
OPTICAL INJECTION PHASE-LOCK 
LOOPS

by

ALDARIO CHRESTANIBORDONALLI

Submitted to the University of London 

in fulfilment of the requirements 
for the degree of Doctor of Philosophy

Supervised by Professor A. J. Seeds

Department of Electronic and Electrical Engineering 

University College London 

Torrington Place, London, W CIE 7JE

September 1996



ProQuest Number: 10017161

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest 10017161

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

Optical Injection Phase-Lock Loops

Locking techniques have been widely applied for frequency synchronisation of 

semiconductor lasers used in coherent communication and microwave signal generation 
systems. Two main locking techniques, the optical phase-lock loop (OPLL) and optical 
injection locking (OIL) are analysed in this thesis. The principal limitations on OPLL 

performance result from the loop propagation delay, which makes difficult the 
implementation of high gain and wide bandwidth loops, leading to poor phase noise 

suppression performance and requiring the linewidths of the semiconductor laser 
sources to be less than a few megahertz for practical values of loop delay. The OIL 
phase noise suppression is controlled by the injected power. The principal limitations of 
the OIL implementation are the finite phase error under locked conditions and the 
narrow stable locking range the system provides at injected power levels required to 
reduce the phase noise output of semiconductor lasers significantly.

This thesis demonstrates theoretically and experimentally that it is possible to 
overcome the limitations of OPLL and OIL systems by combining them, to form an 
optical injection phase-lock loop (OIPLL). The modelling of an OIPLL system is 
presented and compared with the equivalent OPLL and OIL results. Optical and 
electrical design of an homodyne OIPLL is detailed. Experimental results are given 
which verify the theoretical prediction that the OIPLL would keep the phase noise 

suppression as high as that of the OIL system over a much wider stable locking range, 

even with wide linewidth lasers and long loop delays. The experimental results for 

lasers with summed linewidth of 36 MHz and a loop delay of 15 ns showed measured 
phase error variances as low as 0.006 rad^ (500 MHz bandwidth) for locking 
bandwidths greater than 26 GHz, compared with the equivalent OPLL phase error 
variance of around 1 rad^ (500 MHz bandwidth) and the equivalent OIL locking 
bandwidth of less than 1.2 GHz.
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E(s) error transfer function
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Ea(t) laser a electric field (V/m)
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Eb(t) laser b electric field (V/m)
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E f q p ( t )  fast axis electric field component in the Q principal axis direction (V/m)
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Et(t) total PBS transmitted electric field (V/m)

Etot(t) total electric field of the beam reaching the photodetector active area (V/m)
F(s) loop filter transfer function
f(t) loop filter impulse response

FC 3 dB fibre coupler
fc modified first order loop filter cut-off frequency (Hz)
FCC focusing and collimating pigtailed fibre
F^ phase Langevin noise term (s O
F^(s) Laplace transform of F^

Fftn(s) slave laser modulation response transfer function

ffm(t) impulse response of the laser FM response
Fi photon number Langevin noise term (s )̂
Fj(s) Laplace transform of Fj
FM frequency modulation
fm master laser frequency (Hz), modulation frequency (Hz)



F„ carrier number Langevin noise term (s *)
F n ( s )  Laplace transform of F „

f p & a ( 0  impulse response of the photodetector and amplifier
fpd(t) phase detector impulse response

FPI Fabry-Perot interferometer
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FWHM full width half maximum
G(s) open loop transfer function
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I t ( co)  Fourier transform of iy(t)
i,i(t) transmitted PBS photocurrent for 2n7C+7t/2 operating points (A)
i,2(t) transmitted PBS photocurrent for 2n7t+37c/2 operating points (A)
I,h laser threshold current (A)
J carrier injection density (A/m^)
k loop gain (s ')
kamp gain of the loop first stage amplifier
kco coupling efficiency
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kcr, (Ak)cr critical loop gain (s ^
kd phase detector gain factor (V/rad)

kd' defined as kd/Ri2 (V/rad)
km phase detector constant
ko slave laser gain factor (Hz/A)

kj intensity modulation index

koiL injection locking gain term (s ’)
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kv loop DC gain (s ’)
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L(s) determinant of the OIL process matrix
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LF loop filter
LiNbOa lithium niobate

Lm FPI mirror distance (m)
LSA lightwave signal analyser
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m integer number
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m(t) electric field modulation function
ML master laser
MOD modulator

n material refractive index, integer number
h(s) Laplace transform of n(t)

No free running steady state carrier number
N'(s) Laplace transform of n'(t)
N(t) carrier number
n'(t) quadrature representation of the additive photodetection noise
n(t) deviation from the steady state value for N(t)

n(t) photodetection additive noise (A)
NApMCfm) laser FM response obtained from network analyser
NA,i(C0m) network analyser measurement using iti(t)
NA,2(C0m) network analyser measurement using it2(t)
NBS neutral beam splitter
UcCt) laser carrier density (m-^)
nf HBF fast axis refractive index
ng group refractive index
No steady state value for N(t)

Hphoton photon density (m- )̂
ns HBF slow axis refractive index
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OEIC(s) opto-electronic integrated circuit(s)
OIL optical injection locking
OIPLL(s) optical injection phase-lock loop(s)
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Pa laser a optical power coupled into the photodetector (W)
P a c ( k )  average dissipated power due to the AC photocurrent (W)
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Pb laser b optical power coupled into the photodetector (W)
PBS polarising beam splitter
PC polarisation controller

P d c ( k )  average dissipated power due to the DC photocurrent (W)
p^ (̂A(|)) phase difference probability density function

PH photodetector

Pin total power coupled into the spectrum analyser (W)

Pm detected master laser optical power (W)
Pmo master laser injected optical power (W)
PMPh power meter photodetector

Ps detected slave laser optical power (W)

Pso slave laser optical power (W)
Q quarter-wave plate

r photodetector load resistance (12)
R photodetector responsivity (AAV), spontaneous emission rate (s ’)
RBW resolution bandwidth (Hz)
RC resistor-capacitor

R i( t )  photocurrent autocorrelation function (A^)

Rii amplifier input impedance (Q)
Ri2 loop filter input impedance (Q)
Rioad spectrum analyser input impedance (12)
Rioss carrier loss (m-^s ’)
S(f) measured power spectral density (W/Hz)

Sbeat(f) beat signal power spectral density (W/Hz)
SENS sensitivity
S(|,(f) phase error spectrum related to measured power spectral density (rad^/Hz)

SpM(f) FM noise spectral density (Hz^/Hz)
Si(f) power spectral density due to photocurrent (W/Hz)
SL slave laser
S,(f) laser spectral density (W/Hz)

So maximum intensity for the DSHT measurement (W/Hz)

S oil(F) OIL phase error spectrum (rad^/Hz)
SoiPLL(f) OIPLL phase error spectral density (rad^/Hz)
SoiPLL-d(f) OIPLL phase error spectral density considering differential phase (rad^/Hz)
SopLL(f) OPLL phase error spectral density (rad^/Hz)
SpN(f) phase noise spectral density (rad^/Hz)
Spn(f) phase noise spectral density due to the photocurrent (rad^/Hz)
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SpN-iaser(f) total lascF phasc noise spectral density (rad^/Hz)
SpN-ML(f) master laser phase noise spectral density (rad^/Hz)

SpN-sL(f) slave laser phase noise spectral density (rad^/Hz)
Ssh(f) DSHT power spectral density due to the laser phase noise (W/Hz)
Ssn(f) shot noise power spectral density (A^/Hz)

SsnCO shot noise translated phase noise power spectral density (rad^/Hz)
ST sweep time (s)
T delay between the fibre arms of the DSHT (s), period of time (s)

ta time interval for light travelling the master laser-photodetector path (s)

tb time interval for light travelling the injection path (s)

tc time interval for light travelling the slave laser-photodetector path (s)
Tes average time between cycle slips (s)
td delay between reference and test signals for the network analyser (s)
Td loop propagation delay (s)
tf HBF fast axis time interval (s)
To average delay between the two HBF axis (s)
ts HBF slow axis time interval (s)
TS translation system

u(t) representation of the current resulting from a single electron generation
U(t) total energy (J)
U(co) Fourier transform of u(t)
V single carrier drift velocity (m/s)
Va(t) signal coupled into the phase detector after the amplifier (V)
VB video bandwidth (Hz)
Vb(t) signal after the phase detector (V)

Vg group velocity (m/s)
Vr(t) offset generator signal (V)

WG wave-guide
x(t) complex wave function
XeF xenon fluoride

z characteristic impedance of the medium (Q.)

a linewidth enhancement factor ( a  factor)
P frequency modulation index
Ô path mismatch phase term (rad), constant defined as tan i(a)
0( ) Dirac delta function
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Aô phase shift due to the delay between HBF axes (rad)
Ad wavefront mismatch (m)

Af, AfpwHM FWHM laser linewidth (Hz)
Affm peak frequency deviation (Hz)

Afmeas linewidth measured by the DSHT (Hz)
Afmi master laser FWHM laser linewidth (Hz)
Afms FWHM master and slave laser summed linewidths (Hz)
Afsi slave laser FWHM laser linewidth (Hz)

AfsT laser linewidth due to spontaneous emission (Hz)
AG steady state gain (s-*)

ANq steady state carrier number
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AV laser active area volume (m^)
Aco OIL locking bandwidth (rad/s)
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(|)mo Steady state value of (j)o,(t)
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master laser; SL: slave laser; L: lens; ISO: isolator; H: half-wave plate; PBS: polarising 
beam splitter; C: coupler; FC: fibre coupler; FPI: Fabry-Perot interferometer; PMPh: 

large area photodetector of the optical power meter.
Fig. 5.5 - Michelson interferometer response with frequency for different values 

of path mismatch between the two interferometer arms.
Fig. 5.6 - Schematic diagram of the front structure of a buried-heterostructure 

DFB semiconductor laser (a). Detailed lateral view of the active region (b).
Fig. 5.7 - Optical power and voltage across the laser versus bias current for laser 

1 (a) and laser 2 (b).
Fig. 5.8- Optical spectrum for lasers 1 (a) and 2 (b). RBW: resolution 

bandwidth; VB: video bandwidth; ST: sweep time; SENS: sensitivity.

Fig. 5.9 - Schematic diagram of the linewidth measurement set-up using an 
optic fibre Mach-Zehnder interferometer. LUT: laser under test; L: lens; ISO: isolator; 
FC: fibre coupler; PC: polarisation controller; PH: photodetector; AMP: amplifier.

Fig. 5.10 - Comparison between the spectral spread of the laser optical spectrum 
and the result from the delayed self homodyne experiment.

Fig. 5.11 - Estimation of the laser 1 (a) and 2 (b) linewidths from the spectrum 
analyser measurements using the delayed self homodyne experiment of Fig. 5.9.

Fig. 5.12 - Set-up for the laser static tuning measurements. LUT: laser under 
test; FPI: Fabry-Perot interferometer; FC: optical fibre cable; ISO: isolator; L: lens.

Fig. 5.13 - Static tuning characteristic of laser 1 with current (a) and temperature

(b).
Fig. 5.14 - Static tuning characteristic of laser 2 with current (a) and temperature

(b).
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Fig. 5.15 - The frequency discriminator based on a hi-bi M ach-Zehnder 

interferometer. LUT: laser under test; L: lens; ISO: isolator; CR: fibre chuck rotators; 
HBF: hi-bi fibre; Q: quarter-wave plate; H: half-wave plate; PBS: polarising beam 
splitter; PHI and PH2: photodetectors.

Fig. 5.16 - Frequency discriminator response.

Fig. 5.17 - FM response for lasers 1 (a) and 2 (b) detected by a frequency 
discriminator based on a hi-bi Mach-Zehnder interferometer of resolution 11 GHz and 
measured by a network analyser. Static tuning sensitivity: laser 1, 0.8 GHz/mA, laser 2,

1.3 GHz/mA.
Fig. 5.18 - Balanced receiver for a single-facet homodyne OIPLL system. Q: 

quarter-wave plate; H: half-wave plate; PBS: polarising beam splitter; NBS: neutral 

beam splitter; PHI and PH2: photodetectors; L: lens; ISO: isolator.
Fig. 5.19 - Wavefront mismatch between the master and slave laser signals.
Fig. 5.20 - Degradation of the dissipated power for the AC term of the 

photocurrent as a function of wavefront misalignment.
Fig. 5.21 - Amplifier in summing configuration to combine the signals coming 

from the balanced photodetectors.
Fig. 5.22 - Schematic diagrams for voltage and current feedback amplifiers
Fig. 5.23 - Conventional integrator configuration using voltage feedback 

amplifiers.
Fig. 5.24 - Integrator configuration using current feedback amplifier.
Fig. 5.25 - Transconductance stage to combine the laser bias with the loop

signal.
Fig. 5.26 - Diagram of the loop circuit built.
Fig. 5.27 - Loop circuit frequency response.
Fig. 5.28 - Real and ideal OPLL and OIPLL modelling considering the design 

parameters measured in previous sections. Injection ratio is assumed to be -31.4 dB.

Chapter 6:
Fig. 6.1 - The bulk optics OIPLL. ML: master laser; SL: slave laser; L: lens; 

ISO: isolator; H: half-wave plate; Q: quarter-wave plate; PBS: polarising beam splitter; 
M: mirror mounted on a translation stage; PHI and PH2: photodetectors; LSA: 

lightwave signal analyser; FPI: Fabry-Perot interferometer.
Fig. 6.2 - Bulk-optics OIPLL experimental set-up. (a) whole system view, (b) closer 

view of the single facet emission arrangement.
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Fig. 6.3 - Heterodyne beat signal measured by the spectrum analyser. RBW: 
resolution bandwidth; VB: video bandwidth; ST: sweep time; ATT: attenuation.

Fig. 6.4 - The experimental set-up for the monitoring path. ML: master laser; 
SL: slave laser; NBS: neutral beam splitter; H: half-wave plate; PBS: polarising beam 
splitter; ISO: isolator; C: coupler; FC: 3 dB fibre coupler; FPI: Fabry-Perot 

interferometer.
Fig. 6.5 - Beat signal spectrum measured by the lightwave signal analyser.

Fig. 6.6 - OPLL spectrum obtained from the lightwave signal analyser. The loop 

parameters are such that ^  = 0.76.
Fig. 6.7 - The experimental configuration for the slave laser photocurrent 

measurement. ML: master laser; SL: slave laser; L: lens; ISO: isolator; H: half-wave 
plate; PBS: polarising beam splitter.

Fig. 6.8 - Photocurrent produced by the slave laser due to master laser power 

injection versus the rotation of the half-wave plate angle.
Fig. 6.9 - Experimental arrangement for the slave laser linewidth enhancement 

factor measurement. ML: master laser; SL: slave laser; L: lens; ISO: isolator; H: half
wave plate; PBS: polarising beam splitter; NBS: neutral beam splitter; C: coupler; FC: 
fibre coupler; FPI: Fabry-Perot interferometer.

Fig. 6.10 - Voltage across slave laser versus locking range for the linewidth 
enhancement factor measurement.

Fig. 6.11 - Measured half-locking bandwidth versus the half-wave plate mount

angle.
Fig. 6.12 - Measured and expected values for half-locking bandwidth and 

injection ratio for the OIL experiment.
Fig. 6.13 - Measured power spectral density of the OIL system for different 

values of injection ratio and detuning. The lightwave signal analyser is set to lightwave- 
electrical mode: resolution bandwidth 300 kHz; video bandwidth 30 kHz; sweep time 

166.7 s; attenuation 0 dB. (a) Injection ratio -47 dB, detuning -6.7 deg; (b) Injection 
ratio -36.4 dB, (b l) detuning -3 deg, (b2) detuning 7 deg; (c) Injection ratio -31.4 dB, 

(c l) detuning -4 deg, (c2) detuning 7 deg.
Fig. 6.14 - Power spectral density for the OIPLL system for injection ratios (a) 

-47 dB, (b) -36.4 dB and (c) -31.4 dB. RBW: resolution bandwidth; VB: video 
bandwidth; ST: sweep time; ATT: attenuation.

Fig. 6.15 - Power spectral densities for OPLL and OIPLL systems. Injection 
ratio is -31.4 dB. Reference level corresponds to 3 x 10 ® rad^/Hz.
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Fig. 6.16 - Phase error variance for OIL and OIPLL systems as a function of the 
detuning between master and slave laser frequencies. Injection ratio -47 dB. 
Measurement bandwidth 500 MHz.

Fig. 6.17 - Phase error variance for OIL and OIPLL systems as a function of the 

detuning between master and slave laser frequencies. Injection ratio -36.4 dB. 

Measurement bandwidth 500 MHz.
Fig. 6.18 - Phase error variance for OIL and OIPLL systems as a function of the 

detuning between master and slave laser frequencies. Injection ratio -31.4 dB. 

Measurement bandwidth 500 MHz.

Chapter 7:
Fig. 7.1 - Block diagram of a heterodyne OIPLL using side frequency locking of 

slave laser.
Fig. 7.2 - Diagram of an OIPLL in a planar OEIC structure. ML: master laser; 

SL: slave laser; WG: wave guide; MOD: modulator; C: coupler; PHI and PH2: 
photodetectors; AMP: amplifier; LF: loop filter.

Appendix A:
Fig. A. 1 - Schematic diagram of a fibre-based coherent detection system.

Appendix B:
Fig. B .l - Longitudinal section of the laser active area.

Appendix D:
Fig. D .l - Variable ratio beam splitter for linearly-polarised light inputs. Case 

A: full reflection, (p = 0°. Case B: full transmission, (p = 45°.

Fig. D.2 - Diagram of a commercial isolator based on the Faraday rotation effect 

and the schematic representation of it.

Appendix F:
Fig. F .l - Orientation of the laser electric field vector.
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Fig. F.2 - Decomposition of the laser electric field in the two hi-bi fibre 
components.

Fig. F.3 - Representation of the principal and delayed axes of the quarter-wave 
plate and the relative position of the fast axis at the hi-bi fibre output.

Fig. F.4 - Orientation of the quarter wave-plate axes in relation to the half-wave 

plate axes for the fast axis of the hi-bi fibre.
Fig. F.5 - Polarising beam splitter orientation axes in relation to the half-wave 

plate axes for the fast hi-bi fibre axis.

Fig. F .6 - Representation of the principal and delayed axes of the quarter-wave 

plate and the relative position of the slow axis at the hi-bi fibre output.
Fig. F.7 - Orientation of the quarter wave-plate axes in relation to the half-wave 

plate axes for the slow axis of the hi-bi fibre.
Fig. F .8 - Polarising beam splitter orientation axes in relation to the half-wave 

plate axes for the slow hi-bi fibre axis.
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Chapter 1 

Introduction

This Chapter introduces the optical injection phase-lock loop (OIPLL) and its 
applications. Laser locking techniques and their limitations are reviewed. The OIPLL 
system is then presented. A summary of the possible applications of the OIPLL 
configuration is given and the structure of the thesis is presented.

1.1 - Locking Techniques

Over the years, the utilisation of lasers in communications has been more and 
more studied, in particular, systems using semiconductor lasers. The basic advantages 
of such lasers are small dimensions, mass production, low power consumption, high 
efficiency and frequency tuning by temperature and current changes. However, 
semiconductor lasers could not offer stable frequency references for application in 
com m unications and, therefore, techniques for frequency stabilisation and 
synchronisation were required. The first technique for frequency stabilisation was 
automatic frequency control (AFC). Basically, the AFC technique comprises of a laser 
source, a frequency discriminator and a feedback control loop. Any variation in the 
laser frequency generates a signal at the output of the discriminator that is processed by 
the feedback loop, which normally contains an integration stage, controlling the laser 
temperature or current or both to correct the frequency drift. Many AFC techniques 
have been reported. The first frequency stabilisation experiment on laser diodes used a 
GaAs laser and achieved frequency control within 40 MHz over several minutes by 
using a Fabry-Perot interferometer as a frequency discriminator with current tuning of 

the laser [1.1]. An AFC system for external cavity semiconductor lasers has also been 
implemented and frequency stability better than 1 kHz was achieved using a Fabry- 
Perot interferometer as a frequency discriminator [1.2] and a feedback loop having two 
parts, one for low frequencies, where the length of the external cavity was controlled by 
piezoelectric elements, the other for high frequencies, where the laser was frequency 
tuned by its injection current. Interferometric frequency discrimination was not the only 
method used to detect frequncy drifts. The use of atomic transitions [1.3], the 
optogalvanic effect [1.4] and gas absorption [1.5] as frequency discriminators have also 
been reported. However, AFC techniques provide only frequency stabilisation for a
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single laser source with a finite frequency error and the improvement of the technique 
would require more complex feedback loops, with the addition of extra integration, 
making the system susceptible to instabilities.

The synchronisation of two independent laser sources required the development 
of locking techniques. The basic principle in these systems is that the frequency of a 
laser source, known as slave source, follows the frequency variation of another laser 
source, known as master source. Different laser frequency synchronisation methods and 

configurations have been widely investigated, with the principles involved very similar 

to those used in electronic and/or microwave systems [1.6-1.10,1.29]. In this Section, 
the optical phase-lock loop [1.11-1.28] and optical injection locking [1.30-1.54] 

techniques are discussed, showing the different system configurations, previous works 
and principal limitations. In the next section, the optical injection phase-lock loop 
[1.61-1.62] is introduced as a solution for the optical phase-lock loop and optical 
injection locking main operational problems.

1.1.1 - The Optical Phase-Lock Loop

The optical phase-lock loop (OFLL) is a feedback system that controls the 
optical phase of an optical source to follow the optical phase excursions of an incoming 
optical signal. This is done by comparing the phase of the input signal to that of the 
local optical source, generating a phase error signal responsible for the local source 
frequency control. As the local signal source frequency is controlled to follow the 
changes in the input signal phase, the local source will be referred to as the slave source 
whilst the input signal source will be referred to as the master source.

Fig. 1.1 shows the general schematic diagram of an OPLL. The general 
schematic diagram corresponds to that of the heterodyne OPLL. In heterodyne systems, 
master and slave sources operate at different frequencies. The signals from both sources 

are mixed on the active area of a photodetector, producing at its output a beat signal at a 
frequency corresponding to the frequency offset between the two sources. A phase 
detector compares the phase of the beat signal to that of an offset generator operating at 
a frequency close to that of the beat signal. A phase error signal is then produced at the 
output of the phase detector. The loop filter processes this signal and tunes the slave 
laser in such a way as to minimise the phase error. The loop acquires lock when the 
frequency offset between the two optical sources is kept constant and equal to that of 
the offset generator.

By removing the components inside the dashed box and connecting the points A 
and B, the schematic diagram becomes the representation of an homodyne OPLL. In
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homodyne systems, master and slave sources oscillate at the same frequency and the 
photodetector is responsible for the phase detection. The signals from both sources are 

mixed on the active area of the photodetector, which generates a photocurrent 

proportional to the phase difference between the two signals. This phase error signal is 
then processed by the loop filter, tuning the frequency of the slave laser to minimise the 

phase error of the loop. The loop acquires lock when the frequency offset between the 
lasers is zero.

PHOTODETECTOR
AMPLIFIER

PHASE
DETECTOR

OFFSET
GENERATOR

MASTER
SOURCE

LOOP
FILTER

SLAVE
SOURCE

Fig. 1.1 - General block diagram of an OPLL system.

The utilisation of OPLL systems has been limited in the past by a series of 
technological problems. One of them, and perhaps the most important, was the 
availability of suitable optical sources. The optical sources normally used were lasers 
and, these present wideband phase noise along with poor frequency tuning response and 
frequency instability. The advent of semiconductor lasers provided compact and readily 
tunable sources making the OPLL a promising technique for laser synchronisation.

The idea of synchronising two sources by phase locking was first reported in 
1932 for the coherent AM reception of radio signals [1.6]. Since then, phase-lock 
techniques have been widely used. Applications in the synchronisation of television 

receivers [1.7], the coherent generation of phase and frequency moduiated signals [1.8], 
microwave osciilator stabilisation [1.9] and the control of phased array antennas [1.10] 
are some examples. The use of phase locking techniques with lasers was 

straightforward in principle. One of the first OPLLs reported was a homodyne system 
using 633 nm HeNe lasers [1.11] and with slave source tuned by a piezoelectrically 
positioned mirror. The locking condition was observed via the interference pattern rings 
at the OPLL output, located after the beam splitter, which combined the laser outputs.
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After that, many other works appeared using different type of lasers and different 
techniques of frequency tuning were tried. A homodyne system was realised using CO2 

lasers [1.12] operating at 10.6 pm  and tuned by a combination of piezoelectrically 
positioned mirror and internal electro-optic frequency modulator. Heterodyne systems 
were also achieved with HeNe lasers, generating 2 MHz [1.13] and 5 MHz signals 
[1.14]. More recently, solid state lasers have been used in homodyne [1.15,1.16] and 
heterodyne OPLLs generating 4 GHz [1.17] and 12 GHz [1.18] modulated signals. In 
all cases, very narrow linewidth, and, therefore, low phase noise lasers, were used 
(linewidth less than 200 kHz).

The use of semiconductor lasers would ensure faster and simpler tuning as any 
frequency correction could be achieved directly through the laser bias current. 
However, the amount of phase noise that such sources presented prevented their 
utilisation in OPLL systems. Line narrowing techniques had to be applied to correct the 
semiconductor laser phase noise problem. One of the first experiments using 
semiconductor lasers was an heterodyne OPLL where weakly coupled external cavities 
were used to narrow the system semiconductor laser linewidths [1.19]. In order to 
minimise the complexity of the OPLL system, the utilisation of two different types of 

laser in homodyne OPLL configurations has also been proposed, where a LiNbOg 
modulator tuned external cavity semiconductor laser was locked to a HeNe laser input 
signal [1.20]. External cavity semiconductor lasers were improved and used in 
heterodyne OPLLs, generating signals at 250 MHz [1.21], and in homodyne OPLLs 
[1.22]. Another way of narrowing the semiconductor laser linewidth was to employ 

optical feedback from external high finesse resonators. This technique was used in 
heterodyne OPLLs, achieving 25 MHz [1.23] and 40 MHz [1.24] generated signals, and 
in homodyne OPLLs [1.25].

The advantage of using semiconductor lasers without line narrowing techniques 
is that they offer the possibility of rigid compact and low cost systems. With 
improvements in semiconductor laser structures and eptaxial techniques, lasers with 
narrower linewidths become possible and the first loops using semiconductor lasers 
without line narrowing were reported. Heterodyne systems were obtained using double 
quantum well lasers generating 6 GHz signals [1.26], three electrode DFB laser 
generating from 3 to 18 GHz signals [1.27] and extended cavity semiconductor lasers 
generating 9 GHz signals [1.28]. Although it was possible to obtain good system phase 

noise performances with these loops (phase error variance 1 rad^, 0.04 rad? and 0.004 
rad^, respectively), the utilisation of superior loop filter configurations was not possible. 
The major problems for the implementation of OPLLs with non line-narrowed 
semiconductor lasers were found to be the laser linewidth and loop gain and bandwidth
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requirements for practical values of loop propagation delay. The loop delay limits the 
loop gain and bandwidth and, therefore, the phase noise suppression of the system. 

Unless complex loop electronics [1.26] or passive loop filters [1.27] are built, measures 
that can ensure short loop delay, the poor phase noise suppression requires the 
linewidth of the laser to be narrow (less than few MHz) to provide acceptable loop 
performance.

In Chapters 2 and 4, the limitations imposed by the loop propagation delay on 
the loop gain and bandwidth and laser linewidth will be discussed and the difficulties of 
implementing stable OPLLs with non line-narrowed semiconductor lasers will become 
apparent.

1.1.2 - Optical Injection Locking

Optical injection locking (OIL) is another frequency synchronisation technique 
that has been applied to optical sources. The principle is simple as locking is obtained 
by injecting part of the output light generated by a master source into the laser cavity of 
a slave source. The injected signal stimulates emission inside the slave source cavity in 
such a way that the slave source frequency is pulled from its free running value to that 
of the master source. Fig. 1.2 shows the schematic diagram of a general injection 
locking experiment. The OIL is basically an homodyne technique. However, by placing 
a phase modulator between the points A and B inside the injection path and locking the 
slave source to one of the side frequencies of the optical master modulated signal, a 
heterodyne configuration can be obtained, as a beat signal at a frequency corresponding 
to the master signal modulating frequency is produced at the output of the 
photodetector. Depending on the type of laser, similar heterodyne behaviour can be 
obtained by modulating directly the master source and locking the slave source to one 
of the modulation side bands.

PHOTODETECTOR

MASTER
SOURCE R-

o SLAVE
SOURCE

! MODULATOR:

Fig. 1.2 - General injection locking experiment.
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The idea of the synchronisation of two sources by injection locking dates from 
the first theoretical and experimental reports about the injection locking of electronic 
oscillator [1.29] and the application of the injection locking principle to laser sources 
was straightforward. The injection locking of light sources has been demonstrated with 
many types of laser. Some examples are the injection locking experiments using CO2

[1.30], XeF [1.31] and flash lamp pumped dye [1.32] lasers. One of the first 
semiconductor laser injection locking experiments used a system comprising AlGaAs 

double heterostructure Fabry-Perot lasers [1.33]. The dependence of the locking 

bandwidth on the injected power was observed in a system using two AlGaAs double 
heterostructure Fabry-Perot semiconductor lasers [1.34], where a theoretical model for 

the injection locking of semiconductor lasers was also presented. The first experiment 

reporting the heterodyne injection locking of semiconductor lasers used GaAlAs lasers 
and produced locked signals up to 9.5 GHz, with locking bandwidth of 400 MHz and 
low level injection [1.35]. The asymmetry of the OIL locking bandwidth was reported
[1.36] and a sequence of the first detailed theoretical studies of the OIL process of 
semiconductor lasers followed [1.37-1.40]. Also an investigation of instabilities inside 
the locking range for higher levels of injection was reported [1.41] and the injection 
process using DFB lasers started to be developed [1.42]. Full theoretical and 
experimental works on Fabry-Perot [1.43-1.47] and DFB [1.48-1.50] lasers were later 
presented. The utilisation of the OIL process also offered a way to measure the effective 
linewidth enhancement factor of the injected semiconductor laser [1.51-1.54]. 
Compared to the OPLL process, the OIL does not suffer the delay time limitations as no 
feedback loop is present and the phase noise suppression achieved with the OIL process 
depends only on the amount of injected power into the slave laser cavity [1.48]. 
Therefore, there is no necessity for extremely narrow linewidth lasers to obtain low 
levels of phase noise in the OIL system. However, high level injection compromises the 
stability of the locking range in such a way that only a narrow part of the range is useful

[1.44,1.47,1.49]. In Chapter 3 and 4, the theoretical analysis of the OIL process is 
presented, and the locking range limitations and phase noise suppression characteristics 
are given.

1.2 - The Optical Injection Phase-Lock Loop

The optical injection phase-lock loop (OIPLL) is also a feedback system that 
controls the phase of an optical source to follow the optical phase excursions of an 
incoming optical signal. The difference in relation the OPLL is that injection of the
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master laser light into the slave laser cavity is also present, introducing an extra 
damping term to the system and relaxing the restrictions that apply to OPLL 
configurations. The phase of the input signal is compared with the phase of the slave 

laser. While the injection locking part of the OIPLL is mostly responsible for the phase 
noise suppression of the system, the feedback loop tracks low frequency phase 
excursions of the master laser by controlling the phase emission of the slave laser in the 
same way as in the OPLL case.

Fig. 1.3 shows the general block diagram of an heterodyne OIPLL system. By 
disregarding the components inside the dashed box and connecting points A and B and 
C and D, an homodyne OIPLL system is formed. Part of the light from the master laser 

is injected into the slave laser cavity for the OIL process. The other part is combined 
with the output light of the slave laser on the active area of the photodetector for the 

OPLL part of the system. The phase error signal generated at the output of the 
photodetector is processed by the loop filter and tunes the slave laser in order to 
minimise the phase error. Locking is acquired when the two lasers oscillate at same 

frequency.

PHOTODETECTOR

Optical path 

Electrical path

AMPLIFIER

PHASE 
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m o d u l a t o r !
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Fig. 1.3 - General block diagram of an OIPLL.

In the heterodyne OIPLL the light from the master laser is injected into the 
modulator waveguide. The master laser light is modulated at a frequency corresponding 
to that of the signal generator and then injected into the slave laser cavity. The slave 
laser is locked to a side-frequency of the modulated master laser signal for the OIL part
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of the system. The other part of the master laser light is combined with the output light 

from the slave laser on the active area of the photodetector for the OPLL part of the 
system, generating a beat signal at a frequency corresponding to the frequency offset 

between the two lasers. The phase of the beat signal is compared with the phase of the 
signal generator by a phase detector. The phase error signal generated at the output of 
the phase detector is processed by the loop filter and tunes the slave laser in order to 
minimise the phase error. Locking is acquired when the frequency offset between the 
two lasers is equal to the signal generator frequency.

The idea of synchronising two sources using a combined phase-lock and 
injection locking system has already been used in the control of electronic oscillators. 

First, homodyne configurations were proposed, where the stabilisation of high power 
level oscillations with low power level signals of high stability and low noise was 
achieved [1.55,1.56]. The generation of 11 GHz carriers for microwave systems using 
phase lock and injection locking control of a voltage controlled oscillator [1.57] was 
reported. It was not long until hybrid injection phase-lock loops started to appear. In 
these systems, the injection of electronic signals was substituted by the injection of 
laser light into the electronic oscillator. Many different configurations were proposed 
[1.58-1.60] and they found their main application in microwave signal generation. 

Recently, theoretical analyses of the utilisation of injection locking and phase lock 
control of laser sources, in particular, using semiconductor lasers, were reported
[1.61,1.62].

In all the works reported above, the combined use of the two locking techniques 
improved the performance of equivalent PLL and IL systems. The possibility of high 
gain loops and good high frequency phase noise suppression are some of the 

characteristics that are possible with the combined system. Therefore, by recalling the 
problems of the OPLL system using semiconductor lasers presented in Section 1.1, the 
combination of injection locking and OPLL can offer a way of dealing with the OPLL 
limitations. Comparing the OIPLL system with the OIL configuration, the phase control 

provided by certain types of loop can eliminate the limitations of locking bandwidth of 
the OIL system when semiconductor lasers are used and can assure near-optimum 
phase noise suppression. However, the instantaneous phase difference between master 
and slave lasers is measured at two physically separate points, one at the slave laser, 
due to the injection locking process, and the other at the active area of the 
photodetector, due to the phase lock part of the system. This constitutes the main 
limitation of the OIPLL system, as the phase shifts caused by mismatches of the optical 
paths in Fig. 1.3 can lead to competition between the two locking processes and system 
instability [1.61]. In Chapter 4, the analysis of an OIPLL system using semiconductor
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lasers is presented, where the main advantages and limitations of such a system in 

relation to the equivalent OPLL and OIL systems are presented.

1.3 - OIPLL Applications

The OIPLL technology can find many applications in optical communication 
systems. The fact that semiconductor lasers without narrowing techniques can offer 
compact and low cost systems makes the implementation of OIPLL configurations even 
more attractive.

The simplest and most common optical fibre data transmission scheme uses 
intensity modulation of the optical source. At the receiver, the information transmitted 
through an optical fibre is recovered by means of the direct detection of the fluctuations 
of the beam intensity by a photodetector. This method offers simplicity and relatively 
low cost, but suffers from limited sensitivity and does not uses the wide bandwidth 
capabilities of the optical fibres.

Despite the theoretical possibilities of coherent detection systems, it was only by 
the beginning of the nineteen-eighties that semiconductor laser structures were 
sufficiently developed to produce stable frequency and spectrally pure devices in such a 
way that coherent detection configurations [1.19] could be practical. Coherent optical 
systems are very similar to radio systems in the sense that, like the radio carrier, the 
optical carrier can also be modulated using different modulation formats and the 
detection process down-converts the information from the optical carrier to a much 
lower frequency where it can be treated electronically. The frequency conversion is 

made by mixing the incoming modulated optical signal with a local oscillator laser 
signal. The improvement of the wavelength/frequency selectivity and receiver 

sensitivity are the main advantages of coherent systems compared to the direct 
detection systems. Therefore, not only would coherent systems offer optical fibre links 
with longer distance between repeaters but also they would allow a further step towards 
the utilisation of the bandwidth potential of the optical fibres. The wavelength 
selectivity provided by the coherent receiver could easily be used to access the wide 

optical bandwidth of the optical fibre as frequency and wavelength division 
multiplexing are possible with very narrow channel spacing. This characteristic is 
nowadays becoming more important than the improved receiver sensitivity in long 
distance communication links due to the development of optical fibre amplifier 

technology.
The main optical fibre windows used in recent optical communication systems
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are around 1300 and 1550 nm. The regions of these windows used in coherent 
communication are from 1270 to 1350 nm and from 1480 to 1600 nm, respectively. For 

a system whose channel spacing is 5 GHz, it would theoretically be possible to obtain at 
least 2800 channels in the 1300 nm window and 3000 channels in the 1550 nm window. 
However, the possibility of making such systems will depend on the ability to develop 

coherent systems that can be tuned over a significant part of the fibre bandwidth and 
still offer high degree of stability and temporal coherency, and a suitable coding method 
for inserting data on the optical carrier. Analog formats modulate the coherent optical 
carrier in amplitude, frequency and phase before demodulation using coherent optical 

receivers. In the case of digital transmission, amplitude, frequency and phase shift 
keyed modulation techniques can be applied.

The OIPLL configuration is basically a coherent technique and can offer wide 
tunability while tracking temporal fluctuations in phase. With the tuning capability of 
OIPLL systems, not only could OIPLL be used in coherent detection but also in the 
generation and detection of closely spaced carriers for different channels in multiplex 
systems.

1.4 - Structure of the Thesis

The first aim of this thesis is to compare the locking techniques described in 
Sections 1.1 and 1.3, providing an understanding of the mechanisms involved in each 
one of them, with special attention to the OIPLL characteristics. The OIPLL limitations 
and modelling are studied and set the guidelines for an experimental design. The second 
objective is to present the design, construction and evaluation of the first OIPLL.

Chapter 2 presents the theoretical analysis of the OPLL system. The general 
block diagram and general set of equations in time and frequency domain for 
homodyne and heterodyne systems are presented, considering non-zero loop 
propagation delay time. Discussions of the loop filter design and loop stability are 

introduced. Finally, the main sources of noise are identified.
In Chapter 3, the basic principles of the optical injection locking system are 

introduced. The block diagram and equations in time and frequency domain for an OIL 
system are presented. The effect of increasing the level of injection power into the slave 
laser cavity and the stability of the locking process are analysed. Considering the OIL 
equations, a simple model for the injection locking system based on phase-lock loop 

theory is presented, leading to the system noise characterisation.
Chapter 4 presents the theoretical analysis of the OIPLL system. The block
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diagrams for homodyne and heterodyne systems and the homodyne OIPLL equations in 
time and frequency domain are presented, considering non-zero loop propagation delay. 

System stability for different loop filter configurations is analysed with and without 
injection (OPLL case). The main noise sources are identified and a full analysis and 
comparison of the performance of the different locking techniques is conducted, based 
on the phase error spectrum and phase error variances of the different systems. Finally, 
the OIPLL analysis is completed by considering the phase shifts in the phase detection 
process due to optical path mismatch.

Chapter 5 concentrates on the optical and electrical design of an experimental 

OIPLL. The design of an experimental arrangement that could accommodate OIL, 
OPLL and OIPLL techniques, offering a reasonable way of controlling the optical path 
mismatch is presented. The main characteristics of the optical sources used in the 
OIPLL experiment are described and measured, including the tuning characteristics of 
the laser sources. The design of the optoelectronic balanced receiver is presented along 
with a method to obtain effective optical wave overlap. Finally, the design of the loop 
electronics is presented, starting by giving an overview of each part of the loop circuit, 

followed by measurements of the circuit response.
Chapter 6 presents experimental results for the first OIPLL, along with results 

obtained for the equivalent OPLL and OIL systems used alone, applying the techniques, 
modelling and design detailed in previous Chapters. Parameters of the experimental 
systems are measured and the phase noise suppression performance of the three locking 
techniques are presented and compared with each other and with the theoretical 
predictions.

Chapter 7 presents a sununary of the main conclusions of this project and gives 

suggestions for future work.
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Chapter 2 

Optical Phase-Lock Loop Theory

As already discussed in Chapter 1, an OPLL is a feedback loop that regulates 

frequency and phase of a tuneable laser, called the slave laser, by means of the phase 
error between the slave laser signal and a reference signal, produced by a so-called 

master laser. Although there are many OPLL experiments reported [2.1-2.5], compact 

and low cost systems would require the use of semiconductor lasers without external 
cavity line-narrowing techniques [2.6,2.?]. Such systems require loop bandwidths of 

many megahertz to cope with the wide laser linewidths. Therefore, the loop propagation 
delay plays a major role in the loop performance, as it limits obtainable loop 
bandwidths. For the OPLL analysis, the well known PLL formalism can be adopted
[2.8,2.9], with some modifications to account for the use of lasers. First, in this Chapter, 
the principle of operation of OPLLs and the system equations are presented, 
considering the loop propagation delay. Loop stability is studied for different systems 
and, finally, the basis of the noise analysis is presented. This analysis also forms the 
basis of the first order loop model of injection locking discussed in Chapter 3 and of the 
detailed comparison between OPLLs and the optical injection phase-lock loop (OIPLL) 
in Chapter 4.

2.1 - Block Diagrams and Transfer Functions

2.1.1 - Time Domain Analysis

The block diagram of Fig. 2.1 shows the most general format for an OPLL: the 

heterodyne system. The signals from both lasers are mixed on the active area of a 
photodetector. The photodetector operates as an opto-electronic converter, generating a 
current at its output which is proportional to the sum-squared of the electric fields of the 
two optical sources. The master laser electric field EJt) and the slave laser electric field 

Es{t) are assumed to be, respectively:

E„{t) = ^r:cSin[o}J+(l>M] (2 -1-1)

(0  = cos[ffl/ + <t>, (()] (2 .1.2)
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Fig. 2.1 - The heterodyne optical phase-lock loop.

where E„o and Êo are the amplitudes (V/m) and (û̂  and (0̂  are the angular frequencies 
(rad/s) of the master and slave laser electric fields, respectively. In eq. (2.1.1) and
(2.1.2), <l>Jf) and 0X0 are the master and slave laser phases (rad), given respectively by:

= <t>„c + r M

<l>s(t) = K  + Ysit)

(2.1.3)

(2.1.4)

where 0^  and 0^̂  are the respective quiescent phases of master and slave lasers and 

%,(0 and %(0 are terms accounting for the master and slave laser phase noise.
The instantaneous current at the output of the photodetector is [Appendix A]:

hit) = K o sin[(û)„ -C O , ) t  +  ( 0 -  t i û i  +  n ( t )  (2.1.5)

where k̂ o is a dimensionless term representing the loss in the efficiency of detection due 

to misalignment and lacking of polarisation matching between the two wavefronts, R is 

the photodetector responsivity (AAV), Ap is the illuminated area of the photodetector 
(m^) and z is the characteristic impedance of the medium (O). The term n{t) accounts 

for the noise introduced by the detection process, whose origin is presented in Section 
2.3 and studied in Chapter 4.
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Defining the incident optical power associated to the master laser and the

incident optical power associated to the slave laser, the photocurrent is rewritten as:

'.(() = Ko + 2R^jP„P, sin[(û)„ -w ,)t + (j>Jt)- 0 , (f)]} + n{t) (2 .1.6)

where = PLA^IIz (W), P̂  = E\,A^llz (W) and P  = .

The current passes then through an amplifier. This is necessary because the 
beat signal is normally too weak to be efficiently discriminated by the phase detector. 
Assuming Ru to be the input impedance of the amplifier, the signal at the output of the 
amplifier is:

+ (2.1.7)

where the DC term has been neglected, co^ = co^-co^, , kamp is

the amplifier gain,^^«(0  is the impulse response of the photodetector and amplifier, and
p̂d — (PTA).

Following Fig. 1, the signal Va{f) is coupled into a phase detector together with a 
reference signal v /r), generated by an offset generator at a angular frequency given 
by:

v^(r) = A^cos[û)/ + 0^(f)] (2 .1.8)

where (V) is the reference signal amplitude and 0X0 represents the excursions of the 

signal phase.
The phase detectors can be divided in two broad categories, multiplier circuits 

and sequential circuits. As sequential phase detectors are generally used to detect binary 
and rectangular input waveforms, the phase detector assumed for this analysis is the 
multiplier type. The ideal multiplier phase detector delivers an error signal at its output 
containing the product of the two input signals. In this analysis, a particular multiplier 
phase detector is considered, which is very common in OPLL implementation: the 
double balanced mixer. Assuming that the amplitude of the reference signal is much 

higher than that of Vg(f), the output signal will be:

VfcW = ^„v„(0v,(0 = fcj{sin[(û)^ - « , ) (  + e(ï)] + n'(t)} */„„,(«) (2.1.9)
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where the high order terms have been discarded and kj is the phase detector gain factor 
given by:

^ d = -  K \^ l\K oK dK m p  (2 . 1.10)

where is the phase detector gain factor. By using the quadrature representation of the 
noise term n{t) [2.8] into eq. (2.1.7), that is:

n{t) = n ,(O cos((»„/)-n,(O sin(® ^f) (2 .1.11)

where nXt) and «X0 are the quadrature terms, n'(f) in eq. (2.1.9) is, discarding high 
order terms:

” "(0 =  cos[(û)^^ -  Cû^)t +  0 ,(O ] +  , 4  "-sin[(cy^, -  Cû^)t +  0^(r)] (2 .1 .12)
'̂ co'̂ pd ĉô pd

and 9{t) is the phase error at the output of the phase detector, given by:

(2.1.13)

The other term in eq. (2.1.9) is:

= (2.1.14)

where/pXO is the impulse response of the phase detector.
Assuming R12 to be the input impedance of the loop filter, the phase detector 

output signal can be written in terms of a current signal by:

h(t) = *;{sin[(®„ -  (0 ,)t + e{t)] + n'{t)]*f„^{t) (2.1.15)

where k'^=kj! Ri .̂ Assuming a system with matched impedances, Ru= R12 and
= 1/ '̂ r̂kmKô pdkamp ' The signal 4(r) constitutes an error signal giving the frequency

and phase difference between the signal generated by the optical input and the reference 
signal. After the loop filter, /^(r) becomes:

iXt) = iM *f(t)*S{t-T ,)  (2.1.16)
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where f(t) is the impulse response of the loop filter and 5{t-T^) represents the effect 

of the loop propagation delay. The signal tunes the slave laser in such a way that, 
under locking conditions, that is, (Ô  = the output phase of the slave laser is forced 

to track that of the free-running master laser in order to minimise the error and keep the 
beat signal frequency at (Or. As a result, the phase noise of the two sources becomes 

partially correlated, reducing the total phase noise within the loop bandwidth. Under 
these circumstances, the signal ijf) can be considered as a modulating signal in relation 

to the slave laser, in such a way that the modulated output phase of the slave laser is:

= (2.1.17)

where k„ is slave laser gain factor (rad/s.A) and is the impulse response of the 
slave laser modulation response.

Assuming that the loop is locked and the phase terms are small enough to allow 
the linearisation of the sinusoidal terms, the time domain equation for the heterodyne 
OPLL after the substitution of eq. (2.1.15) and (2.1.16) into eq. (2.2.17) is:

= k„K[e(t)+ » ' ( ( ) ] * / ( ' ) * / « , -T ,)  (2.1.18)

In eq. (2.1.18), 0{t) is controlled by the feedback process to be as small as 

possible when the loop is locked, given a large loop bandwidth. Further,/,„,(0 and/J>„(0 

represent real response of loop components. In many analysis [2.10-2.13], though,/o„,(0 
a n d ^ (r)  are ideally set to 1.

2.1.2 - Frequency Domain Analysis

The next step is to apply the Laplace transform to the linearised OPLL time- 
domain equation (2.1.18):

s(j>Xs) = k[e{s) + N\s)]F(s)F^MFj^{s)e-^"^ (2.1.19)

where k = kjc'̂  and N\s), F{s), Fo îs), FfJis) and are the Laplace transform of 
n\t), f{t), fouit), ffjf)  and 0{t-T f), respectively. In this Section, the noise term N\s) is 

neglected: its influence over the system is considered in Section 2.3. Therefore, eq.
(2.1.19) becomes:
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(j>,(s) = G{s)0{s) (2,1.20)

where G(s) is defined as the open loop transfer function and is given by:

, 2. , .21)
0 ( 5 )  S

G(s) is frequently used to analyse the loop stability and phase noise tolerance.

From the results of phase lock loop analysis [2.8], which assumes that the
feedback path of the loop has unity transmission, the closed loop transfer function for
an OPLL is given as [2.6,2.7,2.10-2.12]:

II<Ĵ  .2 1 2 2 1
l + GW s + kF{s)F,Js)Fjs)e-‘̂  ̂ ’

and represents the loop dynamic behaviour.
The error transfer function is defined as:

= + L  "  s + k F {s )F js )F M e -^  '
and expresses the phase noise reduction that can be obtained in the system. From eq.
(2.1.23), if the magnitude of the open loop transfer function is increased, the phase 
noise reduction is improved.

The DC gain is defined as [2.8]:

fc, = fcF(0)F„.,(0) (2.1.24)

as Ffi„(f) is assumed to be normalised in relation to in such a way that F}^(0) = 1.
Until now, the analysis has been carried out for a heterodyne system. But the 

simplification of eq. (2.1.21) to (2.1.24) for a homodyne system is straightforward. 
Referring to Fig. 1, a homodyne system can be represented by removing the 

components inside the dashed box and connecting points A and B, so that 4 (0  = 4(0- In 
this case, the loop, under locked conditions, has a beat frequency equal to zero. The 
photodetector works as the system phase detector, generating the error signal that will 
tune the slave laser, after being processed by the loop filter, in such a way as to 
minimise the phase error inside the loop. Thus, the two laser outputs become correlated
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and the phase noise is reduced, inside the loop bandwidth. The same analysis procedure 
can be followed and definitions similar to the ones given by eq. (2.1.21) to (2.1.24) can 

be achieved. In fact, for a homodyne system, k = kokpjcco as kj = the term /o„t(0 
represents the response of the photodetector only, = ^ (0  =

Ù)/ = = 0. By substituting these new parameters back into eq. (2.1.7) to (2.1.18)

and applying the Laplace transform to the linearised results, it is possible to obtain the 
open loop transfer function, closed loop transfer function, error transfer function and 

DC gain for a homodyne system.

2.2 - Loop Filters and Stability

Generally, control loops, like the OPLL, are described in terms of order and 

type. The order of a control loop is equal to the number of roots that the denominator of 
the system closed loop transfer function has, or, alternatively, the power of 1/s in G(s) 
[2.8-2.10,2.14]. The type of the loop is determined by the number of perfect integrators 
within the loop. Any OPLL is, at least, type I loop because of the integration arising 
from the current-frequency conversion performed by the slave laser. To define the order 
and type of the loop, however, it is necessary to take into account the characteristics of 

the loop filter used.
The next step is to analyse the behaviour of systems with different types of loop 

filters and check their stability requirements considering the loop delay. An OPLL can 
be considered as a control system and the feedback loop should reduce the phase error 
inside the loop. It is possible to find the stability limits for the OPLL system by finding 
the critical value of the loop gain above which the system is unstable. Once this value is 
known, the loop parameters can be set in such a way to ensure that the gain is inside a 

safe margin that prevents the loop oscillating.
The stability of a control loop can generally be determined by the roots of the 

denominator of the loop transfer function equation, known as the characteristic 
equation. The stability requirement is that the real part of the roots, if more than one, is 
negative [2.15]. From eq. (2.1.22), this requirement is not satisfied if G(s) = -1, which 

means that \G{s)\ = 1 and arg[C(j)] = ±7t, where \G{s)\ is the modulus of G(s) and 
arg[G(^)] is the phase of G{s), as H{s) then tends to infinity and, therefore, represents an 
unstable system. The simplest way of determining the stability of the OPLL system, 

which is adopted during the following analysis, is to find the frequency values which 
are roots of 1 + G(5) = 0 and associate these values to the loop parameters. Bode and 

Nyquist plots will be used to illustrate the results. For simplicity during the analysis.
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Fouis) and Fpjis) are made equal to 1, but their influence should be taken into account 

when modelling.

Also, the capacity of the loop to track different input signals or, in other words,
the phase error resulting from different inputs, called tracking, and the process of
bringing the loop into lock conditions, called acquisition, are taken into account in this 
Section. Although many results for those parameters are calculated from zero delay 

system approximations, by including them in this Section, it is possible to illustrate the 
additional limitations to the system response when delay time is included.

2.2.1 - F irst O rd er Loop

The first order loop is the simplest of the OPLL systems, as it contains an 
infinitely broadband filter, that is:

F(.s) = A (2.2.1)

where A is a gain factor.
By substituting eq. (2.2.5) into eq. (2.2.3) and (2.2.4), the open loop transfer 

function and the loop transfer function are, respectively:

G(s) = (2.2.2)

(2-2.3)

As G{s) is complex, it can be written as:

G(i) = |G(i)|e'” (2.2.4)

where <p = arg[G(s)]. In order to find the critical stability point, it is necessary to solve

G(s) = -1. By substituting F{s) into eq. (2.2.2) and using the format of eq. (2.2.4), the

steady state sinusoidal response is:

= (2.2.5)

Therefore, the critical frequency côr is the one which solves:
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Ak
=  1

and

(2 .2 .6a)

(2 .2 .6b)

Therefore, the system will be unstable if:

7T
2T,

(2.2.7)

The Bode and the Nyquist diagrams of the system are shown in Fig. 2.2 and 2.3, 
respectively. In Fig. 2.2, the Bode plots for a first order loop are presented, for zero 
delay and for systems with delay, with increasing values of gain. As Ak is increased, the 
phase of G(s) deviates from the ideal zero delay value towards 180 degrees, decreasing 
the phase margin of the system and crosses -180 degrees for \G(s)\ = 1 when (2.2.7) is 
satisfied. The Nyquist plots of Fig. 2.3 show the behaviour of the system for the same 
values of Ak as those of Fig. 2.2. It can be seen in Fig. 2.3a that the curve tends to pass 
over the critical point (-1,0) as Ak is increased. Fig. 2.3b shows the plot for a gain 
beyond the critical value. From Nyquist analysis theory [2.14], the curve of Fig. 2.3b 
represents that of an unstable system.

loglGI
(dB) -6 dB/octave

no delay

2n

20T2T

0

phase
(deg)

-90

log CO
-180

Fig. 2.2- Bode plot ofG(s)for a first order loop.

48



Chapter 2: Optical Phase-Lock Loop Theory

Im G

2T
no delay

20T

0 Re G1

(a)

Im G(s)

2n

1 0 Re G(s)

(b)

Fig. 2.3 - Nyquist plots ofG(s)for a first order loop, (a) zero delay system and 
increasing values of Ak. (b)Ak beyond critical.

The only parameter that can be adjusted by the designer is the product Ak, 
which also determines the 3-dB bandwidth of the loop. In the absence of loop delay the
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bandwidth can be made indefinitely wide, which would fulfil the requirements for good 

loop tracking, as large DC gain and bandwidth would provide low static and dynamic 
phase errors, as from [2.8], which is achievable for higher A/:. When the non-linearities 
of the phase detection process are considered, limits for tracking can be defined [2 .8 , 
2.9, 2.16] for the first order loop:

AcOf̂  = Ak (2.2.8)

(2.2.9)

where AcOh is the hold in range, defined as the input frequency range over which the 
loop would hold lock, and AcOpo is the pull out range, defined as the maximum input 
frequency step applied to the loop that keeps lock without the occurrence of cycle slips.

For acquisition, two ranges of frequencies can be considered. The lock in range 
AcOi, defined as the frequency range where phase lock is acquired within one cycle, and 
the pull in limit defined as the frequency range over which lock can be acquired, 

for the first order loop, are given by [2 .8 , 2,13, 2.16]:

Ao)i=Ak (2 .2 .10)

Ao)pj=Ak (2 .2 .11)

Although eq. (2.2.8) to (2.2.11) are calculated from zero delay approximation, 

they can illustrate the limitations in the described parameters when delay is present.
Considering the loop delay, Ak has to be smaller than the value given by eq.

(2.2.7) for a stable system and, therefore, the system has a bandwidth limitation and 

tracking and acquisition become poor. As gain and bandwidth can not be set 
independently for the first order loop, this system is not normally used, despite its 

simplicity.

2.2.2 - Modified First Order Loop

The modified first order loop has a loop transfer function given by:

F(i) = —^  (2.2.12)
l  +  S T
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where T is a time constant related to the loop filter cut-off f r e q u e n c y / ^  = 1 / 2%T. 

This type of filter could be a simple RC combination (A = 1) or, alternatively, an 
amplifier with gain A and a finite bandwidth In fact, the loop filter described by eq.
(2 .2 .12) represents the first order loop filter in practical terms, as a filter of infinite 

bandwidth is not possible in real systems. The transfer function for a modified first 
order loop is:

=  & ~ X k   (2.2.13)
/  -I--.S + — e  

T T

By following the OPLL terminology, the loop transfer function should be 
considered as a second order loop (the denominator is of second degree). However, it is 
best regarded as a modified first order loop as its behaviour is similar to that of the first 
order loop [2.8,2.10]. It is possible to define a zero-delay natural frequency co„o and a 
zero-delay damping ratio for the system and (2.2.13) can be rewritten as:

where and 4  are given by, respectively:

=  Æ ( 2 2 1 5 )

<2 .2 .

and the open loop transfer function is:

G (j)=  T  - (2.2.17)
5(1 + 5T)

By writing eq. (2.2.17) in the format of eq. (2.2.4), one has

G{ja>) = ... (2.2.18)
m-yl + (CDT)
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For critical stability operational point, as in 2.2.1, G(s) fulfils:

|C (;0 )| = ------------------------ ‘ (2.2.19)
Cû„ ĵ\+{0)„T)

and

^  + tan = K (2 .2 .20)

In order to simplify the analysis, it is assumed tan“‘((2}̂ T̂) -cû^^'ï. Therefore, 

eq. (2 .2 .20) becomes:

By substituting eq. (2.2.21) back into (2.2.19), the critical gain for the loop is:

r
2( r ,  + r ) ^  l 2 ( r ,  + r)

TIT
(2 .2 .22)

In Fig. 2.4, the Bode plots for a modified first order loop are presented having 
Ak as a parameter. Once more, as Ak is increased, the phase of G{s) deviates from the 
ideal zero delay case and crosses -180 degrees at same time as \G(s)\ = 1 when (2.2.22) 
is satisfied. The phase margin for this system is not as good as that for a first order loop 

as the phase shifts rapidly towards -180 degrees. Fig. 2.5 shows the Nyquist plots for 
the same system as those for Fig. 2.4. The reduction in phase margin is indicated by 

deflection of the plots from the zero delay curve. The transient response of the system 
will degrade as Ak is made larger and a oscillatory behaviour becomes apparent.

The tracking and acquisition characteristics of this type of loop are similar to 
those of a first order loop [2.9,2.16] and limited by the influence of the loop delay in the 

same way.
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Fig. 2.4 - Bode plot for a modified first order loop.

Im G

>(Ak)

(Ak)
<(Ak)

no delay

0 R e G1

Fig. 2.5 - Nyquist plot for a modified first order loop.

2.2.3 - Second Order Type II Loop

The use of second order loops is the most attractive in OPLL applications. Loop 
gain and loop bandwidth can be independently set by the presence of two loop filter 
time constants, resulting in systems with better control of tracking and acquisition
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characteristics. The introduction of an additional integrator to the system (active loop 
filter) results in a high value for the loop DC gain in such a way that the loop response 

to steps in frequency ensures zero steady state phase error. The loop filter transfer 

function including an ideal integrator is:

yc,
(2.2.23)

The closed loop and the open loop transfer functions are, respectively:

-sT.{2^,co„s + a>l)e
(2.2.24)

sT.
S  To

(2.2.25)

where the zero-delay natural frequency Cûno and the relative zero-delay damping ratio 

are given by, respectively:

(0„=A— (2.2.26)

(2.2.27)

Assuming the format of eq. (2.2.4) for eq. (2.2.25):

G{j(û) =
Ù).
0)

1+ e
I

n+û)Tj-tan-(%fl (2.2.28)

The open loop transfer function phase response from eq. (2.2.28) reaches -n rad 

at a critical frequency cOcr if:

7t + — tan-1 = K (2.2.29)

is satisfied at same time as:
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1 + =  1 (2.2.30)

By solving eq. (2.2.30), one has:

(2.2.31)

and substituting this result into eq. (2.2.29), the critical stability is reached for:

ta n - '(2 5 „ V 2 5 > V 4 E +

V 2 ë + V 4 l F T
(2.2.32)

By using eq. (2.2.26), eq. (2.2.32) can be rewritten for the system critical gain
it *

=
ta n - '(2 ^„V2 , ? > V <  + l

+ 1
(2.2.33)

Fig 2.6 and 2.7 show, respectively, the Bode and Nyquist plots for a second 
order loop. Although the phase margin for this system is improved, it is more sensitive 
to loop delay than the modified first order loop. Due to the high DC gain required by 
the active loop filter, the static phase error of the loop tends to zero and the loop 
presents better tracking characteristics [2.8]. The hold in and pull out ranges are 

[2.8,2.9, 2.16]:

Acûf, = kF(0) (2.2.34)

where F{0) can be extremely large because of the integrator in the loop filter and:

(2.2.35)

The two time constants T; and T2 can be set independently so that the dynamic phase 
tracking and the pull out range can be changed to suit the system requirements.
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Fig. 2.6 - Bode plot for a second order loop.
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0

<k

no delay

1 0 Re G

Fig. 2.7 - Nyquist plot for a second order loop. 

The acquisition ranges are given by [2.8,2.9,2.16]:

(2 .2 .36)
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Aa^, = 2pk^^co„F{0) (2.2.37)

In the same way, the lock in range can be controlled by means of gain and the 

two time constants T/ and T2 . The pull in range, however, can be set at large values, 
because of the term F(0).

Compared to the first order loop, the independence between gain and the time 
constants permits more flexibility during the design. But once more, the loop delay can 
limit cOno,which is proportional to the loop bandwidth, and the loop gain. Therefore, the 
parameters have to be carefully selected to permit reasonable bandwidth and gain for 
given master and slave lasers.

2.3 - Noise Sources for OPLLs

From the analysis conducted in Section 2.1, it is possible to identify the major 
noise sources for the system. In eq. (2.1.3) and (2.1.4), the laser phase noise was 
introduced and is basically associated with the spontaneous emission inside the laser 
structure. The fluctuations of the reference signal were introduced in eq. (2.1.8). In eq.
(2.1.5), n{t) was considered as a noise source associated with the photodetection 
process called shot noise. It comes from the quantum nature of the light and represents 
the uncertainty in the detection of one photon by the photodetector. Other sources of 
noise are considered of minor importance, like the intensity noise from the lasers (for 
DFB lasers, the typical value for the relative intensity noise or RIN is around -140 
dB/Hz) and the noise from the electronic components (the components can be carefully 
selected to give small noise contribution). During this analysis, the noise contribution 
from minor sources is discarded.

The contribution of the major noise sources to the system can be calculated 
from the loop equations. First, it is assumed that the signals from master and slave 

lasers are locked and the system has been linearised. From eq. (2.1.3), (2.1.4) and
(2.1.13), the phase difference between master and slave lasers and the phase error at the 

output of the phase detector are, respectively:

= <l>„o -  <l>so + r„(0 - n(0 (2 3.1)

0 (1) = f „ -  <Pri‘) + r j t )  -  r,(() (2.3.2)

57



Chapter 2: Optical Phase-Lock Loop Theory

In eq. (2.3,1) and (2.3.2), 0̂  ̂is actually controlled by the loop to compensate the 
other phase terms by means of eq. (2.1.17). The instantaneous values of ^^(r) and 6{t) 
are, considering the control of

= -K[icit)*ffn{t)\ + y„(t) -  yXt) (2.3.3)

^ (0  = + Ym(f) -  Ys(0 (2.3.4)

By substituting i^t) in eq. (2.3.3) and (2.3.4) from the results obtained in 
Section 2.1 and taking the Laplace transform of the result, (/>„̂(s) and 0(5) are:

+ 4 r„ (^ )  -  r , ( 4 ]  (2.3.5) 

= -kl6(s) + N'(s)]F(s)F„,(^)fJs)e-^^" + -  r ,(^ )  -  (2.3.6)

where r„(s), F̂ Cs) and N'(s) are the Laplace transforms of %,(f), yXO and n'(t) 
respectively.

By rearranging eq. (2.3.5) and (2.3.6) and using eq. (2.1.22) and (2.1.23), 0^(5) 
and 0(5) are:

=[1 -  H (^)][r„(^) -  r,(4] -  (2.3.7)

e(^) = [1 -  ff(^ )][r„ (j) -  r x 4  -  f  (^)] -  (2.3.8)

for a heterodyne systems. Under the same assumptions as those for the loop parameters 
in Section 2.1 regarding the generalisation of eq. (2.3.7) and (2.3.8) for a homodyne 
system , one has:

6(s) =[1 -  7 f(4 ][r .(^ )  -  rX 4 ]  -  (2.3.9)

Eq. (2.3.7), (2.3.8) and (2.3.9) are a more complete set of equations for the 

OPLL as they also consider the system noise terms. Due to the random nature of them, 
statistical analysis is necessary and will be carried out in Chapter 4, where this system 
performance will be compared to that of other locking systems.
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2.4 - Conclusions

As seen in the previous Sections, the loop bandwidth and the gain of the loop 

are important parameters in the loop design regarding tracking capability. The first 
order loop was seen not to be the best filter configuration as both parameters can not be 
set independently. Second and higher order filters, however, can offer extra control of 

the loop characteristics by means of changes in the values of the loop filter components.
The analyses carried out until now have assumed ideal conditions: the 

amplifiers and loop components having infinite bandwidth, the phase error being small 
enough to allow the phase detector to have a linear response and the characteristics of 
the FM response of the slave oscillator being perfect. However, these assumptions are 
not true for real systems. The amplifiers and loop components have a finite bandwidth, 
which would require more complex loop filters in order to cover the whole bandwidth 
required for a particular system. A complex but effective solution to the bandwidth 
limitations of loop filter components is the implementation of split path loop filters
[2.10.2.19].

As seen in the Bode and Nyquist diagrams in this Chapter, the loop delay alters 
the dynamics of the loop and can cause instability and prevent the loop from acquiring 
lock if the loop gain and loop bandwidth are not limited. The limitations imposed by the 
loop delay in relation to gain and bandwidth result in loops with poor phase noise 
suppression. If the real response of either the phase detector, in the case of a heterodyne 
system, or the photodetector, in the case of a homodyne system, is taken into account, it 
will be seen in Chapter 4 that locking performance of OPLLs also depends on the 
amount of phase noise that the laser sources present, that is upon the laser line widths, 
which must be limited to a maximum value for a given loop delay. Split path loop 
filters would also be a good solution for the loop propagation delay problem

[2.10.2.19], allowing the utilisation of non-passive components in the loop filter.
In the particular case of OPLLs using semiconductor lasers, wide loop 

bandwidths are necessary to deal with the laser phase noise. As discussed above, the 

control of the loop parameters is desirable to cope with the problems brought in by a 
finite loop delay. Therefore, a second order loop would be necessary. That would be the 
best choice as this type of loop can offer better tracking and acquisition than a modified 
first order loop. However, the second order loop itself is more complex than a modified 
first order loop and can introduce longer delays in the system, decreasing the phase 
margin and requiring extremely narrow linewidth lasers. As will be discussed in 
Chapter 4, the modified first order loop, despite the dependence between gain and 
bandwidth, is more tolerant of loop propagation delay, offering superior phase noise
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suppression when longer loop delays are involved [2.10,2.17,2.18], and, therefore, is
more suitable for OPLL implementation with wide linewidth lasers.
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Chapter 3 

Optical Injection Locking Theory

Injection locking has been known for many years, since the first works on the 
synchronisation of electronic [3.1,3.2] and microwave [3.3] oscillators, as discussed in 

Chapter 1. The same principles can be extended to lasers, in particular to semiconductor 
lasers, and the locking technique has been used for spectral control and synchronisation 
of optical local oscillators in coherent systems. In this Chapter, the basic principles of 
the optical injection locking (OIL) system are introduced and a simple model for the 
injection locking system based on phase-lock loop theory is presented.

3.1 - Block Diagram and System Equation

3.1.1 - Time Domain Analysis

The injection locking of semiconductor lasers (Fig. 3.1) is a non-linear 
phenomenon that requires the injection of a master laser signal into a slave laser. The 
isolator in Fig. 3.1 prevents the light emitted by the slave laser from being coupled into 
the master laser. As a result of the injection, the slave laser frequency is pulled to that 
of the master laser and the system is kept locked while the free-running frequency 

difference between master and slave lasers is inside certain limits to be presented later 
in this Section.

Isolator

MASTER
LASER

SLAVE
LASER

Fig. 3.1 - Block Diagram of an optical injection locking system.

The interaction of the electric field with the lasing medium can be evaluated by 
a coupled set of differential equations, describing the electric field and the carrier 

number. Assuming that the lasers are single mode and the system is locked, these 
equations for the slave laser can be expressed by [3.7,3.17]:
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dEXt)
dt

1 G{t)------
2

EXt) + ̂ E „ ( t )

(3.1.2)

where (Ô is the free-running slave laser angular frequency (rad/s), G{t) is the complex 
gain per unit of time (s '), Tp is the photon life time (s), 77 is a term representing the 
coupling efficiency of the master laser injected signal, is the round trip time of the 
electric field inside the laser structure (s), nXt) is the carrier density (m-^), D is the 
diffusion coeficient (m^s *), Rî ŝ is the term that accounts for the carrier loss due to 
radiative and non-radiative recombinations (m-^s '), J represents the carrier injection 
term (Am-^), e is the electronic charge (C) and d is the active layer thickness (m). In eq.

(3.1.1), the slave and master laser complex electric fields (V/m), respectively EJJ) and 
EJf), are given by:

(3.1.3)

(3.1.4)

where E^o(r)and E^oit) are the slave and master laser electric field amplitudes, 
respectively, and (pjif) and ^Jit) are the slave and master laser phases (rad). The angular 
frequency is that of the master laser and is the same for the slave laser as the locking 
condition has been assumed.

In order to simplify eq. (3.1.1), the amplitude of the electric field can be 
associated with the number of photons inside the slave laser cavity. Assuming that 

master and slave lasers have identical structure, the number of photons for master and 
slave lasers are written as [Appendix B], respectively:

(3.1.5a)

(3.1.5b)
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The carrier number density rate equation can also be simplified. By assuming 
that the slave laser structure around the active area presents index guided characteristics 
(e. g., buried-heterostructure lasers), the diffusion contribution can be neglected. The 

carrier density can be represented by nXt) = N{t)AV, where N{t) is the carrier number, 
AV is the active region volume and it is assumed that the carriers are uniformely 

distributed in the whole length of the active area. Also, can be written as [3.17]:

K,s{"c) = %  + (3 1 -5c)

where is defined the carrier lifetime and riphoton is the photon density. The first term on 
the right-hand side represents the carrier loss due to spontaneous and non-radiative 

recombinations. The second term accounts for carrier loss due to stimulated emissions.
It is possible to rewrite eq. (3.1.1) and (3.1.2) in terms of photon number, phase 

and carrier number of the slave laser using eq. (3.1.5). The first step is to take the 
derivative of eq. (3.1.3) in relation to time:

dE,(t) 1 d E M  , . 
dt \2 E (t)  dt 'E M  (3.1.6)

By substituting eq. (3.1.5) and eq. (3.1.6) into eq. (3.1.1) and separating the real 
and the imaginary parts from the result, the equation for the photon number associated 
with amplitude of the electrical field can be written as:

= IRe[G(0] -  — |/ , ( f )  + cos6{t) + R + E, (3.1.7)dt [ TpJ T;

where 0{t) = 0„(^) -  <l>̂{t) . In eq. (3.1.7), R is the spontaneous emission rate introduced 

to represent the contribution of the spontaneous emission (s ^  to the photon number and 
F I is the Lange vin noise term accounting for fluctuations of the photon number [3.17]. 

The imaginary part gives the slave laser phase variation with time:

dt -  + 2 """ + (3.1.8)

where is the Lange vin noise term accounting for fluctuations of the phase [3.17].
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By substituting eq. (3.1.5) into eq. (3.1.2), the equation for the variation of the 
carrier number is given by:

^  = Z _ M _ R e [ G ( 0 ] / ,W  + f ,  (3.1.9)dt e

where I is the pumping current (A) and is the Langevin noise term accounting for 
fluctuations of the carrier number [3.17]. It was assumed that = IXOI^V.

Eq. (3.1.7) to (3.1.9) now describe the injection locking process, whose 
solutions are not straightforward due to the fact they do not present a linear

characteristic. However, the rate equations (3.1.7) to (3.1.9) can be linearised and
solved using the approximation of small pertubations around the steady state values of 
the system. The solutions would then determine the stability of the steady state 
operating conditions. Therefore, the system variables are now defined as:

Is(.‘) = L + U ‘) (3.1.10a)

/.( ( )  = C + l W  (3.1.10b)

<l>Àt) = K  +  r , i ‘ ) (3.1.10c)
= + (3.1.lod)

N{t) = N^+n{t) (3.1.10e)

where /„ , C ,  </>,„, and are the steady state values and i,(r), i„ ( t) , y^{t) , y„{t) 
and n{t) are the deviations from the steady state values of 7^0» 7^(f), (t>m{t) and

A(r), respectively.
W ithin a first order approximation, assuming operation above the laser 

threshold and using eq. (3.1.10), G{t) can be written as [3.4,3.7]:

G{t) = G„ + Ĝ {1 + ja)[AN, + n(0] + G,l{t) (3.1.11)

where AN  ̂= N ^- N^, represents the free-running steady state carrier number. Go is 

the free-running gain per unit of time (s-’), Ĝ  ̂= dG/dN is the differential gain related to 
the carrier number (s '), G/ = dG/dl is the differential gain related to the photon number 
(s ') and Cf is known as the linewidth enhancement factor and accounts for the phase- 

amplitude coupling of the electric field.
By substituting eq. (3.1.10) and (3.1.11) into eq. (3.1.7) to (3.1.9), the linearised 

rate equations for the injection locking process are:
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+ n{t)\ + G,iXt) -  ~ | [ L  + ‘*(0] +

cos[0„ + ê(O] + R + F, (3.1.12)

= (0,-0)„ + |g««[A1V„ + «(()] + y [Oo+m] + F .

(3.1.13)

^  = +G„[AÂ „ +n(0] + G,i; (f)}[/„ + lW] + ̂ „ (3.1.14)

where Qo~ ^mo~ ŝo 0{t)= y^{t). By solving the above equations and

discarding second order terms on the deviation of the steady state operating points, one 
has:

4 ( 0  _
dt

r
1 + Gî AN̂ U 0  +

'nhoh 1 1 1(0  I i M  
24 . 2 /_

[c o s0 ,-s in 0 ,ê (f )]  + /? + F, (3.1.15)

— -  (5), -  + -  G^aAN  ̂+ -  Gf^an{t) +
d t  2  2

1  n L
V L

I 1,(0 I 0 ( 0  
2 /„  2 /^

l̂ sin e, + cos 9 ,6(f) j + (3.1.16)

n(0-

(G„ + G^AN, + G ,4 > ; (0  + F , (3.1.17)

where it has been assumed that:

sin 6(t) ~ 6{t) 

cos 6{t) « 1
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The steady state solutions for eq. (3.1.15) to (3.1.17) can be obtained by making 
the deviation terms and the terms obtained from the Langevin forces zero. Therefore, 
the steady state equations are:

= 0 (3.1.18)

û ),-û )„ + ^G ^a A N ,+ j-J^sm Û , = 0 (3.1.19)

   GJs„ ~ -  0 (3.1.20)e T,

where eq. (3.1.18) is obtained from eq. (3.1.15) assuming - 1 / + = 0 ,  a

result that is consistent with steady state solution for the slave laser without injection. 
The solution of eq. (3.1.17) without injection is:

I N
 ^ - G / , , = 0  (3.1.21)
e T„

where 7̂  ̂ is the slave laser steady state photon number in the absence of injection. By 

rearranging eq. (3.1.21):

(3.1.22)

By making T, = 2Z/Vg, where L is the effective length of the slave laser cavity 
and Vg is the group velocity, by rearranging eq. (3.1.18) to (3.1.20) and substituting eq.
(3.1.22) into (3.1.20), the steady state solutions of the injection locking process are:

AG = G « A W „ = - ^ j - î^ c o s 0 „  (3.1.23)

Aœ = û)„-cû^ = - ^  |- ^ ^ ( s in 0 „ - a c o s 0 „ )  (3.1.24)
V
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AN.

Eq. (3.1.24) is of particular interest for the injection locking process. It defines 
the injection locking bandwidth of the OIL system. Implicit in the expression is the 

behaviour of the slave laser frequency when it shifts from its free-runing value to that 
of the master laser due to the injection. First, the slave laser frequency changes slightly 
from its free-runing value because of the beam injection itself. Although eq. (3.1.24) is 

valid only inside the locking range, this effect happens in and out of the locking 
bandwidth and can be experimentally observed when the lasers are out of lock. The 

second frequency shift is due to the locking process itself and the frequency of the slave 
laser moves to that of the master laser, an effect that occurs only inside the locking 
region. By defining the injection locking rate p  as:

2n.L (3.1.26)

where the proportionality between slave and master laser optical powers, P̂o and 

and their respective photon numbers is used and T\Pmc/Pso is defined as the injection 
locking ratio, c is the velocity of the light and Ug is the group refractive index. By 
making 5= tan-^a, and using eq. (3.1.26), eq. (3.1.24) can be written as:

A® = pVl + a^ s in (0 „ -5 )  (3.1.27)

As the maximum value of the sinusoidal term in eq. (3.1.27) is ±1, the locking 

bandwidth is restricted to |Aû)| < pVl + c ? , which is valid for low level injection 

(injection ratio rjP̂ g/P.g < lO^) [3.8]. For larger injection further factors must be 
considered. The gain change mechanism due to injection locking brings the slave laser 

to oscillate at the same frequency as that of the master laser. However, this forced 

oscillation competes with the amplification of the spontaneous emission and it is 
overtaken by the latter effect if AG>0 in eq. (3.1.23). The only way to keep AG<0 
would be if 10o\<n/2. On the other hand, the 0̂  interval [-7i/2,7t/2] can be divided into 
two sub-intervals concerning the gain variation AG, [-7c/2,-tc/2+ô] and [-7i/2+ô,7r/2]. 
Although both intervals offer AG<0, a long term stable state requires the lowest gain 

value at threshold, which is fulfilled by the second sub-interval [-7i/2+ô,7c/2] [3.5,3.9]. 
By substituting this result back into eq. (3.1.27), the locking range is now limited to:
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-p V l + a^ <AO)<p (3.1.28)

By looking now at eq. (3.1.25), the photon number of the locked signal varies 

through the locking range given by eq. (3.1.28). As AG and AN„<0 and lAG/G^kl, the 
denominator of eq. (3.1.25) gets smaller as Aco is tuned towards the negative side of the 

locking range while the numerator increases. In fact, the maximum output power, 
which is proportional to the photon number, is achieved for negative detuning. 
However, for operation above the threshold, the photon number variation is rather 
small.

By substituting the steady state solutions into eq. (3.1.15) to (3.1.17), the final 
rate equations for the injection locking process are given by:

diAt) _
dt - ÿ — pcos6„

2 p L s i n + p ^ c o s e . i „ ( 0  + F, (3.1.29)

-  ̂ s i n  oX (t) + ̂ s i n  (<) + p  cos ô j( t)  + F , (3.1.30)

dn(t) _
dt VÎT

(3.1.31)

3.1.2 - Frequency Domain Analysis

The Laplace transform is now applied to the linearised eq. (3.1.29) to (3.1.31) 
and the resulting system of equations can be solved in the complex frequency domain. 

Thus:

5 + —  -  Gjl̂  ̂+ pcos 6̂
V so

lU) -  2p4„ sin ÔyAs) -  G /,.» (s )  = 

p^cos0jXs)-2pI„sine„y„{s) + FAs) = F'As) (3.1.32)

^ s in  ejAs) + {s+pcosd„)rAs) -  ̂ ^ n ( s )  =

P
21.

sin0„i„(s) + pcos0„)'„(i) + F .(s) =  F '( i )  (3.1.33)
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(G„ + G^AiV„ + G ,/„> ;W  +
1

«(•y) = = K{s) (3.1.34)

The system of equations (3.1.32) to (3.1.34) can be written in a matrix format
by:

s + A -B -C  " l(s)
D s + // -K Y.W = f ; ( s)
M 0 s + Q _ n(s) _ F M

where:

 +PCOS0^ M = G„ + G„AAf„ + G,/„

^  = 2p /„sine„

C -

H = pcosO  ̂

2

0  =  0

The solution of the system of equations for the injection locking system will 
exist if the determinant of the coefficient matrix is different from zero. The determinant 
is given by:

L{s) = + (A + H + Q)s  ̂+ (A/I + AQ + BD + CM + QH)s +
{AQH + BDQ + BKM + CHM) (3.1.35)

The locking range has been defined by eq. (3.1.28). However, no mention has 
been made so far whether the locking would be stable over the whole range. The 

condition for dynamic stability can be found from eq. (3.1.35); the system will be 
dynamically stable if all the zeros of L(s) are located in the left half of the complex s- 
plane [3.6-3.10], that is, any perturbation of the steady state operating conditions of the 
injection locking process, given by i^(s), 7^(5) and n{s), would die away and the

system returns to the equilibrium state. In general, the stability properties must be 
examined numerically. Fig. 3.2 shows an example of the expected locking 
characteristics for a DFB laser [3.11], calculated from the rate equations and using the
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Stability criteria described above. The boundaries of the locked region are given by the 

locking range obtained previously. The injection locking is stable through the whole 

locking range for low values of injection locking ratio, below -50 dB. The stable region 
becomes extremely narrow as the injection locking ratio is increased and stable again in 
the whole extension for very high injection locking ratio, beyond -10 dB. The 
instability is mainly caused by the increase in the relaxation oscillation frequency and 
decrease of the damping of those oscillations.

I

Unstable

Unlocked Unlocked

-6 -3 0 3 6

Frequency Detuning (GHz), Aco

Fig. 3.2 - Locking characteristics for a DFB laser (1550 nm, InP/lnGaAsP, second 
order grating, length 322 jjm, effective refractive index 3.23, Kfactor 23/cm, facet 

reflections 0.2% and 30%, linewidth enhancement factor 5.4 and internal loss 50/cm).

3.2 - Phase-Lock Loop Model for Injection Locking

As already seen in the previous Section, the handling of the rate equations is not 

simple and the analysis of the dynamic behaviour of the system becomes complicated. 
It is possible, however, to derive a simple model for the dynamic state of the stable 

injection locking process, based on its rate equations, which approaches the format of 

what is obtained from phase-lock loop theory.
By assuming that the photon number of the laser field is instantaneously in 

equilibrium with the carrier population [3,12], that is, all the variation in the carrier 
population changes the refractive index and, therefore, the phase of the laser, and by 
neglecting the Langevin terms, eq. (3.1.29) and (3.1.30) can be combined, resulting in:
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= p(cos0„ + a s in  e„)[r„ (0  -  n W ] (3-2.1)

where the injection locking "gain" term kon is defined as:

kojL = = p(cos 9̂  + a sin 9 )̂ = p V l+ ^ c o s (0 ^  + d) (3.2.2)
u9^

where 8 = tan-^a. In the special case when the static phase error 9̂  = 0, kon = p. Fig 3.3 
shows the block diagram of a system that would be described by eq. (3.2.1). The phase 
comparator represents the slave laser internal comparison of the slave laser phase with 
that of the master laser, delivering the phase difference between the two lasers at its 
output. The phase difference, or phase error, is amplified by the injection locking gain 

koiL and tunes the output phase of the oscillator, which represents the actual phase 
variation of the slave laser due to the injection locking process. Fig. 3.3 is very similar 
to the block diagram of a homodyne phase-lock loop, which can be obtained from Fig.
2.1 considering the points A and B short circuited. The phase comparator role is 
equivalent to that of the photodetector. The gain stage can be considered as the loop 
filter. Finally, the oscillator is equivalent to the locked slave laser. In fact, eq. (3.2.1) 
can be obtained from eq. (2.1.18) by setting k„kj' = I, n'{t) = 0, as there is no real 
photodetector in the system, the loop impulse responses to kon, the remaining impulse 
responses to 1 and removing the delay time term, as the injection locking process is 

seen to be unaffected by it. Thus setting the loop filter impulse response to kon, which 
is equal to the loop filter transfer function, characterises the system as first order, as can 
be seen from Section 2.2.1. Therefore, the simplified block diagram for the injection 
locking process approaches the configuration of a homodyne first order phase lock- 
loop.

The Laplace transform can be applied to the linearised eq. (3.2.1) and the result 
is given by:

= W [ r „ ( s )  -  y ,W ] (3-2.3)

By rearranging eq. (3.2.3), the slave laser phase can be written as:

n(-s) = -f/o;tWr™W (3-2-4)

where Hoil(s) is defined as the injection locking transfer function given by:
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=
ÔIL

S  +  k
(3.2.5)

OIL

MASTER l ( t )  ,
LASER O

Phase
Comparator

Oscillator

OIL

# . ( t )
dt

SLAVE LASER

Fig. 3.3 - Block diagram of the injection locking process given by eq. (3.2.1).

Eq. (3.2.5) has the same format as that for the first order phase-lock loop 
expressed by eq. (2.2.3) when the time delay is set to zero.

By assuming the phase-lock loop approach to injection locking, it is possible to 
represent the locking range of the injection locking system. The locking range or hold 

in range for a first order loop is given by its DC gain, as defined in eq. (2.2.8). For the 
injection locking system, the DC gain is equal to kon, whose maximum value is 
obtained from eq. (3.2.2). Therefore, the hold in range of the injection locking system 
is:

(3.2.6)

This result agrees with the locking range expression obtained directly from the 
steady state solutions of the rate equations, where |Am|< p V l + ^ ? . It is important to 

point out that the range given by eq. (3.2.6) has to be corrected to consider the 
assymetrical characteristics of the injection locking originated from the slave laser gain 
change mechanism with injection.
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3.3 - Noise Analysis

The next step is to carry out the noise analysis of the injection locking system. 
For a full analysis, it would be necessary to go back to the system equations given by 
the matrix of the rate equations and solve them for phase, photon number and carrier 

number. The solutions, containing the Langevin noise sources, would be used in the 
noise analysis. The Langevin terms Fp and F ̂  arise mainly from the spontaneous 

emission, while has its origin in the discrete nature of the carrier generation and 
recombination. In the presence of the Langevin noise terms, the solutions of the rate 
equations for phase, photon number and carrier number become random and have to be 
treated using probability analysis.

On the other hand, a great deal of simplification of the noise analysis of the 
phase of the slave laser that permits an estimation of the phase noise behaviour can be 
achieved by using the phase-lock loop approximation of the injection locking process 
presented in the last Section. In this approximation, the Langevin terms are not 
expressly considered. However, their effect over the system can be taken into account if 
the phase terms of eq. (3.2.1) are considered as the representation of the phase noise 
perturbations of the lasers, each one of them treated individually. Therefore, by using 
the result calculated in Section 2.3 for a homodyne optical phase-lock loop, eq. (2.3.9), 
and assuming the phase-lock loop approximation of the injection locking, the phase 
error of the injection locking system is given by:

V W =[1 -  «o ,L W ][r„W  -  r,(^ )] (3.3.1)

where FĴ s) and F,{s) are defined in Section 2.3 and the term N\s) = 0 in eq. (2.2.9). In 
Chapter 4, the definitions of phase error spectrum and variance will be presented. It will 
be shown that the use of eq. (3.3.1) can provide a good approximation for these system 

parameters.

3.4 - Conclusions

A brief discussion of laser injection locking has been presented. As the process 

is characterised by non-linear properties, the resulting injected laser rate equations are 
complicated to solve and no analytical solution can be obtained directly from them. A 
simple approximation based on small perturbations around the steady state conditions 
of the system is used, making possible the linearisation of the rate equations and
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leading to an expression for the injection locking range and, later, to the study of the 

stability of the locking process. The theoretical results presented previously in Section
3.1 and 3.2 are similar to those reported in [3.5-3.10], where very close agreement with 
experimental results was achieved. The locking range presents an asymmetrical 
characteristic due to the presence of the linewidth enhancement factor a  that represents 
the coupling between amplitude and phase of the electric field in a semiconductor laser. 

It has also been shown that the locking range is completely stable under low injection 
conditions and only a narrow region of it is stable for higher values of injection ratio.

A simple model for the injection locking process has also been presented. 

Basically, the linearised rate equation for the phase variation can be simplified under 
the assumption that all the variation in the carrier population changes the refractive 
index and, therefore, the phase of the laser, leading to an expression which is similar to 
that for a first order phase-lock loop. This simple model is used in the theoretical 
development of the next Chapter.

In comparison with the system presented in Chapter 2, a system using injection 
locking seems to be simpler, as it does not have the additional complications brought in 
by the presence of the loop propagation delay in the design of the electronic circuits and 
combining optics. Laser frequency synchronisation can be achieved and the system can 
perform satisfactorily in homodyne systems [3.12] as well as indirectly in heterodyne 
detection systems by locking to sidebands of a modulated master laser [3.13-3.16]. 
However, the injection locking process, being of type I, gives finite phase error where 
the master and slave laser free-running frequencies differ. A type II OPLL can offer 
zero static phase error within the locking range. A system based on OPLL detection 
also offers better sensitivity than one based on injection locking as a considerable 
amount of optical power has to be used for injection into the slave laser cavity (the 
process presents high coupling loss). Another characteristic is the locking range. OPLL 
systems can offer wide locking range, depending on the DC gain of the loop. In 
contrast, the available locking range of OIL systems is narrow. As it was seen at the end 

of Section 3.1.2, the locking range of systems requiring large amounts of injected 
power to control the phase noise of wide linewidth semiconductor lasers is limited to a 

narrow stable region within the full locking bandwidth of the system. The unstable 
region is marked by a deterioration of the damping factor of the relaxation oscillations 
of the laser under injection. These are some of the aspects that differentiate the two 

systems and have to be taken into account before deciding which one of the two locking 
processes should be used. The next Chapter presents a possible solution to the above 

problems.
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Chapter 4 

Optical Injection Phase-Lock Loop Theory

In the previous two Chapters, two different locking techniques that have been 
widely used for synchronisation of semiconductor lasers were presented. The optical 

phase-lock loop (OPLL) was shown to be sensitive to the amount of delay time 

introduced by the feedback loop in such a way that gain and bandwidth must be 
controlled to prevent loop oscillation. On the other hand, the optical injection locking 

(OIL) process avoids this limitation and is much simpler to implement. However, due 
to the non-linear characteristics of the semiconductor laser and problems arising from 
its relaxation oscillations, stable locking is only possible within a narrow region inside 
the locking bandwidth. Thus, fluctuations in the master laser frequency may throw the 
locking process into the unstable region of the locking range, described in Section 
3.1.2. Also injection locking can be characterised as a first order process and, therefore, 
phase control is not possible. After the good results obtained in the synchronisation of 
electronic and microwave oscillators [4.1-4.4], a technique combining optical injection 
locking and the optical phase-lock loop is presented in this Chapter; the optical 
injection phase-lock loop (OEPLL). The OIPLL system is far more tolerant of the effect 
of the loop propagation delay than the OPLL configurantion, allowing the use of 
conventional semiconductor lasers without line-narrowing techniques and the 

implementation of second order type II loop filters for the phase control of the slave 
laser. Since static phase error tends to zero for second order type II loops, OIPLLs can 

offer phase control that is not possible with the OIL configuration in such a way that 
fluctuations of the slave laser phase are compensated electronically by the loop and, as 

a result, wider stable locking ranges than those of the equivalent OIL system are 

achieved. These properties of the combined system are discussed later in this Chapter.
First, the OIPLL block diagram and system equations are presented, based on 

the results obtained in Chapter 2 and 3 for the OPLL and OIL systems, respectively. A 
more complete equation describing the OIPLL and its noise sources is then considered 
in the OIPLL noise analysis. The performance analyses of the three different locking 
techniques are presented and compared, using as criteria the phase error spectrum and 
phase error variance obtained from the noise analyses of the three systems. Finally, 
limitations on OIPLL implementation are presented and discussed.
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4.1 - Block Diagram and Transfer Functions

4.1.1 - Time Domain Analysis

The block diagram of the homodyne OIPLL is shown in Fig. 4.1 (a). Part of the 

light from the master laser is injected into the slave laser cavity for the OIL process. 

The other part is combined with the output light of the slave laser on the active area of 
the photodetector for the OPLL part of the system. The phase error signal generated at 

the output of the photodetector is processed by the loop filter and tunes the slave laser 
in order to minimise the phase error. Locking is acquired when the two lasers oscillate 
at same frequency. The block diagram of the heterodyne OIPLL is shown in Fig. 4.1 

(b). Part of the light from the master laser is injected into the modulator waveguide. The 
master laser light is modulated at a frequency corresponding to that of the signal 
generator and then injected into the slave laser cavity. The slave laser is locked to a 
side-frequency of the modulated master laser signal for the OIL part of the system. The 
other part of the master laser light is combined with the output light from the slave laser 
on the active area of the photodetector for the OPLL part of the system, generating a 
beat signal at a frequency corresponding to the frequency offset between the two lasers. 
The phase of the beat signal is compared with the phase of the signal generator by a 
phase detector. The phase error signal generated at the output of the phase detector is 

processed by the loop filter and tunes the slave laser in order to minimise the phase 
error. Locking is acquired when the frequency offset between the two lasers is equal to 
the signal generator frequency.

Later, in Chapter 6, experimental results for an homodyne OIPLL are presented 
and, therefore, the analysis of the OIPLL is concentrated on the homodyne case. A 

more detailed block diagram of a homodyne OIPLL system is shown in Fig. 4.2. The 

components inside the dashed box represent the interaction of the two processes from 

the slave laser point of view, where the injection locking process is represented as a 

first order phase lock-loop of gain kon- By considering Fig. 4.2, the results for the 
homodyne OPLL system given by eq. (2.1.15) to (2.1.17) and the assumptions of 
Section 3.2, the rate equations for the output phase of the slave laser in a locked OIPLL 
system can be written as [4.5,4.6]:

= *0/1. sin0o;i,(O + *[sin 6>opü(0 + ri -  r j  (4.1.1)
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Fig. 4.1 - The optical injection phase-lock loop system, (a) homodyne, (b) heterodyne.
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Fig. 4.2 - Detailed homodyne OIPLL bock diagram where the injection locking process 
is represented as a first order phase lock-loop of gain koiL-

where the first term on the right hand side represents the additional contribution of the 

OIL process to the OPLL system, Oopidd) = 0{t), 6{t) given by eq. (2.1.13) for a 
homodyne system, Ooidt) = 0(t) Odi/f, where Odi/f is a phase term introduced
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phenomenologically to due to the fact that the instantaneous phase difference 
between master and slave lasers is measured at two physically separate points, one at
the slave laser and the other at the active area of the photodetector. A more
comprehensive analysis of 0^/,jwill be carried out in Section 4.5. The remaining terms 

in eq. (4.1.1) have been already defined in Sections 2.1.1 and 3.2.

For simplicity during analysis, it is assumed that is set to zero and that the 
phase difference between master and slave lasers is small enough to allow the 

linearisation of the sinusoidal terms in eq. (4.1.1). Therefore, the output phase of the 
slave laser is given by:

=  pd(t) + k[e{t) +  n' 0{t -  T,) (4.1.2)

where under the above assumption koiL = p, defined previously in Section 3.2.

4.1.2 - Frequency Domain Analysis

By taking the Laplace transform of the linearised eq. (4.1.2), one has:

s<l,,(s) = pe(s) + kF(s)F^(s)F^(s)[e(s) + N' (4.1.3)

In this Section, the term accounting for the noise NXs) is neglected: its meaning 
and influence over the system is considered later in Section 4.3. Therefore, following 

the PLL analysis developed by Gardner [4.7], eq. (4.1.3) can be rewritten as:

<l>,{s) = G,{s)0{s) (4.1.4)

where GXs) is defined as the open loop transfer function for the OIPLL system and is 
given by:

s s

From the results of phase-lock loops [4.7], the closed loop transfer function for 
the OIPLL system is then defined as:
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gç -  P + kF(s)F„{s)F^(s)e-‘̂ ^
’ <I>M 1 + G. s + p + kF(s)F^(s)F^(s)e-’̂ ‘  ̂ ^

The error transfer function for the OIPLL system can be written as: 

E^s) =  1 -  H,{s) =  = J ^  = s + p  + kF{s)F„MF^{s)e-‘"̂

As with the OPLL error transfer function, eq. (2.1.23), E^s) expresses the phase 

noise reduction provided by the OIPLL system.

4.2 - Loop Filters and Stability

Following the OPLL theory of Section 2.2, the next step is to analyse the 
stability characteristics of the OIPLL system for different types of loop filters. The 
results for a combined system are presented and compared with those obtained 
previously for the OPLL system having the same loop parameters. Also, for simplicity 
during the analysis, Foutis) and are made equal to 1, but their influence over the 
system should be taken into account during the design of the real loop filter, as the 
introduction of extra poles derived from their transfer functions can have a significant 
effect on stability.

4.2.1 - First Order Loop

By substituting the loop filter expression defined by eq. (2.2.1) into eq. (4.1.5) 
and (4.1.6), respectively, the open loop transfer function and the closed loop transfer 
function for the first order OIPLL system are, respectively:

(4.2.1)

The steady state sinusoidal response of the open loop gain can be rewritten as :
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\ + lAkpco^m Tj)  + {Akf
L rxm  -  -

-^+ tan  ' 
2 p+ Akcos{caTj)

(4.2.3)

The critical stability point for the OIPLL system can be obtained by finding the critical 
angular frequency a>cr that is the solution for = -1 , that is, the OIPLL system

is unstable if |G^(5)| = 1 when arg[G^(5)] = -K  giving:

^cr = ĵp̂  + 2Akpcos{(O^Jj) + {AkY (4.2.4)

and

—+ tan  ̂
2

Aksm(co^Jj) 
p + Akcos[co^^T )̂

= 7Ü (4.2.5)

The solution of eq. (4.2.5) can be obtained assuming that the denominator of the 
second term on the left hand side is zero, which leads to Akcos[cû^^T )̂ = -p . By

substituting this result into eq. (4.2.4), the value for (Ocr is:

(4.2.6)

Eq. (4.2.6) is an interesting result. In order that the system presents an unstable 
angular frequency value cOcr, which, when substituted into eq. (4.2.4), leads to a non 
linear expression whose solution gives the critical value of loop gain for the OIPLL 
system, the solution of eq. (4.2.6) must be real. However, in the case that p  > Ak, no 

real solution is possible and, therefore, the OIPLL posesses unconditional stability, 

even considering the effect of the delay time of the loop. Therefore, the addition of the 
injection locking path can make a first order OPLL unconditionally stable providing 
that the OIL gain term is greater than the OPLL gain term. Fig. 4.3 shows the Nyquist 
diagrams for an unstable first order OPLL (p = 0) and the equivalent OIPLL assuming 

p  > Ak. The addition of the OIL path moves the unstable pole of the OPLL from the 
right towards the left hand side of the s-complex plane and the system becomes stable.
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Im G

p =  0

p =  2Ak

p >  2Ak

0 Re G1

Fig. 4.3 - Nyquist plot for first order OPLL (p = 0) and OIPLL (p ?̂ 0) systems.

4.2.2 - Modified First Order Loop

The loop filter transfer function of a modified first order OPLL is given by eq.
(2.2.12). By substituting this equation into eq. (4.1.5) and (4.1.6), the open loop transfer 
function and the closed loop transfer function for the modified first order OIPLL 
system are, respectively:

Ak ,-sT.
S 5 (1  +  .s t )

(4.2.7)

„(. )  p(l + sr) + Ake-‘̂ ‘
(5 +  p ) ( l  +  5T) +  Ake~^^‘‘

(4.2.8)

For stability analysis, eq. (4.2.7) can be rewritten in the format of eq. (2.2.4):

\ + f-cos{o)Tj) + w r-^sm {coTj) - J y+tan”'(fflT)-tan '
\+̂ cos{aTj)

(4.2.9)
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and the critical angular frequency cOcr can be found by fulfilling the critical stability 
condition given by:

 ̂ Ak V ^
1 + — cos(û)^^r^) +

\2

(0. =  1 (4.2.10)

and

Y + tan *(ty^^r)-tan-1
Ak . / rr \ 

«cr'î’- — s in (o )„ r j

~Ak
1 + — cos(û)^^r^)

= K (4.2.11)

Setting p = tan eq. (4.2.11) becomes:

tan p - n
(ûcrT-^ûn[cùJ,)

1 + — cos(û)^^T’̂ )
(4.2.12)

The trigonometric term on the left hand side of eq. (4.2.12) can be simplified 
and the result used in eq. (4.2.12). Recalling that p = tan”*(m^^T), the phase condition

for critical stability becomes:

— cos(ty^,r^) + l

"Tp
— sin (û ),,rJ -û ) ,,T

(4.2.13)

By using eq. (4.2.13), eq. (4.2.10) is simplified to:

1
r  Ak^

2

[ p  J P
(4.2.14)

Eq. (4.2.14) can now be solved and the value of a>cr can be found for given 
values of loop parameters and the critical loop gain of the system in relation to the
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delay time can be verified through numerical solution of eq. (4.2.13) from the obtained 

value of COcr. However, for the special case when p> Ak in eq. (4.2.14), cOcr has no real 
solution and the system, therefore, becomes unconditionally stable. Fig. 4.4 shows the 

improvement in the stability conditions of a modified first order OPLL by the inclusion 
of the injection locking path, having the injection locking gain as a parameter. The 
OPLL system parameters were chosen to place the loop beyond the stability limit for a 
given value of delay time. As the OIL gain is decreased, the OIPLL approaches the 

unstable behaviour of the OPLL.

Im G

p  = Oj

p = 2Ak

p > 2Ak

0 Re G1

Fig. 4.4 - Nyquist plot for modified first order OPLL (p = 0) and OIPLL (p
systems.

4.2.3 - Second Order Type II Loop

By substituting the loop filter expression defined by eq. (2.2.19) into eq. (4.1.5) 

and (4.1.6), respectively, the open loop transfer function and the closed loop transfer 

function for the second order type II OIPLL system are, respectively:

G M  = ̂  + -
l + 5To ,-sT.

S%
(4.2.15)

1 y
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p + k^\ + s% ^
\  y

- s T .

s + p + k
(4.2.16)

. - s T ,

In order to simplify eq. (4.2.15) and (4.2.16), the definitions of zero-delay 
natural frequency and damping ratio used during the OPLL analysis, given by eq. 

(2.2.22) and (2.2.23), respectively, are applied. Therefore:

(4.2.17)

- s T .
/  \  _  \^^OIPuAs)(OnoS  +

s + \^^oiplAs)(0 ^s + CÔ ĵe- s T . (4.2.18)

where the function ^ o ip l l ( s ) is given by:

^ o j p l l ( s )  -  ^ (4.2.19)

For stability analysis, eq. (4.2.17) is written in the format of eq. (2.2.4):

^  -  (op&m(wT,)f + + apcos{wT^)\
g a j ^ j  -

CO

K+coTj-lan' 2w„ô„co+o}pcos{(oTj)
(ol,-o)psm{(oTj) (4.2.20)

The critical stability point can be found if eq. (4.2.20) satisfies:

-  <»crPsin(<o„rj)]' + [2coJ„a),r + <OcrPcoio>cJj)f ^
Û):

(4.2.21)

and

7T + — tan-1 + <o„pcosijo^crT^)
sin{a„Tj)

=  7T (4.2.22)
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Eq. (4.2.22) can be simplified and substituted into eq. (4.2.21), resulting in a 
expression for the critical angular frequency;

i i X _ i +  22. —  1

V p '  y V P
(4.2.23)

The value of 0)cr can be found for given values of loop parameters using eq.
(4.2.23) and the critical loop gain of the system can be found for a particular value of 
delay time through numerical solution of eq. (4.2.21) or (4.2.22) from the obtained 
value of (Ocr- The second order type II loop is of particular interest in the OIPLL 
analysis. As already investigated in Chapter 2, an OPLL with an active loop filter 
presents better overall performance than the other two types of filters analysed, as 
tracking and acquisition characteristics are superior due to the independence between 
the loop gain and loop bandwidth settings and the high DC gain of the integrator, which 
ensures zero static phase error and wide locking range. However, the presence of the 
active component, an integrator, increases the complexity of the loop electronic circuit 
and the system becomes more sensitive to the effect of loop propagation delay than the 
modified first order loop. Fig. 4.5 shows the Nyquist plot of an unstable OPLL and the 
equivalent stable OIPLL. The injection locking path can relax the requirements for the 

loop delay, basically due to the fact the injection locking process can be considered as 
adding an extra damping term to the loop that is not influenced by delay. Therefore, it is 
possible to implement high gain second order type II loops, ensuring good performance 

with wide locking range and keep the static phase error of the loop very close to zero, 
which is a requirement for proper validity of the assumptions made in Section 4.1.

4.3 - Noise Sources for OIPLLs

As the OIPLL consists of the combination of OPLL and OIL systems, the noise 
source analysis carried out in the two previous Chapters can be extended to this system 
and, from the analysis conducted in Section 4.1, the major noise sources of the system 

can be identified. In eq. (4.1.1), 6{t) represents the phase difference between master and 
slave lasers. As described in Chapter 2, eq. (2.1.3) and (2.1.4) defined the master and 

slave laser phase terms, where the first representations of the laser phase noise were 
introduced. In eq. (4.1.1), n(t) was considered as a noise source associated to the 
photodetection process called shot noise. As in the OPLL analysis, other sources of 
noise are neglected.
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Fig. 4.5 - Nyquist plot for second order OPLL (p = 0) and OIPLL (p ^0) systems.

The contribution of the major noise sources to the system can be calculated 

from the OIPLL equations. First, it is assumed that the signals from master and slave 
lasers are locked and the system has been linearised. The differential phase is assumed 
zero. From the phase term definitions given by eq. (2.1.3) and (2.1.4), the phase error at 
the output of the photodetector is:

(4.3.1)

In eq. (4.3.1), is actually controlled by the system to compensate the other 
phase terms by means of eq. (4.1.1). The instantaneous value of 0{t) is, considering the 
control of

= - W s i n e(f) - *[sind{t) +  ri -  r j  +  y„( t ) -  y,(t)

(4.3.2)

By assuming that the phase difference between master and slave lasers is small 

enough to allow the linearisation of the sinusoidal terms in eq. (4.3.2) and taking the 
Laplace transform of the result, after rearranging the terms, 0(s) is given by:

(4.3.3)
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where r„{s), F^s) and N'(s) are the Laplace transforms of 7s(0 and n'(t) 
respectively. Eq. (4.3.3) is a more complete equation for the OIPLL as it also considers 
the system noise terms. Due to the random nature of these noise terms, statistical 
analysis is necessary. The results of this analysis are presented later in Section 4.4, 
where the locking performances of the systems studied in Chapters 2, 3 and 4 will be 
compared.

4.4 - Locking Technique Performance

In Sections 2.2, 3.1 and 4.2, the stability of different locking techniques was 

analysed without taking into account the noise source components. The results offered a 

way to determine possible unstable points of a particular system that can be avoided by 
correctly choosing the system parameters. The next step is to check the phase noise 
suppression performance that each configuration can produce by using the results 
obtained in the noise source analysis for the different locking techniques. In this way, it 
is possible to design a locking system whose overall performance can be dictated by the 
choice of system parameters that lead to the maximisation of the phase noise 
suppression in a stable system. In order to measure the overall performance of a 
particular locking system, two criteria are considered: the phase error spectrum and the 

phase error variance. The first criterion consists of a plot calculated statistically from 
the noise source analysis and gives more information about the behaviour of the locking 
technique with frequency, helping in the design and optimisation of the system. The 
phase error variance is the most commonly used criterion in noise analysis as it gives a 
single number associated with the amount of phase error in the system.

4.4.1 - Phase Error and Noise Sources

During the noise analysis, two main noise sources were identified: the phase 
noise of the semiconductor lasers and the phase noise due to the shot noise of the 

photodetector. In this Section, these noise sources are analysed and the results are used 
in Section 4.5 for the calculation and comparison of the phase error spectrum and phase 

error variance of the different locking techniques analysed in Chapters 2, 3 and 4.
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4.4.1.1- Laser Phase Noise

The phase noise introduced by both master and slave lasers is the most 
important factor governing the performance of the locking techniques and can be 
analysed in terms of the laser frequency noise or, as commonly known, laser FM noise.

Fig. 4.6 shows a plot of the spectral density of the main components of a single 
mode semiconductor laser FM noise obtained by solving the laser rate equations [4.8- 
4.10]. The first main component is a white FM noise (curve a) representing the 
frequency fluctuations originated from the laser spontaneous emission. In addition to 

that, the fluctuation of the spontaneous emissions itself creates another noise source 

(curve b), as it induces fluctuations of the optically pumped carrier density that change 
the active area refractive index and, therefore, vary the laser mode frequency.

N

I
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I
I

10

10®

10®

10  ̂ 10® 10“ 10® 10® 1 0  ̂ 10® 10® i o ’“
Frequency  (Hz)

Fig. 4.6 - FM noise spectral density of a single mode semiconductor laser, a: 
spontaneous emission noise; b: fluctuation of carrier density noise; c: self-heating 

noise; d: flicker noise (1/f noise); e: total FM noise.

The ratio between the spectral densities given by curve b and curve a is 

normally represented by the square of the linewidth enhancement factor (a) 
[4.8,4.11,4.12], which was previously described in Chapter 3. This factor can vary from 
2 to 9, depending strongly on the construction characteristics of each particular laser, 
such as the active region material and waveguide structure, and represents the coupling 
between the amplitude and phase of the laser electrical field.
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As the frequency increases, the contribution of the carrier density fluctuations 
(curve b) originates a resonant peak in the total spectral density of the FM noise, at the 
frequency corresponding to the relaxation oscillation frequency of the laser. The laser 
relaxation oscillation frequency is normally above 1 GHz and depends on carrier life 

time, photon life time and the ratio between injection current and threshold current [4.8- 
4.10,4.12].

Additional contributions of low frequency noise are also shown in Fig. 4.6. 
Curve c represents the noise contribution due to the self-heating produced by current 
variations originated by carrier density fluctuations. The flicker noise or 1/f noise, 
induced by carrier mobility fluctuations [4.8-4.10], is represented by curve d. The total 

spectral density of the FM noise Sp^if) can be obtained from the addition of all noise 
sources described in this Section (curve e) and is related to the phase noise Spt^  
(rad^/Hz) by [4.8-4.10]:

= (4.4.1)

A very useful analytical approximation for SpM  is given by [4.8-4.10,4.12]:

y

where is the laser resonance frequency, % is the damping constant of the laser, ^ is the 
magnitude of the flicker noise, a  is the linewidth enhancement factor and Afsr is the 
laser linewidth due to the laser spontaneous emissions obtained from Schawlow- 
Townes formulation [4.8,4.12].

For all the locking techniques under investigation, the contribution of the low 
frequency noise components, like the flicker noise, can be easily tracked. In order to 

simplify the analysis, the contribution of the resonance peaking of the FM noise can be 

discarded. For the performance analysis and the calculation of the phase error variance 
from the phase noise of the system, it is possible to assume that the phase noise spectral 

density for the lasers Sp̂ .iaserif) (rad^/Hz) is given by [4.13-4.15]:

=  ^  (4.4.3)

92



Chapter 4: Optical Injection Phase-Lock Loop Theory

where A/ is the FWHM linewidth of the laser that can be experimentally measured 

using, for instance, delayed self-homodyne techniques (Appendix D). Eq. (4.4.3) is a 
good approximation for the laser phase noise as the measured FWHM linewidth of the 
laser would account not only for the spontaneous emission noise contribution but also 

for the low frequency and carrier density fluctuation noise terms.

4.4.1.2- Detector Shot Noise

Shot noise arises because during the detection process each photon reaching the 
photodetector active area has a probability different from zero of not generating an 

electron. Therefore, the generated photocurrent can be characterised as being composed 
of a very large number of individual events that occur randomly during the period that 
the photodetector is illuminated. Due the statistical characteristic of the process, it is
possible to define a spectral density function for the shot noise and associate it with an
additive phase noise component for modelling and analysis of the OPLL and OIPLL 
systems

The power spectral density of the shot noise as a function of the frequency is 
derived in Appendix C and given by [4.16]:

S„(f) = 2el (4.4.4)

For a homodyne detection system, the signals from master and slave lasers are 
combined on the active area of the photodetector. The average photocurrent produced 
by master and slave lasers is given by 7 = /? (P ^ + P j and the resulting linearised

photocurrent expression for the mixed signals after rejecting the dc power terms is 

obtained from eq. (2.1.6) and is given by:

i{t) = 2R4PJle{t) (4.4.5)

From eq. (4.4.5), the phase noise spectral density is given by:

(4-4.6)
-T.iv •‘ m i

Assuming that i{t) is the contribution due to the shot noise, the phase noise 

translated shot noise can be expressed by (rad^/Hz):
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= (4-4.7)

The result given by eq. (4.4.7) is valid only for homodyne loops. For the 

heterodyne configuration, the contribution of the shot noise is doubled and the phase 
noise translated shot noise of a heterodyne system is twice the result given in eq.
(4.4.7).

4.4.2 - OPLL Performance

The phase error spectrum for an OPLL system can be obtained from the noise 
analysis carried out in Chapter 2 and from the phase noise for each source of noise 
calculated in Section 4.4.1. From eq. (2.3.9), the homodyne OPLL phase error spectrum 
is:

SoFLLif) = [5 « - « .( / )  + 5,«-5t(/)]|l -  -f Ss,(f)\H{J27^f (4.4.8)

where SpN-Miif) and Sp̂ sLif) are the phase noise spectral density for master and slave 
lasers, respectively, and SsM  is the phase noise translated shot noise spectral density. 
The closed loop transfer function H{s) is defined in Chapter 2.

By substituting the phase noise spectral density expressions from Section 4.4.3, 
the OPLL phase error spectrum becomes:

^opixif) —
\ - H { j 2 7 ^ )

2w f
(4-4.9)

where 4/m/ and Af̂ i are the master and slave FWHM laser linewidths, respectively.
In order to illustrate the design properties of the phase error spectrum. Fig. 4.7

(a) and (b) shows the phase error spectrum for a modified first order and second order 

type II OPLLs calculated from eq. (4.4.9). The sum of the laser linewidths was 5 MHz 
and the loop delay 3 ns. The loop gain was chosen as a parameter. The plots used the 

ideal loop transfer function and critical gain expressions defined in Chapter 2 and the 

frequency response of the loop components other than the loop filter are consider equal 
to 1. The time constants for both loops were chosen to give a zero-delay damping ratio 

of 0.707. The master and slave laser powers incident on the photodetector and 
were each 80 p-W and the photodetector responsivity R was 0.5 AAV. The gain of the 
amplifier for the modified first order loop was assumed to be unity (A = 1).
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Fig. 4.7 - Phase error spectra for modified first order (a) and second order type II (b) 
OPLLs having the ratio between critical gain (Section 2.2) and the loop gain as a 

parameter, for loops with zero-delay damping ratio of 0.707.
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In Fig. 4.7 (a) and (b), the increase in the loop gain results in an improvement of 

the low frequency phase noise suppression, as the phase error spectrum values are 
smaller. This improvement should be extended to all frequencies if the loop parameters 
are such that the loop is operating inside a stable region. However, as the gain is 
increased towards its critical value, the OPLL becomes more susceptible to phase 
perturbations as the phase margin of the loop is reduced. This effect can be seen from 

the peaking appearing in the phase error spectrum curve for high frequencies. As the 

loop gain tends to the critical value, the peak tends to infinity and the loop becomes 

unstable. Comparing Fig. 4.7 (a) and (b), it is possible to notice that the second order 
loop presents even further reduction in the phase noise contents for low frequencies 

than the modified first order loop. In fact, the phase error spectrum tends to zero in the 
case of a second order type II loop and to a finite value in the case of the modified first 
order loop. This extra reduction is due to the inclusion of an integrator with high DC 
gain in the loop. Therefore, the static phase error of the second order type II loop tends 

to zero, offering improved low frequency phase noise suppression.
The phase error variance can be obtained from the phase error spectrum by:

l̂pLL = r jo p u .( fW  (4.4.10)

By substituting eq. (4.4.9) into (4.4.10), the phase error variance for an OPLL 
system can be written as:

= + (4.4.11)

where is the laser summed linewidth. The integrals I q p l l  and ^ „ . o p l l  are given by:

ÔPLL ~ J df (4.4.12)
/

K-opu.= \ H m t d f  (4.4.13)

Fig. 4.8 (a) and (b) illustrate the dependence of the phase error variance on 
delay time for modified first order and second order type II loops. In the modified first 
order loop model, the parameter for the plots is the time constant T. In the second order 
type II loop model, the parameter for the plots is the zero-delay damping ratio The
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loop gain is set for each value of delay to be 10 dB below its critical value. The 

remaining parameters are the same as those used for Fig. 4.7. Numerical integration 

was used to evaluate eq. (4.4.12) and (4.4.13). It can be seen that the decrease of T, 

reflecting the broadening of the loop filter bandwidth, can improve the phase noise 

suppression of the modified first order system. Basically, a sharp variation in the 

separation of the variance curves is observed from high T, tending to a limit for lower T, 

suggesting that phase noise control is limited by the shot noise contribution. The curves 
for the phase error variance of second order type II loops are very closely spaced, 
indicating that the OPLL phase error variance is not very sensitive to different values of 

<̂0- The system tends to present lower values of phase error variance for over damped 
second order OPLLs. The type II systems offer superior tracking and acquisition 

characteristics to the modified first order loops but they are more sensitive to the loop 
propagation delay as can be seen from the slopes of the curves in Fig. 4.8 (a) and (b) 
[4.17].

In Chapter 2, the assumption made to solve the OPLL equation was that the 
phase error Q{t) is small enough to allow the linearisation of the sinusoidal 
characteristic of the phase detector (photodetector). However, if the real response is 
taken into account, the phase detector gain can decrease dramatically depending on the 
mean phase error and, as a result, the loop can loose lock. In fact, around 7t/2 rad, the 
phase detector output signal is negligible and the loop can not control the output phase 
of the slave laser to track the phase variations of the master laser, resulting in loss of 
phase lock condition. If the phase error reaches 7t/2 rad, the phase detector response can 
present two distinct outcomes. The first one is that the loop reacquires lock as the phase 
error value drops back to the linear region of the same sector of the phase detector 

response. The second one is that the phase error jumps one or more cycles of the 
sinusoidal response, acquiring lock again in the linear region of one of the next sectors 

of the phase detector transfer function.

This outcome is known as cycle slipping [4.7,4.10,4.18] and depends on the 
amount of phase error present in the system. Therefore, for loops with good phase noise 
suppression, that is, with low values of phase error variance, the linear assumption for 
the phase detector response is valid and cycle slipping is rare. The average time 
between cycle slipping events can be obtained for the first order, modified first order 
and second order type II loops [4.7]. Eq. (4.4.14a) fits well for first order and modified 
first order loops and can be obtained directly from statistical analysis, assuming that the 
phase error is stationary inside an interval (-7C,7t) and has zero average. By means of the 
manipulation of a non-linear, stochastic partial differential equation and assuming that
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the variance of the system is low, the average time between cycle slips for first order 

and modified first order loops is given by [4.7,4.23]:
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Fig. 4.8 - Phase error variance for a modified first order (a) and a second order type II 
(b) OPLL systems. The loop gain is set at 10 dB below the critical loop gain calculated 

for each point from the correspondent value of loop delay (Section 2.2).
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T̂cs-a = 4S
(4.4.14a)

In the case of second order loops, apart from the modified first order loop case, 
an explicit and exact analytical expression for the average time between cycle slips can 
not be obtained from the partial-differential equation. Although many attempts have 

been made to try to find a solution for the second order loop case, a somewhat 

pessimistic empirical expression can be derived for the second order loop [4.7]:

l i ? )
T̂cs-b = (4.4.14b)

The probability of cycle slips is extremely dependent on the amount of phase 
error variance of the system, as can be seen from the exponential term in eq. (4.4.14). 
Qualitatively, from Fig. 4.8, the choice of the bandwidth of the loop filter of the 
modified first order OPLL can dictate the occurrence of cycle slips. In second order 
loops, the choice of the relative zero delay damping can alter slightly the phase noise 
suppression, although better overall performance can be achieved by OPLL systems 
with = 0.707. Modified first order loops seem to be less affected by cycle slips than 
the second order loops for a same value of loop delay. The approximately linear slopes 
of the curves in Fig. 4.8 (a) and (b) suggest that the second order type II system can 
have a faster increase in phase error variance with loop delay, and therefore, a higher 

probability of cycle slips. Table 4.1 illustrates the behaviour of the average time 
between cycle slips with delay for modified first order (T = 0.3 ns) and second order 

loops = 0.707), where the variance values were obtained from Fig. 4.8.

Table 4.1 - Average time between cycle slips for modified first order and second order 
loops, having the time delay as parameter.

OPLL Average Time Between Cycle Slips (s)

Order Td = 0.4 ns Td = 2 ns Td = 5 ns

Modified First 3x1017 0.073 1x10-5

Second 3x1013 5x10-5 3x10-7
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The major phase noise source in the OPLL system is the laser phase noise. For 

loops with good phase noise suppression, that is, low values of phase error variance, the 

loop gain of the system should be as high as possible. However, the effect of the loop 

delay on the OPLL system limits the loop gain to a maximum value above which the 
system becomes unstable. Therefore, the phase noise reduction of the system is directly 
limited by the loop propagation delay. Depending on the choice of laser source for a 
given loop delay, and, therefore, a maximum loop gain, the loop may not able to control 
the amount of phase noise in the system and effective phase locking can be prevented 
by a high number of cycle slips. In summary, not only will the proper operation of an 
OPLL depend on the loop gain and delay relationship but also on the correct choice of 

laser sources to be used in the system. The measurable parameter of a laser that is 
related to its phase noise content is the FWHM line width. If the phase error variance 
expression given by eq. (4.4.11) is substituted into eq. (4.4.14), after rearranging, the 
summed linewidth of master and slave lasers is given by [4.18,4.19]:

I n

^OPLL Jjjl '̂̂ cŝ n-OPLL
n

B.n-O P LL (4.4.15a)

Af/nj -
2n

^OPLL

^ ________^{Pm+Ps)
^HPcsPn-OPLl) 2RP^Ps

B.n-OPLL (4.4.15b)

where eq. (4.4.15a) is valid for first and modified first order loops and eq. (4.4.15b) is 
valid for second order type II loops. For a given average time between cycle slips, loop 
delay and loop gain, eq. (4.4.15) states the maximum summed linewidth possible for 

master and slave lasers in an OPLL system. Fig. 4.9 shows the laser summed linewidth 
versus the delay time calculated from eq. (4.4.15), where the loop gain for each value of 
delay is set 10 dB below its critical value. In order to ensure reliable operation for the 

system, the minimum was chosen to be 10 years (315 Ms) [4.18,4.19]. The other 
parameters are the same as those used in Fig. 4.8.

In Fig. 4.9, it is possible to notice that the modified first order loop is slightly 
less restrictive than the second order type II loop for values of loop delay beyond 0.5 
ns. It is important to mention that a slight variation of the laser linewidth can change 
substantially. For = 1 day, and Tj = 1 ns, the maximum summed linewidth for 
modified first order and second order type II loops are 4.9 MHz ( r  = 0.3 ns) and 3.2 

MHz {̂ o = 0.707), respectively, compared to 3.8 MHz and 2.5 MHz for = 10 years.
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Fig. 4.9 - Maximum summed linewidth versus delay time for (a) a modified first order 
and (b) a second order type II OPLL systems.

The advantage of using semiconductor lasers in an OPLL implementation is that 
they could offer compact and low cost systems if the lasers can be used without line-
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narrowing techniques. From Fig. 4.9, the requirements for master and slave lasers 
summed linewidth constitute a severe restriction for the use of conventional 

semiconductor lasers. For the values of linewidth that have been achieved lately (DFB 
lasers typically between 2 and 30 MHz; state of art, < 1 0 0  kHz [4.24]), good loop 

performance can only be achieved by loop filters built with passive components. In 
fact, unless lasers with line-narrowing techniques are used (e. g., external cavity lasers) 
or more complex laser structures (e. g., extended cavity DFB lasers), the 

implementation of superior performance loops, like type II second order loops, 

becomes extremely difficult due to the long delay introduced by the active filter 

electronics, even using split path loop filter configurations [4.20].

4.4.3 - OIL Performance

The phase error spectrum for an OIL system can be obtained from the noise 
analysis carried out in Chapter 3 and from the phase noise expressions for each source 
of noise calculated in Section 4.4.1. From eq. (3.3.1), the OIL phase error spectrum is:

SoM ) = ( / )  + (4.4.16)

where and Spn.sl(J) are the phase noise spectral density for master and slave
lasers, respectively. The closed loop transfer function Hoil(s) is defined in Chapter 3.

By substituting the phase noise spectral density expressions from Section 4.4.3 

and Hoil{s) from eq. (3.2.5), the OIL phase error spectrum becomes:

where Af^ is the master and slave laser summed FWHM linewidths. The OIL gain 
factor koiL is defined by eq. (3.2.2) and is a function of the injection ratio and phase 
detuning between master and slave laser.

Fig. 4.10 (a) and (b) shows the phase error spectrum for an OIL system for two 
different values of injection ratio, -50 dB and -30 dB, respectively, having the static 

phase detuning between the lasers as a parameter, calculated from eq. (4.4.17). The 
chosen values of phase detuning are related to the frequency detuning through eq. 

(3.1.27) and would ensure operation inside the stable region of the locking range. The 
laser summed linewidth was 5 MHz. The linewidth enhancement factor was a  = 5, the
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group index was 4.3 and the laser cavity length was 300 |Lim. Under these assumptions, 
p  for Fig. 4.10 (a) and (b) is 370 M/s and 3.7 G/s, respectively.
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Fig. 4.10 - Phase error spectrum for OIL system with injection ratios o f-50 dB (a) and 
-30 dB (b), having the phase detuning between the lasers as a parameter.
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The phase noise suppression for the OIL system can be analysed in two 
different ways. By considering the same value of injection ratio, Fig. 4.10 (a) or (b), the 
system presents better noise characteristic as the phase detuning between master and 
slave lasers is varied from negative to positive values. From eq. (3.2.2), the value for 

koiL depends on the static phase detuning between the lasers and, therefore, the term in 

the denominator of eq. (4.4.17) is different for each of the cases shown in Fig. 4.10 (a) 

or (b). By considering different injection ratios, a superior noise suppression is achieved 

for high values of injection ratio. The value of kon also depends on the injection ratio. 
Although the OIL system does not present the same limitations as those for the OPLL 

system due to the absence of the loop delay effect, the approximations made to obtain 
eq. (3.3.1) and, therefore, eq. (4.4.16) do not predict the unstable locking region shown 
in Fig. 3.2 for higher values of injection ratio. However, the phase error spectrum 
calculated here can be used with good accuracy for phase or frequency detunings
between master and slave laser that lie within the stable region of the locking range.

The phase error variance can be obtained from the phase error spectrum by:

<iL = r jo ,L { f¥ f  (4.4.18)

By substituting eq. (4.4.17) into (4.4.18), the phase error variance for an OIL 

system can be written as:

al,L = 2n&f^Io,L (4.4.19)

where Af^ is the laser summed linewidth. The integral Iqh is given by:

It is possible to obtain an analytical solution for Iqh. Therefore, the phase error 
variance for an OIL system can be written as [4.21]:

<L  (4.4.21)

where

Fig. 4.11 shows the variation of the phase error variance of the OIL system with 
the frequency detuning, obtained from eq. (4.4.21), for the same parameters and the two
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values of injection ratio used to calculate the plots of Fig. 4.10. The phase error 
variance sharply increases close to the borders of the locking range and its minimum 
value is achieved for frequency detunings close to zero. As expected from the results 
obtained from Fig. 4.9, the phase error variance is much smaller throughout the locking 

range for systems with higher injection ratios. For the example given, the difference 
between the minimum values of the curves for injection ratios of -50 dB and -30 dB is 
around a factor of 10.

I
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10°
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Fig. 4.11 - Phase error variance for an OIL system having the injection ratio as
parameter.

In eq. (3.1.27), the locking range of the system was defined. However, due to 
the coupling between amplitude and phase of the electric field in semiconductor lasers, 

represented by the linewidth enhancement factor a , the static phase detuning of the 
slave laser is assymetrical in relation to the frequency detuning. Therefore, for an OIL 

process used alone, the zero frequency detuning, which offers the best phase noise 
suppression result in Fig. 4.11, does not correspond to the zero static phase detuning 
calculation of the phase error spectrum of Fig. 4.10. However, eq. (4.4.21) can not 
predict the phase error variance inside the unstable locking region, where the zero 
frequency detuning point would be located for high injection levels. This becomes 

evident during the experimental OIL observation presented in Chapter 6. Fig. 4.11 is 
still a useful tool to predict the phase noise suppression inside the stable region of an 
OIL system. It will be seen in the next section that although the OIL contribution to the
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OIPLL system does not give the best phase noise suppression that is possible with an 

OIL system used alone, the OIPLL ensures that the OIL part of the system operates 
inside the stable locking region (around zero phase detuning), as high injection ratio is 

required by wide laser linewidths.

4.4.3 - OIPLL Performance

The phase error spectrum for an OIPLL system can be obtained from the noise 

analysis carried out in this Chapter and from the phase noise for each source of noise 
calculated in Section 4.4.1. From eq. (4.3.3), the homodyne OIPLL phase error 

spectrum is:

W ( / )  = [5™ -„,(/) + 5™ -,,(/)]|l -  (4.4.22)

where SpN.Mij(f) and Sp ŝLif) are the phase noise spectral density for master and slave 
lasers, respectively, and SsM  is the phase noise translated shot noise spectral density. 
The closed loop transfer function H^s) is defined in Section 4.1.2.

By substituting the phase noise spectral density expressions from Section 4.4.3, 

the OPLL phase error spectrum becomes:

'OIPLL ( / )  = I n f
+ (4.4.23)

2RP„P.

where Af î and 4/Î/ are the master and slave FWHM laser linewidths, respectively.
The analysis of the performance of the OIPLL system can be better visualised 

by means of comparison of the phase error spectrum of the new system and the results 
obtained for the equivalent OIL and OPLL configurations used individually. Fig. 4.12 

shows the phase error spectrum for a second order type II OIPLL and the equivalent 

OIL, OPLL and free-running laser systems [4.5,4.6,4.22].
In Fig. 4.12, due to the importance of trying to implement second order type II 

OIPLL systems, as this kind of loop filter would ensure zero static phase error and, 

therefore, reinforce the assumptions made for the OIPLL rate equation, the loop filter 
transfer function F{s) chosen has the form of eq. (2.2.23) with zero-delay damping ratio 
i^o) and natural frequency {cOno) values of 0.707 and 245.3 Mrad/s respectively. The 

injection rate p  was selected to be 3.7 GHz, obtained from the linewidth enhancement 
factor a  = 5, the group index Ug = 4.3, the laser cavity length L = 300 |xm and the 
injection ratio -30 dB. The static phase detuning is zero. The values of the master laser
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power P„„ slave laser power P,, responsivity R and the summed FWHM linewidth of 
the master and slave lasers Af^s were chosen to be 80 |LiW, 80 jiW, 0.5 AAV and 5 

MHz, respectively. The OPLL gain was set at the critical stability value for 3 ns loop 

delay. It can be seen that addition of the OIL path improves the loop stability and hence 

removes the phase noise peaking from the spectrum, allowing systems with high loop 
gains for much longer loop delays than the equivalent OPLL. The system becomes 
stable as the injection locking adds a delay-unaffected extra damping factor to the 
OPLL part of the system and compensates the high frequency phase fluctuations. This 

improvement in stability had already been predicted in Section 4.2.3. Also, the OIPLL 
has lower phase noise at low frequencies than the equivalent OIL system, showing the 
effect of the active loop filter in making the static phase error tend to zero and, 

therefore, compensating the long term phase fluctuations and creating a phase reference 

for the OIL part of the system.
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Fig. 4.12 - Phase error spectra for various optical locking techniques, with injected 
power ratio o f-30 dB and total loop propagation delay of 3 ns.

The phase error variance can be obtained from the phase error spectrum by:

o I p u .  =  (4.4.24)
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By substituting eq. (4.4.23) into (4.4.24), the phase error variance for an OIPLL 
system can be written as:

n̂ivTj — _ n̂rvTT * ___ _'OIPLL -  2 jj- ^OIPLL ' 2 J ^ p  p  ^ n - O I P L L  (4.4.25)

where Af^ is the laser summed linewidth. The integrals Iqipll and are given by:

I q ip l l  ~  j df (4.4.26)
/

B„-o,Pu. = \ \ H c i m t d f  (4.4.27)

Compared with the phase error spectrum of the equivalent OIL system, the 
OIPLL presents similar phase noise suppression except at low frequencies, as can be 
seen from Fig. 4.12. The main phase noise contribution for the OIPLL appears to be 
beyond 10 MHz, where its phase error spectrum tends to follow the response of the 
equivalent OIL process. Therefore, the injection locking part of the OIPLL is mainly 
responsible for the control of the phase noise. The use of a second order type II loop 
filter can be seen as creating a phase reference for the injection locking around zero 
static phase error, which ensures the phase noise suppression inside its stable operation 
region. This results in a system with low values of phase error variance throughout a 
much wider stable locking range, provided by the large DC gain of the phase lock part 

of the system.
In order to compare more effectively the noise suppression performance of the 

OIPLL with that of the equivalent OPLL, Fig. 4.13 shows the phase error variance of 

the OIPLL versus the loop delay time for different values of injection ratio, using the 
same parameters and criteria for calculation as those used in Fig. 4.8b. It can be seen 

that the increase of the injection ratio makes the phase noise suppression of the OIPLL 
improve. Also, the OIPLL is much less sensitive to loop propagation delay. From Fig. 

4.9, the phase error variance of a second order type II loop with = 0.707 reaches 

around 0.25 rad^ for a loop delay of 3 ns. The equivalent OIPLL offers approximately 
0.044 radz for the same value of delay. This effect is due to the contribution of the 
injection locking to the phase noise suppression of the system.

Due to the improved phase noise suppression, the OIPLL does not present as 
severe cycle splipping limitations as those of the equivalent OPLL system. In Section
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4.4.2, it was seen that a variation of approximately 2 ns could result in a drop in the 
average time between cycle slips from hundreds of thousands of years to 50 |is for 
second order type II loops. This results from the exponential dependence of the average 
time between cycle slips on the phase error variance, as in eq. (4.4.14), and the almost 
linear increase of the phase error variance with delay time. However, from Fig. 4.13, 
the OIPLL system with a second order type II filter presents improvement in phase 

noise suppression. In fact, for 10 ns loop delay, the average time between cycle slips is 
around 1 year for an injection ratio of -50 dB.
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Fig. 4.13 - Phase error variance for the OIPLL system versus the delay time, having the 
injection ratio as parameter. The gain of the OPLL part of the system was set to be 10 

dB below the critical gain, as used to calculate Fig. 4.8.

Unfortunately, it is not possible to derive a linear equation that relates directly 
the critical loop gain and the delay time for an OIPLL system due to the extra term 
introduced by the injection locking contribution. The stability analysis for the OIPLL 

design has to be carried out by either observing the Nyquist and Bode diagrams or by 
looking for instability peakings in the phase error spectrum plot. It is not possible, 
therefore, to calculate the phase error variance for a fixed loop gain margin below the 

critical value. However, using the same criteria as those used to calculate Fig. 4.9, it is 
possible to obtain a plot of the maximum summed linewidth versus delay for the OIPLL 
and compare the results with the equivalent OPLL. Fig. 4.14 shows that the restrictions 
imposed on the linewidth of the lasers by the delay time in Section 4.4.2 are
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considerably relaxed and the use of ordinary semiconductor lasers without line- 
narrowing techniques would be possible, assuming the same average time between 

cycle slips of 10 years, for second order type II loops. For low levels of injection 

contribution, the behaviour of the maximum summed linewidth curve tends to be the 
same as that calculated for the equivalent OPLL. As the injection influence is more 

pronounced, the relaxation in the linewidth requirements is more evident, leading to the 
possibility of building OIPLL systems using conventional semiconductor lasers.
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Fig. 4.14  - Maximum OIPLL summed linewidth versus the delay time having the 

injection ratio (inj) as parameter. The integration bandwidth is I GHz, the loop gain  

was set to be the maximum stable gain fo r  the equivalent OPLL and  = 10 years.

4.5 - Differential Phase Effects on OIPLL Systems

In Section 4.1.1, the differential phase term was introduced into the OIPLL 
rate equation to account for the fact that the instantaneous phase difference between 
master and slave lasers is measured at two physically separate places but was assumed 
to be zero in order to simplify the OIPLL analysis. In this Section, the effect of finite 
9Jiff on the OIPLL performance is studied. Fig. 4.15 illustrate the optical paths from 
master to slave laser and photodetector and from slave laser to photodetector. The thick
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line represents the electrical path. The first phase comparison point is at the slave laser 
itself due to the injection locking part of the OIPLL system. The other point is at the 
photodetector, where master and slave laser phases are compared for the phase-lock 

control of the OIPLL system.
In practical systems, the difference in the optical paths a, b and c result in phase 

shifts at the two separate phase comparison points, leading to different phase error 

measurements and, therefore, competition between the two locking processes and 
possible system instability. From. Fig. 4.15, assuming that the optical paths a, b and c 

are fixed, the instantaneous phase error measurements at the two positions are given by:

ÔPlM  = - L ) +  -  L)] -  [^s{^ ~ ĉ) + ~ ĉ)] (4.5. 1)

O oiM  = - t , )  + -  r j ]  -  [ œ j  + 0,(r)] (4.5.2)

PHOTODETECTOR

SLAVE
LASER

MASTER
LASER

LOOP
FILTER

Fig. 4 .15  - Block diagram  o f the OIPLL system showing the optical paths that 

contribute fo r  Ojiff. The thickest line represents the electrical path.

where and t̂  are the time intervals corresponding to the light travelling the paths a, 
b and c, respectively. Under locked conditions, U)„, = ft), = ft)̂ :

-  C) + -  C) -  -  ĉ)]

= -^ohy + ~h)~

(4.5.3)

(4.5.4)
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The differential phase can be defined from eq. (4.5.3) and (4.5.4) as:

d̂iff = (4.5.5)

By using the result given by eq. (4.5.5), the phase terms for the injection locking 
and phase-locking path of the OIPLL system can be simplified to:

^opiAf) ~ ^ (0  (4.5.6)

^o/l(0 — ^ (0  d̂ijf (4.5.7)

where 9{t) is given by eq. (2.1.13) for the homodyne case.
From eq. (4.1.1) with eq. (4.5.6) and (4.5.7), the open loop transfer function for 

the OIPLL considering the effect of becomes:

(4.5.8)
s

and the closed loop transfer function, assuming that the feedback path of the OIPLL has 
unity transmission, is:

H (_( -  P<̂ ô Oém + kF(s)F^{s)F^{s)e-‘'̂ ‘

The noise source analysis produces equivalent results to those presented in
Section 4.3, but with the expression for the closed loop transfer function given by eq.

(4.5.9). Therefore, the phase error spectrum and phase error variance are given by, 
respectively:

^ O I P L L - d { f )  ~
V . ,

2 tc f
(4.5.10)

^2 (f\=  ^ms j  , ^ 5) D T4 5 1 F)
^  O IP LL-d \J )  r ,  _  ^ O I P L L - d ^  r ,  n n  n  ^ n - O I P L L - diK 2RP^P^

where the integral terms loiPLL-d and Bn.oiPLL-d are, respectively:
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\ -H jj2 r t f ) df (4.5.12)
/

B„-o,Pu.-d = j K 0 2 r t f f d f  (4.5.13)
+00 |2

From eq. (4 .5.8) and (4 .5 .9), it is possible to see that the injection locking effect 
on the OIPLL system decreases as tends to t c /2 rad. Fig. 4.16 shows the phase error 
spectrum of the OIPLL system considering the effect of Ojiff. The parameters used to 
calculate the phase error spectrum of the OIPLL for 0 ,̂  ̂= 0 are the same as those used 

in Fig. 4 . 12. The plot confirms the predictions of the deterioration of the phase noise 

suppression by the OIPLL for Ojif̂  increasing towards t c /2 rad as the phase error 
spectrum curve tends to present the unstable peaking of the equivalent OPLL system 
and the locking competition between injection locking and phase-lock path would 
prevent locking to be acquired when d̂ ijf = 7t/2. Therefore, it is crucial for OIPLL 
stability and, even, locking acquisition, that 0 ,̂  ̂ value can be adjusted during the 
experimental procedure to avoid any limitation of the injection locking contribution in 
the OIPLL system. The main reason for the complex design of the homodyne OIPLL 

set-up presented in Chapter 5 is the possibility of controlling Ojiff to minimise its effect 

in the system.
The analysis carried out so far also assumes that it is possible to control 

perfectly the optical paths a, h and c of Fig. 4.15 in such a way that Odijf- 0- However, 
in practical systems, to obtain 0 ,̂  ̂= 0 means to correct the optical paths within the 
order of magnitude of the semiconductor laser wavelength. As the limitation of the 
effect of the injection locking in the OIPLL system has a sinusoidal dependence in 

relation to (eq. (4.5.8)), its full contribution would still be possible for 0^^= Inn (n 
= 0, 1, 2 ,...) , obtained when the optical paths are not perfectly matched. Although 

locking can be achieved for any of the Ôiff = 2nn values, the tunability of the master 
laser and, therefore, the locking range of the system would be compromised if Ôiff ̂  0. 
The phase shifts caused by the master laser frequency tuning can lead to difference in 
the phase comparison at the two phase detection points and competition between the 
combined locking effects of the OIPLL system. Fig. 4.17 shows the maximum master 
laser frequency detuning for different path mismach, having the variation of djiff as a 

parameter, calculated from eq. (4.5.5).
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Fig. 4.16 - Phase error spectrum of OIPLL system considering the effect of Ojjff. The 
parameters to calculate the curve for = 0° are the same as those used in Fig. 4.11.
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Fig. 4.17 - Maximum master laser frequency detuning with path mismatch.

The existence of a path mismatch in the system limits the maximum frequency 
detuning of the master laser as good OIPLL system performance would be achieved 
only if the differential phase is small. The effect of the path mismatch and the master
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laser detuning would create a situation similar to that shown by Fig. 4.16. For a given 

path mismatch, the frequency detuning of the master laser would cause to vary from 

one of the set 2nn values towards 90 deg and the OIPLL phase noise suppression starts 
deteriorating. If the detuning is such that the variation is only of few degrees, the 
system would still present good phase noise control. For instance, for a master laser 

frequency detuning of 42 GHz, an optical path mismatch of the order of 0.1 mm would 

ensure only 5 deg of 6diff variation and less than 0.4% of decrease in the injection 

locking gain factor, represented by p  in the numerator of eq. (4.5.8). An elegant 
solution to path mismatch problem would be the monolithic integration of the system, 

where optical path matching well within the laser wavelength is possible, allowing THz 
of frequency tuning for the master laser.

4.6 - Conclusions

The analysis for the two locking techniques studied in Chapters 2 and 3 has 
been completed in this Chapter and a new technique, combining optical injection 
locking and optical phase-lock loop systems, the optical injection phase-lock loop, has 
been presented. It is seen that the noise analysis of the locking systems results in an 
estimation of the phase noise performance of each particular technique. The utilisation 
of the phase error spectrum and phase error variance proved to be an excellent tool for 
the design of a particular locking system.

The OPLL performance analysis confirmed the statements made at the end of 
Chapter 2. To deal with the large linewidths of the semiconductor lasers without line- 
narrowing techniques, wide loop bandwidth and large loop gain are necessary in order 

to provide systems with acceptable phase noise suppression. The OPLL phase error 

spectrum showed that the increase of the loop gain for a given value of loop delay can 
lead to an unstable system, as predicted in Section 2.3. Also, the phase error variance 
calculations proved that the modified first order loop offers better phase noise 
suppression for high values of loop delay (above, approximately, 0.5 ns) than that of the 
second order type II loops, although the latter configuration offers independence 
between loop gain and bandwidth adjustment and static phase error tending to zero.

The linear assumptions made to model the OPLL systems were reviewed and 
the effect of large phase error was analysed in terms of the average time between cycle 
slips. The result of this analysis showed that the occurrence of such events is extremely 
dependent on the quality of the phase noise suppression that the loop can offer. 
However, because of the poor performance due to the gain and bandwidth limitations.
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the linewidth of the semiconductor laser sources are required to be less than few MHz 
for practical values of loop delay.

The OIL performance analysis presented a system that does not suffer the 
limitations of delay time and can offer good phase noise suppression for realistic values 
of semiconductor laser linewidth. From the phase error spectrum, obtained from the 
first order phase-lock loop modelling of the OIL process discussed in Chapter 2, it was 

seen that the control of the phase noise by an OIL system depends on the phase or 
frequency detuning between master and slave lasers and on the amount of power 
injected into the slave laser active area. The dependence of the phase noise suppression 
with the injection ratio is more evident when the phase error variance was calculated. 

The model for the OIL used is limited by the fact that it does not predict the unstable 
behaviour of the OIL beyond certain values of detuning between master and slave laser 
but can give a good estimation of the value of the phase error spectrum inside the stable 
region. Therefore, the principal limitations of the OIL implementation are the narrow 
stable locking range the system provides for the amounts of injected power necessary to 
reduce the phase error variance of the semiconductor lasers and the finite phase error 
under locked conditions.

Finally, the OIPLL system was introduced and analysed. The system equation 
was obtained from the OPLL results and the first order phase-lock loop modelling of 
the OIL process. The stability analysis showed that the addition of the OIL path to the 
OPLL path can bring the OPLL out of the unstable region for a given value of loop 

delay. This is possible as the OIL contributes an extra damping term unaffected by 
delay. Therefore, the requirements for loop gain are relaxed and the utilisation of 

second order loops is possible. In fact, the utilisation of second order type II loop filters 
is important in OIPLL systems and investigated exclusively during the performance 
analysis, as they can provide zero static phase error and hence optimise the phase noise 
suppression. The phase error spectrum confirms the stability predictions, where the 
unstable peaking presented in the example given in Section 4.4.4 for the equivalent 

unstable OPLL system is removed with the addition of the injection locking path. The 
phase error spectrum also shows that the injection locking path is mainly responsible 

for compensating fast variations of the phase while the phase-lock contribution deals 
with the long term phase fluctuations. The phase error variance calculated for the 
OIPLL system is very similar to the results obtained for the equivalent OIL system as 
the main phase noise contribution is located at high frequencies. However, the zero 
static phase error obtained with the loop forces the injection locking to operate inside 
the stable operation region of the OIL process, keeping it there throughout the wide 

locking range provided by the loop. The low phase error variance values of the OIPLL
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can ensure a long average time between cycle slips. This relaxes the laser linewidth 

requirements for practical values of loop delay and allows the utilisation of 
semiconductor lasers without line-narrowing techniques in compact systems employing 
feedback loops.

The principal limitation on the OIPLL implementation is the optical path 

mismatch, represented by the differential phase The differential phase limits the 

phase noise performance of the OIPLL system as the two locking techniques involved 
start to compete when 0^^ approaches t c /2 rad, leading to system instability. To achieve 
perfect OIPLL operation, ddiff has to be set to zero, which requires perfect path 
matching. Practically, however, perfect path matching is very difficult to obtain. From 
the OIPLL equations including the differential phase presented in Section 4.5, the 
injection locking can still fully contribute to the OIPLL system if Qdiff= 2nn (n = 0, 1, 
2,...), obtained when the optical paths are not perfectly matched. However, the 

tunability of the master laser and, therefore, the locking range of the system would be 
compromised. For instance, if the path mismatch is 1 mm, a shift of the diferential 
phase of 5 deg from one of the set 27tn values would correspond to a maximum master 
laser frequency tunability of 4 GHz. The variation in the differential phase caused by 
the master laser frequency tuning can lead to different phase comparison at the two 
phase detection points and competition between the combined locking processes of the 
OIPLL system.
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Chapter 5 

Optical and Electrical Design

The last Chapter presented the most important features and limitations in the 
implementation of OIPLL systems. It was seen that a stable OIPLL does not require 
extremely narrow linewidth lasers and very short loop propagation delay but needs a 
careful control of the optical path length in the system. Although the use o f opto
electronic integrated circuits (OEICs) is an elegant and effective way of dealing with 
the path mismatch problem, the design of the experimental OIPLL has to be based on 
discrete components and, therefore, has to offer ways to control properly the injection 
ratio and differential phase of the system.

In this Chapter, the components and parameters used during the optical and 
electrical design of the OIPLL experimental set-up are described. Section 5.1 describes 
the design of the optical section of the OIPLL set-up, with special attention to the 
polarisation properties of the optical components used in the system and the path 
matching problem. Section 5.2 presents the characteristics of the lasers and the 
techniques used to verify some of their parameters. Then, the opto-electronic detection 
system is introduced in Section 5.3, which is designed to minimise the effect of the 
laser total CW optical power on the loop control of the slave laser output frequency. 
Finally, the electronics of the loop circuit is described and the loop circuit response is 
presented in Section 5.4.

5.1 - Experimental Arrangement

This section discuss the main aspectes used in the design of an experimental set
up that allows the realisation of the OIPLL experiment at same time as providing a 
reasonable way of determining the degree of path matching of the system.

5.1.1 - Design

The main challenge in the OIPLL experimental set-up design is to implement a 
system using discrete components that allows the path matching correction with an 
extremely good accuracy. In this sense, the initial idea for the OIPLL arrangement was 
to use optical fibre as a transmission medium for the light travelling from master laser

120



Chapter 5: Optical and Electrical Design

to slave laser and from master laser to the master and slave laser combining system. 
Fig. 5.1 shows the experimental set-up for a fibre based OIPLL, which resembles the 
block diagram of Fig. 4.15. The introduction of the fibre polarisation controllers is 
necessary as normally the fibres do not keep the polarisation state of the light constant, 
resulting in polarisation mismatch at injection and detection points. To control the 
differential phase, a translation stage with piezoelectric elements would be used at the 
output of one of the fibre arms after the fibre coupler. At the detection end, the beam 
splitter combines the output beams of the fibre and slave laser on the active area of the 
photodetectors. However, optical losses and difficulties with the optical path matching 
method were significant problems in realising a fibre OIPLL arrangement. A system 
based on bulk optics was therefore adopted.
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PC

ISO

TS + FCC

ISO
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FCC

Optical Fibre Path 

Electronic Path

I^bsL J l

TFCC ToLSA

LOOP
HLTER

Fig. 5.1 - The fibre OIPLL system. ML: master laser; SL: slave laser; CFIS: 
collimating, focusing and isolation fibre-pigtailed system; FC: fibre coupler; PC: 

polarisation controller; FCC: focusing and collimating pigtailed fibre; ISO: isolator;
H: half-wave plate; L: lens; BS: beam splitter; TS: translation system; DS: detection 

system; LSA: lightwave signal analyser.

Fig. 5.2 shows the bulk optics OIPLL that was used for the final experiment. 
The system is based on a single facet use of master and slave laser during the 
experiment [5.1]. Such architecture is seen to be more convenient as it only requires 
one translating mirror and, therefore, simplifies the alignment process. Basically, the 
light emitted by the master laser is divided in two parts by the polarising beam splitter, 
one being injected into the slave laser cavity and the other reflected by the mirror. The
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beam reflected by the mirror is combined with the output signal of the master laser. The 
half and quarter-wave plates, as well as the isolators, ensure that the polarisation of the 
light is correct for each part of the system. A summary of the characteristics of the 
passive optical components and their association in the system is given in Appendix D. 
In contrast to the fibre OIPLL, the bulk optics OIPLL can offer a way to check the 
degree of path matching control through the translation of the mirror M. The method is 

based on Michelson interferometric analysis and is discussed later in Section 5.1.2.

A
: To LSA and FPI

ISO

ML

NBS

PBS

!•

Detection
System

ISO

M

SL

Loop
Filter

Optical Path 
Electronic Path

Fig. 5.2 - The bulk optics OIPLL. ML: master laser; SL: slave laser; L: lens; ISO: 
isolator; H: half-wave plate; Q: quarter-wave plate; PBS: polarising beam splitter; M: 
mirror mounted on a translation stage; LSA: lightwave signal analyser; FPI: Fabry-

Perot interferometer.

The alignment of the OIPLL set-up starts by placing the lasers facing each 
other. The beam from both lasers are collimated and made parallel to the optical table. 
The collimating lenses are two FL-40B from Newport. With the help of a thin infra-red 
photosensitive card (Newport) placed between the two biased lasers, adjustments in the 
lens positions are made in order to overlap the spots produced on the card by the 
emission of the two lasers at the two lens outputs (the thin card allows the light from 
both lasers to be visible). It was observed that the simple fact of the spots being 
overlapped already ensures power injection into the laser cavities.

122



Chapter 5: Optical and Electrical Design

ML

commercial 
isolator 1

0°
r............

1 ^--------1

1
0°

,45"

-►L

I Pi
I 0°

I ISO

commercial 
isolator 2

.................................s
45°

r............
1 ^ 1

^ A
|1 3 5 1 135° 45°

k 4
: 90° : 90°
: ; ^

90°

jPi
145°

iiso

jP2 
' 90°

M

o
Q I------------ ^

^  '-----J— T

o

commercial! 
isolator 3

PBS i90°j 0 ° , ,x

To LSA andPPI

90° 
t t
To
Detection
System

.................... 3 L'......
45° 45°

1

i
‘ O", 0" ‘

I
'« ° , 0°

SL

H2
22.5°

optical path of the laser beams

possible optical paths of reflected 
beams or beams transmitted or 
reflected by the PBS due to the 
component imperfections

Fig. 5.3 - Schematic diagram of the bulk-optics OIPLL with polarisation direction of 
the beams after each component. ML: master laser; SL: slave laser; PI: front polariser 

of commercial isolator; P2: rear polariser of commercial isolator; ISO: isolator 
crystal; HI and H2: half-wave plates; Q: quarter-wave plate; NBS: neutral beam 

splitter; PBS: polarising beam splitter; M: mirror.
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After turning off the laser considered as slave, an Avometer was connected to 
the slave laser bias input. It was possible to read the photocurrent produced by the 
master laser light injection into the slave laser cavity. This current is defined as the 
slave laser photocurrent. Then, the lens position was slightly varied to maximise the 
injection. The last procedure was repeated after each one of the components illustrated 
in Fig. 5.2 was placed between master and slave lasers.

Fig. 5.3 shows a more detailed schematic diagram of the OIPLL, which helps 
the understanding of how the signals from master and slave lasers travel inside the 
system. Based on the discussions of Appendix D, Fig. 5.3 presents the directions of the 
assumed linearly-polarised beams of the lasers after each one of the optical components 
in relation to the plane of the optical table, where the experiment was assembled.

Assuming that the laser emissions are parallel to the optical table, the light from 
the master laser (ML) is collimated and passes through two commercial isolators, 
resulting in its polarisation state being rotated by 90°. The first commercial isolator has 
the front and rear polarisers principal axes at 0° and 45°, respectively. The second 
commercial isolator has the front and rear polarisers principal axes at 45° and 90°, 
respectively. The association of the half-wave plate (H I) and polarising beam splitter 
(PBS) ensure that the light is divided into a reflected component, at 90° polarisation 
direction, and a transmitted component, at 0° polarisation direction, with intensity 
depending on the angle (p between the polarisation direction of the light after the second 
isolator and the principal axis of the half-wave plate. Therefore, the angle x depends on 
the angle (p.

The reflected ML beam (90°) passes through a quarter-wave plate (Q) with its 
principal axis at 45°, resulting in an output beam with circular polarisation. The mirror 
(M) reflects the beam back towards the PBS. Passing again through Q, the beam 
polarisation state is transformed back to linear, but with the polarisation direction now 
at 0° (see Appendix D). This beam is then fully transmitted by the PBS towards the 
neutral beam splitter (NBS).

The transmitted ML beam (0°) passes through a third commercial isolator. This 

isolator has the front polariser removed and the second polariser principal axis at 45°. 
The overall result is an isolator output beam at 45°. This beam then passes through a 
second half-wave plate (H2), with its principal axis angle fixed at 22.5°. The 
polarisation direction of the ML light is changed back to 0° in order to agree with the 
polarisation direction of the slave laser (SL) emission. The lens couples the ML signal 

into the SL.
The slave laser light is collimated and passes through H2 and the commercial 

isolator 3, in the opposite direction to the transmitted ML signal. Because the rotation
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of the polarisation state of a beam coupled into the isolator crystal is always in the same 
angular direction regardless of the propagation direction of the beam (Appendix D), the 

polarisation of the SL signal is 90° just before the PBS. Therefore, the SL beam is 
reflected by the PBS towards the NBS. The NBS divides the ML and SL signals 
equally, without altering their polarisation states. As ML and SL beams are orthogonal 
in relation to each other, associations of optical components based on the association of 
half-wave plates and polarising beam splitters are necessary to combine ML and SL 
laser signal for photodetection.

5.1.2 - Path Matching Correction

Due to the physical characteristics of the experimental set-up design of Fig. 5.2, 
Fig. 5.4 shows the experimental arrangement of Fig. 5.2 adapted to perform the path 
matching based on Michelson interferometric properties.

Optical Fibre Path 
Electrical Path 
Optical Air Path

PMPhOptical
Power
Meter D - - S

ISO

ML

Oscilloscope -I

ISO

PBS

Î
]Q

L

"O ' ^S L

Fig. 5.4 - Experimental arrangement for the OIPLL optical path matching. ML: master 
laser; SL: slave laser; L: lens; ISO: isolator; H: half-wave plate; PBS: polarising beam 
splitter; C: coupler; FC: fibre coupler; FPL Fabry-Perot interferometer; PMPh: large 

area photodetector of the optical power meter.

With the slave laser turned off, the half-wave plate between isolator and 
polarising beam splitter was rotated to set the ratio of transmitted and reflected beams 
close to 50% at the output of the bottom polarising beam splitter. The slave laser was 
misaligned by translating its collimating lens in one of the directions other than that
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corresponding to the optical axis of the experimental set-up. By doing that, most of the 
master laser beam reaching the slave laser was reflected and the effect is represented by 
the mirror symbol in Fig. 5.4. The beams reflected by the mirror and slave laser are 
combined after the two polarising beam splitters, detected by the large area 
photodetector of an optical power meter (Newport) and coupled into the Fabry-Perot 
interferometer.

From the M ichelson interferometric theory, the intensity of the two 
superimposed beams will change for a given value of the laser frequency if the distance 
between the two reflecting surfaces is varied [5.2] as can be seen from:

“f  °=4£i,cos^ 2k
6 / 2

(5.1.1)

where Ê „ is the master laser electric field amplitude, ô is the phase term generated by 
the difference of path length between the two reflecting surfaces and = c/f„, is the 
master laser wavelength, c is the speed of the light and/,„ is the master laser frequency.
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Fig. 5.5 - Michelson interferometer response with frequency for different values of path 
mismatch between the two interferometer arms.

However, the intensity of the superimposed beams should remain at its 
maximum value for any value of master laser frequency if the difference between the
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Optical paths is zero. Fig. 5.5 shows the relative intensity 0/0max, where is the 
maximum intensity, as a function of the laser frequency variation, having the path 
difference as a paramter. It can be seen from Fig. 5.5 that as the path difference 
becomes shorter, the intensity of the detected beam should remain at its maximum 
value. By using this principle, the path mismatch for the OIPLL system can be 
corrected observing the longitudinal modes intensity in the Fabry-Perot interferometer 
and the optical power in the power meter (Fig. 5.4).

5.2 - Semiconductor Lasers

From the analyses carried out in Chapter 4, it was seen that the lasers to be used 
in the implementation of an OIPLL system have to present some particular 
characteristics to ensure that the locking established offers satisfactory phase noise 
suppression. As already discussed in Section 4.4.4, the requirements placed on the 
summed linewidth of master and slave lasers in OIPLL design are not as demanding as 
those for OPLL systems, due to the fact that the OIPLL is less sensitive to the effects of 
the loop propagation delay. The OIPLL master laser has to produce enough output 
optical power, first, to achieve high levels of injection into the slave laser cavity after 
the light travels through all the optical components between the two lasers shown in 
Fig. 5.2, in the same way as in OIL configurations, and, second, both master and slave 
laser, must produce enough power for the signal mixing on the photodetector active 
area. The master and slave lasers used in a OIPLL system should also be wavelength 
matched. The degree of wavelength matching is determined by the tuning 
characteristics of the laser. The static frequency tunability with temperature and the 
static and dynamic frequency tunability with current make semiconductor lasers very 
attractive for use in locking systems. The static tunability of the lasers with current and 
temperature should be wide and the magnitude and phase of the response of the 
dynamic tuning of the lasers, measured from the FM frequency response of the lasers, 
should be uniform, to minimise the influence of Fy^(5) and to assure loop stability.

Taking into account the considerations of the last paragraph, the characteristics 
of the semiconductor lasers used in the OIPLL experiment described in Chapter 6 are 
presented. First, the general characteristics of the lasers are presented, including a 
method for linewidth measurement. Then the tuning characteristics of the lasers are 
presented and the method for the FM frequency response measurement of the laser is 
described.
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5.2.1 - General Characteristics

The lasers to be used in the OIPLL experiment are two InGaAsP DFB buried- 
heterostructure semiconductor lasers of structure similar to that of Fig. 5.6. The buried- 

heterostructure acts as a wave-guiding medium for the light generated inside the active 
area as InP cladding around the InGaAsP active region has a slightly lower refractive 
index than that of the InGaAsP [5.3]. Such a laser structure allows the approximations 
to obtain eq. (3.1.9).

In conventional Fabry-Perot lasers, the light inside the laser cavity is reflected 
by the laser facets. This feedback process creates resonance inside the cavity and 
originates various longitudinal modes. The only longitudinal-mode discrimination 
process is provided by the gain profile of the laser. However, the gain spectrum is 
usually far wider than the mode spacing, so that many longitudinal modes will be 
amplified, making the modal discrimination rather poor. In order to improve the modal 
selectivity, the feedback process must be arranged to introduce different loss for 
different longitudinal modes. This can be achieved by coupled-cavity mechanisms or by 
different longitudinal laser structures. One laser with such a longitudinal structure is the 
DFB laser. The feedback is not localised only at the laser facets but distributed along 
the cavity length by etching a grating on the heterostructure region (Fig. 5.6). The slight 
periodic changes in the thickness of one of the layers of the laser structure results in 
variations of refractive index that cause a distributed feedback. Proper design of the 
corrugation period provides coherent coupling between forward and backward 
propagating waves and the distributed feedback occurs only for selected modes. The 
effective gain spectrum of the DFB laser is, therefore, narrow, accommodating only 

few modes. Generally, one of these modes is more amplified in relation to the others
[5.3]. The suppression of the other modes by the laser structure makes the DFB laser a 
reliable single mode source, necessary for the OIPLL implementation.

The two lasers for the OIPLL experiment were mounted on two similar metal 
supports and temperature controlled. Fig. 5.7 and 5.8 show some of the characteristics 
of the lasers used in the OIPLL experiment. In Fig. 5.7 (a) and (b), the optical output 
power of the lasers was measured by a power meter as the laser bias current was varied 
from 0 to 55 mA. Simultaneously, the voltage at the laser terminal was measured. The 
temperature of both devices was set at 20°C. From the plots, the threshold currents for 
lasers 1 and 2 are 16 mA and 20 mA, respectively. Both lasers offer suitable optical 
output power for the OIPLL implementation.
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Fig. 5.6 - Schematic diagram of the front structure of a buried-heterostructure DFB 
semiconductor laser (a). Detailed lateral view of the active region (b).

Fig. 5.8 (a) and (b) show the laser spectrum plots obtained from an optical 
spectrum analyser (HP 70951 A). The lasers were biased at the same current (40 mA) 
and set at the same temperature (20°C). The alignment for the experiment was such as 
to allow approximately the same level of power from each laser into the optical 
spectrum analyser. It can be seen from the plots that the DFB laser structure ensures 
beyond 20 dB side-mode suppression. The mode spacing for both lasers is only 0.6 nm, 
which corresponds to a frequency spacing of around 76 GHz. The lasers frequencies 
can be matched by temperature tuning.

Due to the limited resolution bandwidth of the optical spectrum analyser (> 0.1 
nm), the FWHM linewidth of the lasers can not be obtained from Fig. 5.8. It is 
necessary to employ interferometric methods to achieve enough resolution for an 

estimation of the laser line widths. In the delayed self homodyne technique for 
characterising the linewidth of laser sources, the output of a two-beam interferometer 
(e. g. Mach-Zehnder or Michelson interferometer) is detected by a photodetector and 
the power spectrum associated with the photodetector output is displayed on a spectrum 
analyser [5.4-5.8].
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Fig. 5.7 - Optical power and voltage across the laser versus bias current for laser 1 (a)
and laser! (b).
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Fig. 5.8- Optical spectrum for lasers 1 (a) and 2 (b). RBW: resolution bandwidth; VB: 
video bandwidth; ST: sweep time; SENS: sensitivity.
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In a two beam interferometer, the random phase fluctuations of the laser, mainly 
caused by spontaneous emission events, can be observed from interferometers with 

unequal arms. The phase of the laser at one time is then compared with the phase at an 
earlier time. If the delay between the arms of the interferometer is much greater than the 

coherence time of the laser, the signals recombined at the interferometer end are 
uncorrelated and any interferometric effect from the optical mixing at the output of the 
interferometer is destroyed. As a result of that, an intensity noise spectrum related to the 
phase noise spectrum is observable from the output signal of the photodetector on the 
spectrum analyser screen.

Because of the order of magnitude of the semiconductor laser coherence time, 
which is inversely proportional to the linewidth of the lasers, the best way to obtain a 

system with substantial delay in one of the arms is by using a single-mode optical fibre 
Mach-Zehnder interferometer. Fig. 5.9 shows the schematic diagram of an homodyne 
linewidth measurement set-up with such an interferometer. The light from the laser 
under test is divided by a first fibre coupler into two fibre paths. The polarisation 
controller ensures that the polarisation at the output of the two arms are matched. After 
travelling the two fibre paths, the beams are recombined by a second fibre coupler and 
mixed on the active area of the photodetector. The photodetector produces a signal that 
is amplified and AC coupled into a spectrum analyser. After the second fibre coupler, 
half of the input laser power coupled into the fibre is lost. Therefore, it is necessary to 
ensure that the laser can offer enough coupled optical power and that any fibre splices 

made are of good quality.

LUT L ISO
1  ̂ I I Lj

□ 000 '
3dB
FC

3dB
FC

PC

delayed
arm D

Spectrum
Analyser

AMP

Fig. 5.9 - Schematic diagram of the linewidth measurement set-up using an optic fibre 
Mach-Zehnder interferometer. LUT: laser under test; L: lens; ISO: isolator; FC: fibre 

coupler; PC: polarisation controller; PH: photodetector; AMP: amplifier.
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Appendix E contains a detailed study of the delayed self homodyne technique 
(DSHT). From the analysis, which assumes a Lorentzian laser lineshape, it is possible 
to obtain an expression that relates the power spectrum measured by the spectrum 

analyser Ŝ hif) with spectral spreading due to the phase noise of the laser:

1+ 2/
A/

(5.2.1)

\  J meas /

where S„ is the maximum intensity, = IA/̂ whm = 2/kTc , with the full-width
half-maximum laser linewidth defined by eq. (E.12) and the coherence time of the 
laser. The statistical model used to obtain eq. (5.2.1) assumes a Lorentzian lineshape for 
the laser spectrum. In order to observe how the DSHT electrical spectrum measured by 
the spectrum analyser is related to the real laser spectrum defined by eq. (E.12), Fig. 
5.10 shows S,f,(J)/S,h{0) for the expected experimental result given by eq. (5.2.1) and 
Si(J)/Si(0) for the laser spectrum given by eq. (E.12) with = 0, assuming in both cases 

= 10 MHz. From the plot, it is seen that the measured electrical spectrum is 
expected to have a full-width half-maximum linewidth twice as wide as that obtained 
for the laser spectrum defined in eq. (E.12).
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Fig. 5.10 - Comparison between the spectral spread o f the laser optical spectrum and 
the result from the delayed self homodyne experiment.
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measurements using the delayed se lf homodyne experiment o f  Fig. 5.9.

The optical path difference for the system represented in Fig. 5.9 is over 2 km. 
The corresponding delay of more than 10 |is is sufficient to ensure accurate linewidth 
measurements for conventional semiconductor lasers whose linewidths are normally
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wider than 1 MHz. The resolution of the interferometric system, which is defined as the 
inverse of the delay between the interferometer arms, is 100 kHz compared to around 
12 GHz for the optical spectrum analyser.

In Fig. 5.10, however, the practical characteristic of microwave spectrum 
analysers is not shown. In fact, these instruments would not exhibit values of the 

spectrum for frequencies lower than a few kHz as it is necessary to AC couple signals 
into them. For this reason, numerical methods have to be applied to the spectrum 

analyser results to allow accurate estimations of the laser linewidth. Taking this fact 
into account. Figs. 5.9 (a) and (b) show, respectively, the linewidth measurements of 

lasers 1 and 2 using the delayed self homodyne technique, for different bias currents. 
The experimental points were extracted from spectrum analyser plots. Due to fact that 
the photodetector output signal is AC coupled into the spectrum analyser, S(0) can not 
be measured directly. It was necessary to evaluate numerically S(0) and fit the best 
Lorentzian curve to the experimental points for the estimation of the laser linewidths. 
As can be seen from the plots, a very good agreement between the curve fitting 
obtained from the theoretical model developed in Appendix D and the experimental 

points is possible. The minimum laser linewidth (AffWHM) for laser 1, measured at 55 
mA, was of the order of 16 MHz and the minimum laser linewidth (AffWHAi) for laser 2, 
measured at 50 mA, was of the order of 18 MHz.

5.2.2 - Tuning Characteristics

One of the important advantages of the use of semiconductor lasers in coherent 
system is that the frequency of emission can be tuned by changing either the device 
current or temperature. In general, the first step to achieve the laser synchronisation 
necessary in coherent systems is to bring the laser frequencies close enough that 
locking could be achieved using one of the techniques described in Chapters 2, 3 and 4. 
This procedure is defined as the laser static tuning and consists of causing laser 

frequency variations by changes in either the laser bias current or temperature. In 
systems like OPLLs and OIPLLs, the phase control of the slave laser is executed via an 

electronic feedback loop. Any drift in the master laser frequency will generate a phase 

error signal that dynamically tunes the slave laser frequency through the modulation of 
the slave laser bias current. The laser dynamic tuning is defined as the frequency 

response of the change in laser frequency with current.
As the laser longitudinal mode frequency depends on the resonance of the 

lightwave inside the laser cavity, which is originated by the reflectivity of the cleaved 
facets of the laser and the DFB structure, it is easy to understand that variations in the
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laser temperature will alter the refractive index of the laser material, the distance 
between the laser facets and the grating pitch, varying the resonance pattern and, 
therefore, the laser frequency.

In laser structures, not all the carriers pumped into the laser will generate 
photons by either spontaneous or stimulated emission [5.3]. Some of them will interact 
with the molecules of the semiconductor material and the energy they carry will be 
wasted in the form of heat. Therefore, variations in the laser bias current create a 
thermal effect inside the laser cavity and, in the same way as with temperature changes, 
the optical path of the light is altered, originating frequency shifts. The thermal effect 
due to laser current variation is observed from DC to current modulation frequencies up 
to hundreds of MHz. The speed of the laser temperature change with current and, 
therefore, the laser frequency variation depends basically on the thermal capacitance of 
the device and on the thermal resistance between the device and the heat sink [5.9].

Fig. 5.12 shows the set-up used to measure the static tuning characteristics of 
the lasers with current and temperature. The signal of the laser under test is coupled into 
a Fabry-Perot interferometer (FPI - Burleigh Hi-Fase H F-1500-2) via an optical fibre 
cable. The FPI drive provides an electronic ramp signal that modulates the longitudinal 
piezoelectric elements and generates the interferometer scanning properties. The FPI 
drive also provides the output signal of the FPI photodetector and a sample of the ramp 
signal to be coupled into the x and y ports of an oscilloscope, respectively. The system 
produces on the screen of the oscilloscope the laser spectral modes and the horizontal 
trace can be scaled from the distance between the observed spectrum repetition patterns. 
The distance between these patterns is defined as the free spectral range of the 
interferometer (FSR) and given, in frequency units, by FSR = c 1 where c is the

speed of the light and is the distance between the interferometer mirrors.

LUT L ^  L 

□ 000'

Oscilloscope y

FC

FPI Drive

Fig. 5.12 - Set-up for the laser static tuning measurements. LUT: laser under test; FPI: 
Fabry-Perot interferometer; FC: optical fibre cable; ISO: isolator; L: lens.
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Fig. 5.13 - Static tuning characteristic of laser 1 with current (a) and temperature (b).
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Fig. 5.14 - Static tuning characteristic of laser 2 with current (a) and temperature (b).

Figs. 5.13 and 5.14 show the static tuning characteristics for lasers 1 and 2. For
the current tuning measurement, the bias cunent is fixed and the temperature is changed
from a reference value. The corresponding variation in the laser mode frequency from 
the reference position is read from the oscilloscope screen. The same can be achieved
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for current tuning by fixing the temperature and varying the bias current from a 
reference value. The distance between the FPI mirrors was set at 5 mm, which 
corresponds to an FSR of 30 GHz. The reference values are given in the plots. The 
slopes of the curves give the tuning characteristics of the lasers. In the case of laser 1, 
the current and temperature tuning sensitivities are 800 MHz/mA and 11 GHz/°C, 
respectively. In the case of laser 2, the current and temperature tuning sensitivities are 
1.3 GHz/mA and 10.5 GHz/°C, respectively.

For frequencies above 100 MHz [5.3,5.9-5.12], the thermal effect is no longer 
dominant in the dynamic tuning of the laser and the variation of the carrier density with 
the laser current modulation becomes more important. The variation of the carrier 
injection rate through the laser active region with current causes the carrier density to 
fluctuate, leading to changes in the refractive index of the active region by plasma and 
band filling effects and, therefore, to laser frequency tuning. Unfortunately, except in 
special multi-section semiconductor laser structures [5.11], the response of the laser to 
modulation is not uniform due to the different effects that govern the laser response, 
below 100 MHz, the thermal effect, above 100 MHz, carrier density effects. Thus, for 
the design of locking systems with feedback loops, the frequency modulation response 
of the laser, defined during the analysis in Chapter 2 as FfJis), is an important parameter 
that should be measured and its influence taken into account during modelling as the 
introduction of extra poles into the system by the laser FM response will affect phase 
noise suppression and can tlueaten loop stability.

Hi-Bi Fibre Interferometer

PBS L

DC Bias

Network
Analyser

Fig. 5.15 - The frequency discriminator based on a hi-bi Mach-Zehnder interferometer.
LUT: laser under test; L: lens; ISO: isolator; CR: fibre chuck rotators; HBF: hi-bi 

fibre; Q: quarter-wave plate; H: half-wave plate; PBS: polarising beam splitter; PHI
and PH2: photodetectors.
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One method of measuring the FM response of a semiconductor laser is to 
measure the transmission characteristics of the device with an interferometric frequency 
discriminator coupled to a network analyser. Discriminators can be built using different 
types of interferometric systems like such as Fabry-Perot, Michelson and Mach- 
Zehnder interferometers [5.13-5.15]. For this work, a frequency discriminator using a 
hi-bi fibre Mach-Zehnder interferometer was chosen (Fig. 5.15). A single length of hi- 
bi fibre can present the same characteristics as those of the original two-arm all-fibre 
Mach-Zehnder interferometer described in Section 5.2.1, making it possible to apply 
such systems to perform measurements that could be compromised by the effects of 

differential expansion on the fibre paths in the two-arm interferometer due to gradients 
of temperature.

The light emitted by the laser under test is coupled into the hi-bi fibre after the 
rotation by the isolator. The chuck rotators position the hi-bi fibre axes accordingly. 
The hi-bi fibre is a single mode and polarisation-maintaining type. In an ordinary single 
mode fibre, the fundamental propagation mode is a degenerate combination of two 
orthogonally-polarised components. These components travel with the same velocity 
throughout the fibre length and disturbances in the fibre structure may cause the energy 
to couple from one component to the other, resulting in an unpredictable variation of 
the polarisation state of the light. On the other hand, in hi-bi fibres, modifications in the 
structure of the ordinary fibre result in a biréfringent core. The effect of the 
birefringence is to make the two components travel at different velocities in such a way 
as to prevent energy transference between them, preserving the polarisation state of the 
light. The polarisation direction giving the highest velocity of propagation defines the 
fast axis and the one giving the slowest, the slow axis. However, if the same input light 
is coupled into the hi-bi fibre at 45 degrees in relation to one of its axes, not only will 
the energy be equally distributed between them but also the output of the fibre will 
present the signal in one of the axes delayed in relation to the signal in the other. If 
these two components can be combined with each other, the overall result will be the 
same as that obtained by a two-arm all-fibre Mach-Zehnder interferometer. The 
combining effect can be achieved if a quarter-wave plate is placed at the fibre output 
with its principal axis at 45 degrees in relation to one of the fibre axes.

If a photodetector is placed after the quarter-wave plate, the resulting 
photocurrent will carry a DC term plus a term proportional to the sine of the phase 
delay between the two axes of the fibre. In order that the frequency response of the 
input signal can be analysed at a point of maximum sensitivity and minimum distortion, 
the operating point of the Mach-Zehnder frequency discriminator should be set to a 
linear region of the Mach-Zehnder frequency discriminator response, as shown by Fig.
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5,16. There are two ways of achieving this. The first one is to change the laser 
frequency. The second one is to vary the delay between the fibre axes. The first option 
would involve accurate changes in laser bias current and/or temperature and is 
discarded. The second option can be achieved if a half-wave plate and a polarising 
beam splitter are placed between the quarter wave plate and the photodetectors, as 
shown in Fig. 5.15.
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Fig. 5.16 - Frequency discriminator response.

In Appendix F, a full analysis of the frequency discriminator based on the hi-bi 
fibre Mach-Zehnder interferometer is given, where the photocurrents generated by the 
photodetectors 1 and 2 when the laser bias current is modulated by a signal m{t) given 
by eq. (F.3), are, from eq. (F.18), respectively:

4 (0  = L [ l  + sin(cD^f + v/')]{l + cos[pCO^Atsin{coJ +(p) -  (Ô At -  40]} (5.2.2a)

4(0  = 4/[l + K +\l/)]{l - cos[P(0 „Atsm{(oJ +cp) -  (0 „At-  40]} (5.2.2b)

where co„ is the laser angular frequency ki is the intensity modulation index, cô  is the 
angular modulating frequency, y/ is the intensity modulation phase, P is the frequency 
modulation index and (p is the frequency modulation phase. The sub-indices t and r
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Stand for the light transmitted and reflected by the polarising beam splitter, respectively, 
and io, and i„r are respectively the photocurrent amplitudes for the polarising beam 
splitter transmitted and reflected beams. In eq. (5.2.2), t' = t - Ar/2, where Ar is the time 
delay between the fast and slow axes of the hi-bi fibre given by:

= ̂  (5.2.3)
2c/^

where / is the hi-bi fibre length, X is the laser wavelength and 4  is the hi-bi fibre beat 
length, defined as the length of fibre after which a shift of A/2 is introduced between the 
fast and slow axes. Finally, in eq. (5.2.2), 6 is the phase term introduced by the 
association of the half-wave plate and the polarising beam splitter, representing the 
angle between the principal axes of the quarter-wave and half-wave plates, and allows 
the setting of the points of maximum sensitivity and minimum distortion. For eq.
(5.2.2) to be valid, the laser modulation frequency is assumed to be small compared to 
the interferometer resolution 1/Af, i. e., <U;„Ar/2«l. For this experiment, with a hi-bi 
fibre with beat length of 2.69 mm and length of 30 m and a semiconductor laser with 
wavelength of 1.54 p.m, the value of Af is 28.4 ps. Therefore, the condition for eq.
(5.2.2) would be held for values o f/»  =(oJ 2 k much smaller than 11 GHz. As the laser 

is modulated up to 1 GHz, the condition is valid and eq. (5.2.2a) and (5.2.2b) 
characterise the currents of the respective transmitted and reflected beams by the 
polarising beam splitter.

For simplicity, only one of the outputs of the beam splitter can be used. In this 
case, the photocurrent corresponding to the chosen beam splitter output should be 
measured at two adjacent points of maximum sensitivity and minimum distortion, i. e., 
the value of 0 should ensure that to^Ar -1-40 results in odd multiples of ti/2. The 
utilisation of a power meter can give reasonable accuracy in finding these points. For 
the output transmitted beam from the polarising beam splitter, the above condition 

would lead to:

‘,1 (0  = '.,[l + K + y)]{ l -  sin[^®„Afsin(£0„<' +<p)]} (5.2.4a)

for 2nn+n/2 operating points and

',2(0  = '»,[l +  K +V')]{l + sin[j3®„Arsin(to„r' +(/))]} (5.2.4b)
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for 2n7C+37c/2 operating points, where n = 0, 1, 2... . Similar results are obtained for the 
reflected beam from the polarising beam splitter.

The network analyser in Fig. 5.15 is used in transmission mode and provides the 
modulation signal for the laser under test and compares a calibrated sample of this 
signal, known as the reference signal, with the photodetector output signal. Therefore, it 
records the relative amplitude and phase of the photocurrent and reference signal at the 

measuring modulation frequency. Expanding eq. (5.2.4), assuming that the FM 
modulation index is small and ignoring DC and high order terms, the photocurrent can 
be simplified to:

(0  = + W  + P(»„Atsin((Oj +(p)] (5.2.5a)

= '»,[*, + y/)-P<o„Atsm(mJ +ç>)] (5.2.5b)

Since the network analyser measures the relative amplitude and phase in the 
frequency domain, the two network analyser measurements are:

J  = (5.2.6a)
w

J = (5.2.6b)
w

where ire/ is the network analyser reference signal. Generally, when the network 
analyser is used to check the transmission characteristics of a device, the network 
analyser signal travels from the modulation output through the device and cables and 

reaches the network analyser detection input. In the process, when this signal is 
compared to the reference signal, a delay is introduced. In the same way, the 
modulation output of the network analyser is connected to the laser. The modulated 
laser beam passes through the hi-bi fibre and generates the photocurrent given by eq.
(5.2.5). Therefore, in eq. (5.2.6) takes into account the delay between the reference 
signal and the detection of the network analyser modulation signal after passing through 

the system.
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Fig. 5.17 - FM response for lasers 1 (a) and 2 (b) detected by a frequency discriminator 
based on a hi-bi Mach-Zehnder interferometer of resolution 11 GHz and measured by a 
network analyser. Static tuning sensitivity: laser 1, 0.8 GHz/mA, laser 2, 1.3 GHz/mA.
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In order to obtain the FM response, it is necessary to operate with the network 

analyser results in such a way that the difference between eq. (5.2.6a) and (5.2.6b) is 
taken:

= m i L )  -  N A z i L )  = (5.2.7)
he f

where p  = is the peak frequency deviation. To obtain the amplitude of the
laser FM response, it is necessary to check the behaviour of A/^ with the modulating 

frequency. Therefore, from the network analyser modified result given by eq. (5.2.7), 

the variation of the peak frequency deviation is given by:

f m j f m )  _  ^  g \

Kef 4;rAr/,,

For the phase response, the variation of ç  with the modulation frequency should be 
observed and can be obtained directly from the network analyser after the compensation 
of the delay tj. Similar results can be obtained for the reflected output of the polarising 
beam splitter.

Using the system of Fig. 5.15 and the assumptions to obtain eq. (5.2.8), Fig. 
5.17 shows the FM response measurements for laser 1 and 2. The dynamic tuning for 
both lasers tend to the respective static tuning values as the modulation frequency tends 
to zero, proving the accuracy of the method. It can be seen that for both lasers, the 
dynamic tuning and phase of the laser FM response decrases initially as the frequency 
is increased. This means that the loop gain will not be constant for all frequencies, 
compromising tracking and phase noise suppression. The variation in phase decreases 
the phase margin of the feedback loop and can throw the system into unstable 

operation. Therefore, the choice of loop electronics bandwidth and parameters also 
depends on the FM response of the laser. In case of laser 2, for example, a system 

whose loop electronics bandwidth is limited to around 15 MHz will offer a phase and 

gain variation of around 10 deg and 4 dB, respectively, in relation to the DC value.

5.3 - Opto-Electronic Receiver Design

In Sections 2.1 and 4.1, the equations for the OPLL and OIPLL configurations 
were presented, respectively, and the contribution of the DC term produced by the
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photodetection process, which is related to the laser incident powers, was neglected in 
the analysis of the systems after eq. (2.1.7). In heterodyne architectures, this approach is 
valid as the region of main interest for the loop control is located around the AC term of 

the photocurrent, at a frequency corresponding to the beat frequency of the lasers, and 

DC terms can be filtered out. However, for homodyne applications, the beat frequency 

between the lasers is zero and it is not possible for the loop to distinguish between the 

contribution due to the laser incident power and the contributions of the actual phase 
error signal. As already described in Sections 2.1 and 4.1, the slave laser frequency 

tuning is a result of the control of the slave laser frequency by the phase error signal 
detected and processed by the loop. Therefore, any variation in the total optical power 
reaching the photodetector by means of intensity noise and/or bias tuning would cause 

the tracking circuit to misinterpret the intensity changes as detected phase error and the 
locking process could be severely compromised.

A balanced detector system [5.16-5.19] is a way to solve the problems arising 

from the variation of the optical power of the lasers. The schematic diagram of the 
balanced opto-electronic receiver used in the OIPLL experiment is shown in Fig. 5.18.

Q Hn  n  PBS L .ISO

=r Rp.ams 1—1 LJ !
Incoming 
Laser Beams 
from NBS

Loop Filter 

PH2

Fig. 5.18 - Balanced receiver for a single-facet homodyne OIPLL system. Q: quarter- 
wave plate; H: half-wave plate; PBS: polarising beam splitter; NBS: neutral beam 

splitter; PHI and PH2: photodetectors; L: lens; ISO: isolator.

The system was designed for the particular case of the single-facet homodyne 

OIPLL experimental set-up of Fig. 5.2, The polarising beam splitter output signal in 
Fig. 5.2 comprises of two orthogonally polarised beams, one from the master laser, the 

other from the slave laser, as explained in more detail in Section 5.1. The neutral beam 
splitter divides the master and slave laser beam intensity equally between the 
transmitted and reflected outputs, conserving their polarisation state. Using a similar 
approach to that described in Appendix F for the mixing of the two orthogonally 
polarised outputs of the hi-bi fibre, a balanced receiver can be designed. The
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photodetectors chosen were two TL-IOOL from ILX, both with similar bandwidth 
(around 1.2 GHz) and responsivity (around 0.9 AAV). The association of the quarter- 

wave plate, half-wave plate and polarising beam splitter creates the condition for the 
signals reaching the photodetectors to be phase-shifted by K in relation to each other. 

The photodetectors are connected to produce opposite sign photocurrents to the 
operational amplifier used in summing configuration. Thus, the output of the amplifier 

results in a signal containing mainly the term carrying the phase error information, and 

the contribution from the laser incident powers is practically eliminated. Because of 

imperfection in the optical components and the slight difference in responsivity for the 
two photodetectors used, it was necessary to adjust the half-wave plate to ensure the n  

phase shift of the signals reaching the photodetectors and to misalign the isolators to 
match the intensity of the DC contribution of each photodetector for the signal at the 
output of the system. When the balanced detection condition was established, the 
suppression of the DC term of the signal was better than 30 dB, measured from the ratio 
between the maximum DC signal produced by the photodetection and the minimum 
scale precision of the instrument (0.5 |iA) used to measure the output signal.

In section 5.1, no mention has been made regarding the alignment process that 
leads to the mixing of master and slave laser signals on the active area of the receiver 
photodetectors (Fig. 5.18) and coupling of the beams into the fibre that takes both 
signals to the Fabry-Perot interferometer and lightwave signal analyser (Fig. 5.2). Also, 
it has been assumed that the beams are perfectly overlapped throughout the set-up. In 
eq. (2.1.5), a term was introduced to account for the problem of the lack of polarisation 

matching and wavefront alignment between master and slave laser signal. In fact, 
although the optical components are not perfect, the outputs of polarising beam splitters 
can ensure good agreement for the polarisation states of the beams. The main problem 
arises from the wavefront matching [5.9]. In reality, the degree of beam overlap 
achieved during the alignment process described in Section 5.1 is good enough to 

guarantee the injection locking part of the OIPLL system, but it may not be sufficient 

for the detection system and the fibre coupling, which leads to the degradation of the 

phase-lock contribution to the OIPLL. From Fig. 5.2 and 5.3, it is possible to see that 
any variation in the position of the master and slave lasers can lead to a decrease in the 
level of the power injected into the slave laser cavity. Therefore, it is not possible to 
correct the beam overlap by adjusting the lens positions without degrading the injection 
level. The only component that could offer ways of correcting the beam overlap is the 
mirror M (Fig. 5.2) through angular tilting of its positioner.

In order to study the beam overlap problem. Fig. 5.19 shows a representation of 
the wavefronts of two laser electric fields reaching, for simplicity, the square active area
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of a photodetector of side L. It is assumed that the wavefront of the laser 1 is parallel to 
the photodetector active area region whilst the wavefront of laser 2 is misaligned by k  

and that there is no misalignment in the direction

In Appendix G, the wavefront mismatch between the master and slave laser 
signals is studied with the assumptions of Fig. 5.19. Assuming that the photodetector is 

loaded with a resistance r, the average dissipated power relative to the DC and AC parts 

of the photocurrent are given by, respectively (Appendix G):

P o c i ^ )  = + P i  cos"(k-)]‘ (5.3.1)

P a c M  = 2 r R ^  { k )

sin
71L . . . ^sin (K -) 
Ao

kL
XT sin(x-)

(5.3.2)

It is possible to see from eq. (5.3.1) and (5.3.2) that the misalignment between 
the wavefronts can compromise the beam coupling and degrade the output signal of the 
photodetector. For the OIPLL and OPLL systems, the term of interest is the amount of 
AC signal that can be obtained during the mixing of the two signals.

laser 2

laser 1

photodetector 
active region

Fig. 5.19 - Wavefront mismatch between the master and slave laser signals.
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In order to illustrate the implications of no overlapped wavefronts, Fig. 5.20 

shows the degradation of the dissipated power Fac(^)/^/\c(0) (dB) as a function of the of 
the wavefront misalignment, for a load resistance r = 50 Q, responsivity R = 0.9 AAV, 

optical powers P] = P2 = \0 0  pW, laser wavelength A2 = 1.55 pm and photodetector 
length L = 100 pm.
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Fig. 5.20 - Degradation of the dissipated power for the AC term o f the photocurrent as
a function of wavefront misalignment.

It can be seen from the plot that variations of 0.4° and 0.65° in the angle /cfrom 
perfectly overlapped wavefronts ( k  = 0) can cause a power degradation around 3 dB 
and just under 10 dB, respectively. One should keep in mind that effect of the 
wavefront alignment over the efficiency of the signal mixing is even worse than the 
results shown by Fig. 5.20 as all the calculations assumed perfect matching in the x 

direction of Fig. 5.19 and that one of the laser wavefront planes was coincident with the 
photodetector active area. In order to solve the wavefront misalignment, the laser beams 
should be combined far way from the sources (over 1 m) before being mixed on the 
active area of the photodetector. For a misalignment of 1 mm and distance between the 
sources and the observation point of 1 m, the angle K =  0.06°, and very good matching 

is possible in direction y of Fig. 5.19. In Fig. 5.2, the mirror M mount was fitted with 
piezoelectric drives to provide fine angular adjustment. After adjustment, the 
wavelength overlap efficiency defined in eq. (2.1.5), was measured to be between 
0.5 and 0.6.
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5.4 - Loop Electronics Design

In the analysis carried out in Chapter 4, it was seen that the OIPLL system is 
more flexible to the effects of the loop propagation delay and that its phase noise 
suppression can be divided in two regions of control; a high frequency region, where 
the control of the phase noise is performed by the injection locking contribution, and a 

low frequency region, where the phase fluctuations are controlled by the feedback loop 
[5.20-5.22]. Therefore, the loop electronics can be simplified and the utilisation of 
components with conventional bandwidths is possible, without the necessity of 
complex split path amplifier configurations.

The loop filter circuit for the experimental OIPLL system presented in Chapter 
6 has three stages that are described in this Section: 1) gain stage for the single balanced 
photodetectors, 2) loop filter and 3) transconductance stage for combining the loop 
signal and slave laser bias. Since loop propagation delay restrictions are not severe, all 
three stages are realised with standard operational amplifier technology. There are two 
requirements for the circuit, (i) a wide bandwidth in order to readily compare the OPLL 
with the OIPLL system in Chapter 6 and (ii) to choose the loop parameters taking into 
account the restrictions imposed by the laser FM response over the loop gain and loop 
bandwidth. All the other electronics involved was provided by commercial equipments, 
for the laser bias currents, two ultra low noise sources LDX-3620 from ILX Lightwave 
and, for the temperature control, two LDT-5910B also from ILX Lightwave. The 
response of the loop circuit is presented later in this Section.

Photodetection Gain Stage
The circuit shown in Fig. 5.21 is a standard summing amplifier configuration 

with the input resistor values being 50Q to load the photodiodes correctly. The 
operational amplifier used for this stage is an Analog Devices OP 160 current feedback 
amplifier. Fig. 5.22 shows the schematic diagrams of a conventional operational 
amplifier, based on voltage feedback, and a current feedback amplifier [5.20]. The 
current feedback amplifier provides substantial improvements in bandwidth in relation 
to conventional voltage feedback amplifiers. A voltage feedback operational amplifier 

multiplies the differential voltage at its inputs by its open loop gain. The feedback loop 
forces the output voltage to be equal to the input voltages, after being divided by Rj and 

Compared to the high impedance inputs of the voltage feedback amplifier, the 

current feedback amplifier has one high and one low impedance input. The input stage 
of a current feedback amplifier consists of an unit-gain voltage buffer between the 
inverting and non-inverting inputs. The inverting input works as a low impedance
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output and current can flow in and out of it. A transimpedance stage follows the input 
stage, converting the buffer output current into a linearly proportional amplifier output 
voltage. Therefore, as the noninverting input voltage rises, the inverting input follows 

through the current that the buffer supplies to Rj. This current, multiplied by the 
transimpedance stage, causes the amplifiers output voltage to rise until the current 

flowing into R2 from the amplifier output matches the current through Rj, replacing the 
current provided by the buffer. At steady state, only a very small buffer output current 

must flow to maintain the output voltage. In this way, during design of circuits 
containing the current feedback operational amplifier, the voltage across the inputs and 

the current into the inputs can be assumed zero, similarly to voltage feedback 
operational amplifiers. Therefore, the current feedback amplifier can be used in the 

same amplifier configurations as those already well established for voltage feedback 
amplifiers with the same results.

The value of Rg was chosen to be 150 ^2 to provide extra gain for the loop 
circuit, necessary to give the loop circuit the required characteristics discussed below.

from
&

PH 1
Vcc

from 
PH 2

50 n
Vee

Fig. 5.21 - Amplifier in summing configuration to combine the signals coming from the
balanced photodetectors.

min

'out

Fig. 5.22 - Schematic diagrams for voltage and current feedback amplifiers
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Loop Filter

For the OIPLL experiment, a second order type II active loop filter was 
designed. Fig. 5.23 illustrates the basic design of the filter when realised with voltage 
feedback amplifiers. A large resistance is required in parallel with the feedback path for 

some applications using integrators to ensure that the low frequency gain and 
performance of the integrator is not determined by the operational amplifier open loop 
characteristics. In this way, the resistor R has to be incorporated to avoid saturation of 
the device in practical applications. However, it was decided to use a current feedback 

operational amplifier (OP 160) to increase the bandwidth. The configuration of the 
integrator using a current feedback operational amplifier, shown in Fig. 5.24, is 
practically the same as that of the voltage feedback amplifier, except for the resistor Rf. 
In practical terms, Rf is placed between the artificial sum node and inverting input of the 
amplifier [5.20], maintaining a minimum value of feedback impedance over all 
frequencies to ensure stability. The value of RfV/âs set to 820 ohms as recommended in 
the OP 160 amplifier data sheet [5.20].

R

Vcc

Vee

Fig. 5.23 - Conventional integrator configuration using voltage feedback amplifiers.

R

Vcc

o

Vee
/ / / / /

Fig. 5.24 - Integrator configuration using current feedback amplifier.

For a conventional integrator using a voltage feedback operational amplifier, the 
values of Rj, R2 and C are calculated from the time constants T; and T2, defined in
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Section 2.2.3. The values of the time constants are obtained from the designed values of 
loop natural angular frequency and zero-delay damping ratio. The relationships 
between the loop filter components and the time constants are given by:

Ti=/?iC (5.4.1a)

x̂  = R^C (5.4.1b)

where it was assumed that the amplifier in question has a high DC gain. Using a current 

feedback amplifier, it is possible to use the same equations. However, due to the large 
tolerances for capacitors and resistors (5 to 15%) it is necessary to adjust the values of 
the components until the desired response is achieved. A network analyser (HP 8575) 
was used for this purpose.

Second order type II loops are commonly designed with zero delay damping 
ratio of 0.707 [5.21]. Taking this into consideration, it was decided to choose the time 
constants to give a zero delay damping ratio close to 0.707. The loop filter is placed 
after the photodetection gain stage, which uses a current feedback amplifier and 
requires a load of few k^2 to present a smoother near cut-off response. Considering the 
design requirements and the measured total loop gain of 4.4 Grad/s, T; = 0.43 ps and 

= 15 ns, where Rj = 33 kQ, /?2 = 120 H and C = 120 pF. The loop gain measurement is 
given in more detail in the next Chapter, when a method to estimate the photodetector 
gain factor is presented. Under these circumstances, the zero delay damping ratio and 
natural frequency are 0.76 and 16 MHz, respectively, considering the static tuning 

characteristics of laser 2. The variation of the gain with the laser FM response makes 
the damping decrease to 0.6 for 16 MHz bandwidth. The value of R, the feedback 

resistor in parallel with R2 and C, is chosen in such a way that the DC gain of the 
integrator is not equal to the open loop gain of the operational amplifier used. If it were 

not present (or too large), the DC and low frequency response of the device would be 
strongly affected by temperature or any non-linear effect. Consequently, R = I MH is 
chosen to ensure that the DC gain of the integrator is, at least, 10 dB below the 

amplifier open loop gain.

Transconductance Stage
This stage is required to sum the voltage output of the integrator with a bias to 

drive the slave laser. In addition, the laser needs to be protected against reverse bias so 
the drive stage should be single sided. Finally, currents up to 60 mA are required to bias 
the slave laser.

153



Chapter 5: Optical and Electrical Design

Once again, an operational amplifier design was adopted. Fig. 5.25 shows two 
AD-826 operating in parallel, in a non-inverting, summing configuration, that can 

provide up to 100 mA to the load. The AD826 can be used single-sided thus protecting 
the laser, and in this configuration can drive up to 70 mA. The two 5Q resistors at the 

output of each operational amplifier are required to allow slight differences in each 

amplifier output voltages. They limit current flow between amplifier outputs that would 
arise in the presence of any residual mismatch [5.22]. To provide bias current to the 
laser, a ultra-low noise current source (ILX Lightwave LDX-3620) was coupled to the 

input. The configuration required an input 150 Q resistor in such a way that the 
current source could provide enough bias current to the circuit before its compliance 
voltage could be reachead. In order that the input impedance could be close to 150 
and, at same time, the circuit bandwidth could still be wide enough (> 20 MHz) for the 
experiment, was chosen to be lOkQ.

A potentiometer (20k(l) was placed in parallel with the laser so that when the 
circuit is first switched on, the closed potentiometer grounds the slave laser. After 
offsets are determined, the potentiometer is opened to bias the laser.

^bias ^

R » 1 5 0 Q
loon

20kn

O

Fig. 5.25 - Transconductance stage to combine the laser bias with the loop signal.

Fig. 5.26 is a diagram of the complete loop filter circuit built for the OIPLL 
experiment. The circuit shows the sequence of the circuit blocks described above. The 
operational amplifiers were chosen to give a maximum loop bandwidth of 16 MHz in 
such a way that the laser FM response does not affect substantially the loop gain and 
the loop stability. The bias decoupling circuit as well as the offset control of the
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operational amplifiers is also shown. The signals from both photodetectors are summed 
and amplified by the first O P-160 current feedback amplifier. The output passes 
through the integrator (second OP-160), where the components were chosen in such a 
way that, using the total loop gain value measured in the next Chapter, the time 

constants result in a zero delay loop damping around 0.707. The integrator output is 
mixed with the laser bias by the transconductance stage. For both O P-160, the offset 

control of the amplifier is done by precision potentiometers connected to the amplifier 
pins 1 and 5 and the positive bias rail of the amplifier. In order to guarantee that the two 

AD-826 would have the same characteristics, only one chip containing two voltage 
feedback amplifier AD-826 is used for the tranconductance circuit. All the operational 
amplifiers were supplied by 12V regulators (LM 7812 and LM 7912) and were 
decoupled by a parallel association of 0.1 |iF and 10 |XF capacitors close to the power 
supply pins of each integrated circuit, as instructed by the manufacturer.

1 MQ
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Fig. 5.26 - Diagram of the loop circuit built.
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Fig. 5.27 - Loop circuit frequency response.

The loop circuit response is shown in Fig. 5.27, measured by a network analyser 
(HP 8575). Fig. 5.27a presents the measured amplitude response of the loop circuit 
along with the modelling for the loop filter ideal case, given by eq. (2.2.23), and the 
modelling for the real amplifier responses provided by the amplifier manufacturer. Fig.
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5.27b shows the measured phase response of the loop circuit. Although in OPLL terms 
such a circuit response would not produce efficient suppression of the phase noise of 
the lasers, for the OIPLL configuration it is enough to control the low frequency part of 
the laser phase noise spectrum, as seen in Section 4.4.4, the high frequency phase noise 
contribution being dealt with by the injection locking contribution. These assumption 
can be verified in the next Section, where the modelling of the OIPLL is shown using 
the parameters measured so far in this Chapter.

5.5 - Effect of Real Loop Filter Response

In this Section, the measured characteristics of lasers and loop circuit for the 
OIPLL are placed together into the system model. In the analysis of the OPLL system 
presented in Chapter 2, the laser frequency response is considered ideal, that is, a flat 
response for all modulation frequencies. However, as can be seen from the FM 
frequency response measurements of Section 5.22, the approach is only approximate 
and the real laser response has to be considered. Also, it has been assumed that the flat 
portion of the loop filter response extends to infinity. As seen in the last Section, this 
assumption is far from reality and a non ideal loop filter response should be taken into 
account. In order to observe the effect of real loop filter circuit and laser responses. Fig. 
5.28 shows the expected behaviour of the OPLL and OIPLL phase error spectrum in 
comparison with the ideal case, using the equations of Section 4.4. For this plot, the 
laser summed linewidth is 36 MHz, the optical powers coupled into the photodetector 
are 420 |LiW and 360 jxW due to master and slave lasers, respectively, the photodetector 
responsivity is 0.9 AAV, the loop delay is 15 ns, the total loop gain is 4.4 Grad/s at zero 
Hz, the active loop filter time constants are T, = 0.43 |is and T2 = 15 ns and the injection 
ratio is -31.4 dB.

In the OPLL case, it can easily be seen that the the inclusion of the loop filter 
response to the model brings the OPLL phase error spectrum away from the curve 

produced by the ideal OPLL model. However, the unstable characteristics of the OPLL 
spectra can be removed by the addition of the injection locking path. It can be seen 
from the results that the phase error spectrum curve of the OIPLL is very close to the 
ideal OIPLL case. As expected from the analysis in Chapter 4, the fact that the loop 
filter circuit is imperfect does not interfere with the phase noise suppression for 
frequencies higher than the electronics cut-off, as the injection locking part o f the 
system takes care of it. For lower frequencies, however, the addition of the real 
response transfer functions moved the OIPLL results from the ideal case. The loop
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circuit response is responsible for the dip in the phase error spectrum curve above 1 
MHz. The different slopes for the real and ideal cases below 1 MHz are due to the laser 
response, as the laser gain contribution to the total loop gain decreases, resulting in 
poorer phase noise suppression. Yet, the real system can also guarantee phase error 
spectrum tending to zero for low frequencies, following the ideal case. Because of the 

proximity between ideal and real cases, it is possible to consider only the ideal case 
results for comparison with the measured OIPLL results of next Chapter.
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- OPLL - real

10®
F requency  (Hz)

Fig. 5.28 - Real and ideal OPLL and OIPLL modelling considering the design 
parameters measured in previous sections. Injection ratio is assumed to be -31.4 dB.

5.6 - Conclusions

In this Chapter, the main characteristics of the components of the experimental 
OIPLL system have been described. The first section introduced an OIPLL 
configuration that could compensate for mismatches between the optical paths. It was 
seen that a single-facet bulk optics OIPLL gives path mismatch compensation based on 
Michelson interferometric properties as well as a good control over the amount of 
injected power into the slave laser active area. In order to match the polarisation states 
correctly and direct the master and slave laser beams throughout the system, the 
utilisation of polarising optical components is necessary. The operation of these 
components and their configuration in the OIPLL were described.
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The next step in the OIPLL design was to determine the characteristics of the 
semiconductor lasers. From the analysis of Chapter 4 it was seen that the requirements 
placed on the linewidths of the lasers used in OIPLL systems are far more relaxed than 
those for OPLL systems. Thus, two conventional InGaAsP buried heterostructure DFB 
lasers, each of linewidth below 20 MHz at 55 mA bias, were chosen to implement the 
OIPLL system. The laser wavelengths were matched to within 0.6 nm (or 76 GHz) for 
equal bias and temperature operation and can easily be brought to oscillate at the same 
frequency by temperature tuning. A method for FM response measurement was 
described and the dynamic tuning characteristics of the laser obtained. It was seen that 
the lasers do not present an uniform response and this should be taken into account 
during the OIPLL design.

In Sections 2.1 and 4.1, the equations for the OPLL and OIPLL systems were 
presented and the contribution of the DC term produced by the photodetection was 
discarded during the analysis. For homodyne applications, the beat frequency between 
the lasers is zero and the loop can not distinguish between the contribution due to the 
laser incident power and the contributions of the actual phase error signal, which is only 
a fluctuation around the DC term. Therefore, any variation in the total optical power 
reaching the photodetector would cause the loop circuit to mistakenly consider the 
intensity changes as detected phase error and the locking process could be severely 
compromised. In order to compensate for intensity changes of the detected beams, a 
balanced detector system was designed based on the polarisation properties of the light, 
achieving better than 30 dB of suppression of the DC term of the photocurrent. Also, 
the origin of the term representing the loss in the efficiency of detection introduced into 
the analysis since Section 2.1 was discussed. It was seen that the misalignment between 
the laser wavefronts being mixed on the active area of the photodetector can reduce the 
photodetector gain factor and, therefore, reduce the overall loop gain. For instance, 
0.65° of misalignment between the wavefronts can generate up to 10 dB of 

photodetector gain factor degradation.
Finally, the design of the loop electronics was presented. In Chapter 4, it was 

seen that the OIPLL system is more resilient to the effects of the loop propagation delay 
then the equivalent OPLL and that its phase noise is suppressed, at high frequencies, by 
the injection locking contribution and, at low frequencies, by the feedback loop 
contribution. Therefore, the loop electronics can be simplified and the utilisation of 

components with conventional bandwidths is possible. A three stage feedback loop was 
designed using operational amplifiers. The first stage consists of an amplifier in 
summing configuration, providing the coupling for the two photodetector outputs. The 
second stage is the loop filter itself. The loop filter was designed to be a second order
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active filter, built with a high DC gain and wide bandwidth operational amplifier. The 
last stage combines the loop feedback signal with the laser bias. For that, a 
transconductance configuration composed of two operational amplifiers operating in 
parallel, in a non-inverting summing configuration, that can provide up to 70 mA to the 

load was designed. The overall characteristics of the circuit, including its frequency 
response was presented and the effect of the real loop filter and laser FM responses on 
predicted OPLL and OIPLL performance studied. The results will be used during the 
experimental investigation related in Chapter 6.
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Chapter 6 

Experimental Results

It was seen in Chapter 2 that the loop propagation delay can cause the OPLL 
system to be unstable if the loop bandwidth and loop gain are not limited, leading to 
poor phase noise suppression in practical systems. This characteristic requires very 
narrow semiconductor laser linewidths for practical values of loop delay, linewidths 
which are not possible unless line-narrowing techniques are used [6.1-6.5]. In Chapter 
3, it was seen that OIL system does not suffer delay time restrictions and can offer good 
phase noise suppression for realistic values of laser linewidth at moderate injection 
levels. However, stability considerations limit the locking range of OIL systems [6.6- 
6.8]. The OIPLL analysis was then introduced in Chapter 4. It was seen that the 
addition of the injection locking path can improve loop stability for a given loop delay. 
As a result, the requirements for loop gain are relaxed and the utilisation of second 
order type II loops is possible. The good OIPLL phase noise performance allows the 
utilisation of semiconductor lasers without line-narrowing techniques and the zero static 
phase error obtained with the second order type II loop filter forces the injection 
locking to operate inside the stable operation region of the OIL process throughout the 
wide locking range provided by the loop, resulting in the improvements that OIPLLs 
can offer relative to equivalent OPLL and OIL systems.

In this Chapter, the first experimental results for an homodyne OIPLL system 
are presented. In Section 6.1, the experimental set-up built is described and compared to 
the set-up design of Section 5.1. Then, the equivalent OPLL results are reported in 
Section 6.2 using the lasers 1 and 2 and the loop filter circuit detailed in Chapter 5. 

Results from the equivalent OIL experiment are presented and discussed in Section 6.3. 
Some of the OIL results are required to characterise the final OIPLL experiment. In 
Section 6.4, the OIPLL results are reported and compared with the results obtained 
from the equivalent OPLL and OIL systems in terms of noise performance and locking 
range and with theoretical predictions.

6.1 - The OIPLL Experimental Arrangement

Fig. 6.1 shows the complete block diagram of the OIPLL experimental set-up 
and Fig. 6.2 shows the actual bulk-optics system built for the experiment. Fig. 6.2a
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shows the experimental set-up as a whole. On the left hand side is located the master 
laser, chosen to be laser 1, placed on top of a brass mounting. The laser mount also 
holds microstrip circuits to provide the laser bias current. The same mounting design 

was used for laser 2, chosen to be the slave laser. Two commercial isolators are placed 
after the master laser collimating lens. The rotating mount for the half-wave plate, 
which is scaled in degrees, follows the isolators. A 5 mm cube polarising beam splitter 
divides the beam from the master laser into two paths. The light transmitted by the 
polarising beam splitter passes through another isolator and half-wave plate, and is 

coupled into the slave laser cavity located to the right of the picture. The light reflected 
passes through a quarter-wave plate and is reflected by the mirror. It is possible to see 
at the bottom of the picture the long silver-coloured cylindrical bars that contain the 
piezoelectric elements responsible for the fine tilting alignment of the master laser 
beam to obtain wavefront overlap of the master and slave laser signals at the detector. 
The base of the mirror mount translates in the same direction as that of the reflected 
beam and is also fitted with a piezoelectric element, which allows fine adjustment of 
the path matching.

To LSA and FPI i

NBS

^  ISO ISO

PBS:

I-

ISO

Circuit

ISO

J  DT3Q T I 1

PHI

PBS L

ISO

O' SL

M

Optical Path 
Electronic Path

Fig. 6.1 - The bulk optics OIPLL. ML: master laser; SL: slave laser; L: lens; ISO: 
isolator; H: half-wave plate; Q: quarter-wave plate; PBS: polarising beam splitter; M: 
mirror mounted on a translation stage; PHI and PH2: photodetectors; LSA: lightwave 

signal analyser; FPI: Fabry-Perot interferometer.

The light reflected by the mirror passes back through the quarter-wave plate and 
is fully transmitted by the polarising beam splitter towards the neutral beam splitter.
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Fig. 6.2 - Bulk-opt ics OIPLL experimental  set-up. (a) whole sys tem view, (h) c loser  

view o f  the single fa c e t  emission arrangement.
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which is the larger glass cube in the picture. The emission from the slave laser passes 

through the half-wave plate and isolator, and is reflected by the polarising beam splitter 

towards the neutral beam splitter. The neutral beam splitter divides the two beams 

equally. The reflected part passes through the quarter and half-wave plates and 

polarising beam splitter, whose outputs are focused on the active area of two 
photodetectors, placed after isolators. The outputs of the photodetectors are coupled 
into the circuit, located on the top right hand side of the picture. Fig. 6.2b is another 
picture showing with more detail the single facet emission arrangement; the component 

disposition can be followed from the schematic diagram of Fig. 5.3. Fig. 6.2b also 
allows a better view of the laser mounts. The laser mount is composed of three main 
parts: the first one, called base block, is fixed on the XYZ positioners; the second one, 
called height block, allows an approximate height control of the laser position and is 
fixed on the base block; the third one, called clamping block, where the laser sub-mount 
is placed, is fixed to the height block. The Peltier cooler used for the temperature 
control is sandwiched between the height and clamping blocks and the thermistor is 
inserted through a hole in the clamping plate (fixed on the clamping block), reaching 
the middle region of the laser sub-mount. The circuit board on the top of the base block 
on the right hand side of the picture connects the thermistor and Peltier cooler to the 
temperature controller (LDT-5910B).

6.2 - The OPLL Experiment

In order to perform the OPLL experiment, the first step was to ensure that no 

light is being injected into the slave laser cavity. That can be achieved by setting the 
angular position of the half-wave plate between isolator and polarising beam splitter in 
Fig. 6.1 (HI in Fig. 5.3) in such a way that the master laser light is completely reflected 
by the polarising beam splitter, that is, no slave laser photocurrent should be read. The 

reference angle marked on the half-wave plate mount on this occasion was 109.5°.
The next step was to align the laser beams in such a way that the wavefront 

overlap was maximised, using the procedure described in Section 5.3. In fact, rough 
alignment is obtained by the mirror tilting adjustment in such a way that the overlap of 

the two beam spots, observed with the help of a photosensitive card around 3 to 4 m 
away from the polarising beam splitter output, is guaranteed.
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Fig. 6.3 - Heterodyne beat signal measured by the spectrum analyser. RBW: resolution 
bandwidth; VB: video bandwidth; ST: sweep time; ATT: attenuation.
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Once this rough wavefront overlap was achieved, the fine adjustments were 
made using the mirror piezoelectric elements. At this point, the photodetectors were 
biased with 15 V and -15 V, respectively. Using one of the photodetectors outputs, the 
beat signal between the two lasers was observed on the screen of a spectrum analyser 
(HP 8568B), at full span and automatic settings. For this measurement, the laser 
temperatures and currents were adjusted to bring the beat signal within the maximum 
span of the spectrum analyser. The increase in amplitude of the beat signal with the 
piezoelectric tilting adjustments of the mirror was the criterion used to determine 
maximum wavefront overlap. Finally, the photodetectors were balanced using the 
procedure described in Section 5.3.

Fig. 6.3 shows the heterodyne beat signal measured by the spectrum analyser for 
(a) photodetector 1 and (b) photodetector 2. Master and slave lasers were biased at 
2.75xl(h and 2.2xlth, respectively, where Ith is the threshold currents for each laser. After 
balancing, the measured photocurrents at the output of each photodetector were 420 pA 
and 360pA due to master laser and the slave lasers, respectively. The photodetector 
responsivities were 0.89 AAV. With these parameters known, it is possible to estimate 
the effective photodetector gain factors from the heterodyne beat spectrum. The 
spectrum is integrated over a given bandwidth, in this case corresponding to the 
maximum spectrum analyser span, to give the power that is coupled into the spectrum 
analyser for a given spectrum analyser resolution bandwidth. The total power 
normalised to 1 Hz noise bandwidth is obtained from:

NBW Band

where logarithmic amplitude corrections were considered, NBW is the spectrum 
analyser noise bandwidth, Sbeatif) is the curve representing the spectrum and Band is the 
interval of integration corresponding, in this case, to the plot span. The value of NBW 
can be obtained as the bandwidth of an ideal rectangular filter equivalent to the 
spectrum analyser gaussian filter, whose 3 dB bandwidth represents the spectrum 
analyser resolution bandwidth (RBW). For the spectrum analysers used in this 
experiment, NBW = 1 .2  RBW. The power coupled into the spectrum analyser is 
related to the effective photodetector gain factor for each photodetector by:

(6.2.2)
l̂oad
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where Rî d̂ is the spectrum analyser input impedance, normally 50 Q. The effective
photodetector gain factor considers all the problems with wavefront and polarisation 
matching of the two laser beams and, therefore, as defined in eq. (2.1.5) to

(2.1.7). If the photocurrents and photodetector responsivities are known, the coupling 
efficiency factor is given by:

k'
p̂d

(6.2.3)

For the values of photocurrent and photodetector responsivity used to obtain the 
heterodyne beat spectrum of Fig. 6.3, k̂  ̂ = 3 8 0 11A/rad and kc„ = 0.5.

After the photodetector balancing, the monitoring path was aligned. Fig. 6.4 is a 
schematic representation of the monitoring path, which is the optical path of the neutral 
beam splitter transmitted beams. The neutral beam splitter transmitted beams pass 
through another half-wave plate and polarising beam splitter combination and are 
coupled into a fibre cable by a coupler. The polarising beam splitter guarantees a high 
degree of polarisation matching of the beams and wavefront overlap is directly obtained 
from the photodetector alignment procedure.

FC
 Air Path
 Fibre Path

FPI

Lightwave
Signal
Analyser

Free

PBS

] H

NBS  > To Detection System

; Incoming 
! ML and SL Beams

Fig. 6.4 - The experimental set-up for the monitoring path. ML: master laser; SL: slave 
laser; NBS: neutral beam splitter; H: half-wave plate; PBS: polarising beam splitter; 
ISO: isolator; C: coupler; FC: 3 dB fibre coupler; FPI: Fabry-Perot interferometer.
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Fig. 6.5 - Beat signal spectrum measured by the lightwave signal analyser.

The monitoring path is used as the measurement set-up for OPLL, OIL and 
OIPLL systems. The Fabry-Perot interferometer (Burleigh FPI-HiFase H F-1500-2) 
permits the observation of the laser optical spectrum with such resolution that 
quantitative measurements of the longitudinal mode frequency variation with 
temperature and current are possible, as seen in Section 5.2.2, and, therefore, the 
relative position between master and slave laser modes can be measured. This is 

important as it makes possible the characterisation of the locking range for the different 

locking systems. The lightwave signal analyser (HP 7081 OB), which is basically a 
spectrum analyser with an optical input port (fibre cable connector 4- photodetector), 
allows the measurement of the beat signal spectrum. Taking this into consideration, it is 
possible to use the same procedure as that for the spectrum analyser to determine the 
total power coupled into the lightwave signal analyser. Fig. 6.5 shows the spectrum of 
the beat signal obtained from the lightwave signal analyser, set to lightwave-electrical 
mode. The amplitude of the signal is maximised by adjustments in the half wave plate 

angle of Fig. 6.4 and the fibre coupler positioner. As expected, the deficiency in the 
power coupling for optical fibres reduces the peak of the measured spectrum. For Fig. 
6.5, the electrical power measured by the lightwave signal analyser for the master laser 
was -54.8 dBm and for the slave laser was -51.4 dBm. Under these conditions and 
assuming that the load for the photodetector of the lightwave analyser is 50 Q, the
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coupling efficiency and photodetector gain factor for the lightwave signal 
analyser measurement were 0.5 and 10 jiA/rad, respectively.

The next step in the OPLL experiment is to add the loop circuit to the system 
and obtain the resulting OPLL phase noise spectrum from the lightwave signal analyser 
screen. Both laser biases were kept the same as the values used during the alignment 
and heterodyne beat signal measurements. The value of the slave laser current was 
obtained by measuring the voltage across the laser mount and relating it with the 
voltage-current characteristics of the slave laser. The loop frequency response was 
given in Section 5.4, along with the gain of the loop filter components. By taking these 
values into account, assuming the slave laser gain factor defined in eq. (2.1.17) to be 
the slave laser static frequency tuning and considering the measured photodetector gain 
factor, the total loop gain for the OPLL system was 4.4 Grad/s. By using the definition 
of zero delay damping ratio given by eq. (2.2.27), the loop gain associated with the loop 
filter time constants ensured that = 0.76. Fig. 6.6 shows the OPLL spectrum obtained 
from the lightwave signal analyser.

-70
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Fig. 6.6 - OPLL spectrum obtained from the lightwave signal analyser. The loop 
parameters are such that = 0.76.

It can be seen that the OPLL system can not provide any substantial suppression 
of the laser phase noise in relation to the heterodyne beat signal spectrum. This was 
expected from the fact that the values of laser summed linewidths, in this case 36 MHz,
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and the delay time of the system, estimated to be 15 ns from the nominal delays of the 

electronic components plus the actual size of the loop, violate the results obtained in 
Fig. 4.9b. The amount of cycle slipping happening after the loop circuit was connected 
is responsible for the broadening of the OPLL power spectrum, leading to poor phase 

noise control of the system, and for the short term locking condition obtained.
In order to estimate the phase error variance of the system, it is assumed that the 

linear approximation of the photodetector response is valid. Therefore, the relation 

between the photocurrent and the laser phase noise is given by:

;(')== «5.2.4)

By assuming that the load of the spectrum analyser is Rioad, the corresponding 
power is given by:

P{t) = Ru.At) (6.2.5)

By substituting eq. (6.2.4) into eq. (6.2.5), one has:

W  = (6.2.6)
^load^pd

By taking the Fourier transform of eq. (6.2.6), the phase error spectrum Ŝ (f) is 

related to the power spectrum S(f) by:

= (6.2.7)
^load^pd

In order to associate eq. (6.2.7) with the power spectrum measurement, it is 
necessary to take into account the fact that the spectrum analyser measures the power 
spectrum in relation to its resolution bandwidth. In order to normalise the measuremnt 
to a 1 Hz noise bandwidth, it is necessary to divide eq. (6.2.7) by NBW. The phase error
variance can then be obtained from the measured power spectrum by substituting eq.

(6.2.7) into eq. (4.4.10):

<T̂ =
^ l o a d ^ p d ^ ^ ^ ^  Measurement 

Bandwidth
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where the factor 2 is included to account for the double sided spectrum. Eq. (6.2.8) is an 
useful tool for the estimation of the phase error variance and can be applied to 
determine the OPLL, OIL and OIPLL phase error variances. The next step, then, is to 
estimate the phase error variance of the OPLL system assuming S(f) to be the power 
spectrum measurement of the lightwave signal analyser. The resolution bandwidth for 
the power spectrum measurement was 300 kHz. The m easurement bandwidth 
corresponds to the lightwave signal analyser span and was 5(X) MHz. The experimental 
data were loaded into a mathematical simulation program (M athcad), which 
numerically calculated the integral. By assuming Rî ad to be 50 O and the measured kpd, 
the variance for the OPLL system was 0.974 rad^. This value is well beyond the linear 
range of the OPLL analysis assumptions. Although this implies that the result given by 

eq. (6.2.8) is not accurate, the approximation is good enough to illustrate the behaviour 
predicted in Chapter 2 and 4. As expected, this result confirms the poor phase noise 
suppression performance of such an OPLL configuration for wide linewidth lasers and 
long loop propagation delays.

6.3 - The OIL Experiment

In Chapter 3, the analysis of the injection locking technique as a frequency 
synchronisation method for semiconductor lasers was presented. In order to illustrate 
the characteristics of the practical OIL system and compare the results with the 
theoretical predictions, it was necessary to perform an OIL experiment. In addition, the 
parameters and results obtained from the OIL set-up are an important step towards the 
proper characterisation of the OIPLL experiment presented in Section 6.3, as they offer 
a way to determine the amount of master laser power injected into the slave laser 
cavity.

The set-up for the OIL experiment is the same as that of Figs. 6.1 and 6.2. In 

this case, the power spectrum that is associated with the phase error spectrum can be 
measured either by the spectrum analyser, using the output signal of one of the 
photodetectors, as the loop filter is not connected during this experiment, or by the 
lightwave signal analyser. The amount of injected power and, therefore, the injection 
ratio, is controlled by the rotation of the half-wave plate located between the second 

isolator from left to right and the polarising beam splitter.
The first part of the OIL experiment consists of estimating the system injection 

ratio. In order to do that, it was necessary to know the relationship between the amount 
of master laser power injected into the slave laser cavity and the half-wave plate
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rotation. Then, from these results and the measurements of the effective linewidth 
enhancement factor and locking bandwidth (locking range), it is possible to obtain 
values of the injection ratio as defined by eq. (3.1.26) that can be associated with the 

half-wave plate rotation mount scale. The last step of the OIL experiment is to analyse 
the phase noise suppression results from the power spectra measured by either the 

lightwave signal analyser or spectrum analyser for different values of injection ratio.

6.3.1 - Injection Ratio Calibration

As previously mentioned during the experimental set-up alignment process in 
Section 4.1, although a non-biased semiconductor laser is not designed to operate as a 
photodetector, it is possible to measure the photocurrent produced when light is injected 

into its active region by connecting a sensitive multimeter to the laser bias input.

H + Mount

ISO

ML M'R
ISO

SL

Avometer

Fig. 6.7 - The experimental configuration for the slave laser photocurrent 
measurement. ML: master laser; SL: slave laser; L: lens; ISO: isolator; H: half-wave

plate; PBS: polarising beam splitter.

Fig. 6.7 shows the configuration of the experimental set-up of Fig. 6.1 when the 
measurements of the slave laser photocurrent are performed. As the rotation of the half
wave plate between the isolator and the polarising beam splitter in Fig. 6.7 determines 

the amount of master laser injected power into the slave laser cavity, it is possible to 
associate the slave laser photocurrent with the angular scale of the half-wave plate 

mount.
With the slave laser turned off and the master laser biased at 2.75x1,h. Fig. 6.8 

shows the measured values of slave laser photocurrent versus the angle scale of the 
half-wave plate mount. The slave laser photocurrent was measured by an analogue 
multimeter. The sinusoidal characteristic of the result is due to the association of the
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half-wave plate and polarising beam splitter. The maximum value of laser photocurrent, 
565 pA, was obtained at an angle of 155° on the half-wave plate mount scale. The 
minimum angle value shown in the plot is 110°, corresponding to an amount of slave 
laser photocurrent within the minimum resolution (0.5 pA) of the multimeter.
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Fig. 6.8 - Photocurrent produced by the slave laser due to m aster laser pow er injection 

versus the rotation o f  the half-wave plate angle.

The slave laser linewidth enhancement factor (a )  is an important factor for 
semiconductor lasers that can not be measured directly. Many different ways to 
measure the a  factor have been reported [6.9,6.10]. One method of particular interest is 
reported in [6 .8] and [6 . 11] and uses injection locking as a measurement method. 
Basically, from the observation and measurement of the system locking range and the 
measurement of the voltage across the slave laser during the locking process it is 
possible to determine the effective value of the laser a  factor. By recalling the analysis 
of the OIL process described in Chapter 3, it was seen that the master laser injection 
alters the operation of the slave laser. If the frequency difference between the two lasers 
is inside the locking range defined by eq. (3.1.24) or (3.1.27), the slave laser frequency 
value jumps to that of the master laser and locking is established. Also, it was seen from 
eq. (3.1.25) that the number of photons inside the slave laser cavity varies, although 
very slightly, inside the locking range. This suggests that the number of carriers and, 
therefore, the laser current, should also change. However, the current variations when 
compared to the laser bias are very small and can not be detected by any multimeter.
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The solution is to use a precision voltmeter to measure the voltage across the slave laser 
junction, as shown in Fig. 6.9.

From eq. (3.1.27), the half-locking bandwidth is defined as:

= p^|l + a (6.3.1)

From eq. (3.1.25), the number of photons inside the slave laser cavity equals that of the 
free-running laser when = 7̂ .̂ In order that this could happen, AN„ = AG = 0, which,

by recalling eq. (3.1.23), is possible only when the detuning is such that = n/2 or Aœ 
= p. By defining the value of detuning where the number of photons inside the slave 
laser cavity equals that of the free-running laser as AcOfr and rearranging eq. (6 .3 .1), the 
value of the a  factor is given by:

oc = Acû,i
A(0frj

- 1 (6.3.2)

Optical Fibre Path 
Electrical Path 
Optical Air Path

ISO

ML

Oscilloscope -

Precision
Voltage
Meter

Current
Source

Fig. 6.9 - Experimental arrangement for the slave laser linewidth enhancement factor 
measurement. ML: master laser; SL: slave laser; L: lens; ISO: isolator; H: half-wave 

plate; PBS: polarising beam splitter; NBS: neutral beam splitter; C: coupler; FC: fibre
coupler; FPI: Fabry-Perot interferometer.
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When no injection is present, 4 , = 7̂ ,, is automatically valid. Therefore, the 

variation of the photon number should occur inside the locking range and tend to the 
free-running value outside it. The same behaviour should be expected from the voltage 

variation across the slave laser.
Fig. 6.9 shows the experimental arrangement for the measurement of the voltage 

variation across the slave laser junction. A digital precision voltmeter was connected to 
the laser input. A Fabry-Perot interferometer allowed the observation of the master and 
slave laser longitudinal modes on the screen of the oscilloscope. By blocking the master 
laser light temporarily, the position of the slave laser mode was marked. Allowing 
injection to take place, by rotating the half-wave plate between isolator and polarising 
beam splitter to allow transmitted beam splitter light to reach the active area of the 
slave laser, and tuning the master laser, the frequency intervals between the position of 
the locked and unlocked modes and the marked reference point were observed and 
noted at the same time as the corresponding voltage values were measured. The Fabry- 
Perot interferometer FSR was 30 GHz and the interferometer control drive provided 
scale adjustment for measurement over the range of frequency required.
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Fig. 6 .10  - Voltage across slave laser versus locking range fo r  the linewidth  

enhancement factor measurement.

Fig. 6.10 shows the experimental results for the a  factor measurement. It is 
necessary for the injection ratio to be very small (estimated to be <-40 dB) to allow the
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locking range to be stable and symmetrical. The voltage measurement reaches the 
maximum and minimum values at the border of the locking range and tends to the free- 
running value outside the locking range. The point inside the locking range where the 
voltage curve cuts the voltage free-running value defines AcOfr. One of the frequency 
detuning values corresponding to the maximum or minimum voltage defines Aû)f,i. 
From the frequency intervals measured and using eq. (6.3.2), the effective linewidth 
enhancement factor for the slave laser was measured to be 3 .9 .
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Fig. 6.11 - Measured half-locking bandwidth versus the half-wave plate mount angle.

The next step in the calibration of the injection ratio of the OIL system is to 
measure the locking range and associate this results with the measurements of the slave 
laser photocurrent and a  factor. The experimental arrangement for the locking range
measurements is practically the same as that of Fig. 6.9, but in this case, there is no
necessity for the precision voltmeter. The Fabry-Perot interferometer FSR was 30 GHz. 
With both lasers on, the angular position of the half-wave plate between isolator and 
polarising beam splitter was rotated. The master laser light was temporarily blocked 
and the position of the slave laser longitudinal mode without injection was marked on 
the oscilloscope screen. Allowing then the injection to take place and by tuning the 
master laser, the point where the slave laser jumps into lock and becomes coincident 
with the master laser mode is marked. This point corresponds to the limit of the locking 
range and the interval between this point and the marked free-running slave laser point 
corresponds to the half-locking bandwidth. In fact, for injection ratio estimation, only
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the half-locking bandwidth is necessary. It was observed that the negative half-locking 
bandwidth (slave laser frequency > master laser frequency) is the best one to be 
measured, as its limit is inside the stable region of locking process for high injection 
levels. The measurement is repeated for other values of half-wave plate angle. Fig. 6 .11 
shows the values of half-locking bandwidth measured for the OIL experiment versus 

the half-wave plate mount angles. It can be seen that the half-locking bandwidth shows 
a linear dependence on half-wave plate angle over this small angular range.

In order to estimate the injection locking ratio, some assumptions have to be 

made. The first one is that the responsivity of the slave laser Rsl during the 
photodetection process is 0.9 AAV. This value is lower than what would be expected for 
the active area semiconductor laser material, but reasonable when losses like coupling 
optical power outside the laser active area are taken into account. In this way, the 
injected master laser power can be evaluated from the measured slave laser 
photocurrent. The total slave laser power is 4.5 mW. Therefore, the injection ratio of 
the OIL system can be estimated. If this result is combined with the half-locking 
bandwidth measurements, it is possible to associate the half-locking bandwidth and 
injection ratio for the OIL system with each one of the half-wave plate mount angles.
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Fig. 6.12 - Measured and expected values for half-locking bandwidth and injection
ratio for the OIL experiment.

Fig. 6.12 shows the measured (dots) and expected results (lines) for the half
locking bandwidth and injection ratio versus the half-wave plate mount angle. For the
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theoretical calculation, eq. (6.3.1) was used, where p = ĴP„̂  / P̂o /  T,, as defined in

Chapter 3, eq. (3.1.26). The a  factor is 3.9 from the previous measurement and the 
round trip time T, is assumed to be 7 ps [6 .8-6 .11]. It can be seen that, except for the low 
angle value ( 110°), a good agreement between the theoretical prediction and the 
experimental results is possible, confirming the assumptions made for the injection ratio 
estimation. The exception is attributed to the difficulties in measuring the low slave 
laser photocurrent for this particular half-wave plate angular position. The plot of Fig. 
6.12  is an important result as it will be used during the analysis of the phase noise 
suppression for the OIL and OIPLL systems.

6.3.2 - OIL Phase Noise Suppression

After the characterisation of the injection ratio, it is possible to advance to the 
measurement of the phase noise suppression for the OIL system. The experimental 
arrangement for this measurement is the same as that for the OPLL, except that, in this 
case, there is no need to connect the loop circuit and the photodetectors could be used 
during the procedures. By rotating the half-wave plate, for each value of angle of the 
half-wave plate mount, the corresponding power spectral density is observed on the 
screen of the lightwave signal analyser and the data stored. In each case, the master 
laser is tuned to bring the two laser frequencies close enough so locking can happen. 
When the lasers are locked, it was observed that as the frequency detuning between the 
lasers is varied, the power spectrum for the OIL process changes. This behaviour is 
expected from the theoretical analysis, as the phase noise suppression is a function of 
the injection ratio and detuning.

The sequence of plots of Fig. 6.13 shows the power spectrum measured by the 
lightwave signal analyser for different injection ratios and different detunings for the 
experimental set-up and lasers used. The parameters of the experiment are the same as 
those used during the locking range measurements. The injection ratios are measured 
using the method of the last Section. The detunings are obtained from readings of the 
slave laser frequency with and without injection, using the Fabry-Perot interferometer 
and then compared with the theoretical predictions obtained by fitting the theoretical 

OIL curve to the power spectral density curves.
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Fig. 6.13a shows that a very low level of injection can already provide some 
phase noise suppression for the OIL system in relation to the free-running case 
represented by the heterodyne beat signal of Fig. 6.4. As the injection level is increased, 
the phase noise suppression becomes better. For a given value of injection ratio, as in 
either Fig. 6.13b or Fig. 6.13c, the detuning determines the best OIL performance for 
the measured plots, as expected from the OIL phase noise analysis presented in Section 
4.4.3.

Once the power spectral density for the OIL process is measured, the next step 
is to associate the results with the phase error spectrum of the system and calculate the 
corresponding phase error variance. Under the laser bias conditions used, the coupling 
efficiency Ko-isa and photodetector gain factor kpd.isa for the lightwave signal analyser 
measurement were 0.5 and 10 jiA/rad, respectively.

Taking into account the measured power spectral densities, the phase error 
variances can be calculated from the experimental results within 500 MHz bandwidth 
using the method described in Section 6.1 and the compared with the theoretical 
predictions of eq. (4.4.21). For the power spectrum plot of Fig. 6.13a, the measured and 
theoretical phase error variances are 0.272 rad^ and 0.292 rad^, respectively. For Fig. 
6.13bl, the measured and theoretical phase error variances are 0.04 rad^ and 0.058 rad^, 
respectively, and for Fig. 6.13b2, 0.017 rad^ and 0.032 rad^, respectively. For Fig. 
6 .13cl, the measured and theoretical phase error variances are 0.016 rad^ and 0.034 
rad^, respectively, and for Fig. 6.13c2, 0.004 rad^ and 0.017 rad^, respectively. It can be 
seen that only for the lowest injection ratio (-47 dB) is the agreement between 
theoretical and experimental results reasonable. That is expected due to the interval of 
integration used for both calculations. From the plots of Fig. 6.13, the lowest injection 
ratio curve shows that most of the phase noise of the OIL system is located at low 
frequencies. Therefore, integrating over 500 MHz or wider bandwidths would not 
produce a large discrepancy between the results. However, as the injection ratio 
becomes higher, the phase error is more widely distributed with frequency (flatter 
curve), so the integration interval becomes important. If eq. (4.4.19) and (4.4.20) are 
used instead eq. (4.4.21) and the integration is done for a 500 MHz bandwidth, it is 
possible to achieve an agreement between theoretical and experimental within 10%. A 
complete view of the OIL theoretical and experimental analysis, including the values 
for the detunings corresponding to the phase error variance measurements presented in 
this Section, is given in the next Section, where the OIPLL results are described and 

compared with the OIL and OPLL results.
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6.4 - The OIPLL Experiment

In the two previous Sections, the experimental results of the OPLL and OIL 
systems were presented, using the set-up, semiconductor lasers and loop filter described 
in Chapter 5. The next step is to incorporate OPLL and OIL systems together and 
analyse the experimental results of an OIPLL configuration. In Chapter 4, it was seen 
that the main problem in the OIPLL implementation is the differential phase resulting 
from the difference in the optical paths from master laser to photodetector and from 
master laser to slave laser and slave laser to photodetector. In Section 5.1.2, a method 
of path matching was proposed by configuring the OIPLL set-up as a Michelson 
interferometer. With the master laser biased at a value of current corresponding to 
2.75xlth, the laser frequency was varied by means of temperature tuning. The 
longitudinal mode frequency variation was observed using the Fabry-Perot 
interferometer while the oscillations in optical power were observed on the optical 
power meter. For long path mismatches, it was possible to observe the longitudinal 
mode of the master laser vary in intensity with the master laser tuning in the way 
predicted by eq. (5.1.1). The same oscillatory behaviour was observed in the optical 
power meter readings. The maximum optical power achieved was 220 |xW. After each 

observation, the path mismatch was adjusted and the slave laser tuning repeated. The 
path mismatch was corrected by means of adjusting the drive and piezoelectric 
elements located in the translation stage of the mirror mount. The master laser operating 
temperature was 22°C and the temperature tuning interval was ± 8°C, giving beyond 
170 GHz of frequency scan. After repeating the procedure many times, path matching 
to less than 20 |im  was achieved, which, from the results of Section 4.5, can guarantee a 
very good degree of path matching, as the influence of the differential phase Oaijf is kept 
below 5 deg for more than 100 GHz of master laser frequency variation (Fig. 4.17).

The alignment of the OIPLL system follows the procedures described in Section 
5.1, for the alignment of the single facet set-up. Section 5.3, for the alignment of the 
balanced receiver, and Section 6.1, for the introduction of the monitoring path. The 
system is the same as that for the OPLL experiment, but, in this case, the half-wave 
plate between isolator and polarising beam splitter of Fig. 6.1 is rotated to allow 
injection to occur. During the experiment, the parameters of the loop and the injection 
locking process (laser bias, injection ratio, loop gain, etc.) were kept the same to allow 
comparison among the three locking technique results. This is possible as the three 
experiments can be performed in succession using the same experimental set-up.

With the master laser biased, the injection level is checked by means of the 
slave laser photocurrent. After that, the half-wave plate between the isolator and
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polarising beam splitter is rotated to prevent injection and the slave laser is biased. The 
photodetectors are aligned and balanced and the fine wavefront overlap is executed by 
means of the piezoelectric adjustments of the mirror tilting. The loop circuit is 
incorporated to the system. The half-wave plate between the isolator and polarising 
beam splitter is rotated to the angular positions used during the OIL experiment in order 
to provide the same values of injection ratio. The measurements were made using the 
lightwave signal analyser, to monitor the power spectral density associated with the 
OIPLL process, and the Fabry-Perot interferometer, to allow the measurement of the 
frequency variation of the slave laser output.

Fig. 6.14 shows the sequence of power spectral density plots measured by the 
lightwave signal analyser for different injection ratios. Unfortunately, measurements at 
higher values of injection ratio than the ones presented were not possible due to the 
noise floor of the lightwave signal analyser. It can be seen that the low injection 
measurement presents a characteristic very similar to that presented by the OPLL 
system. That is expected as the injection influence is small and the system still presents 
the cycle slipping problem of the phase-lock technique. However, as the injection ratio 
is increased, the influence of the master laser injected power contributes to the laser 
frequency synchronisation process, reducing the phase noise level.

Fig. 6.15 shows the comparison between the OPLL and the OIPLL results for 
the same loop parameter as those described in section 6.1 and injection ratio -31.4 dB. 
This Figure also shows the expected theoretical plot for the OIPLL system. It can be 
seen that the addition of the injection locking path improves the poor phase noise 
suppression of the OPLL system. Also, there is a good agreement between the modelled 
and experimental OIPLL results, as, in this case, the linear assumptions made during 
the theoretical analysis are valid. In order to relate the power spectral density 

measurements with the equivalent values of phase error spectral density, the procedure 
described in Section 6 .1 for the OPLL system can be used. This allows the calibration 
of the plot of Fig. 6.15, as in the figure caption [6.12].

The values of the phase error variance were measured for different frequency 

detunings between master and slave laser. This was a way to check the locking 
bandwidth that can be achieved with the OIPLL system and to observe how the phase 
noise suppression of the system is distributed throughout the locking range. As 
theoretically predicted, it was observed that the OIL system presented an unstable 
region for certain values of detuning between master and slave laser frequencies above 
a critical level of injection, due basically to a decrease in the damping of the SL 
relaxation oscillations. Fig. 6.16 to 6.18 shows the phase error variance measured in 
500 MHz bandwidth as a function of the detuning between master and slave laser for
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Fig. 6.14 - Power spectral density for the OIPLL system for injection ratios (a) -47 dB, 
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sweep time; ATT: attenuation.

184



Chapter 6: Experimental Results

1 4 : 3 2 : 0 5 . 0 3 . 1 9 9 6
RL - 7 0 . 0 0  dBm

W ELENz d B / D

o
X

OPLL

OIF LL theoretical

cu

S T O P  1 . 5 0 0  GHz 
ST 1 . 5 0 0  s e c

START 0 Hz 
*RB 1 . 0 0  MHz »UB 3 . 0 0  k Hz

Fig. 6.15 - Power spectral densities for OPLL and OIPLL systems. Injection ratio is 
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different injection ratios, obtained from the power spectral density measurements for 
OIL and OIPLL systems. In Fig. 6.16, the OIL measured detuning correspond to the 
power spectral density plot of Fig. 6.13a. In Fig. 6.17, the OIL measured detuning 
correspond to the power spectral density plots of Fig. 6.13b. Fig. 6.18 presents the 
phase error variance values obtained from Fig. 6.13c and from other measurements
[6.12]. Although it is possible to achieve lower values of OIL phase error variance for a 
given injection ratio and detuning than the ones achieved by the OIPLL system, the 
detuning necessary between master and slave lasers to keep the OIL system out of the 
unstable region severely restricts the OIL locking range to a very narrow region, for 
instance, less than 1.2 GHz for -31.4 dB injection ratio. For higher injection ratios, the 

OIPLL was able to maintain low values of phase error variance for a much wider stable 
locking range, exceeding 20 GHz for all injection levels, and limited only by saturation 
of the loop filter electronics. Figs. 6.16 to 6.18 display the phase error variance results 
for the theoretical OIPLL and the OIL model and the experimental results. It can be 
seen that it is possible to obtain a good agreement between the theory and experimental 
cases for moderate and high injection ratios. This is expected as the injection locking 
part of the system suppresses most of the high frequency phase noise, making the linear 
approximation for the theory possible for moderate and high injection cases.
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6.5 - Conclusions

The first results for an optical locking system combining both injection locking 
and phase locking techniques, the OIPLL, have been presented. The homodyne system 
configuration was possible using wide linewidth semiconductor lasers and a type II 
loop filter with large loop propagation delay.

During the OPLL analysis, the loop propagation delay was seen to be the 
limiting factor on the loop bandwidth and loop gain. As a result, the phase noise 
suppression is limited by the maximum loop gain and bandwidth values that ensure 
stable loop operation and the utilisation of large linewidth laser sources would lead to a 
large number of cycle slips depending on the quality of the phase noise performance 
that the loop can offer for a given value of loop delay. Due to the gain and bandwidth 
limitations, OPLL phase noise suppression is poor and the laser linewidths are required 
to be less than few MHz for high performance loops with practical values of loop delay. 
The OPLL experiment was a good example of the problems of using wide linewidth 
lasers and loops with a considerable delay. For the system in question, the phase noise 
suppression was extremely poor as the lasers had 36 MHz summed linewidth for a loop
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propagation delay of 15 ns, resulting in a phase error variance of around 1 rad^ in 500 
MHz measurement bandwidth.

The OIL system can offer acceptable phase noise suppression for realistic 
values of laser linewidth, as seen in Section 6.3. However, the amount of power 
injected into the slave laser cavity (injection ratios > -40 dB) to provide low phase noise 
levels leads to limitation in the stable locking range of such systems. For example, 
measurements show that the unstable region of the OIL system, at an injection ratio of 
-31.4 dB, limited the usable part of the locking range to less than 1.2 GHz.

The OIPLL presented better characteristics than either of these locking 
techniques when used separately. The tracking capability of the combined system is 
improved in relation to the equivalent OPLL and OIL systems, as long term fluctuations 
can be compensated electronically by the OPLL path while fast fluctuations can be 
followed by the OIL path. Theoretically, this results in better phase noise suppression in 
relation to the equivalent OPLL and wider stable locking range than that of an OIL 
system provided path mismatch is well controlled.

During the experimental analysis of the OIPLL system, it was confirmed that 
the OIPLL offers lower values of phase error variance (lowest value 0.006 rad^, 500 
MHz bandwidth, injection ratio -31.4 dB) when compared to that of the corresponding 
OPLL system (0.974 rad^, 500 MHz bandwidth) and wider stable locking range (> 26 
GHz, injection ratio -31.4 dB) than that of the corresponding OIL system (< 1.2 GHz). 
The approach permits high performance loops, using wide linewidth lasers without the 
need for ultra wide band, short loop delay control electronics. Monolithic integration of 
the key components as a photonic integrated circuit would permit an elegant solution to 
the path matching requirement, leading to many applications in microwave and 
coherent opto-electronics.

References

[6.1] R. T. RAMOS and A. J. SEEDS: “Delay, linewidth and bandwidth limitations 
in optical phase-locked loops”. Electron. Lett., vol. 26, no. 6 , pp. 389-391, 

1990.
[6.2] U. GLIESE, E. L. CHRISTENSEN and K. E. STUBKJAER: “Laser linewidth 

requirements and improvements for coherent optical beam forming networks 

in satellites”, J. Lightwave Technol., vol. 9, no. 6 , pp. 779-790, 1991.
[6.3] L. G. KAZOVSKY: "Performance analysis and linewidth requirements for 

optical PSK heterodyne communication systems", J. Lightwave Technol., vol. 
LT-4, no. 4, pp. 415-425, 1986.

188



Chapter 6: Experimental Results

[6.4] R. T. RAMOS: "Optical Phase-Lock Loops Using Semiconductor Lasers", 
PhD. thesis, Dept, of Electronic and Electrical Engineering, University College 
London, London, England, 1992.

[6.5] U. GLIESE: "Optical Generation of Microwave Signals", PhD. thesis. 
Electromagnetics Institute, Technical University of Denmark, Lyngby, 
Denmark, 1992.

[6 .6] B. CAI, D. WAKE and A. J. SEEDS: "Microwave frequency synthesis using 
injection locked laser comb line selection", LEGS Summer Topical Meetings, 
Keystone, USA, digest no. 95TH8031, paper WD2, pp. 13-14, 1995.

[6.7] O. LIDOYNE, P. GALLION, C. CHABRAN and G. DEBARGE: “Locking 
range, phase noise and power spectrum of an injection-locked semiconductor 
laser”, lEE Proc,, vol. 137, pt. J, no. 3, pp. 147-154, 1990.

[6 .8] R. HUI, A. D’OTTAVI, A. MECOZZI and P. SPANNO: "Injection locking in 
distributed feedback semiconductor lasers:", IEEE J. Quantum Electron.  ̂vol. 
27, no. 6 , pp. 1688-1695, 1991.

[6.9] C. H. HENRY, N. A. OLSSON and N. K. DUTTA: "Locking range and 
stability of injection locked 1.54 |im  InGaAsP semiconductor lasers", IEEE J. 
Quantum Electron., vol. QE-21, pp 1152-1156, 1985.

[6.10] P. SPANO, S. PIAZZOLLA and M. TAMBURRINI: "Frequency and intensity 
noise in injection-locked semiconductor lasers: theory and experiments", IEEE 
J. Quantum Electron., vol. QE-22, pp 427-435, 1986.

[6.11] R. HUI, A. MECOZZI, A. D ’OTTAVI and P. SPANNO: "Novel measurement 
technique of a  factor in DEB semiconductor lasers by injection locking". 

Electron. Lett., vol. 26, no. 14, pp. 997-998, 1990.
[6.12] A. C. BORDONALLI, C. WALTON and A. J. SEEDS: "High performance 

homodyne optical injection phase-lock loop using wide linew idth 
semiconductor lasers", IEEE Photon. Technol. Lett., to be published in the 

September 1996 edition.

189



Chapter 7 

Conclusions

7.1 - Main Results

This thesis had two main objectives. The first was to develop a theory for the 
OIPLL that could represent the system performance and limitations, allowing the 
determination of the design parameters for practical applications. The second part 
consisted of building an OIPLL set-up in the laboratory from the guide lines provided 
by the theoretical analysis and characterising its results for a system using 
semiconductor lasers without any line narrowing technique. Both objectives were 
achieved bringing a new technique for laser frequency synchronisation to the field.

7.1.1 - OIPLL Theory

As the OIPLL combines two frequency synchronisation techniques, optical 
phase locking (OPLL) and optical injection locking (OIL), the OIPLL analysis was 
preceded by an investigation of the characteristics of OPLL and OIL system, where 
stability and limitations of both systems were investigated. From the OPLL analysis, 
the influence of the loop propagation delay was seen as the limiting factor on the loop 
gain, bandwidth and allowable linewidth of the lasers. In the OIL analysis, although 
good phase noise suppression could be achieved for commonly available laser 
linewidths, the levels of injection ratio necessary limit the stable locking bandwidth to a 
fraction of its full span. Also, it was seen that the OIL behaviour is similar to that of a 
first order phase-lock loop.

A model of the OIPLL system was developed based on the results obtained 
from the OPLL and OIL analyses, and the main sources of noise were identified [7.1- 
7.4]. From the model, it was seen that the OIPLL systems are more tolerant to loop 
propagation delay, allowing the utilisation of second order type II loop filters. The 
utilisation of second order type II loop filters in OIPLL systems can provide zero static 
phase error, forcing the injection locking to operate inside the stable operation region of 
the OIL process throughout the wide locking range provided by this type of loop. A 
noise performance analysis was carried out for the three locking techniques using the 
system models and noise source characteristics [7.1-7.4]. It was seen that the injection 
locking contribution is mainly responsible for compensating fast variations of the phase
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while the phase-lock contribution deals with the long term phase fluctuations. A design 
criterion based on the average time between cycle slips [7.7] was used to check the 
linewidth limitations of the OIPLL system. Due to the fact that the phase detection in 
the OIPLL system occurs at two physically separate points, photodetector and slave 
laser, phase shifts due to different optical path lengths can cause competition between 

the locking techniques and OIPLL instability [7.1]. Therefore, it was necessary to 
analyse the influence of the mismatch between the OIPLL optical paths on the system 
stability, leading to the result that an OIPLL tuning range of 40 GHz could be obtained 
for a path matching accuracy of 0.1 mm.

7.1,2 - OIPLL Experiment

Two 1.54 pm  wavelength buried-heterostructure DFB semiconductor lasers 
without any line narrowing mechanisms were used in the first OIPLL system to be 
demonstrated [7.3-7.6]. A single facet bulk optics OIPLL set-up that could allow path 
matching adjustment was designed and assembled. A balanced detection system was 
necessary to avoid the influence of laser intensity variations on loop performance. A 
second order type II loop filter was designed based on the modelling results. A 
monitoring path was used to collect the experimental results. The equivalent OPLL and 
OIL experiments were performed and their results and characteristics were compared to 
those of the OIPLL system [7.3-7.6].

In order to achieve the main OIPLL results, side analysis and experiments were 
necessary to characterise the devices and parameters used in the OIPLL system. The 
optical path matching was controlled by using the experimental OIPLL set-up as a 
Michelson interferometer. In order to determine the laser linewidths, a self-homodyne 

experiment using an all fibre Mach-Zehnder interferometer was performed. A method 
of measuring the FM response of the semiconductor lasers was proposed and realised 
using a hi-bi fibre Mach-Zehnder interferometer [7.8]. An analysis of the wavefront 
overlap was necessary to explain the deficiency in the photodetector coupling. A low 
injection level OIL experiment was necessary to determine the linewidth enhancement 
factor or a  factor of the semiconductor laser to be used as slave laser [7.9]. Methods to 
measure the total electrical power coupled into the spectrum analyser from the laser 
heterodyne beat and to estimate the phase error variance from the total coupled power 

were developed.
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7.2 - Discussion

The first question to be answered at the beginning of the project was the design 

conditions that would have to be met for the system to achieve locking. The relaxed 
requirements for loop bandwidth and gain and laser linewidth for a given value of loop 
delay make the loop circuit design and the choice of laser sources more flexible for the 

OIPLL implementation. However, it is still necessary to achieve specifications that can 

guarantee the best performance for locking and phase noise suppression.
It was seen that the main limiting factor in the OIPLL implementation is the 

phase shift in the phase detection path due to path mismatch. Therefore, an 
experimental set-up had to be design to allow path length control and, therefore, 
avoiding any competition between the two locking techniques that compose the OIPLL. 
The use of a fibre set-up was originally proposed. However, the optical power losses 
introduced during the fibre coupling and the difficulties in determining the path 
matching are the main problems to realise an optical fibre OIPLL. A bulk optics OIPLL 

was designed using single facet arrangement of the lasers. This means that only one 
facet of the lasers is used during the experiment, either for emission or for injection. 
Passive optical components were used to direct, reflect and change the polarisation state 
of the light inside the set-up. A mirror placed normally to the optical axis formed 
between the two lasers and translated by piezoelectric elements was responsible for the 
path matching adjustment.

Although the OIPLL system is more tolerant of loop propagation delay, a 
criterion of loop performance was determined by the average time between cycle slips
[7.7]. This parameter represents the expected time interval between momentary losses 
of lock of systems when real phase detector responses are taken into account. In OPLL 

design, the average time between cycle slips is very sensitive to the loop delay, 

dropping from 10 years to a few nanoseconds within a loop delay variation of only 1 ns. 

A design criterion value for this parameter of 10 years [7.7,7.10] has been adopted in 
OPLL implementation and was also adopted in the OIPLL design. Because of the OIL 
contribution, the OIPLL can keep the average time between cycle slips inside the 10 
year criterion for wider linewidth lasers than those required in OPLL implementations.

Another concern during the design was the stability of the system. The addition 
of the injection locking path introduces an extra non-delay affected damping term into 

the system, allowing the OIPLL to have higher values of loop gain and loop bandwidth 
for the same value of loop delay as in the OPLL case. This flexibility allows the 
introduction of second order type II loops, which offer independent control of the loop 
parameters and better tracking and acquisition than modified first order loops. The
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tracking capability of the combined system is improved in relation to the equivalent 
OPLL and OIL systems, as long term fluctuations can be compensated electronically by 
the OPLL path while fast fluctuations can be followed by the OIL path. Therefore, the 
necessity for complex split-path amplifier control electronics is no longer a requirement 
and the utilisation of components of modest bandwidth becomes possible. Second order 
type II loop filters can ensures zero static phase error, forcing the injection locking to 

operate inside the stable operation region of the OIL process throughout the wide 
locking range provided by the loop.

The final part of the project was to perform and characterise an homodyne 
OIPLL experiment using semiconductor lasers and compare its results with the 
equivalent OPLL and OIL systems. A current feedback operational amplifier was used 
to build a second order type II loop filter. The total loop propagation delay was 15 ns. 
The summed linewidth of the two DFB semiconductor lasers was 36 MHz. The loop 
path lengths were matched within 20 pm. The injection ratios were obtained by 

measuring the slave laser photocurrent produced by injecting the master laser light into 
the slave laser cavity. As predicted, the frequency of cycle slips in the OPLL system is 
responsible for the poor phase noise control of the system (phase error variance 0.974 
rad^, 500 MHz bandwidth) and for the short term locking condition observed. The same 
characteristics were observed for low injection levels in the OIPLL experiment. 
However, as the injection ratio is increased, the phase noise suppression becomes better 
and locking remains stable (phase error variance 0.006 rad^, 500 MHz bandwidth, 
injection ratio -31.4 dB). Because of the use of wide linewidth lasers, the injection ratio 
necessary to achieve acceptable phase noise suppression limited the stable locking 
range of the equivalent OIL system to less than 1.2 GHz for an injection ratio of -31.4 
dB. For the OIPLL system, a much wider stable locking range of greater than 26 GHz 
for the same injection ratio was measured. The OIPLL approach thus permits high 
performance loops, using wide linewidth lasers without the need for ultra wide band, 
short loop delay control electronics.

7.3 - Suggestions for Future Work

This thesis reports the first homodyne OIPLL experiment performed using 
semiconductor lasers. However, new systems and improvements to the one reported 

here are possible.
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7.3.1 - Implementation of Heterodyne OIPLLs

The idea of implementing a heterodyne OIPLL is straightforward after the 
results obtained with the homodyne OIPLL. In Chapters 1 and 4, some comments were 
made about the heterodyne OIPLL and possible configurations and applications of such 
a system presented. Fig. 7.1 shows another variation of the heterodyne OIPLL that is 

already being implemented. In this case, the master laser is modulated and the slave 
laser locked to the side frequency of the modulated signal.

PHOTODETECTOR
AMPLIFIER

Optical path 

Electrical path
PHASE 

DETECTOR uSLAVE
SOURCE

LOOP
FILTER

BIAS
TEEDC + RF RFMASTER

SOURCE

OFFSET
GENERATORLASER

BIAS

Fig. 7.1 - Block diagram of a heterodyne OIPLL using side frequency locking of slave
laser.

The experimental arrangement required is similar to the homodyne OIPLL. 
Most of the homodyne case assumptions are expected to be valid for the heterodyne 
system. Further analysis of the system needs to be carried out to study the mechanisms 
of the system and the influence of path mismatches in the electrical path from the offset 
generator to phase detector and master laser.

7.3.2 - Implementation of the System in OEIC Form

This work proves that the implementation of locking techniques without line- 
narrowing mechanisms is possible. Although the OIPLL was shown to be more 
resistant to loop delay influence than OPLL configurations, compact systems are more 
attractive than the bulk optics set-ups realised in laboratories as the costs can be
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minimised and the system easily used in commercial links. In order to achieve this, the 
integration of the OIPLL system as an Opto-Electronic Integrated Circuit (OEIC) is 
proposed as a solution. Not only could production costs be minimised but also the 
optical alignment and isolation could be achieved more easily.

LF

PHISL

MOD

ML
Signal
Input

Output

AMPWG
PH2

OEIC

Fig. 7.2 - Diagram of an OIPLL in a planar OEIC structure. ML: master laser; SL: 
slave laser; WG: wave guide; MOD: modulator; C: coupler; PHI and PH2: 

photodetectors; AMP: amplifier; LF: loop filter.

Fig. 7.2 shows the schematic diagram of a proposed configuration for an OIPLL 
integrated on a planar OEIC structure. The idea is to integrate the slave laser, 
waveguides, modulators couplers and photodetectors on a single substrate. The design 
would be used for homodyne and heterodyne configurations. The signal from the 
master laser is coupled into the device and divided by a coupler, part being injected into 
the slave laser cavity, part being combined with the slave laser output. The modulator is 
used if the system is heterodyne, otherwise, it is a passive device. The two 
photodetector configuration allows balanced detection in the case of homodyne systems 
and double detection in the case of heterodyne systems. Precise path matching could be 
achieved by waveguide layout design. Many OEIC structures incorporating laser and 
photodetectors have already been demonstrated [7.11-7.16], using several different 
OEIC configurations and different locking techniques [7.15-7.18].

The OEIC structures are continuously being developed to minimise the 
influence of internal reflections. Although no internal optical isolation is present, stable 
systems have already been reported [7.14,7.15]. Another limitation on the OEIC 
approach is the problem of polarisation matching of the laser beams during detection. 
Attempts to build integrated-optic polarisation controllers [7.19] or modify the OEIC 
waveguide birefringence have been reported [7.20]. The search for polarisation
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matching has led to the development of integrated systems with polarisation diversity

[7.21] and polarisation insensitive balanced mixer receivers [7.22]. Finally, the 
technology of modulators is improving and the actual sizes of the devices already allow 
their incorporation in OEIC designs. Therefore, the idea of integrating an OIPLL in an 
OEIC configuration could be realised, resulting in a low cost compact system for 
practical applications.

7.3.3 - Completing the Study of OIPLL Performance

Other practical and theoretical characteristics of the OIPLL performance still 
have to be analysed. The OIPLL experiment presented in Chapter 6 had as its main 
objective the implementation of a system where locking was possible with good phase 
noise suppression using wide linewidth lasers, long loop delay and high loop gain. The 
system also allowed wide locking bandwidths, limited by the saturation of the loop 
electronics. The search for better electronic components could allow the investigation 
of the full locking range of the OIPLL system. The analyses of the OIPLL were 
simplified from the laser rate equations to take into account the injection influence over 
the system and showed good agreement with the experimental results. A more complete 
analysis of the OIPLL system based on a detailed injection locking model has already 
been proposed [7.2], but work still needs to be done to perfect the model and include, 
for example, the effect of path length mismatch.

The loop performance requirements may also change, depending on the specific 
application of the OIPLL configuration. For instance, the effect of different kinds of 
modulation used in optical communication links has to be taken into account during the 

design of particular systems. Sources of noise and perturbation that were considered of 
minimum effect in the analysis of Chapter 4 (e. g., loop electronics thermal noise) could 

be important in a given OIPLL application and the model has to be modified to take 
them into account.

References

[7.1] A. C. BORDONALLI, A. J. SEEDS and R. T. RAMOS: "Low phase noise 

optical phase-lock loops using combined injection locking and phase locking", 
lEE Colloquium on M icrowave Opto-Electronics, London, digest no. 
1994/022, pp. 6/1-6/5, 1994.

196



Chapter 7: Conclusions

[7.2] R. T. RAMOS, P. GALLION, D. ERASME, A. J. SEEDS and A. C. 

BORDONALLI: "Optical injection locking and phase-lock loop combined 
systems". Optics Lett., vol. 19, no. 1, pp. 4-6, 1994.

[7.3] A. C. BORDONALLI, C. WALTON and A. J. SEEDS: Phase-locking of wide 

linewidth semiconductor lasers: the optical injection phase-lock loop", 
CWMMO'96, The first Canterbury Workshop on Microwave and Millimetre- 
Wave Optoelectronics, Canterbury, pp. 3-6, 1996.

[7.4] A. C. BORDONALLI, C. WALTON and A. J. SEEDS: "High performance 
hom odyne optical injection phase-lock loop using wide linew idth 
semiconductor lasers", IEEE Photon. Technol. Lett., vol. 8 , no. 9, pp. 1217- 
1219, 1996.

[7.5] A. C. BORDONALLI, C. WALTON and A. J. SEEDS: "Phase-locking of 
wide linewidth semiconductor lasers: the optical injection phase-lock loop". 
Intern. J. Optoelectron., to be published.

[7.6] A. C. BORDONALLI, C. WALTON and A. J. SEEDS: "High performance 
phase-locking of wide linewidth semiconductor lasers by optical injection 
phase-lock loop", ECOC'96, 22nd European Conference on Optical 
Communication, Oslo, Norway, vol. 2, TuP. 23, pp. 2.309-2.312, 1996.

[7.7] R. T. RAMOS and A. J. SEEDS: “Delay, linewidth and bandwidth limitations 
in optical phase-locked loops”. Electron. Lett., vol. 26, no. 6 , pp. 389-391, 

1990.
[7.8] R. T. RAMOS: "Optical Phase-Lock Loops Using Semiconductor Lasers", 

PhD. thesis. Dept, of Electronic and Electrical Engineering, University College 
London, London, England, 1992.

[7.9] R. HUI, A. D ’OTTAVI, A. MECOZZI and P. SPANNO: "Novel measurement 
technique of a  factor in DFB semiconductor lasers by injection locking". 
Electron. Lett., vol. 26, no. 14, pp. 997-998, 1990.

[7.10] U. GLIESE, T. N. NIELSEN, M. BRUUN, E. L. CHRISTENSEN, K. E. 
STUBKJAER, S. LINDGREN and B. BROBERG: “A wideband heterodyne 
optical phase-locked loop for generation of 3-18 GHz microwave carriers”, 
IEEE Photon. Technol. Lett., vol. 4, no. 8 , pp. 936-8, 1992.

[7.11] H. TAKEUCHI, K. KASAYA, Y. KONDO, H. YASAKA, K. OE and Y. 
lAMAMURA: "Monolithic integrated coherent receiver on InP substrate", 
IEEE Photon. Technol. Lett., vol. 1, no. 11, pp. 398-400, 1989.

[7.12] F. HERNANDEZ-GIL, T. L. KOCH, U. KOREN, R. P. GNALL and C. A. 
BURRUS: "Tuneable M QW -DBR laser with m onolithic integrated

197



Chapter 7: Conclusions

GalnAsP/InP directional coupler switch", Electron. Lett., vol. 25, no. 19, pp. 
1271-1272, 1989.

[7.13] T. L. KOCH and U. KOREN: "Semiconductor photonic integrated circuits", J. 
Lightwave Technol., vol. LT-27, no. 3, pp. 641-653, 1991.

[7.14] T. L. KOCH, U. KOREN, R. P. GNALL, F. S. CHOA, F. HERNANDEZ-GIL,
C. A. BURRUS, M. G. YOUNG, M. ORON and B. I. MILLER: 
"GainAs/GainAsP multiple-quantum-well integrated heterodyne receiver", 
Electron. Lett., vol. 25, no. 24, pp. 1621-1623, 1989.

[7.15] M. HAMACHER, D. TROMMER, K. LI, H. SCHR0ETER-JAN6EN, W. 
REHBEIN and H. HEIDRICH: "Fabrication of a heterodyne receiver OEIC 
with optimised integration process using three MOVPE growth steps only", 
IEEE Photon. Technol. Lett., vol. 8 , no. 1, pp. 75-77, 1996.

[7.16] A. C. BORDONALLI, A. J. SEEDS and P. J. WILLIAMS: "Generation of 
microwave signals using injection locking mode beating in a semiconductor 
laser", 1994 IEEE MTT-S Topical M eeting on Optical M icrowave 
Interactions, Abbey des Vaux Cernay, France, pp. 35-37, 1994.

[7.17] A. C. BORDONALLI, B. CAI, P. J. WILLIAMS and A. J. SEEDS: 
"Generation of microwave signal by electrically locked mode beating in an 
OEIC laser with external cavity", lEEE/LEOS Summer Topical Meeting on RF 
Opto-Electronics, Keystone, USA, 1995.

[7.18] A. C. BORDONALLI, B. CAI, A. J. SEEDS and P. J. WILLIAMS: 
"Generation of microwave signals by active mode locking in a gain bandwidth 
restricted laser structure", IEEE Photon. Technol. Lett., vol. 8 , no. 1, pp. 151- 
153, 1996.

[7.19] R. C. ALFERNESS and L. L. BUHL: "Low loss, wavelength tuneable, 
waveguide electro-optic polarization controller for X =■ 1.32 |im", App. Phys. 
Lett.,vo\.Al, no. 11, pp. 1137-1139, 1985.

[7.20] N. G. WALKER, G. R. WALKER and G. DAVIDSON: "Endless polarisation 
control using an integrated optic lithium niobate device". Electron. Lett., vol. 
24, no. 5, pp. 266-268, 1988.

[7.21] R. KAISER, D. TROMMER, F. FIDORRA, H. HEIDRICH, S. MALCHOW,
D. FRANKE, W. PASSENBERG, W. REHBEIN, H. SCHROETER-JAN6EN, 
R. STENZEL and G. UNTERBÔRSCH: "M onolithically integrated 
polarisation diversity receiver on GalnAsP/InP", Electron. Lett., vol. 30, no. 
17, pp. 1446-1447, 1994.

198



Chapter 7: Conclusions

[7.22] D. TROMMER and G. UNTERBÔRSCH: "M onolithically integrated 
polarisation insensitive high-speed balanced mixer receiver on InP", Electron. 
Lett., vol. 31, no. 5, pp. 362-363, 1995.

199



Appendix A 

Heterodyne Photodetection

Fig. A. 1 shows the reciver configuration for a coherent system. The signals are 
mixed on the active area of the photodetector and generate a photocurrent at a 
frequency corresponding to the frequency offset between the two lasers. In order to 
obtain the instantaneous photocurrent at the photodetector output, it is assumed that the 
electric field associated with the laser emissions is given by:

(A. la)

E„(t) = (A. lb)

where Eao and Ê o are the field amplitudes, assumed to be constant, (0̂  and are the 
central angular optical frequencies and 0^(0 and 0^(0 are the phases of laser a and b, 
respectively. The tc/2 term ensures quadrature condition for the reception. Assuming 
that the beams reaching the photodetector have the same polarisation state, the total 
electric field reaching the photodetector active area is:

E,„,{t) = ESt)^E,{t) (A.2)

The photodetector output is given by:

i(t) = Rl^(t)dA (A.3)

where 0 ( 0  is the optical intensity reaching the photodetector, R is the photodiode 
responsivity and is the illuminated active area of the photodiode. 0 ( 0  can be written 

as:

0 (0  (A.4)

where z is the characteristic impedance of the medium.
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By substituting eq. (A .l), (A.2) and (A.4) into (A.3), the expression for the 
photocurrent becomes:

i(t) = RP, + RP„ + 2R -^P ^  sin[Afflf + 6 (f)] (A.5)

where P̂  = A / 2z, P), = A El, / 2z, A(o= - 0)̂  and 0(r) = (pM - M )-

 ̂ 3 dB Coupler Photodetector

Polarisation
Controller

Optical
Fibre

Laser b

Fig. A.l - Schematic diagram of a fibre-based coherent detection system.
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Appendix B 

Light Electric Field and Associated Photon Number

Fig. B .l shows the longitudinal section of a region that the light is travelling 
through. The total energy U(t) produced at an instant t is given by:

U{t) = ̂ t ) A j

where 0 (r) is the electric field intensity and is the cross-section area.

t = ngd/c

t = 0

or

(B.l)

Fig. B.l - Longitudinal section of the laser active area.

By assuming that the photons travel the distance d with velocity cMg during the 
time t and that the total energy of the photons is given by U{t) = hfj{t), where h is the 
Planck constant,/, is the laser frequency and I{t) is the number of photons, eq. (B .l) can 
be written as:

/W  = ^ < D W
hfoC

(B.2)

where AV = A^4 is the region volume. The relation between the complex electric field 
and the instantaneous intensity O(r), from Appendix A, is given by:

2z

where z is the characteristic impedance of the medium given by:

(B.3)
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Appendix B: Laser Electric Field and Associated Photon Number

(B.4)

By substituting eq. (B.3) and (B.4) into eq. (B.2), assuming a semiconductor 
medium where {I ~ lio and recalling that n = Ĵ£̂  is the material refractive index and 

c = 1 , the number of photons is given by:

/ (0  = ^ K W ] ^  (B.5)

where is the amplitude of the complex electric field, cô  is the laser angular 

frequency and h = hi I k .

References

G. P. AGRAWAL and N. K. DUTTA: "Semiconductor Lasers", second 
edition. Van Nostrand Reinhold, New York, USA, 1993.

203



Appendix C 

Detector Shot Noise

Shot noise arises because during the detection process each photon reaching the 
photodetector active area has a probability different from zero of not generating an 

electron. In order to characterise the shot noise process, it is assumed that the current 
produced by the photodetection, observed during a period T, can be written as:

= < T  (C .l)
/=1

where u{t) is the function representing the current resulting from individual electron 
generation and Nj is the total number of events occurring inside T. The Fourier 
transform of (C .l) is given by:

Nr

/j.(ffl) = t/(<B)X (C.2)
/=1

and the ensemble average of the modulus squared of lj{0)) is:

|/,(ft))| =N^\U{cof (C.3)

The function u{t) is considered as a current pulse generated by one electron and 
can be defined as:

u{t) = e -  t<Xj  (C.4)
a

where e is the electron charge, v is the single carrier drift velocity and d is the distance 

between two points inside the photodetector (like, for instance, the depletion layer 

width limits).
If the transit time Tj=d I v of the electron is sufficiently small that COT̂ «  1, 

the Fourier transform of eq. (C.4) approximates to:

U{co) = e (C.5)
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By substituting eq. (C.5) into (C.3) and defining the average of the total number 
of events as the product of the average rate of events and the period of measurement T, 
eq. (C.3) can be written as:

= NTe  ̂ (C.6)

Assuming 1 = Ne, where 7 is the average current, the power spectral density 
for the shot noise as a function of frequency is given by (A^/Hz):

Ssnif) = 2e7 (C.7)

Reference

A. YARIV: "Introduction to Optical Electronics", second edition. Holt, 
Rinehart & Winston, New York, USA, 1976.

205



Appendix D 

Passive Optical Components

In Fig. 5.2, some of the passive optical components are very important for the 
implementation of the OIPLL experiment. Polarising and neutral beam splitters, quarter 
and half-wave plates and isolators provide crucial changes in the polarisation state of 
the travelling light that allow high degree of polarisation matching of the wavefronts, 
proper propagation direction for the beams and isolation. Due to the polarisation 
characteristics of the laser light, all the discussion will assume linearly-polarised light.

D.l - The Polarising and Neutral Beam Splitters

The commercial beam splitters are made by bonding the hypotenuse facets of a 
pair of right angle prisms together after applying a special multilayer dielectric film 
between them. Depending on the characteristics of the dielectric material, the cubic 
prism formed can function as a polariser, beam splitter or both [D.1,D.2].

The polarising beam splitter differs from the neutral beam splitter in the way 
that the optical components of the incident linearly-polarised light are reflected and 
transmitted by the prisms. In the neutral beam splitter, the optical components of the 
light are equally transmitted and reflected in such a way that the system works as a 3 
dB beam splitter. In the case of polarising beam splitters, only one of the components of 
the light is either transmitted or reflected, with the intensity of either component after 
the cube being dependent on the angle of the incident linearly-polarised light in relation 

to the horizontal plane of the cube. The horizontal plane of the cube is defined as the 
plane parallel to both non usable facets of the beam splitter (see Fig. D .l).

Commercial polarising beam splitters use the properties of the light reaching the 
interface between two mediums of differing refractive indices, one glass and the other a 
multilayer film. If the incoming beam reaches the interface at Brewster's angle 
[D.1,D.2], normally designed to be 45°, only the component of the light electric field 
that is perpendicular to the plane of incidence is reflected. The transmitted light 
presents a combination of a small perpendicular component contribution and the 
parallel component. The multilayer coating decreases the contribution of the 
transmitted perpendicular contribution after each layer [D.2]. Due to the cubic shape of 
the beam splitter, linearly-polarised light normally incident to one of the splitter facets 
perpendicular to the horizontal plane of the cube ensures that the direction of the light
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reaching the dielectric will be close to 45° in relation to the normal axis of the dielectric 
plane, resulting in light transmitted at a polarisation state parallel to the horizontal plane 
of the cube and light reflected at a polarisation state normal to the horizontal plane of 
the cube.

D.2 - The Half and Quarter-Wave Plates

Some materials exhibit different optical properties in different directions due to 
the atomic or molecular arrangement of their structures, resulting in optical rotation. In 
fact, the electrical field of the light travelling through such structures polarises the 
electrical charges of the atoms of the material in the direction of the oscillation of the 
wave, that is, the electrical polarisation of the material is in the direction of the 
polarisation of the light. The electrical polarisation can be described in terms of the 
refractive index, which depends on the atomic structure of the material. In the case of 
anisotropic materials, the different plane configurations of the atomic structure result in 
refractive indices being a function of direction [D.l,D.2]. The two orthogonal optical 
components of linearly polarised light travelling through a given length of this material 
will see distinct refractive indices, resulting in a delay between the components. The 
phase shift due to this delay causes the overall effect of turning the polarisation plane of 
the light by an angle that is proportional to the material length and the difference 
between refractive indices and inversely proportional to the wavelength of the light. 
Retardation plates can be considered as a special case of optical rotation. The length of 
the material can be designed to set the phase shifts at either k, that is, half of the light 
wavelength (half-wave plate), or nil, that is, a quarter of the light wavelength (quarter- 
wave plate) for a given light wavelength [D.2]. Normally, one of the directions with 
different refractive index is indicated in commercial retardation plates and called the 
principal axis. The principal axis generally corresponds to the plate fast axis.

In the case of a half-wave plate, the polarisation state of the light at the output of 
the plate is still linear but rotated by twice the angle between the incident linearly- 
polarised light and the principal axis of the plate. The combination of half-wave plate 
and polarising beam splitter results in a variable ratio beam splitter for linearly- 
polarised inputs. Fig. D .l shows the two extremes cases of the resulting beams after the 
combination. In case A, the result is full reflection {(p -  0°), and, in case B, full 
transmission {(p = 45°). If the angle (p is varied between 0° and 45°, the ratio between 
transmitted and reflected light can be varied and the combination is an important tool in 
systems where the amount of optical power at a determined polarisation state is to be
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controlled, as in the control of the power injection into the slave laser cavity for the 
OIPLL system.

non usable beam splitter facet.

Linearly
Polarised
Beam

Linearly
Polarised
Beam

no transmission

full reflection

Polarising 
Beam

Half-Wave Plate Splitter

Principal
Axis

Polarising 
I Half-Wave Plate Beam

Splitter

'(p \  Principal 
Beam
Polarisation
Direction

full transmission

reflection

Fig. D.l - Variable ratio beam splitter for linearly-polarised light inputs. Case A: full 
reflection, cp= 0°. Case B: full transmission, (p = 45°.

In the case of a quarter-wave plate, the polarisation state of the incident linearly- 
polarised light at the output of the plate is transformed [D.2]. As in the case of the half
wave plate, commercial quarter-wave plates also have the principal axis indicated. If 
the angle q> between the linearly-polarised light direction and the principal axis of the 

quarter-wave plate is other than 45°, the transformation is from linear to elliptical 
polarised light. However, if (p is +45° (assumed when the relative position of the 
polarisation direction of the light is clockwise from the principal axis), the emergent 
beam is circularly polarised. For cp = -45° (assumed when the relative position of the 
polarisation direction of the light is counterclockwise from the principal axis), the 
emergent beam is still circularly polarised but with the sense of the polarisation 

reversed.
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Assuming a linearly-polarised beam and that (p is either plus or minus 45°, the 
linear polarisation of the incident beam is transformed in circular, with the sense of 

polarisation depending on the initial value of (p. If the circularly-polarised light is 
reflected by a mirror or any other surface at normal incidence, the sense of the 
polarisation is reversed in relation to that before reflection. A second trip through the 
quarter wave plate will transform the polarisation of the light back to linear but 
orthogonal to the first linearly-polarised incident beam [D.l,D.2]. This property is used 
in the experimental set-up described in Chapter 5 to direct the beam reflected by the 
mirror and correct the polarisation state of the reflected beam.

D.3 - The Isolator

Another way to achieve optical rotation is by placing some isotropic dielectric 
materials inside a magnetic field. Linearly polarised light travelling through the 
material in the same direction as that of the magnetic field will show a rotation of its 
plane of polarisation. This effect is known as Faraday effect [D .l] and is used in 
commercial isolators. Fig. D.2 shows the schematic diagram of the commercial isolator 
used in the experiments described in Chapter 6. The front polariser allows only linearly 
polarised light to pass through the isolator. A high birefringence crystal immersed in a 
constant magnetic field provided by a permanent magnet executes the optical rotation. 
The strength of the magnetic field, the length of the crystal and the wavelength of the 
light determine the angle of rotation, which is designed to be 45°. The direction of 
rotation, that is, clockwise or couterclockwise will depend on the material. A second 
polariser is placed at the rear end of the crystal at 45° in relation to the front polariser in 
the direction of the rotation.

The isolation principle of commercial isolators is simple. After the front 
polariser, the linear-polarised beam travelling in the direction of the arrow of the 
schematic representation of the isolator is rotated by 45° and passes through the second 
polariser. Any reflected light at the isolator output will pass through the rear polariser, 
and be rotated another 45° in the same direction of rotation. As a result, the polarisation 
plane of the reflected beam is perpendicular to the direction of the front polariser and, 
therefore, the reflected beam is blocked. In fact, commercial isolators provide better 
than 30 dB isolation.

The isolator used between the polarising beam splitter and the slave laser in Fig. 
5.2 has the front polariser removed to allow transmission of the slave laser beam.
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MAGNEIC
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POLARISER POLARISER

ISOLATOR
REPRESENTATION

Fig. D.2 - Diagram of a commercial isolator based on the Faraday rotation effect and
the schematic representation of it.
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Delayed Self Homodyne Technique

In order to obtain the delayed self homodyne technique (DSHT) theoretical 
results and associate them to the laser linewidth measurements [E l], it is necessary, 
first, to understand how the linewidth of the lasers is derived from the laser electric 
field. In general, the emission field of optical sources varies with time in a random 
fashion, and is, therefore, statistical in nature. This analysis, thus, begins by introducing 
some useful statistical tools.

Coherence functions are certain average quantities whose values are determined 
by the amount of correlation of the time-varying wave at a number of time instants. The 
2m^*-order coherence function of a complex wave x(t) is defined by:

 = {x(.h )• (E. 1)

where f;,...,f2m are 2m arbitrary time instants, and the angled brackets signify time 
averaging operation. Ensemble averages are represented by over bars in this report. For 
the case of an ergodic process, the ensemble and time averages are equivalent and can 
be interchanged [E2,D3]. All the processes of concern from this point are assumed to be 
ergodic at least for their first and second order statistics (means and autocorrelations, 
respectively).

By also assuming the process jc(f) as stationary ( ^ - f y  = t),  the complex degree 
of coherence is defined as the normalised second-order coherence function (m=l):

r f ( T )  
r®(0) (E.2)

Following the coherence time definition introduced by Mandel [E4], the 

coherence time T<,of a complex field x{f) is:
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Note that considering the process as ergodic, the second-order coherence function can 
be considered as the autocorrelation function of x(t) and the complex degree of 
coherence as the normalised autocorrelation function of x{t).

Consider now x{t) as being the laser complex emission field for a single axial 

mode E{t), defined by:

E(t) = (E.4)

where E„ is the laser field amplitude, assumed to be constant, Cû̂ is the central angular 
optical frequency and 0(r) is the time-varying random phase of the field. For a given 
polarisation state, the emission field fluctuates randomly, in general, in both amplitude 
and phase. However, laser sources operating well above the threshold exhibit negligible 
intensity fluctuations at or near the lasing frequency. As a result, the dominant 
contribution of the line broadening is due to the phase variation. It is usually assumed 
that the phase undergoes a random-walk process [E3]. More specifically, it is a 
common assumption to take the Wiener-Levy random process as a statistical model for 
the random phase fluctuations of the light field. According to this model, the phase 
itself is a non-stationary zero-mean Gaussian random process, whose second-order 

coherence function is given by [E3,D5]:

= 0 f t)  0 (̂ 2) = AminCrpfj) (E.5)

where tj and Î2 are two arbitrary instants, min represents the minimum function and A is 
a proportionality constant determined by the particular physics of the system being 
considered. In addition, the Wiener process has an important property that, although the 
process itself is non-stationary, its first increment (phase difference) is stationary, 
independent and, in this case, also a zero-mean Gaussian random process defined by:

(E.6)

where A(j) = ^^2) - ^{t]) and is the variance of the phase difference, which depends 

only on T. By using eq. (E.5), the variance is calculated as:
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The second-order coherence function of the laser emission field can be written
as:

r®(T) = E(t+T:)E*(t) = E y “-'e“̂ '̂” = E‘e‘“>'e—  ; A 0 ( t )  _  j7 2 J < o „ t  2 (E.8)

By using eq. (E.2), (E.7) and (E.8), the complex degree of coherence of the laser 
field can be written as:

A | t |

(E.9)

Employing the definition eq. (E.3) and substituting eq. (E.9) into it, it is found
that:

A = — (E.IO)

and substituting A given by eq. (E.IO) into (E.7), the process variance can be rewritten 
as:

(E .ll)

The laser spectrum (W/Hz) is given by:

1 + 2 ( / - A )
A f FWHM

(E.12)

where Ŝ i = E^At  ̂ / z, z is the characteristic impedance of the medium and A is the area 

crossed by the field, the coherence time where A /^ hm is the FWHM
light linewidth a n d / ,  is the light central frequency. The eq. (E.12) represents the 
spectrum of the laser, which, under assumption of Wiener-Levy model for the laser 
phase random fluctuations, gives a Lorentzian lineshape.

In order to investigate the laser spectrum experimentally, assuming the 
lineshape is mainly determined by the behaviour of phase random fluctuations, a 
delayed self homodyne technique can be utilised. The principle, shown in Fig. 5.9,
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consists of dividing the laser output into two paths, a and b , and, then, recombining 
them  after one of the two paths has been delayed by time T. The output, after 
recombining, is detected by a photodetector, which produces a photocurrent i{t) with 
central frequency/, = 0. The photocurrent, which contains information about the laser 
spectrum, passes through a load resistance and then, a spectrum analyser shows the 
resulting power spectrum. However, due to the photodetector square-law, the resulting 
spectrum does not produce the laser spectrum directly. In fact, only when T is much 
longer than the coherence time, in order that the two outputs of the paths a and b are not 
correlated, will the spectrum analyser exhibit a spectrum somewhat wider than the 
original laser spectrum as it will be determined from the analysis below.

The interferometer output field is given by:

= + + n  (E.13)

where EJj) is the field of the path a that reaches the second coupler after t seconds and 
Eb{t+T) is the field of the path b that reaches the second coupler after t+T seconds. By 
assuming that the input of the fibre interferometer is given by eq. (E.4), eq. (E.13) can 
be rewritten as:

( ')  = (E. 14)

where (z is the characteristic impedance of the medium and d>„ is the laser

intensity), a (a< l) and b (b<l) represent losses and the coupler division rates inside the 
interferometer and T is the time delay between the two paths. Based on the results of 
Appendix A, the photodetector output is given by:

i(t) = î ^a +b + 2-\labcos[(0^T + A0(7)]} (E.15)

where = RAp^„ and A0(7O = <p{t+T) - 0(0 as defined earlier.
The autocorrelation function of i{t) is:

Ri{x) = il^a  + h f  -\-A{a-\-b)4âbco^(ûJ' + A 0(r)] +

4 f l ^ C 0 s [ + 0 ( f + T ) - 0 ( O ] c o s [ + 0 ( f  + r +  T) -  0(f 4- T)]j  (E.16)

By recalling that the phase difference is a Gaussian process described by eq. 
(E.6), the first ensemble average of eq. (E.16) is given by:

214



Appendix E; Delayed Self Homodyne Technique

cos[cô T + A(()(T)] = cos{(û^T)e (E.17)

The second ensemble average of eq. (E.16) can be rewritten by using the 
trigonometric relation [cos(a)cos(b)] = (1/2) [cos(a+b) + cos(a-b)]:

cos[(ü„r + <j){t + T)~ (f>{t)]cos[(Ô T + (j)(t + T + r ) -  (J)(t + t)] =

—|cos[2£U^7’ + (f){t + T) — 0(r) + (j)(t + T + t) — <f)(t + t)] +

cos[0(r + T) — (f>it) — <l>{t + T + t )  + ((>{t + t ) ] |  ( E .  18)

Defining now new phase differences:

A(j)i = (t)(t+T) - (t>(t)

A(|)2 = (t)(t) - (j)(t+T+T)
A(t)3 = (})(t+T) - ())(t+T+T)

A(|)4 = (j)(t) - ())(t+T)

Eq. (E.18) becomes:

cos[d0^7’ + <f)(t +T) -  (j)(t)]cos[co„T + (f)(t + T+T)-  (pit + z)] =

i|c o s [2 to „ r  + A0, -  A02] + cos[A03 -  A04]| (E.19)

Remembering that cos(%) = Rejg^""}, the two right-hand terms of (E.19) are 

rewritten as:

cos[2ffl„r + A<?i = (E.20a)

cos[A^3-Aiÿ«] = R e j P ^ j  (E.20b)

where and A(j)„ = Acpj -A02 and A0^ = A0j -A^^.
Following the Wiener-Levy model, A(pa and A0^ can be considered as new 

increments of 0(0 and also as zero-mean Gaussian random processes. Using the
definition introduced in eq. (E.7) and (E.l 1), it is possible to define the expression for
the variance of A0^ and A0 :̂
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=[^01 4- T| + 2 T -2 |T |) (E.2 la)

- [ ^ 0 3 “ ^ ^ 4] - — {2\t\ + 2 T - \T - t\-\T  + t|) (E.2 lb)

By substituting eq. (E.21) into (E.20), the result for the second average of eq. 
(E.16) is found:

cos[(o^T + 0(r + T)~ (j)(t)]cos[(o„T + 0(r + r  + t )  -  ^(r + t)] =
(2 |T |+ 2 7 -- |r -T |- |7 ’+T|) ( | r - T |+ |r + T |+ 2 r - 2 |T |) '

+ cos{2(Oj)e (E.22)

Therefore, the expression for the photocurrent autocorrelation is obtained by 
substituting eq. (E.22) and (E.17) into (E.16):

= il\ ( a  + h f  + A{a + b)4abcos(û)^T)e +

(2 |T |+ 2 r- |r -T i- |7 ’+T|)

2ab + cos(2û)^T)e
( | r - T | + | r + T | + 2 r - 2 | T | ) '

(E.23)

The power spectrum (W/Hz) produced by the photocurrent passing through a 

load resistance r, assuming T »T c, is then:

Ss„(f) = rii(a + by 5 { f )  +
2abx„ 1 (E.24)

where = Utẑ fwhm is the coherence time and is the FWHM light linewidth.
Spectrum analysers, which are commonly used for the measurement and 

analysis of the resulting spectrum, require the photocurrent to be AC coupled. 
Therefore, the DC term of eq. (E.24) can be neglected and [E6,D7,D8]:

(E.25)

1 +
A/,V ^  meas /
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where = 2abrji^ and = 2! nx^=
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Hi-Bi Mach-Zehnder Interferometer

In order to measure the FM response of the lasers used in the OIPLL system, a 
frequency discriminator based on a hi-bi fibre Mach-Zehnder interferometer was 
described in Section 5.2.2. The electric field of the output signal of the semiconductor 
laser under test of Fig. 5.15 is assumed to be of the form:

E{t) = E^(t)x (F .l)

where Fig. F .l represents the direction of the field. For simplicity, E„{t) is a given by:

E„(t) = ^l2^m(,t)e'“-’ (F.2)

where cOo is the laser angular frequency, z is the characteristic impedance of the
medium, is the laser intensity and m{t) represents the modulation of the electric field
of the semiconductor laser output light, assuming that the laser is modulated by a 
sinusoidal current, given by:

m{t) = ^ l + kf sin{ct)J + \{f)ej P c o s { a „ i + < p ) (F.3)

where fc, is the intensity modulation index, cô  is the modulating frequency, y/ is the 
intensity modulation phase, p is the frequency modulation index and (p is the frequency 
modulation phase.

y a

E(t)

X

Fig. F.l - Orientation of the laser electric field vector.
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E(t)

E(t)

Fig. F.2 - Decomposition of the laser electric field in the two hi-bi fibre components.

If the electric field is now coupled into the hi-bi fibre in such way that its linear 
polarisation direction is at 45 degrees to one of the fibre axes (Fig. F.2), the electric 
field of the fast and slow axes at the fibre input will be:

(F.4a)

(F.4b)

Therefore, the energy is equally distributed in the two directions of polarisation. As the 
light travels inside the fibre, the signal in the direction of one of the polarisation axes 
travels faster than the signal in the other direction, producing at the fibre output a time 
delay between them. This time delay can be written as:

(F.5)

where ts= n J/c and tf = n //c  are respectively the slow axis and fast axis light 

propagation times inside the fibre, ny and n, are respectively the fast and low axis 
refractive indices of the material, / is the fibre length and c is the speed of light.

An important parameter of hi-bi fibres is the beat length. By definition, the beat 
length is the length of fibre after which a shift of A/2 is introduced between the fast and 

slow axes. Thus:

(F.6)

219



Appendix F: Hi-Bi Mach-Zehnder Interferometer

where A J is the phase difference between fast and slow axes for a fibre of length equals 

to the beat length 4  and À is the free-space wavelength of the light. By substituting eq, 
(F.6) into (F.5), the time delay can be rewritten as:

(F.7,

At the output of the hi-bi fibre, the two electric field components are:

^fouiW = Ef{t- t f )  (F.8a)

Esou,(.t) = Es(t-ts) (F.8b)

A quarter-wave plate is placed after the output of the hi-bi fibre in such a way 
that its principal axis is at 45 degrees in relation to the fast and slow axes of the fibre
(Fig. F.3). From this point, the analysis for the fast and slow axes will be carried out
separately, and the combination of both will be considered at the polarising beam 
splitter level. Thus, after the quarter wave plate, the fast axis electric field will be:

2
(F.9a)

= (F.9b)

where the subscript 'fqp' means the component of the fast axis electric field after the 
quarter-wave plate in the direction of the principal axis of the quarter-wave plate and 
the subscript 'fqd' means the component of the fast axis electric field after the quarter- 
wave plate in the direction of the delayed axis of the quarter-wave plate.

Now, the two resulting components of the fast axis electric field after the 
quarter-wave plate, E/gp and Efgd, pass through a half wave plate, with axes oriented as 

in Fig. F.4. According to this figure, the output of the half-wave plate can be written as:

Ep̂ p(t) = Ey^(f)cos e + 6 (F. 10a)

Ejhdit) = {-Ef^p(t)sïnG + Ef^j(t)cose)e^'' (F.lOb)

220



Appendix F: Hi-Bi Mach-Zehnder Interferometer

where 9 is the angle between the two plate principal axes, Ejhp is the component of fast 

axis electric field after the half-wave plate in the direction of the principal axis of the 
half-wave plate and Efhd is the component of fast axis electric field after the half-wave 

plate in the direction of the delayed axis of the half-wave plate.

P

f  out

Fig. F.3 - Representation of the principal and delayed axes of the quarter-wave plate 
and the relative position of the fast axis at the hi-bi fibre output.

It is assumed that the polarising beam splitter axes are normal to the incident 
beam direction and that the vertical axis corresponds to the reflected light axis and the 
horizontal axis to the transmitted light axis (respectively t and r in Fig. F.5). Also, the 
reflected light axis is assumed to be in the same direction and sense as the normal axis 
of the quarter-wave plate. Therefore, it is necessary to compensate the axis rotation 
introduced by the position of the half-have axes in relation to quarter-wave plate axes 
by rotating the half-have axes back the same amount in relation to the t axis of the 
polarising beam splitter (see Fig. F.5). The resulting electric field will be:

= E ^ (r)co s  9 -  Ep^{t)sm 9 

Ef,{t) = Ep,p{t) sin 9 + E^(t) cos 9

(F.l la) 

(F.l lb)

where the subscripts 'fr' and 'ft' mean respectively the components of the fast axis 

electric field that are reflected and transmitted.
If the same procedure is used to analyse the slow axis electric field, the output 

of the quarter-wave plate from Fig. F.6 is:

2
(F.12a)
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(F.12b)

The subscripts mean the same as those for the fast axis, but substituting f for s. After 
the half-wave plate and following Fig. F.7, the slow axis electric field is given by:

Eshp(t) = ^^(Ocos d + 0

E,w(0 = (-E,,/r)sin e + E,^/f)cos 9)ê

(F.13a)

(F.13b)

/  \

E D

Fig, F.4 - Orientation of the quarter wave-plate axes in relation to the half-wave plate
axes for the fast axis of the hi-bi fibre.

E (t )n

E ft)

fhd

Fig. F.5 - Polarising beam splitter orientation axes in relation to the half-wave plate
axes for the fast hi-bi fibre axis.

Considering Fig. F.8, the reflected and transmitted outputs of the polarising 

beam splitter are:

2 2 2



^ .r(0  = ^ * (O c o s e -£ ,„ (< )s in  0 

Es,i‘) = 9 + E,^(t)cos0
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(F.14a)

(F.14b)

s out i I sqp

►
D

Fig. F.6 - Representation of the principal and delayed axes of the quarter-wave plate 
and the relative position of the slow axis at the hi-bi fibre output.

The total reflected and transmitted electric fields can be written as:

= + (F.15a)

E,{t) = E^{t)^E,{t) (F.15b)

By substituting eq. (F.2), (F.4) and (F.8) to (F.14) into (F.15), the expressions 
for the total reflected and transmitted electric fields become:

E,(t) = + m(< -  (F.I6a)

E,(t) = (F.l 6b)

Observing (F.16), it is possible to notice the overall effect of the half-wave plate 
over the polarisation state of the incident beam, which is to rotate its polarisation state 
by twice (20) the angle between the half-wave plate principal axis and its polarisation 
direction (linear polarisation) or one of its polarisation axes (other polarisation states).

Assuming that the modulation frequency Cû̂  is small compared to the 
interferometer resolution 1/Ar, i. e., û )^A t/2 « l, where At is given by eq. (F.5) and
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(F.7), the intensity of the outputs of the beam splitter obtained from eq. (A.4) can be 
approximated as:

= - ^ [ l  + K + V )̂]{l + cos[p(O^Atsm{(Dj +(p) -  CĴ At -  40]} (F.17a)

Similarly for the intensity of the transmitted beam:

^ , ( 0  = ^ [ l  + sin{(0 j+y/)][l - cos[Pœ^Atsin{cûJ +(p) -  œ^At -  40]} (F. 17b)

where t' = t -T^  and T̂  = \! l(t^ -

shp

sqp sqd

DE

Fig. F.7 - Orientation of the quarter wave-plate axes in relation to the half-wave plate
axes for the slow axis of the hi-bi fibre.

E (t)h
sr shp

E (t)

Fig. F.8 - Polarising beam splitter orientation axes in relation to the half-wave plate
axes for the slow hi-bi fibre axis.
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The photocurrents produced by the photodetectors placed after the polarising 

beam splitter can be generally written from eq. (A.3), where the intensity expressions 
are given by eq. (F.17). Assuming that Rj and are respectively the responsivity and 
illuminated area of the photodetector placed after the reflected beam face of the 
polarising beam splitter and R2 and Ap2 are respectively the responsivity and illuminated 
area of the photodetector placed after the transmitted beam face of the polarising beam 

splitter, the photocurrent expressions are given by:

4 (0  = 4r[l + K + V )̂]{l + cos[P(û^Atsin{cûJ +(p) -  (ù̂ At -  40]} (F. 18a)

4(0  = 4,,[l + K sin(co^f + v^)]|l -  cos[^û)„Arsin(û)^f +<p) -  cô At -  40]} (F. 18b)

where / 2  and From eq. (F.18), it is possible to verify

that the photocurrent has a sinusoidal dependence on the phase delay term cô At + 46. 
For maximum sensitivity and minimum distortion of the measurements of the FM 
responses of the lasers, the phase of the cosine term of eq. (F. 18) should be set in such a 
way that the frequency variation occurs within the linear region of the cosine curve. 
Therefore, by rotating the half-have plate, the angle 0 can be changed and the phase 
corrected to a linear region operational point, as shown in Fig. 5.16.
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Wavefront Overlap Problem

In order to study the problem of the phase-lock degradation due to the lack of 

wavefront overlap, Fig. 5.19 shows a representation of the wavefronts of two laser 
electric fields reaching, for simplicity, the square active area of a photodetector of 
length L. It is assumed that the wavefront of the laser 1 is parallel to the photodetector 
active area region whilst the propagation wave of the laser 2 is misaligned by the angle 
K and that there is no misalignment in the direction x. Under these conditions, the 
electric fields in the direction y are written as:

(G .la)

(G .lb)

where Ej and E2 are the maximum amplitudes of the electrical fields for laser 1 and 2 . 
respectively, (Oj and 0 )2  are their respective angular frequencies, 0; and 02 their phases 
and u is a phase term accounting for the mismatch Ad between the two wavefronts in 
the direction y given by:

v = ̂ Adsin(K)  (G.2)

From eq. (A.4) in Appendix A, the total optical intensity for the two beams 
mixed on the active area of the photodetector is:

I |2\E + E \
^lot(0  = ^ ■ = 0 1 + 0 2  cos^(k) + 2^J1^cos(k)c o s [ Atof + A0 -  u] (G.3)

where z is the characteristic impedance of the medium, 0 , = Ef / 2z and 0 2 = ^ 2 /  2z 
are the optical intensity of each signal, Ao) = 6)2 -  to, and A0 = 02 -  0 i.

The photocurrent produced by the photodetector can be found from eq. (A.3). 
Assuming for the direction y that the area dA that the signals reach on the photodetector 
active region is given by LdAd and using eq. (G.2), the photocurrent produced at the 

output of the device is given by:
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ui
i .M  = RL jo,„{t)dAd =

- L / 2

RP̂  + RP2 cos^ ( k ) + 2R ^|P ^  cos( k )

sin TtL / \ — sin(?c)
. 2

ttL / \ 
— sin(K:)
^ 2

cos[Atyf + A(j>] (G.4)

where R is the photodetector responsivity and P̂  = and P2 = the optical

power of each signal reaching the active area of the photodetector.
Assuming that the photodetector is loaded with a resistance r, the average 

dissipated power relative to the DC and AC parts of the photocurrent are given by, 
respectively:

PdcM  = + P2 cos^(^)f (G.5)

PacM  = '̂ rR̂ PiP2 cos^(^)

sin •^sin (jc )

TtL , t \— sm(Kr)
A2

(G.6)
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