maximum modulation rate of only ~50kHz. Hence, this
necessitates the use of an external modulator not only for data
encoding, but also at the local oscillator if a receiver loop
bandwidth of greater than a few kHz is to be achieved. This
introduces yet more mechanical instability into the system.
Semiconductor lasers, on the other hand, are small in size
(typically 300um (length) x 200um (width) x 100um (height)), draw
a drive current of only one to two hundred milliamps at low
voltage levels (<5v), and are also capable of being directly
modulated through variation of the drive current. In addition,
coupling between laser and fibre can be effected using butt
<:oupled1’2'3’4 or lens fibres. These are soldered into position
using low temperature Indium solder only a few microns away from
the laser chip. The laser/fibre combination can then be sold as a
package with a fibre pigtail, the pigtail being fused later to the
transmission system. Thus, physically, a semiconductor module can
be made very small, and mechanically, it can also be made
relatively stab1e4. In the future, it should be possible to
integrate several active devices such as lasers, pin diodes,
electrooptic modulators, etc, onto the one semiconductor wafer.
This would substantially reduce coupling losses between
components, as well as the overall size of a working system.
Indeed, it is possible to envisage a complete optical receiver
with local oscillator, directional coupler, pin diodes, and FET
amplifier all in the one package, perhaps two to three centimeters
square, with a fibre pigtail providing the interface between the
receiver and the rest of the system. Thus it can be seen that

semiconductor devices hold out a number of benefits for fibre

optic communication systems.
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If the use of semiconductor lasers is assumed, it is then
necessary to characterise and quantify their spectral
imperfections. In this chapter, an overview of the theoretical
analysis of semiconductor lasers, including expressions for
spectral purity and lineshape5'14, will be presented. The
assumption will then be made that the linewidths of solitary
semiconductor lasers will not be good enough {:o satisfy the
requirements of coherent communication systems. Consideration will
then be given to various techniques that will effect a reduction

in the linewidthl™4,15-22

3.2. Theoretical Calculations of Semiconductor Laser Linewidth.
There are a number of factors that must be considered when
discussing laser noise properties. The cavity Q, or quality
factor, of the optical resonator largely determines its
fundamental linewidth. This, in turn, is a function of the cavity
length, the losses within the cavity, and its overall volume. The
losses in the resonator are particularly high in semiconductor
lasers due to its high material density, and poor optical
confinement. In addition, the effective facet reflectivity is
also a vital element in determining the overall optical loss.
Reflectivity is normally induced through simply cleaving the
semiconductor facets at appropriate points. This gives rise to the
most common type of laser, the Fabry Perot resonator'za"zs. Typical
facet reflectivity in these devices is around 30%. Reflectivity
can, in addition, be provided by gratings, as is used in
distributed feedback laser (DFB) and distributed Bragg reflector
(DBR) lasersl®., The addition of a reflective element placed
outside the basic Fabry Perot cavity will also modify its

performance. This can produce, under suitable conditions,
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desirable line narrowing effectsl-3'4'17'26'31. These will be
discussed in section 3.3, Initially, however, the properties of

the solitary laser will be examined.

3.2.1. Basic Laser Equations.

In this section, the basic rate equations for the
electromagnetic field in the cavity will'be considered. Their
dependence on perturbations in the material refractive index
induced through carrier density fluctuations will be evaluated,
and the effect of these perturbations on the laser lineshape will
be discussed.

It is well known that an electromagnetic wave propagating in

some medium will obey a wave equation of the form:-

03E 1 9%2(eE)

—[3.1]
az2 c2 at2

where E is the electric field vector, e is the dielectric constant
of the medium, and ¢ is the velocity of light. The E vector for

the field in the cavity is denoted by:-
E = Bexplj(wt - kz)] + Bexpl[-jlet - kz)] —-[3.2]

where p is the complex amplitude , v is the angular frequency, k
is the propagation constant, and z is the direction of propagation
of the wave. In order to accommodate material dispersion (the
variance of e with w) caused by the time dependence of B, [3.2] is

rewritten ass:—

¢E = (s(w)p + joe/d0.B) explilut - kz)] + c.c. ——I[3.3]
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where B = 9B/9t and c.c is the complex conjugate of the
expression. Substituting 