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ABSTRACT

The primary goal of this research activity is to understand the range of applicability of
different types of lasers to a variety of Electronic Warfare (EW) applications. This work helps
by providing a detailed understanding of mode-partition noise (MPN) in multi-mode Fabry-
Perot (FP) semiconductor lasers. Mode partitioning in semiconductor lasers describes how
the intensities of all longitudinal optical modes fluctuate as they compete with each other for a
common injected-carrier population.

The results presented in this report include both numerical simulations and experimental
measurements. The numerical simulations are based on a noise-driven 21-mode rate-equation
laser model, which enables multiple mode partition to be modelled. The formulation of the
laser model allows for variation of laser parameters to investigate their effect on mode-
partition noise. To the author’s best knowledge, only studies with variations of trivial laser

parameters have been reported previously. The results in this report go beyond these existing
studies in the literature.

Experimental measurements are used to verify simulations where possible. The main
difficulty in this work is having laser devices with different parameters as in the simulations.
In addition, the available laser device operates in different regimes as a function of injected
current, making it difficult to extract parameters with good certainty to simulate the device.
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Mode-partition Noise in Semiconductor Lasers

Executive Summary

Mode partitioning in semiconductor lasers describes how - the intensities of all
longitudinal optical modes fluctuate. In the past, investigations into mode-partition
noise (MPN) in semiconductor lasers have been driven mainly by applications in
telecommunications. In this report, MPN in semiconductor lasers is numerically and
experimentally investigated. The investigation is focused on multi-mode Fabry-Perot
(FP) semiconductor lasers and their applicability to microwave photonic signal
processing in Electronic Warfare (EW) systems. FP laser devices are useful in
microwave photonic signal processing because of their incoherent properties in
comparison to single-mode distributed feedback (DFB) devices.

It is numerically determined that the mode partition in multi-mode semiconductor
lasers depends strongly on the dynamics of relaxation oscillation and hence self-
saturation, or gain compression, of the longitudinal optical modes. Self-saturation
dampens relaxation-oscillation producing a Gaussian modal power probability
distribution; compared to a quasi-uniform power probability distribution when no self-
saturation was simulated.

Experimentally, it was extremely difficult (if not impossible) to find various multi-
mode semiconductor lasers with different self-saturation values to compare with
simulations. Using a high-power Fabry-Perot laser module, noise power probability
distributions were measured and found to be Gaussian. This observation was
supported by the highly damped nature of the relative-intensity noise-spectrum of the
total optical output of the laser device.

The overall finding presented in this report highlights the influence of self-saturation
on mode partitioning in FP semiconductor lasers. In FP laser devices, strong self-
saturation produces MPN whose probability distributions are Gaussian, similar to
intensity noise distributions from DFB devices. This finding suggests that multi-mode
laser devices with a high level of self-saturation can be used as multi-wavelength
sources in microwave photonic signal processing for EW applications, in which
wavelength-division multiplexing techniques based on fibre Bragg gratings are
employed, without experiencing any unnecessary system performance penalty due to
MPN.
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1. Introduction

Dense wavelength-division multiplexing (DWDM) techniques are employed in
microwave photonic signal processing to increase system design flexibility. Multi-
mode Fabry-Perot semiconductor lasers are useful in microwave photonic signal
processing because of their incoherent properties in comparison to single-mode
distributed feedback (DFB) devices. When FP laser devices are used in DWDM
microwave photonic signal processors, various wavelengths would be filtered out and
delayed accordingly. It is therefore necessary to understand the intensity fluctuation of
each individual longitudinal mode because of the following effects:

1. Each filtered output may not necessarily have the correct power probability
distribution, e.g. Gaussian, which is required to represent the statistical nature of the
target cross-section in Electronic Warfare (EW) receivers.

2. The relative intensity noise (RIN) of the filtered output is enhanced at low
frequencies. This increase in RIN may coincide with microwave frequencies of
interest and hence degrade system performance.

Modal intensities in FP semiconductor lasers fluctuate as they compete with each other
for a common injected-carrier population. This phenomenon is known as mode
partitioning resulting in mode-partition noise (MPN). Naturally, MPN is greatest
when there are multiple longitudinal modes with similar modal photon population. It
has long been established that photon fluctuation caused by mode partitioning in
semiconductor lasers degrades optical system performance. There were many studies
in the 1980s to demonstrate how mode-partition noise in nearly single-mode
semiconductor lasers can affect the performance of optical communication systems.
Examples are listed as References [1}-[6].

The advent and availability of single-mode distributed-feedback (DFB) semiconductor
lasers with side-mode suppression ratios greater than 40 dB caused a drop in the
interest in studying MPN, as these single-mode laser devices have superior
transmission performance for telecommunications. Studies on mode partition have
been few and far between in the 1990s [7,8]. It can be said that the 1980s were device-
focused, while research in the 1990s tended to be more system-related. From the point
of view of device-focused understanding of mode partition in semiconductor lasers,
Liu et al. [1] have been most accomplished in providing statistical measurements while
Marcuse [9]-[12] stood out with computer simulations of photon fluctuations based on
noise-driven rate equations.

In general, single-mode DFB semiconductor lasers have Gaussian power probability
distributions. Similarly, it is understood and accepted, that the total output power of a
multi-mode Fabry-Perot (FP) semiconductor laser has a Gaussian power probability
distribution due to the Central Limit Theorem. In addition, it is accepted that each
longitudinal mode fluctuates more compared to the total output because of mode
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partitioning [13]. However, it is not well understood how mode partitioning and
modal power probability distributions behave as a function of various laser parameters
such as self- and cross-saturation.

The interest in mode partitioning in multi-mode FP semiconductor lasers within the
Electro-Optic Technology Group, Electronic Warfare & Radar Division, relates to
microwave photonic signal processing. In particular, the interest lies in the utilisation
of FP lasers as cheap and compact multi-wavelength sources in the application of
DWDM to microwave photonic signal processing [14]-[16].

In this report, computer simulation of photon fluctuations using single-mode and
multi-mode rate-equation laser models are presented to gain an understanding of how
mode partitioning and modal power probability distributions behave as a function of
various laser parameters such as self- and cross-saturation. The structure of this report
is arranged into following sections:

e Semiconductor Laser Rate-Equation Models section provides details of both single-
mode and multi-mode laser models, and device parameters, to be used in the
numerical simulations.

¢ The simulation results are then presented in Modelling Results. In particular, mode
partitioning and modal power probability distributions as a function of various
laser parameters will be presented.

e Experimental Investigation section explores a series of intensity noise measurements
from a high-power FP semiconductor laser module.

e Conclusions summarise the findings of this report.

e Recommendations detail the application of FP laser devices in microwave photonic
signal processing and future research directions.
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2. Semiconductor Laser Rate-Equation Model

The numerical modelling presented in this report is based on rate equations describing
the interaction between carrier density (N) and photon number (S) in the active region
of a semiconductor laser diode. In particular, the rate-equation laser models used are
based on the works of Ogita et al. [8] and Marcuse [9]-[12].

2.1 Deterministic Rate Equations
2.1.1 Single-Mode Model

The single-mode rate-equation model is represented as below:

ds S

ot = g(NrS)S"——"'rﬂvactBefsz @
) gNSS , o ”
dt  qVaet Vact e

Q(N,S)=ra(N‘No)_Bc(N‘Ns)S 3)

Equation 1 represents the rate of change in photon number in the active region, which
includes contributions from stimulated and spontaneous emissions minus those
emitted through the facets and lost in the waveguide of the active region. Equation 2
represents the rate of change in carrier density, which includes injected carriers minus
those being converted to photons by stimulated and spontaneous emissions. Equation
3 is the optical gain experienced by a photon propagating through the active region.

The definition for photon lifetime is:

KIS R I "
Ton Mgl " 2L RyR,

Definitions and typical values of various laser parameters are from Ogita et al. [8]:
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Table 1: Laser parameters as extracted from Ogita et al. [8].

Name Symbol | Value Unit
Optical confinement factor r 0.25

Differential gain a 1.62x 10‘12 m3 /s
Transparency carrier density N, 1.2 x 1024 m=3
Nonlinear gain transparency carrier density | Ny 1x 10%4 m=3
Spontaneous emission Jij 5x10~°

Effective recombination rate Besr 3x10~16 m3/s
Cavity length L 300x1 0'6 m
Cavity volume Vact 6.75x10~17 m°
Group index ng 3.7

Facet reflectivity Ry,Ry ]0.32

Internal loss int 1000 m1
Self-saturation factor B, 2x 10720 m3/s
Electronic charge q 1.602x10~1° C
Speed of light in vacuum c 3% 108 m/s
Injected current It) 0.015->0.030 | A

The single-mode rate-equation laser model is suitable to simulate single-mode DFB
lasers or nearly single-mode FP lasers, but it is not suitable for model multi-mode FP
laser diodes with spectral dependence and especially when mode partitioning is under
investigation.

2.1.2 Multi-Mode Model

Ogita et al. [8] demonstrated that simulation of 21 longitudinal optical modes are
sufficient to model multi-mode FP laser diodes. Hence, the multi-mode modelling
presented here will be based on the same model [8] so that results can be crosschecked:

ds S

Tf:gp(N,Sal...Sm)Sp ——p—4"I~:3\/actBeffN2 ©®)
21 N,S¢...S

aN _ I(t) -5 gp( 1 21)sp —BeffN2 6)

dt anct p=1 Vact

9p(N.S1...521)=Ap ~BySy — X (Dpq +Hpg g @

q#p
Ap = l"a(N -Ny - b(/l[p]— [lpeak (V)+ Aldgp ])2) ®)
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Bp = Bc(N - Ns) )
4 1
1
Hpgq =Hc(N-Ng)——— (11)
@p —Wq
AA
Aoonrc (N) = A —| —P23K | 12
peak( ) c [ AN (12)
1
Al1)= Apeak [No + rpraJ (13)

Equation 5 represents the rate of change in photon number of each longitudinal mode,
while Equation 6 represents the rate of change in carrier density in a common pool
being competed for by all 21 longitudinal optical modes. The optical gain shown in
Equation 7 is more complicated than for single-mode model. The multi-mode optical
gain now consists of the following:

1. Linear gain with parabolic spectral dependence near the gain peak, Equation 8. A
new parameter, Axlgp , is introduced to allow for a shift in the gain peak.

2. Self-saturation or gain compression, Equation 9.

3. Symmetric cross-saturation caused by spectral-hole burning [8]; i.e. the mode with
the largest photon population would capture the majority of the available carriers,
Equation 10. This term suppresses all the side modes making the laser single-
moded, and so its mode-partition noise is not interesting to investigate.

4. Asymmetric cross-saturation caused by modal intermodulation due to the carrier
dependence of refractive index in the active region, i.e. the linewidth enhancement
factor [8,17]. The intermodulation described here is similar to that in four-wave
mixing in semiconductor optical amplifiers. This term is generally referred to as
asymmetric nonlinear gain (ANG). Its effect is a transfer of modal power from low
to long wavelengths.

The modelled optical spectrum of the multi-mode FP laser diode is centred at mode 11
with peak wavelength at threshold carrier density, as described by Equations 12 and
13. The majority of the parameters are as defined for the single-mode model, with
additional definitions and typical values as follow [8]:
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Table 2: Additional laser parameters for multi-mode rate equations as used by Ogita et al. [8].

Name Symbol | Value Unit

Centre wavelength at zero carrier density Ae 1360 nm

Laser mode spacing Adm 0.8 nm

Gain broadening factor b 9x1020 m_3nm_2
AA

Peak-gain wavelength shift _—ABI(\B_I?& 27x10723 m3nm

Intraband relaxation time Tin 1x 1 0"13 S

Asymmetric nonlinear gain factor H. 8x107° m2 /52

The mode spacing is determined by the cavity length and refractive index. It is used to
define the wavelengths of all longitudinal optical modes, /l[p], relative to the centre of
the optical spectrum, which is defined by the threshold condition in Equation 13.

2.2 Noise-Driven Rate Equations

2.21 Single-Mode Model

Noise-driven rate equations have similar form to the deterministic models. There
would be additional random noise functions driving both the photon number and
carrier density equations. The single-mode noise-driven rate-equation model would
take the following form:

dS
7 (N S)S‘_h'*'rﬂvactBeffN +FS( ) (14)

dN _ I(t) _g(v.S)sS
dt qvact Vact

BerrN? +Fy(t) (15)

where Fg (t) and Fpy (t ) are the random noise functions driving the photon number

and carrier density equations, respectively. These noise functions are assumed to be
Gaussian [9]. Following the work by Marcuse [9], the stochastic noise functions can be
defined in the following forms in any particular time-step, At, in the numerical
integration algorithm:

ON
Fy =4 x 16
N =3 XN (16)
Fs‘“rs—FN+—— 1- erS (17)
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+
2 / .9 (N’S)S+BeffN2

on = (18)
N qVact Vact
S
o = g*(N,S)S+;-;+rﬁVaC,BeﬁN2 (19)
p
2
re =- g+ (N' S)S + 1_‘IBVaCtBeffN (20)
ONTS
g"(N,S)=Ta(N +N,)+B.(N+Ng)S (1)

Equation 18 and 19 are effectively the variances of Fy and Fg, and rg is the

correlation coefficient. Further details can be referred to in Reference 9. Both X s and

Xy are random variables with Gaussian distributions in the interval 0 S}X| <00,

These Gaussian-distributed random variables can be generated easily from a uniform
random variable, 0 <u <1.

x = +/2erf (u) (22)

The sign in Equation 22 is randomly chosen, while erf 1 is the inverse error function.
The uniform random generator function is readily available in most mathematical
software packages and computer languages.

2.2.2 Multi-Mode Model

Similar to the single-mode model, the noise-driven 21-mode laser model is:

ds S

dN 1) 21 gp(N.Sy...Sx)S), 2

aN _ -5 —BoiN? + Fy(t 24
at anct p=1 VaCt o N( ) ( )

The various random noise functions driving the carrier density and the photon number
in each longitudinal mode can be determined based on Marcuse [9]:

opN
Fn =M x - (25
N =3 XN (25)
os os
_ P po[1_,2
Fsp =rs, on Fn + Y 1 rsp Xs, (26)
21 gt(N,S4...S
O'/%/ _ 1 S gp( 1 21)Sp +BeffN2 @)
QVact  p=1 Vact
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S
02 =gp(N.Sy...S01)Sp + P+ T Vet BesrN? (28)
Sp Tph
; =_g;(N:S1-~821)Sp+FﬂvactBeffN2 (29)
% ONTS,
05 (N.S1...S51)= A5 +B;3Sp+ % (D g +[Hiq])5 (30)
q#p
Ag = ra(N +Ng + b(/l[p]—/lpeak (N))Z) (31)
Bp =B (N +Ns) (32)
. A, 1
_4p (33)
Pa—3"P 1+(a)p—a)q)211%
5 o = Ho (N -+ N ) —— (34)

2.3 Implementation Issues

All of the modelling work presented in this report was implemented in Mathematica.
The numerical integration routine is chosen to be the 4t-order Runge-Kutta method,
which was used by both Ogita ¢t al. [8] and Marcuse [9]-[12]. The routine is available in
most good applied mathematics textbooks, e.g. “Advanced Engineering Mathematics”
by Kreyzig [18].

The initial conditions for both carrier density and photon number in both single- and
multi-mode models are set as below:

N[o]=N,

S[o]=0 (#)

This is logical because, at the transparency carrier density, there is no optical gain and
thereby very few photons. If the carrier density were set to 0, then it would simply
take longer. Equation 35 is also therefore a means to reduce the time it takes to
perform each simulation.

Laser device parasitic can be modelled by using a time-constant, 7z, modifying the

DC bias current, /p¢, when turning the laser model on as follows:

/(t) =Ipc (1 - et/’RC ) (36)
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3. Modelling Results

In this section, simulation results from single- and multi-mode deterministic as well as
noise-driven laser models are presented to investigate the dependence of mode
partition on various laser parameters. The deterministic models were verified with
Ogita et al. [8].

3.1 Deterministic Single-Mode Results

Using the laser parameters listed in Table 1, the threshold current for the modelled
laser diode is 15 mA. Together with a parasitic time-constant of 1 ns, a typical plot of
the transient carrier density and photon number from the deterministic single-mode
model, Equation 1-3, was simulated with step current of 20 mA. The result is shown in
Figure 1 below. It clearly shows the coupled relaxation oscillation that occurs between
the carrier density and photon number before reaching steady state. Nonlinear gain
and, to a lesser degree, parasitic time-constant can reduce this relaxation oscillation. It
is worthwhile to note the timescale over which the steady state is reached in this case,
which can be compared to the multi-mode simulation later.

3 r 13
Ve

«7‘2 42
[ =
3 e
=) ReS
x »
9t 11

0 1 vJ» 1 1 1 1 Il 1 0

=== Carrier Density, N

0o 1. 2 3 4 5 6 7 8 9 10
— Photon Number, S

Time (ns)

Figure 1: Transient dynamics of carrier density and photon number for a deterministic single-
mode rate-equation model with bias current of 20 mA and time-step of 1 ps.
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3.2 Noise-Driven Single-Mode Results

The same parameters listed in Table 1 were used in the simulation using the noise-
driven single-mode rate-equation model, Equations 14-21. The noise-driven turn-on
response of the laser model is plotted in Figure 2.

3 13
VAv‘

—_2 12
t?
£ N
t [~}
N° ‘;
L "
X »
z 1+ 41

0 ! L J 1 1 I 1 1 1 L 0 C . D . N

0 1 2 3 4 5 6 7 8 9 10 arrier Density,
—— Photon Number, S
Time (ns)

Figure 2: Turn-on dynamics of carrier density and photon number for a noise-driven single-
mode rate-equation model with bias current of 20 mA and time-step of 1 ps.

The carrier density responses in Figures 1-2 are similar. The carrier density fluctuation
in Figure 2, due to the random driving function in Equation 16, is not significant
because of a large steady-state value. The photon number in Figure 2 fluctuates about
its average value after the transient relaxation oscillation (between 3 to 6 ns) has
ceased. While the fluctuation after the transient relaxation oscillation is random, as
modelled by Equations 14-21, the dynamics of relaxation oscillation still govern the
behaviour of the fluctuation after 6 ns, as shown in Figure 2. Each random event
produces changes in the photon population, but the photon population persists to
settle back to its steady state through relaxation oscillation. This is the same principle
used by Henry [17] to determine the linewidth enhancement factor.

A plot of the time series as presented in Figure 2 gives very little information
concerning its random nature. A more appropriate method is to plot the fluctuation as
a probability distribution, i.e. collecting photon-number samples in bins and then
dividing the resultant bins by the total number of samples. Three hundred (300) such
probability bins were used in the analysis to calculate the probability distribution of the
time series. Figures 3-5 illustrate photon number probability distribution as simulated
from the noise-driven single-mode laser models.
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LOG;,[Probability]
&

_4 L

-5 - .

6 S ' «1=155mA
0 1 2 «|=20mA

SIS,y s | =30 mA

Figure 3: Photon number probability distribution from a noise-driven single-mode model at
various bias currents. The data was extracted from simulation using a 1-ps time-step and over
a period of 1 us. The first 10 ns were removed to eliminate the turn-on transient.

O _
4k A
E K .:‘,
© 2 L ‘o .
£~ £ 004
2 ‘.: . 1:‘.
& 4| gt
- o .
N - %
5 | . .
6 : ' . 1=15.5 mA
0 1 2 «1=20mA
(S-S, +75000)/75000 «1=30mA

Figure 4: Photon number probability distribution as in Figure 3. The results represent the
photon fluctuations with respect to one another. This is achieved by subtracting the average
from each photon number series and then normalised to a common average value, i.e. 75,000.
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Figure 5: Photon number probability distribution from a noise-driven single-mode rate-
equation model with bias current of 20 mA. The data was extracted from simulation using a 1-
ps time-step and over a period of 1 us after the first 10 ns were removed to eliminate the turn-on

transient. The magnitudes of self-saturation listed are actually x 1020 m¥s. In all three cases,
the average photon numbers are the same.

Figure 3 shows a plot of the photon number probability distributions for three bias
currents of 15.5 mA, 20 mA and 30 mA. (Note that the threshold current for the laser
model is 15 mA.) Just above threshold, it can be seen that the probability distribution
deviates from a Gaussian distribution. This can be attributed to the correlation
between the carrier density and photon number, as modelled in Equation 20. Marcuse
[10] observed a similar result. As the bias current was increased, the probability
distribution became more narrow and Gaussian. The narrowing of the probability
distribution in Figure 3 is illusionary. As the bias current was increased, the average
output photon number also increased. The number of bins used to determine the
probability was fixed at 300, which cover a range of photon number from zero to three
times the average value. As the average photon number increased with bias current,
the normalisation causes the narrowing of the probability distributions.

To take the analysis a step further with the same data presented in Figure 3, the photon
number fluctuations with respect to one another was investigated by taking each time
series and subtracting its own average value from it. The resultant time series of the
fluctuations are then re-normalised to a new common average value, as illustrated in
Figure 4. The increase in fluctuations was marginal when the laser was well above
threshold, i.e. 20 mA and 30 mA, as shown in Figure 4.
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As explained earlier, the dynamics of relaxation oscillation still influence the noise-
driven photon number after the transient relaxation oscillation has ceased. Figure 5
shows the photon number probability distribution for three levels of self-saturation at
20 mA. Since the threshold condition for the laser model stays the same for different
self-saturation levels, the average photon numbers in all three cases are the same.
Figure 5 shows narrowing of the probability distribution for increasing self-saturation
level. This is because self-saturation, or gain compression, dampens relaxation
oscillation in semiconductor lasers [19].

Changing the differential gain and photon lifetime can also alter the damping, but
these parameters also affect the threshold condition of the laser model. Such variation
of laser parameters results in different average photon number and thereby changes
the width of the probability distribution, as illustrated in Figure 3.

3.3 Deterministic Multi-Mode Results

Deterministic simulations were carried out using Equations 5-9 and 11-13, using
parameters listed in Tables 1-2. Equation 10 was not modelled because the single-
moded output had already been investigated in section 3.1. The bias current was set to
20 mA, including the parasitic effect. The gain peak was shifted to achieve dual
dominant modes to investigate mode partitioning:

Casel:  Both self-saturation and asymmetric nonlinear gain were not modelled.
CaseIl:  Self-saturation modelled but not asymmetric nonlinear gain.

Case Il Asymmetric nonlinear gain (ANG) modelled but not self-saturation.
CaseIV: Both self-saturation and asymmetric nonlinear gain modelled.

The main reason for simulating dual dominant modes, as shown in Figures 6-9, was to
investigate MPN at its strongest level, with the potential to give rise to a uniform
distribution between zero and the average total photon number. This is supported by
the studies of Marcuse [10]. Single-modedness would only suppress mode partition
and give rise to a Gaussian or quasi-Gaussian probability distribution. The optical
spectra shown in Figures 6-7 are symmetric, while spectra in Figures 8-9 are
asymmetric. Self-saturation is a symmetric property and therefore does not affect the
symmetric spectral dependence. The asymmetricity in Figure 8-9 is caused by the
intermodulation of the Fabry-Perot modes due to the carrier dependence of refractive
index, which is often referred to as ANG.

The transients of the total photon numbers in all four cases are the same and very
similar to the transient from the single-mode model in Figure 1. Significant difference
arises between single- and multi-mode models when the transients of the total photon
numbers are resolved into various modal components, as shown in Figures 6-9. These
modal transients can take up to five times longer than the total output to reach steady
state as illustrated in Figure 8. Such transfer of modal power is due to the effect of the
ANG when simulated on its own.

13
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Mode Number

Simulated Modal Intensity (10 dB/div)

(a) Simulated optical spectrum at steady state.

—-— Total Output
——Mode 9
Mode 10
-——Mode 11
——Mode 12
——Mode 13
--—Mode 14

S (x10°%)

L
0 0.02
Time (pus)

(b) Transient responses of the total output and modes 9-14.

Figure 6: Case I - Multi-mode simulation results biased at 20 mA. The following parameters
were used B; =0, H; =0 and Adg,=+0.418 nm.

14
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
Mode Number

T

Simulated Modal Intensity (10 dB/div)

(a) Simulated optical spectrum at steady state.

—— Total Output
——Mode 9
Mode 10
-———Mode 11
——Mode 12
——Mode 13
——Mode 14

S (x10°)

e

0 0.02
Time (us)

(b) Transient responses of the total output and modes 9-14.

Figure 7: Case II - Multi-mode simulation results biased at 20 mA. The following parameters
were used B, =2x10-20 m3s1, H, =0 and Adg,=+0.418 nm.
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(b) Transient responses of the total output and modes 9-14.

Figure 8: Case III - Multi-mode simulation results biased at 20 mA. The following parameters
were used B;=0, H,=8x10" m3s2 and Algp=-0.465 nm.
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(b) Transient responses of the total output and modes 9-14.

Figure 9: Case IV - Multi-mode simulation results biased at 20 mA. The following parameters
were used B =2x1020 m3s1, H, =8x10-9 m3s2 and AAg, =-0.150 nm.
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3.4 Noise-Driven Multi-Mode Results

Ogita et al. [8] took measurements of mode-resolved power transients over a period of
up to 200 ns in 1310-nm laser diodes. These measurements suggest a Gaussian
probability distribution, as compared to the quasi-uniform distribution statistically
measured by Liu et al. [1] in 1310-nm laser diodes. The low-bandwidth detector used
by Ogita et al. [8] would not filter out the low-frequency MPN, which tends to have
large magnitude as suggested in the study by Loh [13]. This leads to the explanation
that MPN would depend on various laser parameters. Under the investigation to be
presented in this section, the aim is to identify which laser characteristic, such as self-
saturation and ANG, affects the photon number probability distribution. A good
starting point is the four cases presented in the last section, where two modes have
equal intensity, giving the strongest mode partition.

All multi-mode probability distribution results were simulated by using a time-step of
10 ps and over a period of 5 ps. Figure 10 depicts the simulated probability
distributions for Case I. The total output gives a Gaussian distribution, while the
modal distributions are dramatically different. The two dominant modes (11 and 12)
exhibit quasi-uniform distributions compared to exponential distributions for modes
10 and 13.

Figure 11 shows simulated results for Case II. Interestingly, all probability
distributions for the longitudinal modes shown exhibit a Gaussian shape similar to the
total output. In Case II, self-saturation was simulated, allowing for the suppression of
the dominant modes. It also meant that the relaxation oscillation dynamics would be
dampened by this self-saturation factor. Comparison with Figure 10 suggests that the
self-saturation factor has strong influence on the modal fluctuation or MPN.

Figure 12 shows results for Case III, while Figure 13 represents Case IV. These results
are similar to Figure 10 and 11, respectively. As the laser parameters listed in Table 1-2
were extracted from the laser devices used by Ogita et al. [8], the simulated probability
distributions shown in Figure 13 agree with the small fluctuations observed by Ogita et
al. [8] in the mode-resolved transient measurements.

It can be concluded that ANG has a weak influence on the mode partition noise.
However, it must be noted that the ANG strongly influences the spectral properties of
semiconductor lasers. Results shown in Figures 12 and 13 once again support the claim
earlier that MPN can be strongly influence by the self-saturation factor.

Of course, MPN would be influenced by other laser parameters such as differential
gain, cavity and mirror losses and active volume dimensions etc. However, these
parameters would also alter the threshold condition of the laser model. Marcuse [9-10]
had studied the influence on MPN due to such parameters previously, so there is no
need to repeat such simulations.
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Figure 10: Photon number probability distribution as simulated from a noise-driven multi-
mode rate-equation model with bias current of 20 mA, B.=0, H. =0 and Alg, =+0.418 nm. The
plot is normalised with the total average photon number.
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Figure 11: Photon number probability distribution as simulated from a noise-driven multi-
mode rate-equation model with bias current of 20 mA, B =2x1020 m3s1, H.=0 and A
=+0.418 nm. The plot is normalised with the total average photon number.
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Figure 12: Photon number probability distribution as simulated from a noise-driven multi-
mode rate-equation model with bias current of 20 mA, B, =0, H=8x10-° m3s2 and Adgp=-0.465
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Figure 13: Photon number probability distribution as simulated from a noise-driven multi-
mode rate-equation model with bias current of 20 mA, B, =2x10-20 m3s1, H; =8x10-° m32 and
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Algy=-0.150 nm. The plot is normalised with the total average photon number.
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Recall the result presented earlier in Figure 5, which showed the influence of self-
saturation on the probability distribution in the single-mode laser model, i.e. an
increase in self-saturation would narrow the width of the probability distribution. The
main conclusion put forward then was that the self-saturation factor dampens the
relaxation oscillation interaction between the photon and carrier populations. This
explanation is also applicable to the multi-mode results represented in Figures 11 and
13 when self-saturation was simulated. There is an added complexity in the multi-
mode model compared to the single-mode case, which is the competition for available
carriers between the longitudinal optical modes. The relaxation oscillation interaction
is therefore not just between the total photon and carrier populations, but including the
modal photon populations as well. So when self-saturation is simulated, it not only
dampens the interaction between the total photon and carrier populations, but it also
dampens the partition between the longitudinal optical modes, leading to Gaussian
modal probability distributions. This phenomenon is clearly simulated and illustrated
in Figures 10 and 11.

Case I (Figure 10) is interesting because the two dominant modes have quasi-uniform
distributions and all the side modes have exponential distributions, while the total
output distribution exhibits a Gaussian shape. This is the Central Limit Theorem at
work. It would be of further interest to investigate how the shape of the probability
distribution varies if a filter (e.g. a fibre Bragg grating) is applied to the total output.
Table 3 lists two hypothetical optical bandpass filters to be applied to the total output
in Casel.

Mode 10 Mode 11 Mode 12 Mode 13
Filter 1 0.01 0.1 0.9 0.05
Filter 2 0.01 0.5 0.9 0.05

Table 3: Hypothetical filters to investigate the noise probability distribution for Case I.

Figure 14 depicts the probability distributions when both filters in Table 3 were applied
and compared with the distribution of the total output, i.e. all-pass filter. Even in this
Case 1 where the two dominant modes have quasi-uniform probability distributions, it
takes only half of mode 11 being added to mode 12 to turn the distribution into a
Gaussian shape as shown in Figure 14.
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Figure 14: Photon number probability distribution as simulated for Case I and with filters
applied to the output. The plot is normalised with the total average photon number.

In order to obtain two lasing modes in Case I, the gain peak was shifted positively, i.e.
towards long-wavelength side, by 0.418 nm giving the quasi-uniform distributions
seen in Figure 10. Note that this is half the mode spacing of the laser model. It is also
worthwhile exploring the evolution of the probability distributions of modes 11 and 12
in Case I as the gain peak is shifted from 0.0 nm to 0.418 nm. The evolution of the
probability distributions of modes 11 and 12 in Case I are illustrated in Figures 15 and
16, respectively. As the gain peak is shifted from 0.0 nm to 0.418 in the multi-mode
model, the laser goes from having only one dominant mode to two dominant modes.
As observed, mode 11 goes from having a Gaussian probability distribution to a quasi-
uniform distribution, whereas mode 12 goes from exponential to quasi-uniform. If the
gain peak were shifted positively to twice 0.418 nm, then mode 12 would be dominant
over mode 11. Therefore, mode 12 would have a Gaussian distribution and mode 11
would be forced to become exponential. Liu et al. [1] experimentally observed modal
probability distributions similar to those illustrated in Figures 15 and 16, suggesting
that the laser device used in their experiment has very low self-saturation.

Since the modal probability distributions in Cases II and IV are Gaussian and those in
Case III are Gaussian-like, the evolution of the modal probability distributions would
be from Gaussian to Gaussian as the gain peak is shifted; unlike Case I, there would be
very little information revealed from investigating these three cases. High level of self-
saturation in multi-mode laser devices guarantees that modal probability distributions
would be Gaussian regardless of where the material gain peak is located in relation to
the FP laser cavity modes.
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Figure 15: Evolution of the probability distribution of mode 11 as simulated for Case I. The
plot is normalised with a common photon number of 75,000.
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Figure 16: Evolution of the probability distribution of mode 12 as simulated for Case I. The
plot is normalised with a common photon number of 75,000.
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3.5 Single-Mode Results with Random Injection Current

Numerical investigation of MPN in semiconductor lasers would not be complete if the
effect of injection current noise were not studied. It is expected that the current noise
would be modulated onto the output photon number in some manner. Instead of
using Equation 36, which gives a DC current at steady state, the following random
current model was implemented to investigate the effect of current noise on mode
partition:

I=Ipc(1+0x;) (37)

where o is the half-width of the overall current distribution and the random variable,
X; , is defined below for both uniform and Gaussian current distributions, respectively,
using a random variable having a uniform distribution, 0 Su <1:

Uniform  x; =2(u-0.5)

38

Gaussian  x; =++2erf(u) )
In all the following single-mode simulations, the half-width of the overall current
distribution was arbitrarily chosen to be 20% of the average value. Figure 17 shows the
results from the single-mode model when a uniform random injection current was
used. Both deterministic and noise-driven models were simulated using the same
current distribution. Also overlaid for reference is the probability distribution from
Figure 3 when a DC current was used.

Interestingly, both the deterministic and noise-driven models gave Gaussian
probability distributions for the output photon numbers. This illustrates that the
observed Gaussian probability distributions in Figures 3-5 from earlier single-mode
simulations were not due to the Gaussian noise models driving the rate equations,
Equations 14-15, but were caused by the relaxation oscillation dynamics of the single-
mode rate equations. The results in Figure 17 confirm the conclusion of the strong
relationship between relaxation oscillation and MPN. Figure 18 shows results for a
Gaussian current distribution, which again exhibit Gaussian probability distributions.
However, the widths of the distributions in Figure 18 are wider, due to the large spread
of the Gaussian tails in the injection current distribution.
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Figure 17: Photon number probability distribution from the single-mode model due to uniform
random injection current. The plot is normalised with respective average value.
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Figure 18: Photon number probability distribution from the single-mode model due to
Gaussian random injection current. The plot is normalised with respective average value.
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3.6 Multi-Mode Results with Random Injection Current

Similar to the results simulated using the single-mode laser models presented in the
last section, the multi-mode laser models were injected with a uniform current
distribution having a half-width equals to 20% of the average (DC) current. Initially,
no self-saturation and asymmetric nonlinear gain were simulated, as in Figure 10.
Other simulation parameters were set to the same values used in previous multi-mode
simulations. The resultant probability distributions from the deterministic model are
depicted in Figure 19.

In comparison to Figure 10, the modal probability distributions in Figure 19 are
Gaussian. The explanation for this observation in Figure 19 can be derived from
exploring the time-series outputs of the modal photon numbers of modes 11 and 12,
which are the dominant contributors to the total output. The fluctuations from modes
11 and 12 in this case are in-phase with each other. On the contrary, Figure 10 shows
two quasi-uniform modal probability distributions adding to give a resultant Gaussian
distribution. This is because the modal fluctuations in Figure 10 were out of phase
with each other. Itis a very important observation.

Unlike the results from the single-mode laser models shown in Figures 17 and 18,
Figure 19, together with Figure 10, illustrates that the Gaussian noise models in the
multi-mode rate equations, Equations 23-24, are critical for simulating the correct MPN
in multi-mode Fabry-Perot semiconductor lasers. Those Gaussian noise models allow
the correct competition, both magnitude and phase properties, for the common carrier
population to be simulated.

It is worth noting that the results observed here confirm that the deterministic multi-
mode rate-equation laser model is accurate enough only to predict steady-state carrier
and photon populations. It is not sufficient to simulate mode-partition dynamics in
multi-mode Fabry-Perot semiconductor lasers. The noise-driven rate-equation laser
model must be used.
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Figure 19: Photon number probability distribution from the deterministic multi-mode laser
model without self-saturation and asymmetric nonlinear gain, due to a uniform injection
current distribution. Photon number and current plot are normalised with their respective
average values.

Figure 20 shows the same simulation using the noise-driven multi-mode laser model.
The probability distribution of the total output is similar to that in Figure 19. However,
the modal distributions are markedly different than those in Figure 19. They resemble
those in Figure 10, but the quasi-uniform distributions have been stretched out into
exponential distributions, due to the random injection current. The out-of-phase modal
fluctuations between mode 11 and 12 were observed by inspecting the time-series
outputs. ‘

A similar simulation with self-saturation produced the results shown in Figure 21. The
modal distributions replicate those in Figure 11. The distribution of the total output
has been broadened due to the random injection current, but not as much as shown in
Figure 20. The damping of the relaxation oscillation dynamics, caused by self-
saturation, still influences how the modal and total power fluctuates even under noisy
injection current.
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Figure 20: Probability distribution from the noise-driven multi-mode laser model without self-
saturation and asymmetric nonlinear gain, due to a uniform injection current distribution.
Photon number and current plot are normalised with their respective average value.
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Figure 21: Probability distribution from the noise-driven multi-mode laser model with self-
saturation, due to a uniform injection current distribution. Photon number and current plot
are normalised with their respective average value.

28



DSTO-RR-0244

3.7 Summary of Modelling Results

The main conclusions derived from the simulation results are:

1. Dynamics of relaxation oscillation influence the fluctuation of photon number in
single-mode laser devices after the turn-on transient ceases.

2. Self-saturation dampens relaxation oscillation and thereby reduces fluctuation of
photon number in single-mode laser devices.

3. Self-saturation strongly influences mode partitioning in multi-mode FP laser
devices.

4. Asymmetric nonlinear gain alters distribution of longitudinal modes, but its effect
on mode partitioning in FP devices is weaker than that of self-saturation.

5. High level of self-saturation in multi-mode laser devices guarantees that modal
probability distributions would be Gaussian regardless of where the material gain
peak is located in relation to the FP laser cavity modes.

High level of self-saturation reduces direct modulation bandwidth in semiconductor
lasers. This has no direct consequence in microwave photonic signal processing when
external modulation is used.
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4. Experimental Investigation

4.1 Laser Characteristics
The experimental investigation into mode-partition noise was carried out using an

Anritsu 5A211P2 (S/N: D05317) Fabry-Perot laser module. Its light-current
characteristic is depicted below:
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Figure 22: Light-current characteristic of the Anritsu 5A211P2 (S/N: D05317) Fabry-Perot
semiconductor laser module.

The Anritsu MA9712A optical power sensor limits the maximum optical power
reading on the curve. The supplier’s test data indicates that the laser module is capable
of emitting 150 mW of fibre output power at 700 mA. Figure 22 shows a threshold
current of 26 mA. The optical spectra of the laser module for various bias currents are
shown in Figure 23. These measurement and the rest of the experimental results
presented in this section were obtained at the Photonics Research Laboratory,
University of Melbourne. The evolution of the optical spectra as a function of the bias
current suggests that the laser is a multiple quantum-well device. The asymmetricity
of the optical spectra, together with multiple peaks indicates that the device is lasing
from multiple quantised energy levels at high bias current. It is difficult to extract
parameters with good certainty to simulate this laser device because it operates at
different quantised levels as a function of bias current. This is certainly not a standard
telecommunication device in which the lasing occurs from the first quantised level.
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Figure 23: Optical spectra of the Anritsu 5A211P2 (S/N: D05317) Fabry-Perot semiconductor
laser module at various bias currents.

31




DSTO-RR-0244

32

4.2 Relative-Intensity Noise

Figure 24 shows the RIN plots of the laser module at 150 mA. The first plot is the RIN
spectrum without any optical filtering. An attenuation (HP 8156A) of 10 dB was used
to reduce the input power to the HP 70000A RIN Analyser. It shows that the RIN is
just above the thermal noise limit of the analyser, and the relaxation oscillation of the
laser at 150 mA peaks at approximately 7 GHz. This relaxation oscillation peak is
weak, indicating a high damping characteristic. The strength of this relaxation
oscillation of this laser module did not change significantly with bias current.
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Figure 24: Typical RIN spectra of the Anritsu 5A211P2 (S/N: D05317) semiconductor laser
module at 150 mA. Also shown are the thermal noise spectra (flat) as measured using the
Hewlett-Packard 70000A RIN analyser.

The output of the laser module was then passed through a JDS Fitel TB1570 bandpass
filter. The filter was tuned to the peak of the optical spectrum shown in Figure 23(d).
An attenuation of 7 dB was required in this case. The RIN spectrum is shown as the
second plot of Figure 24. As expected, it shows an increase in RIN at low frequencies
[13]. This enhancement of the low-frequency RIN is due mainly to the mode-partition
noise of the dominant longitudinal modes, which passed through the bandpass filter.

4.3 Noise Power Probability Distributions

To observe the intensity noise power probability distribution, a Tektronix CSA 803 was
used. The optical output was input into a New Focus 45 GHz detector, whose output
was then fed into a Tektronix SD-30 sampling head. A detector having large
bandwidth was used to ensure that noise fluctuations at high frequencies were also
detected and not averaged out. The histogram of the fluctuations, in logarithmic scale,
then provides the probability distribution of the intensity noise.
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Figure 25 illustrates the intensity noise power distribution of the laser output at bias
currents of 31, 50, 100 and 150 mA. A minimum of one million samples was used to
obtain the histograms. The four histograms in Figure 25 depict a Gaussian distribution.
The increase in the average voltage is due to the increase in laser output as a function
of bias current. Interestingly, all the histograms are the same. This is consistent with
the simulated result shown in Figure 4 earlier, which depicted that the magnitude of
intensity noise fluctuation remains the same above threshold.
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Figure 25: Intensity noise power distribution of the laser’s CW output at various bias currents.
The laser’s output was not spectrally modified with filters of any form.
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Figure 26 shows the intensity noise distribution of the filtered output of the laser
module at 150 mA. The filter used was a JDS Fitel TB1570 filter. The optical spectrum
shown in Figure 26(a) is also applicable to RIN spectrum shown in Figure 24(b). The
magnitude of the intensity noise fluctuation shown in Figure 26 is larger than that
depicted in Figure 25. This is consistent with the observation of low-frequency RIN
enhancement in Figure 24.
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Figure 26: Intensity noise power distribution of filtered laser output at 150 mA. The
histograms were plotted using two scales of 2mV/div and 5mV/div, respectively, for clarity.

The results depicted in Figure 26 are again Gaussian as there are still many
longitudinal modes able to pass through the relatively large passband of the filter.
However, the important impact is the larger magnitude of the fluctuation.
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More measurements were performed by passing the laser output through a NEL 4x4
arrayed-waveguide grating multiplexer (AWGM) and JDS Uniphase 1532-nm fibre
Bragg grating (FBG). There was no FBG available closer to the peak of the optical
spectrum around 1540 nm available at the time these measurements were taken. The
reflection from the FBG was extracted by using a Photonic Technology Halo optical
circulator. When the filtered output was input into the New Focus detector, the optical
power level was actually below its sensitivity and so it registered zero reading even
when the bias current was increased from 150 mA to 200 mA. A more suitable detector
comes in the form of the 22 GHz lightwave section (HP 70810B) of the RIN analyser.
This detector provides a RF output without any DC component. So the fluctuation
from this detector would always be centred at 0V, unlike that of the New Focus
detector. Figure 27 shows measurements from the output 1 of the AWGM. The optical
spectrum clearly depicts the free spectral range of the AWGM. The results from output
1 are indicative of other output ports.
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Figure 27: Intensity noise power distribution of laser output biased at 200 mA passing through
a 4x4 AWGM.

Figure 28 shows measurements from the FBG. The distribution of the intensity noise
shown in Figure 27 is not perfectly Gaussian, but it is still symmetric. However, the
distribution shown in Figure 28 is clearly asymmetric and cannot be concluded as a
perfect Gaussian shape. Be aware of the different mV/div scales used in Figures 27
and 28. The asymmetry observed, which is more obvious in the logarithmic plot
compared to the linear version, is likely to be the uncorrelation of all the longitudinal
modes [9] and its clarity was mainly due to a smaller mV/div scale used.
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Figure 28: Intensity noise power distribution of laser output at 200 mA reflected from a fibre
Bragg grating as extracted from an optical circulator. The histograms were plotted for both
logarithmic and linear scales, respectively.

If a FBG was centred near the peak of the spectrum around 1540 nm, it is believed that
the noise power distribution would still be Gaussian-like, as indicated by the results
when a bandpass filter (Figure 26) and AWGM (Figure 27) were used. The main
reason is that multiple modes would still be reflected from the FBG.

In order to be conclusive with the noise distribution measurements of each mode
presented in this section, a narrow monochromator is required to filter out each
longitudinal mode without the presence of other modes on both sides.

Nevertheless, it can be seen from the measurements presented in this section, together
with the simulation results, that multi-mode FP laser devices do have applications in
DWDM microwave photonic signal processing. However, there are many issues that
must be considered:

1. Self-saturation level present in the laser device.

2. Utilising FP modes around the peak of the optical spectrum only to have the highest
likelihood of gaining symmetric intensity noise distribution, unlike that shown in
Figure 28.

3. Using optical filters, such as FBG, to pick out at least a couple of modes, per channel,
together they would provide an intensity noise distribution that is Gaussian.

4. Issues 2 & 3 would place a limit on the number of DWDM channels available from
FP laser devices as multi-wavelength sources.
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5. Conclusions

The conclusions derived from the simulation results of multi-mode FP semiconductor
lasers are:

1. Self-saturation strongly influences mode partitioning in multi-mode FP laser
devices.

2. Asymmetric nonlinear gain alters distribution of longitudinal modes, but its effect
on mode partitioning in FP devices is weaker than that of self-saturation.

3. High level of self-saturation in multi-mode laser devices guarantees that modal
probability distributions would be Gaussian regardless of where the material gain
peak is located in relation to the FP laser cavity modes.

These simulation results were also able to illustrate both reported observations by
Ogita et al. [8] and Liu et al. [1]. The linkage between the simulations and the reported
observations is believed to be the self-saturation or gain compression factor due to non-
linearities in semiconductor lasers. The simulations presented here were based on rate
equations and laser parameters from Ogita et al. [8]. When self-saturation was
simulated, it produced Gaussian modal probability distributions as expected from the
mode-resolved power transients reported in Ogita et al. [8]. However, simulations
without self-saturation produced modal fluctuation from zero to the average total
power, which has been classed as quasi-uniform distributions. This supports the
observations by Liu ef al. [1], indicating that the lasers used in that work had very low
self-saturation.

The influence of self-saturation on mode-partition noise is the major finding presented
in this report. This finding is independently supported by a newly published research
paper concluding that mode competition in semiconductor lasers is caused by
nonlinear gain saturation effects [20].

Experimentally, power fluctuation measurements were carried out using a high-power
1550-nm Fabry-Perot semiconductor laser. Experimental evidence indicates that the
modal probability distribution is Gaussian. The laser device available operates in
different regimes as a function of injected current, which makes it difficult to extract
parameters with good certainty to simulate the device. In order to be conclusive with
the noise distribution measurements of each mode, a narrow monochromator would be
required to filter out each longitudinal mode without the presence of other modes on
both sides.

Based on simulation results presented in this report, together with basic measurements
from a high-power Fabry-Perot laser device, it can be concluded that multi-mode
Fabry-Perot having high self-saturation would produce Gaussian modal fluctuations or
MPN. Such device may be a candidate as multi-wavelength source in microwave
photonic signal processing for ES applications, in which a wavelength-division
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multiplexing technique is employed. However, the number of DWDM channels
available from these FP laser devices would be limited depending on their optical
spectra.

6. Recommendations

Multi-mode FP laser devices can be utilised in DWDM microwave photonic signal
processing. However, the following issues must be considered.

1. It would only be suitable for applications where the number of DWDM channels
required is low.

2. Only select FP laser devices that have high level of self-saturation.

3. Only utilise FP modes around the peak of the optical spectrum.

4. Use optical filters, such as FBG, to pick out at least a couple of modes per channel.

Recommended future directions to complement the research presented in this report
are:

1. Investigating techniques to destroy coherence in DFB laser devices because they
would allow a high number of DWDM channels to be used in microwave photonic
signal processor.

2. Investigating erbium-doped fibre (EDF) ring laser configuration as an incoherent
multi-wavelength source suitable for DWDM microwave photonic signal
processing.

Understanding these two laser technologies, as well as FP laser devices, would provide
engineers with alternative design solutions in the development of photonic EW
systems.
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