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Abstract

The objectives of this thesis are to measure the frequency noise of a widely tunable
semiconductor laser, determine the main causes for the frequency fluctuations and
investigate the requirements for laser frequency noise for mQAM modulation formats
by means of simulations.

The following theoretical aspects are covered: the derivation of the frequency noise
spectrum and the detuned loading effect from the rate equations; the shape and the
causes of the frequency noise power spectral density; the derivation of the linewidth
spectrum from white and 1/f frequency noise; the functionality of the laser and feed-
back loop used for the measurements.

Measurements using the feedback loop showed substantial improvements in the -3
dB laser linewidth, but further investigation is needed in order to obtain a laser that
is suitable both as a transmitter and as a local oscillator in coherent communication.

Simulations outlined the dependence of linewidth, constellation diagrams and sym-
bol error rates on frequency noise, for BPSK, QPSK, 8PSK modulation formats and
their respective differential formats.



Acknowledgements

I would like to express my very great appreciation to my KTH supervisor, Richard
Schatz, whose knowledge and enthusiasm towards my work were the key factors to
my success in this endeavour. I am grateful for his constant support and great advice
throughout the whole thesis process. I also wish to acknowledge the help provided
by Edgard Goobar, from Finisar Sweden AB, who assisted and guided me while per-
forming experiments in the Finisar facilities. I would like to thank my examiner and
Programme Director, Professor Urban Westergren for offering me the opportunity of
being part of the Photonics master programme and for supporting my decision of tak-
ing on the role of its sole student. Last, but not least, I would like to acknowledge the
FP7-PEOPLE-2012-IAPP project GRIFFON grant agreement number 324391 which
has funded this activity at KTH.





Contents

1 Introduction 1

2 Theoretical background 3
2.1 Phase and frequency noise . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.2 Derivation of frequency noise spectrum using the rate equations . . . . 5

2.2.1 Small signal analysis . . . . . . . . . . . . . . . . . . . . . . . . 5
2.2.2 Langevin approach . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.3 Frequency noise power spectral density . . . . . . . . . . . . . . . . . . 9
2.4 Linewidth spectrum for white frequency noise . . . . . . . . . . . . . . 11
2.5 Linewidth spectrum for 1/f frequency noise . . . . . . . . . . . . . . . . 13
2.6 Modulated grating Y-branch laser . . . . . . . . . . . . . . . . . . . . . 16
2.7 Detuned loading effect . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
2.8 Electrical feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

3 Measurements 25
3.1 Set-up for frequency noise measurements . . . . . . . . . . . . . . . . . 25
3.2 Set-up for linewidth measurements . . . . . . . . . . . . . . . . . . . . 27
3.3 Calibration of frequency noise measurements . . . . . . . . . . . . . . . 28
3.4 FM-noise and linewidth comparison with and without feedback . . . . . 28
3.5 Optimization of the feedback gain . . . . . . . . . . . . . . . . . . . . . 30
3.6 Investigation of the phase delay in the feedback loop . . . . . . . . . . 32
3.7 Investigation of the crosstalk in the feedback loop . . . . . . . . . . . . 34
3.8 Tests with opened and shorted tuning sections . . . . . . . . . . . . . . 36
3.9 Tests performed on a laser package with higher finesse Fabry-Perot etalon 38
3.10 Comparison between heterostructure and ridge lasers . . . . . . . . . . 39

4 Simulations 43
4.1 Detuned loading effect . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.2 Model for 1/f frequency noise in a mQAM system . . . . . . . . . . . . 50

4.2.1 Evaluation of the model . . . . . . . . . . . . . . . . . . . . . . 53

5 Summary and conclusions 61
5.1 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62





Chapter 1

Introduction

The demand on the amount of information transmitted in fibre optic networks keeps
growing and, with it, the need for a spectrally efficient modulation of amplitude,
phase and polarization, using coherent detection [26]. The coherent communication
transmission is sensitive to frequency noise and, as it moves to higher modulation
formats, the amount of frequency noise in the transmitter laser must be decreased.

Tunable lasers are very important for coherent communication because they can
replace many types of lasers with different wavelengths, decreasing costs and inventory
demands and increasing flexibility in dense wavelength division multiplexing [5]. In
[17] it is shown that a 10 Gb 4-QAM needs a laser linewidth lower than 1 MHz, which
is difficult to achieve in a widely tunable laser. Additionally, several authors, such as
[17], assume a white Gaussian frequency noise, which gives a Lorentzian linewidth, but
in fact the dependence of the linewidth on the frequency noise is more complicated
[13]. The measurement set-up and procedure also affect the laser linewidth.

In this thesis, I will analyse through simulations the requirements for frequency
noise for mQAM modulation and also measure and investigate the causes of frequency
noise for a widely tunable modulated grating Y-branch laser. The measurements were
performed at Finisar Sweden AB.

The theoretical background chapter outlines the knowledge used for the rest of the
thesis and details aspects regarding frequency noise. First, the relation between the
laser output and the frequency noise is obtained. Then, the derivation of the frequency
noise spectrum using the rate equations is analysed through the Langevin approach.
The impact of the detuned loading effect on the linewidth and on the damping factor is
demonstrated through the rate equations. Next, the shape and causes of the frequency
noise spectral power density are detailed, as well as the linewidth spectra for white and
1/f frequency noise. The final two sections cover the laser used for the measurements
and the theory behind a negative electrical feedback technique that will reduce the
laser linewidth by controlling the injection current.

In the measurements chapter, the set-ups for frequency noise and linewidth mea-
surements are outlined. The calibration factor of the spectrum analyser and of the
theoretical linewidth, derived from the measured frequency noise spectrum, is deter-
mined using MATLAB. The benefits of using a electrical feedback loop are demon-
strated and the optimal amount of feedback is determined. Then, S21 measurements
are performed for the photodetector inside the laser package, followed by measure-
ments on the other side of the etalon slope. For a better understanding of the noise
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spectrum, experiments are performed with opened and shorted tuning sections of the
laser, with packages that have a higher finesse Fabry-Perot etalon and, finally, with
buried heterostructure and ridge waveguides.

The simulations chapter includes the analysis of the detuned loading effect with
an already implemented LaserMatrix model of the laser used for the measurements.
Then, the model for 1/f frequency noise in a mQAM system is presented and evaluated,
using VPIphotonics.

The final chapter includes a brief summary of the thesis, conclusions and future
work.

2



Chapter 2

Theoretical background

2.1 Phase and frequency noise

The random, rapid, short-term phase variation of a waveform, affected by time domain
instabilities, is represented as phase or frequency noise spectrum in the frequency do-
main [8]. Phase noise and frequency noise are similar in nature, as the frequency noise
refers to random fluctuations of the instantaneous frequency, which is the temporal
derivative of the phase. [21]

In accordance with [23], I will analyse a single-mode laser with a forward propa-
gating wave, <(E(t) exp(jωt)), that has the slowly varying amplitude

E(t) =
√
A(t) exp(jφ(t)) (2.1)

where A(t) is the intensity of the wave and the noise of φ(t) is the phase noise.
In order to show the relation between phase noise and the laser output it is useful

to also consider the instantaneous frequency υ = ∂φ/∂t. The frequency and phase
differences are as follows:

δυ = υ − 〈υ〉 (2.2)

δφ = φ− 〈υ〉t (2.3)

where 〈υ〉 and 〈φ〉 are the mean values of frequency and phase, so that δυ = (∂/∂t)δφ
has a zero mean value. The two-sided spectral density, Sυ, describes the noise of δυ:

Sυ(ωm) = 〈|∆υ(ωm)|2〉 =

+∞∫
−∞

〈δυ(t)δυ(t− τ)〉 exp(−jωmτ)dτ

= lim
t′→∞

1

t′
|
t′∫

0

δυ(t) exp(−jωmt)dt|2 (2.4)

where ωm is the modulation frequency and the frequency noise spectrum ∆υ(ωm) is
the Fourier transform of the auto-correlation function 〈δυ(t)δυ(t− τ)〉 of δυ.

A delay difference, τ , observed in an interferometric set-up, introduces a phase
change, ∆φ:

∆φ = δφ(t)− δφ(t− τ) (2.5)
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This phase change is taken into consideration when calculating the power density
spectrum of the field amplitude E(t). In order to do so, the autocorrelation function
of E(t) needs to be estimated. For this, the intensity noise is neglected, so A(t) is
replaced by 〈A〉, therefore:

E(t) =
√
〈A〉 exp(j(δφ+ 〈υ〉t)) (2.6)

and the autocorrelation function is:

〈E(t)E∗(t− τ)〉 = 〈A〉 exp(j〈υ〉τ)〈exp(j∆φ)〉. (2.7)

To analyse this further, the probability density distribution p(∆φ) is introduced in the
formula for 〈exp(j∆φ)〉:

〈exp(j∆φ)〉 =

+∞∫
−∞

p(∆φ) exp(j∆φ)d(∆φ) (2.8)

where

p(∆φ) = exp(−1

2

∆φ2

〈∆φ2〉
)/
√

2π〈∆φ2〉. (2.9)

The probability density distribution function is considered to be Gaussian because
the phase changes ∆φ are caused by independent noise events due to spontaneous
emission. So, equation (2.8) yields:

〈exp(j∆φ)〉 = exp(−1

2
〈∆φ2〉) (2.10)

and the autocorrelation function of the field amplitude is now:

〈E(t)E∗(t− τ)〉 = 〈A〉 exp(j〈υ〉τ) exp(−1

2
〈∆φ2〉). (2.11)

The mean square value 〈∆φ2〉 of the phase change is obtained as:

〈∆φ2〉 = 〈(δφ(t)− δφ(t− τ))2〉 = 〈(
t∫

t−τ

δυ(t′)dt′)2〉

=
τ 2

2π

+∞∫
−∞

Sυ
sin2(ωmτ/2)

(ωmτ/2)2
dωm. (2.12)

Thus, the autocorrelation function of the field amplitude is directly related to the
two-sided spectral density Sυ of the frequency noise.

The power density spectrum of the laser emission is:

SE(ωm) =

+∞∫
−∞

〈E(t)E∗(t− τ)〉 exp(−jωmτ)dτ. (2.13)

This shows the relation between the laser output and phase noise for a random Sυ of
the frequency noise, as long as the phase changes follow a Gaussian probability density
distribution.
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2.2 Derivation of frequency noise spectrum using

the rate equations

The phase fluctuations are determined by the carrier fluctuations, which affect the
laser’s refractive index and hence, its instantaneous frequency. The carrier fluctuations
can be determined using the Langevin approach and small signal analysis of the rate
equations of a laser.

The rate equations that model the electrical and optical performance of a laser are
as follows:

dQ

dt
= Iin − Isp −GS (2.14)

dS

dt
= (G− γi − γm)S + rsp (2.15)

where S is the photon number (optical energy), Q is the excited carrier number, Iin
is the injection rate (A/e), Isp is the spontaneous carrier recombination rate, G is the
gain rate, GS is the power (W/hυ) generated via stimulated emission, γi represents
the internal loss rate, γiS is the power loss due to internal losses, γm represents the
mirror loss rate, γmS is the power lost through mirrors and rsp is the power generated
via spontaneous emission. [24]

2.2.1 Small signal analysis

The small signal analysis of the rate equations is based on the assumption that dynamic
changes in the carrier and photon densities, away from their steady-state values, are
small. The following derivations are based on [24].

Iin = Iin0 + ∆Iin =>

S = S0 + ∆S,Q = Q0 + ∆Q

G(Q,S) = G0 +GQ∆Q+GS∆S

Isp(Q) = Isp0 + IspQ∆Q

rsp(Q) = rsp0 + rspQ∆Q

d∆Q

dt
= Iin0 − Isp0 −G0S0 + ∆Iin− (2.16)

− IspQ∆Q−GQS0∆Q−GSS0∆S −G0∆S =

= ∆Iin − (IspQ +GQS0)∆Q− (G0 +GSS0)∆S

d∆S

dt
= (G0 − γi − γm)(S0 + ∆S) +GQS0∆Q+GSS0∆S + rsp0 = (2.17)

= −(
rsp0
S0

−GSS0)∆S +GQS0∆Q
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d

dt
= jω =>

(
jω + A B
−C jω +D

)(
∆Q
∆S

)
=

(
∆Iin

0

)
(2.18)

where

A = GQS0 + IspQ

B = G0 +GSS0

C = G0S0

D =
rsp0
S0

−GSS0

The form of equation 2.18 places the current as the driving term. In the next
section, the Langevin approach analysis of noise in semiconductor lasers, this driving
term current will be replaced by noise sources.

After applying Cramer’s rule:

∆S =
C

Z(ω)
∆Iin

∆P = F1γm∆S

∆Q =
jω +D

Z(ω)
∆Iin

∆r = rQ∆Q =
GQ

4π
α∆Q

where α is the linewidth enhancement factor, F1 is the fraction of power that is not
reflected by the mirror and Z(ω) is the determinant of the two-by-two matrix in
equation 2.18.

Z(ω) = −ω2 + jω(A+D) +BC + AD

A+D = γ0;BC + AD = Ω2
R

ω2
R = BC + AD = (G+GSS)GQS u GGQS

γ = A+D = IspQ + (GQ −GS)S

2.2.2 Langevin approach

The Langevin approach implies adding three noise sources i, p and q, as the driving
sources for the carrier density, photon density and output power respectively, in order
to determine the two-sided spectral density of the carrier noise fluctuations. These are
considered to be white noise sources, small enough to permit the usage of differential
rate equations. The drive current is assumed constant, ∆Iin = 0. [7]

The following derivations are based on [24].
The rate equations for the different reservoirs, with an added time dependent noise

term for each one, become:
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dQ

dt
= Iin − Isp − (G21 − γ12)S + i(t)

dS

dt
= (G21 − γ12 − γi − γm)S + p(t)

dSd
dt

= F1γmS + q(t)

where i(t), p(t) and q(t) are the Langevin noise sources.

G = G21 − γ12

nsp =
G21

G
=> G21 = nspG, γ12 = (nsp − 1)G

where nsp is the inversion factor, G21S is the stimulated emission rate and γ12S is the
stimulated absorption rate.

The noise terms’ two-sided spectral densities are the sum of the in and out rates
in each term’s rate equation.

Si(ω) = Isp + (G21 + γ12)S = Isp + (2nsp − 1)GS

Sp(ω) = (G21 + γ12 + (γi + γm))S = 2nspGS

Sq(ω) = F1γmS

The two-sided cross spectral densities are negative and equal to the sum of the inter-
change rates of the particles.

Sip(ω) = −(G21 + γ12)S = −(2nsp − 1)GS

Spq(ω) = −F1γmS

Siq(ω) = 0

A small signal expansion of the system, such as the one in the previous section,
leads to an equation of the form:(

jω + A B
−C jω +D

)(
∆Q
∆S

)
=

(
i
p

)
(2.19)

The internal field of a laser is described by:

∆υ = υQ∆Q+ f(t)

where υQ = (αGQ)/4π, ∆υ is the frequency shift in response to changes in carrier
density and f(t) is a Langevin noise source due to photon fluctuations by the same
mechanism as p(t) in the rate equation for dS/dt, but f(t) and p(t) are not correlated.

The two-sided power spectral density of the internal field is:

Sυint(ω) = Sf (ω) + υ2
QS∆Q(ω) (2.20)

where

Sf (ω) =
1

(4πS)2
Sp(ω) =

2nspGS

(4πS)2
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∆Q and S∆Q(ω) are derived from equation 2.19:

∆Q =
(jω +D)i−Bp

Z(ω)

S∆Q(ω) =
(ω2 +D2)Si(ω) +B2Sp(ω)− 2BDSip(ω)

(BC + AD − ω2)2 + (ω(A+D))2
=

=
(ω2 +D2)(Isp + (2nsp − 1)GS) +B22nspGS + 2BD(2nsp − 1)GS

(BC + AD − ω2)2 + ω2(A+D)2

Assuming small non-linear gain GSS << G => D << B:

S∆Q(ω) =
2nspGS

G2
QS

2

Ω4
R

(Ω2
R − ω2)2 + ω2γ2

[
1 +

ω2

G2

(
Isp/GS + (2nsp − 1)

2nsp

)]
Sυint(ω) = υ2

QS∆Q(ω) + Sf (ω) =

=
2nspGS

(4πS)2
+
G2
Qα

2

4π2

2nspGS

G2
QS

2
×

×
{

Ω4
R

(Ω2
R − ω2)2 + ω2γ2

[
(1 +

ω2

G2

(
Isp/GS + (2nsp − 1)

2nsp

)]}
=

=
2nspG

(4π)2S

{
1 + α2 Ω4

R

(Ω2
R − ω2)2 + ω2γ2

[
1 +

ω2

G2

(
Isp/GS + (2nsp − 1)

2nsp

)]}
The Schawlow-Townes linewidth (that assumes white noise linewidth and α = 0)

is introduced.

∆υST = 2πSυint(ω = 0;α = 0) =
4πnspG

(4π)2S
=
nspG

4πS

Sυint(ω) =
∆υST

2π

{
1 + α2 Ω4

R

(Ω2
R − ω2)2 + ω2γ2

[
1 +

ω2

G2

(
Isp/GS + (2nsp − 1)

2nsp

)]}
For ω << G = 1/τp, the following simplification can be made:

Sυint(ω) =
∆υST

2π

(
1 + α2 Ω4

R

(Ω2
R − ω2)2 + ω2γ2

)
(2.21)

Equation 2.21 represents the double-sided frequency noise spectrum, which doesn’t
take into consideration the 1/f noise. It is extended in equation 2.26, which takes the
1/f noise into account and signifies the single-sided spectral density of the noise, thus
the added factor of 2 in the second term of 2.26.

At very high frequencies, an extra term, u(t), needs to be considered in the output
field. It is due to noise in the output coupling, the same as q(t).

∆υout = ∆υ + u(t)

Pout = F1γmS + q(t)

Su(ω) =
ω2Sq(ω)

16π2P 2
out

=
ω2

16π2Pout

Combining equation 2.20 with the two-sided power spectral density for the noise
in the output coupling, Su(ω):
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Sυout(ω) = υ2
QS∆Q(ω) + Sf (ω) + Su(ω) (2.22)

All the calculations in this section have only considered the effects of carrier density
fluctuations, while ignoring thermal variations, which play an important role at very
low frequencies, smaller than 1 MHz.

2.3 Frequency noise power spectral density

The frequency noise is caused by fluctuations of spontaneous emission, carrier density,
temperature and 1/f fluctuations and it consists of three components:

Sυ(f) = S 1
f
(f) + Swhite(f) + Speak(f) (2.23)

where Sυ(f) is the single-sided spectral density of the frequency noise (for the rest of
the paper the spectral densities are considered double-sided), S 1

f
(f) is the flicker noise

that can be observed at frequencies smaller than several hundred kHz, Swhite(f) is the
white FM noise and Speak(f) is the noise with a peak around the relaxation oscillation
frequency.

Equation 2.23 is an extension of 2.21, which consists of Swhite and Speak, and con-
tains the added term for the power spectral density of the 1/f noise, S 1

f
. Speak corre-

sponds to α2S∆Q(ω) in equation 2.22.

S 1
f
(f) =

ζ

f
rad2/Hz (2.24)

where ζ[Hz2] is a measure of the magnitude of the 1/f noise. As it will be discussed
in the next chapter, this noise considerably increases the linewidth of the laser field
spectral profile. Thus, when this type of noise appears around the frequency corre-
sponding to the linewidth, the profile is no longer approximated by the Lorentzian but
by the Gaussian.

The Gaussian white FM noise of the laser, which is caused by spontaneous emission,
gives the following single-sided power spectral density:

Swhite =
∆υL
π

rad2/Hz (2.25)

where∆υL is the full-width at half maximum (FWHM) of the linewidth with a Lorentzian
shape.

Combining equation 2.21, which is the single-sided noise spectral density, that is
a factor of two larger than the double-sided noise spectral density, and equation 2.24,
the single-sided power spectral density of the frequency noise becomes:

Sυ =
ζ

f
+

∆υST
π

(1 +
α2υ4

RF

(υ2
RF − f 2)2 + ( γ

2π
)2f 2

) (2.26)

where υRF is the resonance frequency, α is the linewidth enhancement factor, γ is the
damping constant of the laser and υST is the linewidth given by the Schawlow-Townes
formula [22].

υST =
πhυ(∆υresonator)

2

Pout
(2.27)
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with hυ the photon energy, ∆υresonator the resonator bandwidth(FWHM) and Pout the
output power.

In figure 2.1, curve a is the fundamental noise source and it is a result of the fluctua-
tions caused by spontaneous emission, which generate white noise. The carrier density
fluctuations are represented by curve b, also caused by variations of spontaneous emis-
sion that, in addition, pump the carrier density fluctuations which also cause variations
of the refractive index that can make the frequency of the ith longitudinal mode vary.
It can also be observed that the carrier density fluctuations add a peak in the noise
spectrum at the relaxation oscillation frequency, corresponding to the high frequency
cut-off.

Figure 2.1: Power spectral density of the frequency noise consisting of white noise,
curve a, and noise caused by carrier density fluctuations, curve b.

Curve c from figure 2.2 shows the contribution of thermal noise induced by fluc-
tuations in the non-radiative recombination current. According to [12], thermal noise
at low frequencies may also be caused by random inhomogeneities due to small scale
micro-deformations, bulk inclusions or imperfections in the grating, but these pertur-
bations are very difficult to measure directly.

Flicker noise, described by curve d, can be seen in the low frequency range, and it
can have external causes such as mechanical coupling and coupling in the surrounding
electromagnetic field or it can be generated internally by the power supply and by the
digital circuit [16].

The total magnitude of the frequency noise is represented as curve e.
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Figure 2.2: Power spectral density of the frequency noise. Curve a represents the
fluctuations caused by spontaneous emission, curve b the fluctuations in carrier density,
curve c is the contribution of thermal noise, curve d represents flicker noise and curve
e is the total magnitude of the frequency noise. [18]

2.4 Linewidth spectrum for white frequency noise

As stated in [23], according to equation 2.12, if a white noise spectrum is assumed,
corresponding to a constant Sυ, the variance of the phase change is

〈∆φ2〉 = Sυ|τ | (2.28)

If the delay difference τ increases, the phase correlation decreases and hence the vari-
ance of the phase difference between the signal and the delayed signal increases.

The coherence time, tc, represents the maximum delay difference up to which a
stable interference of two emitted optical fields can be realised. It is introduced as

〈∆φ2〉 = 2|τ |/tc (2.29)

and Sυ = 2/tc. Therefore, the coherence time may be understood as the delay differ-
ence that gives a r.m.s. value for the phase change of

√
〈∆φ2〉 =

√
2 radians.

The autocorrelation function of the field amplitude, according to equation 2.11,
when assuming a white frequency noise, is thus given by:

〈E(t)E∗(t− τ)〉 = 〈A〉 exp(j〈υ〉τ) exp(−|τ |/tc). (2.30)

A Lorentzian shaped power density spectrum of the field E(t) is then obtained, as the
Fourier transform of the autocorrelation function of the field amplitude:

SE(ωm) =
2tc〈A〉

1 + ((ωm − 〈υ〉)tc)2
. (2.31)
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It is centred around 〈υ〉 and it has a full width at half maximum of:

∆υ =
SE
2π

=
2

πtc
=

∆ω

2π
(2.32)

The actual spectrum of the laser emission corresponds to the spectrum of the complex
amplitude E(t), not the slowly varying amplitude as in equation 2.31, and it is centred
around 〈ω〉 = ωref + 〈υ〉, where ωref is the reference frequency.

For this derivation of spectral linewidth it was assumed that the spectral broadening
was caused only by the frequency noise, considering the intensity noise to be low.

In [13] it is shown that the influence of high and low frequency components of
the white frequency noise determine the spectral lineshape. The noise is filtered by an
ideal low-pass filter with variable cut-off frequency fc. In figure 2.3 the two-sided power
spectral density of the white frequency noise with a level of Sυ = 1Hz2/Hz is plotted
for four different cut-off frequencies: fc = 0.03 Hz (A), fc = 0.3 Hz (B), fc = 3 Hz
(C) and fc = 30 Hz (D). An analytical Lorentzian lineshape with a FWHM = πSυ

is obtained for fc/Sυ → ∞ and a Gaussian lineshape with FWHM = Sυ

√
8 ln(2) fc

Sυ

is obtained for fc/Sυ → 0. Figure 2.4 shows the spectral linewidth calculated as a
function of the cut-off frequency fc with the equation:

FWHM =
Sυ

√
8 ln(2) fc

Sυ

4

√
1 + (8 ln(2)fc

π2Sυ
)2

. (2.33)

The left side of the red line in figure 2.3 represents the region in the noise spectrum
that influences the broadening of the FWHM of the linewidth, while the right side of
the red line represents the region in the noise spectrum that influences only the wings
of the spectral lineshape, as can be observed in figure 2.4. The green line represents
the influence of the noise on the -20 dB linewidth measured at a level 20 dB lower
than the peak, the same way as the red line. [25]
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Figure 2.3: Power spectral density of the frequency noise with different values for the
cut-off frequency. [13]

Figure 2.4: Lineshape function for the different values for the cut-off frequency. [13]

2.5 Linewidth spectrum for 1/f frequency noise

Conforming to [23], the two-sided power spectral density Sυ of the frequency noise,
when considering only the 1/f noise for the spectral broadening, can be written as:

Sυ =
ω2
noise

ωm
(2.34)
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where ωnoise is the characteristic frequency that resolves the magnitude of the 1/f
frequency noise.

Equation 2.12 can be rewritten as:

〈∆φ2〉 =
τ 2

π

+∞∫
0

Sυ
sin2(ωmτ/2)

(ωmτ/2)2
dωm (2.35)

since Sυ(ωm) = Sυ(−ωm).
In practice, 〈∆φ2〉 is not measured with an infinite bandwidth, so the lower fre-

quency limit of the integral is replaced by ωl, for a finite measurement time. Equa-
tion 2.35 then becomes

〈∆φ2〉 =
τ 2

π

+∞∫
ωl

Sυ
sin2(ωmτ/2)

(ωmτ/2)2
dωm = (2.36)

=
τ 2

π

+∞∫
ωl

ω2
noise

ωm

1− cos(ωmτ)

2(ωmτ/2)2
dωm =

=
2ω2

noise

π

+∞∫
ωl

1− cos(ωmτ)

ω3
m

dωm =

=
2ω2

noise

π

τ 3

τ

+∞∫
ωlτ

1− cosx

x3
dx =

=
2ω2

noiseτ
2

π

+∞∫
ωlτ

1− cosx

x3
dx

It is assumed that ωl << 1. 〈∆φ2〉 is approximated by using a cosine integral [10]:

〈∆φ2〉 ≈ (ωnoiseτ)2

π
(0.923 + ln(

2

ωlτ
)) ≈ (ωnoiseτ)2

π
ln(

5

ωlτ
) (2.37)

The dependence of the logarithm on τ is weak so the variance of the phase change
is proportional to τ 2. Therefore, τ in the logarithm can be approximated with the
coherence time tc. Then, the autocorrelation function of the field amplitude becomes
Gaussian:

〈E(t)E∗(t− τ)〉 = 〈A〉 exp(j〈υ〉τ) exp(−(ωnoiseτ)2

2π
ln(

5

ωltc
)) (2.38)

Also, a Gaussian spectrum is obtained

SE(ωm) = 〈A〉
√

2π

ωnoise
√

ln( 5
ωltc

)
exp(−(

ωm − 〈υ〉
∆υπ

)2 ln 2) (2.39)
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with the spectral full width half maximum

∆υ =
ωnoise
π

√
2 ln 2 ln 5

ωltc

π
. (2.40)

If the reason for spectral broadening is predominantly 1/f noise, a spectral width that
is strongly dependent on the actual measurement time is obtained. Mostly, 1/f and
white noise have to be considered simultaneously. Then, the variance of the phase
change is the sum between 〈φ2〉 due to 1/f and white noise. Finally, the spectrum
obtained is a convolution between the Lorentzian caused by white frequency noise and
the Gaussian caused by the 1/f frequency noise. [20]

In the low-pass filtered white noise example [13] it was shown that the frequency
noise spectrum is divided into two parts that influence the spectral lineshape in differ-
ent ways. When Sυ(f) > 8 ln(2)f/π2, corresponding to a high frequency modulation
(FM) index, the frequency noise affects the linewidth, while in the region with a low
FM index, where Sυ(f) < 8 ln(2)f/π2, the frequency noise only affects the wings of
the linewidth.

A regular frequency noise spectral density composed of low frequency flicker noise
and high frequency white noise is plotted in figure 2.5. The red line given by Sυ(f) =
8 ln(2)f/π2 separates the spectrum in two regions: the left region, corresponding to
high FM index, influences the FWHM laser linewidth and the right region, correspond-
ing to low FM index, influences only the wings of the linewidth [13]. The green line
represents the influence of the noise on the -20 dB linewidth, the same way as the red
line. [25]

Figure 2.5: Frequency noise spectral density composed of low frequency flicker noise
and high frequency white noise. [13]
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2.6 Modulated grating Y-branch laser

The laser used for all the measurements is a modulated grating Y-branch laser. Ac-
cording to [9], it is a conventional distributed Bragg reflector (DBR) laser, as can be
seen in figure 2.6, but instead of a single grating reflector it has a combination of two
modulated grating reflectors, figure 2.7. The tuning range of a single DBR laser can
not cover the full C- or L-band (1530 - 1565 nm or 1565 - 1625 nm) as it is limited
to a range of approximately 8 nm. Because of this limitation, the distributed Bragg
reflector is replaced by the combination of two modulated grating (MG) reflectors.

Figure 2.6: Distributed Bragg reflector laser. [9]

Figure 2.7: Modulated grating Y-branch laser. [9]

Both modulated grating reflectors have a comb-shaped reflectivity spectrum, but
with different peak separations, so that only one pair of peaks will overlap when the
grating sections are mutually detuned. This is shown in the top half of figure 2.8.
The two reflections are combined by a multi-mode interference (MMI) coupler. The
combined reflection plotted in the lower half of figure 2.8 is seen from the input port
of the MMI coupler. When a peak from the left reflector overlaps with a peak from
the right reflector, a large reflection occurs and then the laser will emit light at the
frequency of the longitudinal cavity mode that is closest to the peak of the aggregate
reflection.

A relatively large tuning of the emission frequency, approximately 0.7 THz, can
be obtained by tuning only one of the reflectors by an amount equal to the peak
separation, so that an adjacent pair of peaks can be aligned. Figure 2.9 shows a map
of the emission frequency as a function of the left and right reflector currents. Each
diagonal band corresponds to a pair of aligned peaks and it is subdivided in many
similarly shaped regions, in which the main peak of the laser emission spectrum is
associated with one particular cavity mode. If an operation point is picked centrally
within the region, a single mode laser operating with high side-mode suppression ratio
(SMSR) will be obtained. The closer the operation point gets to the boundaries, the
smaller the SMSR will be.

In order to tune the laser along the centre line of a particular band in figure 2.9,
both reflectors have to be tuned at the same time, keeping a certain pair of peaks
aligned. Within each region the frequency changes continuously. At the boundary
between two mode regions, the laser will jump from one cavity mode to another.
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Figure 2.8: (top) Reflectivity spectrum of the left and right reflector and (bottom) the
combined reflectivity spectrum seen from the input of the MMI coupler. [9]

Figure 2.9: The emission frequency as a function of the left and right reflector currents.
The black contours indicate a discontinuous frequency change. [9]

By injecting current into the phase section, the roundtrip phase of the cavity is
changed, thus the map regions of figure 2.9 will shift as seen in figure 2.10. In order
to maintain a high SMSR, the laser has to be tuned continuously while keeping the
same distance to the mode boundaries. In order to do that, all the tuning currents
have to be adjusted such that the operation point tracks the centre of a single mode
tube, as plotted in figure 2.11. The images in figure 2.10 and figure 2.11 are simplified
because the relationship between frequency and current is non-linear as can be seen
from the vertical and horizontal axes in figure 2.9. The tubes will be curved when
they are plotted on linear current scales.
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Figure 2.10: Mode maps in 2D and 3D. [9]

Figure 2.11: Continuous tuning along a single mode tube. [9]

In the tunable laser, a semiconductor optical amplifier (SOA) is monolithically
integrated on the laser chip, as presented in figure 2.12. The output power can be
adjusted independently from the emission frequency by changing the current through
the SOA. Furthermore, in order to avoid spurious emission at other wavelengths, when
tuning from one channel to another, the SOA should be reverse biased so that it will
block all light coming from the laser.

Figure 2.12: Modulated grating Y-branch laser with semiconductor optical amplifier.
[9]

The laser package is represented in figure 2.13. First, the laser beam is collimated
using a lens, then it passes through an isolator and two beam splitters. The first beam
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splitter routes one part of the beam through a glass etalon and then to a photodiode
(etalon PD) for wavelength monitoring. The second beam splitter deflects the light
on a power monitoring photodiode (reference PD). After passing through the two
beam splitters, the light reaches another lens that focuses the beam into a polarization
maintaining fibre.

Figure 2.13: Tunable laser package. [9]

2.7 Detuned loading effect

In a modulated grating Y-branch laser, the position of the lasing mode relative to the
reflection peak affects the modulation performance. This phenomenon is called the
detuned loading effect. By varying the phase, in the phase section of the laser, a fine
tuning of the lasing mode position relative to the reflection peak is achieved. [6]

The standard rate equations can be written as follows, after considering the detuned
loading effect:

dQ

dt
= Iin − Isp(Q)−G(Q,S)S

dS

dt
= (G(Q,S))− γi − γm(Q) +

1

2

d[ln(KZ(Q))]

dt
S (2.41)

where KZ is the excess spontaneous emission factor in the lasing mode, that takes
into consideration the small delay between ∆Q and ∆γm. In multi-section lasers, or
lasers with large spatial hole burning, KZ may display considerable variations. In
single-section lasers without hole burning, KZ may not vary with time, leaving the
conventional rate equations unaltered. The last term of equation 2.41 is considered to
be the reactive part of the optical energy that is actually stored in the cavity. [2]

The following derivations are based on [25].
Within the small signal analysis, the small variation in injection current will affect

the carrier and photon number:

Iin = Iin0 + ∆Iin

Q = Q0 + ∆Q

S = S0 + ∆S
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After linearising the parameters around the steady states:

G(Q,S) = G0 +GQ∆Q+GS∆S

Isp(Q) = Isp0 + IspQ∆Q

γm(Q) = γm0 + γmQ∆Q

KZ(Q) = KZ0 +KZQ∆Q

At the steady state, where d/dt = 0:

d(Q0 + ∆Q)

dt
= Iin0 + ∆Iin − (Isp0 + IspQ∆Q)− (G0 +GQ∆Q+GS∆S)(S0 + ∆S)

After rearranging the above equation and ignoring the higher order terms, the rate
equation for the extra carrier number becomes:

d∆Q

dt
= ∆Iin − (IspQ +GQS0)∆Q− (G0 +GSS0)∆S (2.42)

utilizing

dQ0

dt
= Iin0 − Isp0 −G0S0

At steady state:

d(S0 + ∆S)

dt
= [(G0 +GQ∆Q+GS∆S)− γi − (γm0 + γmQ∆Q)+

+
1

2

d[ln(KZ0 +KZQ∆Q]

dt
)](S0 + ∆S)

After considering the Taylor series expansion ln(a + x) u ln(a) + x/a and neglecting
the higher order terms, the extra photon number becomes:

d∆S

dt
= (GQS0 − γmQS0)∆Q+

1

2

d

dt
(
KZQ∆Q

KZ0

)S0 +GSS0∆S (2.43)

utilizing

dS0

dt
= G0 − γi − γm0 +

1

2

d[ln(KZ0)]

dt

Equations 2.42 and 2.43 can be written in matrix form, in the frequency domain, where
d/dt = jω: (

jω + A B
−(jωC +D) jω − E

)(
∆Q
∆S

)
=

(
∆Iin

0

)
(2.44)

The matrix coefficients are given by:

A = IspQ +GQS0

B = G0 +GSS0

C =
1

2

KZQ

KZ0

S0

D = GQS0 − γmQS0

E = GSS0
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Applying Cramer’s rule on equation 2.44 yields:

∆Q =
jω − E
Z(ω)

∆Iin

∆S =
−(jωC +D)

Z(ω)
∆Iin

where

Z(ω) = (jω + A)(jω − E) +B(jωC +D) =

− ω2 + jω(A+BC − E) + (BD − AE)

and

A+BC − E = γ

BD − AE = Ω2
r

The damping factor becomes:

γ = IspQ + S0(GQ −GS) +
S0KZQ

2KZ0

(G0 +GSS0)

and the resonance frequency:

Ω2
r = S0(G0GQ − IspQGS)− S0γmQ(G0 +G0GS)

The last two equations show that the resonance frequency decreases linearly with the
increase of γmQ, while the damping factor increases linearly with KZQ.

The linewidth is also affected by the detuned loading effect. There are two different
α parameters. The material α-parameter is the ratio between the change in the real
part of the refractive index and the change in the imaginary part of the refractive
index, when the carrier density is changed. The structure α-parameter is the ratio
between the change in the real part of the resonance frequency and the change in the
imaginary part of the resonance frequency, when the carrier density is changed.

The imaginary part of the resonance frequency dictates how fast the field increases
or decays, 1/2(dS/dt). The linewidth is actually determined by the structure α-
parameter. The assumption that the refractive index only changes the real part of
the frequency and the gain only changes the imaginary part is applicable to FP-lasers
and ideal DFB lasers, when the structure α-parameter is equal to the material α-
parameter. In the case of a DBR laser with detuning, a change in the refractive index
will affect both the real and imaginary part of the resonance frequency, since the mir-
ror loss is changed. Therefore, only when the laser is lasing on the Bragg peak, the α
parameters are equal. [25]

2.8 Electrical feedback

A negative electrical feedback loop can decrease the linewidth of a laser by reducing
the frequency fluctuations. The frequency variations, ∆υ, are caused by fluctuations in
the modulation current, ∆I. The response ∆υ to the modulation current fluctuations
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∆I is reduced by the feedback loop by a factor of (1 + Hloop(jω)), where Hloop is the
transfer function of the loop and ω is the modulation frequency. The noise, which is the
power spectral density of the frequency fluctuations, is then reduced by |1+Hloop(jω)|2.
Therefore the noise spectrum with electrical feedback would yield the relation below:

Sυ(ω)|withfeedback =
1

|1 +Hloop(jω)|2
Sυ(ω)|withoutfeedback (2.45)

This relation is true only if the loop does not introduce any noise that was not present
in the free-running laser. In reality, the loop always introduces additional noise but
the contribution is small, so it will not be taken into consideration. [23]

In [19], the authors propose an electrical feedback technique that will reduce the
linewidth by controlling the injection current. It relies on the fact that a wide-band
direct frequency modulation for a semiconductor laser is possible through the injec-
tion current. The negative feedback leads to a high temporal stability of the centre
frequency and a narrow linewidth spectrum, as shown in figure 2.16.

The experimental set-up is depicted in figure 2.14 and contains a Fabry-Perot
interferometer used as a frequency discriminator for the FM noise detection. The
output signal from the detector is negatively fed back to the laser, thus controlling the
injection current.

Figure 2.14: Electrical feedback block diagram. P0 is the single-sided output power
of the laser, Pi is the power incident to the Fabry-Perot interferometer and P is
the power incident to the detector. TFP (υ) is the transmittance of the Fabry-Perot
interferometer. [19]

Figure 2.15 shows how the power spectral density of the FM noise is reduced by a
factor of g, after the introduction of the feedback loop, compared to the free-running
case, for frequencies lower than the cut-off frequency.
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Figure 2.15: FM noise reduction by feedback. S0 is the value of SF (f) for the free-
running laser and fc is the cut-off frequency. [19]

The free-running laser’s linewidth is given by:

υFR = πS0 (2.46)

The feedback condition yields a linewidth of:

υFB =
υFR
g

(2.47)

for fc > ∆υFR. The cut-off frequency required for linewidth reduction is approx-
imately equal to ∆υFR. A bandwidth of several tens of MHz is sufficient for the
feedback. Linewidth reduction doesn’t imply a wide-band amplifier, but relies more
on the increase of the feedback gain, as g is proportional to this gain.

The direct modulation index does not decrease when the laser is modulated by a
frequency larger than fc, because the feedback is only required at low Fourier frequen-
cies (f < fc). This permits maintaining the low linewidth given by equation 2.47,
while using a fast direct modulation.
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Figure 2.16: Power spectra of the laser output. (a) free-running laser, ∆υFR = 5 MHz,
(b) laser with feedback, ∆υFB = 330 kHz. [19]

Experimental results led to a value of g = 15, meaning that an electrical feedback
loop improves the linewidth by a factor of 15, compared to the case of the free-running
laser, placing the technique as a good candidate for obtaining ultra-narrow linewidth
lasers.
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Chapter 3

Measurements

3.1 Set-up for frequency noise measurements

The noise measurements were performed with the help of a fibre-optic Mach-Zehnder
interferometer with path imbalance.

Figure 3.1: Frequency noise measurement set-up. Temperature controller: Keithley
2510 TEC SourceMeter, Power Supply: CPX200 DUAL 35 V 10 A PSV PowerFlex,
Spectrum analyser: Agilent 86145B.

The background room vibrations and the small changes in the refractive index of
the fibre, due to temperature fluctuations, have a big influence on the phase-difference
of the Mach-Zehnder interferometer. In order to try and eliminate these disturbances,
the interferometer was put in a vibration isolation box. The output of the interfer-
ometer was connected to an optical detector and then to a spectrum analyser that
converts the voltage to noise units [dB] [3]. Because the calibration constant that
makes this conversion is not properly determined, a MATLAB program was developed
that compares the calculated linewidth from a frequency noise measurement to a mea-
sured linewidth of the same set-up and yields a calibration factor that is added to the
measured noise. This program was completed after the measurements presented in
this paper were done, but it is only a level change that does not affect the conclusions
of the measurements.

A schematic figure of the experimental set-up for the interferometer is presented in
figure 3.2. The interferometer is composed of two 3 dB couplers with different output
fibre lengths. One coupler has a 0.14 m long output and a length of 0.15 m for the
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other ports and the second coupler has a 0.12 meter long output and a length of 0.15
m for the other ports. The couplers can be mechanically turned so that the two arms
have four length combinations: 0.26/0.30, 0.27/0.30, 0.29/0.30 and 0.27/0.29.

The differential optical phase, figure 3.3, is calculated with the formula:

δφ =
2πn∆L∆f

c
(3.1)

where n is the refractive index of the fibre, ∆L is the path difference between the two
arms, ∆f is the frequency difference and c is the speed of light in vacuum.

Figure 3.2: Mach-Zehnder interferometer with path imbalance, composed of two 3 dB
couplers with different output fibre lengths.

Figure 3.3: Differential optical phase. [3]

The spectral analyser records the power spectral density when the interferometer
phase is in quadrature, δφ = 0. The DC voltage detector is positioned halfway between
Vmax and Vmin so that the difference between the voltages is as small as possible.
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Figure 3.4: The optical intensity profile of a MZI as a function of the phase difference
between the two arms of the interferometer. [11]

3.2 Set-up for linewidth measurements

For the linewidth measurements a self homodyne method was used. The self homodyne
set-up is presented in figure 3.6. The laser beam is divided with a beam splitter, one
portion going through a long fibre that introduces a delay and the other portion going
through a short fibre. The beams are combined with the help of a beam splitter and
the beat note that results, which is centred on the laser frequency, is detected with a
photodiode.

Figure 3.5: Linewidth measurement set-up. Temperature controller: Keithley 2510
TEC SourceMeter, Power Supply: CPX200 DUAL 35 V 10 A PSV PowerFlex, Spec-
trum analyser: Agilent 86145B.
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Figure 3.6: Set-up for the self-homodyne measurement method of a laser linewidth.

3.3 Calibration of frequency noise measurements

As mentioned previously, a spectrum analyser was used for measuring frequency noise.
It’s purpose was to convert the voltage from the output of the optical detector to noise
units [dB]. Because the calibration constant that makes this conversion is not prop-
erly determined, a MATLAB program was developed, together with R. Schatz, that
compares the calculated linewidth from a frequency noise measurement to a measured
linewidth of the same set-up and yields a calibration factor that is added to the mea-
sured noise. The process is outlined below.

Input files containing frequency noise measurements and linewidth measurements
are read into MATLAB. For a range of calibration factors, linewidth spectra are cal-
culated from the noise measurements. Each of these are checked against the measured
linewidth until a calibration factor is found that optimally matches both with/without
feedback linewidth measurements.

3.4 FM-noise and linewidth comparison with and

without feedback

The electrical feedback loop used for the measurements is an implementation of the
model described in section 2.8.

Figure 3.7 shows that the electrical feedback is very useful for suppressing low
frequency noise, thus making the linewidth smaller. After 20 MHz the frequency noise
increases, making the wings level of the linewidth with feedback higher than the one
without feedback. The wings cross at about 35 MHz.

Thus, the feedback loop improves the linewidth of the laser but the frequency noise
is enhanced above approximately 20 MHz, which has proved to degrade the system
performance.
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Figure 3.7: Frequency noise spectrum for measurements performed with and without
feedback.

Figure 3.8: Linewidth spectrum for measurements performed with and without feed-
back. The black lines represent the theoretical calculated linewidth after the noise
spectrum was calibrated in MATLAB with the optimal calibration factor (see sec-
tion 3.3).
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3.5 Optimization of the feedback gain

The system’s performance degradation above 20 MHz lead to the need of determining
the optimal amount of feedback for improving both the linewidth and the performance.

A new photonic circuit board (PCB), figure 3.9, was soldered, with a potentiometer
mounted on an amplifying block. The gain is varied with the potentiometer, thus
changing the amount of feedback.

Figure 3.9: Photonic circuit board (PCB) including a potentiometer for varying the
feedback gain.

After each completed circuit stage, the delay in the electronics was measured, in
order to gauge the impact of the electronic components’ inherent noise on the final
product. The delay was determined by measuring the S21 parameter with a Vector
Network Analyser. The phase was recorded and a delay of 0.15 ns was calculated with
the formula:

∆τ =
1

2π

δφ

δυ
(3.2)

where τ is the delay, φ is the phase and υ is the frequency. Because the delay was
small, the electrical noise contribution was not worth pursuing.

Frequency noise and linewidth spectra were measured for different values of the
feedback gain, adjusted by varying the potentiometer. The values were chosen to cover
the entire possible interval, from the minimum value of 0.6 ohm to the maximum value
of 27.2 ohm, after which the spectrum analyser would display an overload error.

The noise spectrum is shown in figure 3.10 for resistances of 0.6 ohm, 3.7 ohm, 5.6
ohm, 11.1 ohm, 16.9 ohm, 27.2 ohm and without any feedback on.

An optimal compromise between linewidth reduction and frequency noise is given
by a resistor value of 11.1 ohm. The noise is suppressed by 10-25 dB, with respect
to the curve labelled “Without feedback”, for frequencies below 10 MHz. After 10
MHz, the difference between the “R = 11.1 ohm” and the “Without feedback” curves
starts to decrease and at around 45 MHz the ”R = 11.1” ohm curve is higher by
approximately 3 dB.

In order to confirm that the noise spectrum doesn’t deteriorate after the spectral
analyser’s display limit of 100 MHz, linewidth measurements for 0.6 ohm and 9.6
ohm resistor values were performed, figure 3.11. As expected, the linewidth shows a
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big improvement for the value of R = 9.6 ohm, compared to the linewidth measured
without any feedback or with the small value of R = 0.6 ohm. The setback is that
the wings level of the measurement with a smaller linewidth, R = 9.6 ohm, is higher
around 100 MHz by 5 dB, which degrades the system performance.

In conclusion, an increase of the feedback gain leads to an increase of the wings
level and to a decrease of the linewidth. The importance of this dependence differs
for various applications. For coherent systems operating at high bit rates, the trade-
off between linewidth and system performance must be taken into account and the
feedback would be of limited use.

Figure 3.10: Frequency noise spectrum for different feedback gain levels, controlled by
the potentiometer values.
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Figure 3.11: Linewidth spectrum for different feedback gain levels, controlled by the
potentiometer values.

3.6 Investigation of the phase delay in the feedback

loop

Measurements on the open loop circuit, including all elements in the loop, showed a
delay of 4 ns, which was not present in the electronics. This led to the necessity of
performing S21 measurements for the photodetector inside the laser package. Previous
S21 measurements performed by others showed that the laser section acts as a first
order low-pass filter, which rotates the phase by 90 degrees, yielding an additional 90
degrees that need to be understood. A 4 ns delay would cause an additional 90 degrees
phase shift at around 60 MHz, which is where the peaks in the FM noise measurements
are located. This delay degrades the phase margin of the feedback loop and is probably
one of the major causes of frequency noise degradation at higher frequencies. [14]

A bias-T was connected to inject the modulation in the SOA current, without
changing the PCB, and the detection was made with the reference photodetector.

Three measurements were performed: S21 from ISOA to the reference photodetec-
tor, laser and SOA off, S21 from ISOA to the reference photodetector, laser and SOA
on, S21 from ISOA to the external photodetector.

The first measurement done was S21 from ISOA to the reference photodetector,
laser and SOA on, and a crosstalk was observed after 90 MHz. This led to the second
measurement with the laser and SOA off and the crosstalk was confirmed, which could
be the explanation for the measured delay.

Hence, it was concluded that the problem might be the reference photodetector.
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Figure 3.13: S21 phase characteristic.

A third measurement was done with an external photodetector to investigate if
this was the case, leading to the discovery of more crosstalk after 100 MHz, but the
measurement was limited by the analyser’s performance.

Unfortunately, the origin and mechanism responsible for the 4 ns delay are yet to
be determined, but an explanation could be the crosstalk.

Figure 3.12: S21 amplitude characteristic.
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3.7 Investigation of the crosstalk in the feedback

loop

Because of the discovered crosstalk, measurements performed on the other side of the
etalon slope were studied, since in phase noise components might be counteracted by
switching to the other side of the etalon slope, where they could be out of phase, thus
cancelling each other. To this end, the electronics in the feedback loop had to be
slightly modified and a new value for the feedback gain had to be determined for the
linewidth to not broaden unnecessarily. A value too large causes a peak in the noise
spectrum.

Different feedback gains were tested and an interesting behaviour was observed,
shown in figure 3.14. The linewidth improves with the increase of the feedback gain,
as expected, but the wings level doesn’t increase as much as it did during the mea-
surements performed on the other side of the etalon slope.

The trace corresponding to R = 150 ohm shows a great improvement compared to
the trace without any feedback, “FB-off R=10 ohm”. The linewidths measured with
resistor values higher than 47 ohm show a bump at around 17 MHz due to an increase
in the noise spectrum around the same frequency.

The bump doesn’t exceed the level of the linewidth measured without feedback
on. This means that the system performance is only degraded by the slightly higher
wings, while the linewidth has improved considerably.

Unfortunately, as shown in figure 3.15, the frequency noise components that were
expected to cancel when using this slope of the Fabry-Perot etalon didn’t cancel.

In conclusion, while the initial target of this investigation was not met, i.e the
cancelling of the noise components, the linewidth wings had a smaller increase, com-
pared to the measurements performed on the other side of the etalon slope, when the
feedback gain was increased. The linewidth has improved considerably, making the
slightly higher wings the cause of the performance degradation.
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Figure 3.14: Linewidth spectrum for measurements performed on the other side of the
Fabry-Perot etalon slope. The feedback gain is varied through the potentiometer.

Figure 3.15: Frequency noise spectrum for measurements performed on the other side
of the Fabry-Perot etalon slope, with and without feedback.
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Figure 3.16: Linewidth spectrum for measurements performed on the other side of the
Fabry-Perot etalon slope, with and without feedback. The black lines represent the
theoretical calculated linewidth after the noise spectrum was calibrated in MATLAB
with the optimal calibration factor (see section 3.3).

3.8 Tests with opened and shorted tuning sections

For a better understanding of the noise spectrum, measurements were performed with
opened and shorted tuning sections of the laser.

The pins that were grounded, for shorted tuning sections measurements, or lifted
from the board, for opened tuning sections measurements, correspond to right re-
flector anode, left reflector anode and phase anode of the laser. When shorting the
tuning sections, there shouldn’t be any electronic noise or spontaneous recombination
noise. A flat noise spectrum is expected, similar to a white noise spectrum, due to
shot noise caused by photocurrent and stimulated absorption. In the opened tuning
sections measurements, the noise spectrum should have a 1/f noise profile caused by
shot noise due to stimulated absorption, stimulated recombination and spontaneous
recombination; there isn’t any current noise.

As shown in the images below, the shorted tuning sections measurement has an
almost flat noise spectrum which causes a Lorentzian shaped linewidth. On the other
hand, the noise spectrum of the opened tuning sections measurement has 1/f noise
and thus makes the linewidth deviate from the theoretical Lorentzian shape.
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Figure 3.17: Frequency noise spectra for shorted and opened tuning sections.

Figure 3.18: Linewidth spectra for the opened and shorted tuning sections.
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Figure 3.19: Linewidth spectra. Left: opened tuning section, right: shorted tun-
ing section. The black lines represent the theoretical calculated linewidth after the
noise spectrum was calibrated in MATLAB with the optimal calibration factor (see
section 3.3).

3.9 Tests performed on a laser package with higher

finesse Fabry-Perot etalon

Packages with higher finesse Fabry-Perot etalon were also tested. The finesse is the
ratio between the free spectral range and the linewidth. The bigger the reflectivity, the
sharper the transmission peaks and the higher the finesse. So, if a smaller linewidth
is desired, then an increased finesse is required.

The new packages came with a defect, the mirrors were not perfectly orthogonal
to the incoming beam, thus the actual finesse is lower than the expected one.

The measurements show an improved linewidth, compared to the standard etalon.
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Figure 3.20: Linewidth spectra for the laser packages with standard Fabry-Perot etalon
and higher finesse Fabry-Perot etalon.

3.10 Comparison between heterostructure and ridge

lasers

The gain medium of the laser is confined in an optical waveguide. The laser was
built in two different versions with different waveguides: ridge and buried heterostruc-
ture. Measurements of both noise and linewidth spectra were performed in order to
determine if there was a significant difference between the two.

The buried heterostructure waveguide has sharp edges and there may be more
scattering due to the roughness of the walls but at the same time it is more efficient
than the ridge waveguide in removing the heat in the active area when light is produced.

On the other hand, the ridge waveguide could produce a smaller linewidth because
it is bigger in volume and could store more energy, thus the ratio between the stored
energy and the scattered energy would be better.

It can be seen that the ridge waveguide has an improved behaviour but it is far
from the needed performance.
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Figure 3.21: Frequency noise spectra for buried heterostructure and ridge waveguides.

Figure 3.22: Linewidth spectra for buried heterostructure and ridge waveguides.
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Figure 3.23: Linewidth spectra. Left: Buried Heterostructure, right: Ridge. The
black lines represent the theoretical calculated linewidth after the noise spectrum was
calibrated in MATLAB with the optimal calibration factor (see section 3.3).
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Chapter 4

Simulations

4.1 Detuned loading effect

In order to simulate the frequency noise of the MG-Y laser, a simulation program,
LaserMatrix, developed by Richard Schatz at KTH, was used. The program is based
on the transfer matrix method. It includes the static, multi-mode large signal and
single mode small signal analysis (including noise) and can be used both for DFB and
DBR-type lasers. An already implemented LaserMatrix model of the MG-Y laser,
figure 4.1, introduced for the measurements, was used in the simulations, figure 4.2.

Figure 4.1: Modulated grating Y-branch laser. [9]

Figure 4.2: MG-Y laser model implemented in the LaserMatrix software and used in
the simulations.
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The MG-Y laser model utilises a one dimensional transfer matrix method. It
consists of a phase section, a power splitter, two parallel Bragg gratings and a power
combiner without any reflections. Because it was only necessary to simulate the overlap
of the two peaks in the reflectors, the sample grating Bragg reflectors were modelled
as ordinary Bragg gratings. The reflectivity of the MG-Y reflector around the lasing
mode can be tuned by adjusting the detuning of phase in the phase section and the
Bragg peaks of the gratings. [6]

Figure 4.3: Cavity modes.
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Figure 4.4: Reflectivity spectrum.

Figure 4.5: Spontaneous emission spectrum.

45



Figure 4.6: Linewidth spectrum in linear scale.

Figure 4.7: Linewidth spectrum in logarithmic scale.
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Figure 4.8: Frequency noise spectrum at 60, 90, 120, 150, 180 and 210 degrees phase
shift.

As seen in figure 4.8, the frequency noise is highly dependent on the detuning. The
intrinsic noise, that decreases on the long wavelength flank, as well as the noise caused
by excess current noise in the Bragg section, that increases on the long wavelength
flank, are affected by the detuning.

The laser linewidth is mostly determined by the low frequency noise, thus it will
increase on the long wavelength flank. When there is no current in the Bragg section,
the low frequency noise will drop. The -20 dB linewidth will be determined mostly by
the intrinsic noise, so it will decrease on the long wavelength flank.

The Bragg peak is fixed and the laser moves towards the peak’s short wavelength
flank when the phase is increased. When the Bragg section is biased with 20 mA,
figure 4.11, the detuned loading effect is dominant and the -20 dB linewidth decreases
on the short wavelength flank. In the absence of current in the Bragg section (thus no
current noise) or, at low bias, figure 4.12, the linewidth increases despite the fact that
the laser moves towards the short wavelength flank. This is caused by the increase
of current noise in the phase section and losses, which override the detuned loading
effect.
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Figure 4.9: Reflectivity spectrum for 120 degrees phase shift.

Figure 4.10: Reflectivity spectrum for 150 degrees phase shift.
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Figure 4.11: Lorentzian FWHM -20 dB linewidth as a function of phase detuning of
laser wavelength from the Bragg peak. The Bragg section is biased with 20 mA.

Figure 4.12: Lorentzian FWHM -20 dB linewidth as a function of phase detuning of
laser wavelength from Bragg peak. The Bragg section is unbiased.

In conclusion, the intrinsic noise, that decreases on the long wavelength flank, as
well as the noise caused by excess current noise, that increases on the long wavelength
flank, are affected by the detuning.
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4.2 Model for 1/f frequency noise in a mQAM sys-

tem

The demand for the amount of information transmitted in fibre optic networks keeps
growing and, with it, the need for a spectrally efficient modulation of amplitude, phase
and polarization, using coherent detection. Thus, more than one bit per symbol can
be transmitted, which results in a higher transmission capacity and spectral efficiency.
[26]

The software used for simulations was VPIphotonics, that supports end-to-end
photonic design automation and optical equipment configuration.

In [17], it is shown that a 10 Gb 4-QAM needs a laser linewidth lower than 1 MHz,
which is difficult to achieve in a widely tunable laser. Also, this study and several
others assume a white Gaussian frequency noise, which gives a Lorentzian linewidth,
but, in fact, the dependence is more complicated, as previously discussed. A 1/f
dependence spectrum of the frequency noise will be used.

In figure 4.13, the laser set-up used in the mQAM transmitter and receiver is
presented. The noise spectrum was obtained with the help of a DC source, an electrical
amplifier with additive white Gaussian noise and an electrical filter. The DC source is
only used because the input of the amplifier needed to be connected, so it’s amplitude
is set to 0 V. The electrical amplifier has an amplification of 0 dB and the current noise
spectral density parameter is varied. Up to this point, the noise has a white Gaussian
spectrum.

Figure 4.13: Laser set-up: (1) DC source, (2) Electrical amplifier, (3) Electrical filter,
(4) Frequency modulator, (5) DFB laser, (6) Signal analyser.

After the filter, the noise spectrum has a 1/f dependence, as presented in figure 4.14.
In order to get this shape, a filter with a transfer function equal to 10 log(1/f) was
created. The noise spectrum is considered flat up to the inverse time window of the
simulation. Slower frequency variations can not be modelled and will not affect the
performance of coherent systems due to the frequency tracking of the receiver. [25]
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Figure 4.14: Frequency noise spectrum with 1/f dependence.

This laser design will replace the source laser in the mQAM transmitter and the
local oscillator in the mQAM receiver, both provided by VPIphotonics. The modified
transmitter set-up and the modified receiver set-up are shown in figures 4.15 and 4.16.
The modules can be found in VPIphotonics’s ModuleReference > PhotonicModules.

Figure 4.15: mQAM transmitter.
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Figure 4.16: mQAM receiver.

The laser model was evaluated by using an already implemented VPIphotonics
demo named “112 Gb PolMux QPSK System with Coherent Detection & DSP with
1/f Frequency Noise”, shown in figure 4.17.
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Figure 4.17: Set-up used for the evaluation of the laser model. The HFlinewidth
represents the white noise level in the transmitter laser, ∆υ = πSυ(f = 0 GHz), the
LFlinewidth1GHz signifies the 1/f noise level at a frequency of 1 GHz in the transmitter
laser, ∆υ = πSυ(f = 1 GHz), the HFlinewidth LO represents the white noise level
in the local oscillator and the LFlinewidth1GHz LO signifies the 1/f noise level at a
frequency of 1 GHz in the local oscillator.

4.2.1 Evaluation of the model

The constellations for BPSK, DBPSK, QPSK and DQPSK modulations, at a level of
15 MHz for the 1/f noise at 1 GHz in the transmitter laser and in the local oscillator,
with OSNR equal to 100 dB and for a fibre length of 100 m, are shown in figures 4.18
and 4.19.

Figure 4.18: Constellation diagrams for BPSK and DBPSK modulations, OSNR =
100 dB, LFlinewidth1GHz = 15 MHz, LFlinewidth1GHz LO = 15 MHz.
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Figure 4.19: Constellation diagrams for QPSK and DQPSK modulations, OSNR =
100 dB, LFlinewidth1GHz = 15 MHz, LFlinewidth1GHz LO = 15 MHz.

The OSNR was set to a high value, in order to minimize the impact of the white
noise and to give a better representation of the influence of frequency noise. At a
high level of white noise, the symbols are uniformly spread in the vicinity of the ideal
states. Frequency noise changes the phase of the symbol, making it spread in a circular
manner, as well as possibly rotating its position at higher modulation formats, while
the amplitude (distance from origin) remains relatively constant. Frequency noise has
a larger influence on the differential modulations DBPSK and DQPSK, as the symbols
in the constellation diagrams have a greater tendency to form a circle.

The parameters for evaluating the laser model are presented in figure 4.20.

Figure 4.20: Parameters used for evaluating the VPIphotonics laser model.

In order to compare the impact of white frequency noise, Swhite from equation 2.23
and 1/f frequency noise, S 1

f
in equation 2.23, on the laser performance, symbol er-

ror rate (SER) values were plotted against different noise levels, as shown in fig-
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ures 4.21, 4.22, 4.23 and 4.24. The OSNR was set to 20 dB in order to simulate a more
realistic model.

Figure 4.21: SER plot for white noise in the transmitter laser, OSNR = 20 dB.
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Figure 4.22: SER plot for 1/f noise in the transmitter laser, OSNR = 20 dB.

When the 1/f noise at 1 GHz has the same magnitude as the white noise, their impact
on the system performance is similar, because the influence of 1/f noise at 1 GHz should
be almost negligible, when proper DSP routines for phase estimation are implemented
[25].

Figure 4.23: SER plot for white noise in the local oscillator, OSNR = 20 dB.
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Figure 4.24: SER plot for 1/f noise in the local oscillator, OSNR = 20 dB.

By comparing the local oscillator and the transmitter laser SER plots, the sys-
tem performance is observed to be much more sensitive to local oscillator frequency
noise than transmitter frequency noise, because of electronic dispersion compensation
and because the transmitter is modulated [25]. Also, the differential modulations are
confirmed to be more susceptible to errors.

When moving to higher modulation formats, such as 8PSK, non-differential mod-
ulations are still better than the differential ones and the local oscillator noise still has
more influence on the system performance, than the noise in the transmitter laser. The
downside of using more bits per symbol is that the system performance is worse for
all levels of noise. The impact of frequency noise on the 8PSK modulation format is
considerably greater than on all the other formats discussed, as shown in the following
figures.
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Figure 4.25: Constellation diagram for 8PSK modulation, OSNR = 20 dB.

Figure 4.26: SER plot for white noise in the transmitter laser, OSNR = 20 dB.
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Figure 4.27: SER plot for 1/f noise in the transmitter laser, OSNR = 20 dB.

Figure 4.28: SER plot for white noise in the local oscillator, OSNR = 20 dB.
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Figure 4.29: SER plot for 1/f noise in the local oscillator, OSNR = 20 dB.

In conclusion, the evaluation of the model showed that when the 1/f noise at 1 GHz
has the same magnitude as the white noise, their impact on the system performance is
similar, and that the system performance is more sensitive to local oscillator frequency
noise than transmitter frequency noise.
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Chapter 5

Summary and conclusions

The purpose of this project was to measure the frequency noise of a widely tunable
semiconductor laser, determine its main causes and investigate the requirements for
laser frequency noise for the mQAM modulation format by means of simulations.

The second chapter provided the theoretical background necessary for understand-
ing the work undertaken in this project. The relation between the output of a single-
mode laser and the phase and frequency noise of the same laser was analysed. The
frequency noise spectrum and the detuned loading effect were derived by using the
rate equations. The main causes of frequency noise were presented: fluctuations of
spontaneous emission, fluctuations of carrier density, fluctuations of temperature and
1/f fluctuations. The linewidth spectrum was derived from white frequency noise and
from 1/f frequency noise. The functionality of the laser as well the feedback loop used
to perform the experimental part were investigated.

The third chapter dealt with the measurements performed at Finisar Sweden AB.
Firstly, the set-ups for measuring the frequency noise and the linewidth of the MG-Y
laser were described.

The calibration constant of the spectrum analyser, that converts voltage units to
noise units [dB], was determined with the help of a MATLAB program. It compared
the calculated linewidth from a frequency noise measurement to a measured linewidth
of the same set-up and yielded a calibration factor that was added to the measured
noise.

The first experiment was performed in order to understand the effect of a negative
feedback loop on the noise and linewidth spectra. The feedback loop decreased the low
frequency noise and the FWHM linewidth. However, the noise at higher frequencies,
affecting the wings of the lineshape, increased somewhat. After that, the optimal
amount of feedback for improving the linewidth and the system performance was
determined, by adjusting the gain in the feedback loop.

While building a new photonic circuit board for the latter measurements, a delay in
the electronics was discovered. After further investigations, it was found that the ref-
erence photodetector inside the laser package was the cause of the delay and crosstalk
after 90 MHz. Measurements on the other side of the etalon slope were performed,
in order to see if some of the noise components will cancel each other out, but the
linewidth did not improve.

For a better understanding of the noise spectrum, measurements were performed
with opened and shorted tuning sections of the laser. The shorted tuning sections
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measurement had an almost flat noise spectrum which caused a Lorentzian shaped
linewidth. On the other hand, the noise spectrum of the opened tuning sections
measurement had 1/f noise and thus made the linewidth deviate from the theoretical
Lorentzian shape.

The finesse of the Fabry-Perot etalon also influences the linewidth spectrum. Pack-
ages with higher finesse were tested and an improvement in the linewidth spectrum
was observed compared to the standard etalon.

The laser was built in two different versions with different waveguides: ridge and
buried heterostructure. Measurements of both noise and linewidth spectra were per-
formed. The ridge waveguide had a better behaviour but it was far from the needed
performance.

The fourth chapter consisted of simulations performed in LaserMatrix and VPIpho-
tonics.

The influence of the detuned loading effect on the frequency noise was studied using
a laser model implemented in LaserMatrix. It was observed that the frequency noise
is highly dependent on the detuning. The intrinsic noise, that decreases on the long
wavelength flank, as well as the noise caused by excess current noise, that increases on
the long wavelength flank, are affected by the detuning.

A model for analysing 1/f frequency noise in a mQAM system was evaluated using
VPIphotonics. The effects of white and frequency noise on linewidth, constellation
diagrams and symbol error rates were studied, for BPSK, DBPSK, QPSK, DQPSK,
8PSK and D8PSK modulation formats. Correspondences between frequency noise
levels and SER values were outlined. Analysis of the SER plots showed that, when
the 1/f noise at 1 GHz has the same magnitude as the white noise, their impact on
the system performance is similar and that the system performance is more sensitive
to local oscillator frequency noise than transmitter frequency noise.

5.1 Future work

There are two different paths to follow in further investigations. One would be to
try and reduce the noise on the already existing chip with the method proposed by
R. Hakimi and M-C. Amann in [15]. The other would be to build a thermally tuned
laser.

In [15], it is demonstrated that surface recombination is the main cause of 1/f car-
rier noise and it can be greatly reduced if the facets are passivated. The 1/f noise is
not completely eliminated but it is substantially reduced by 30 dB after facet passi-
vation with sodium sulphide. The remaining 1/f noise can have several causes such
as remaining surface states, recombination via deep levels in the bulk of the InGaAsP
region and interface recombination at the InGaAsP-InP interfaces.

A thermally tuned laser is an attractive alternative because the fluctuations in the
injection current have a great influence on the linewidth and lineshape of a semicon-
ductor laser. When increasing the current fluctuations, the linewidth increases linearly
when the current fluctuations are large, but it increases with a quadratic dependence
when the current fluctuations are very small [4]. In [1], the authors conclude that cur-
rent fluctuations are responsible for a power independent contribution to the linewidth,
as a consequence of spectral hole burning. So, the alternative of thermal tuning would

62



yield great results in decreasing the linewidth.
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