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Introduction

SOA technology shows great promise for use as basic
amplifiers and as functional devices/subsystems in
optical communication networks.

Functional applications

Intensity & phase modulators
Wavelength converter

o .
System applications Optical switch

Booster amplifier Logic gate
In-line amplifier = SOA > Add/drop multiplexer
Preamplifier Tuneable filter

Pulse generator

Clock recovery
Dispersion compensator
Detector
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Analytical or numerical models are required to aid
device design and predict operational characteristics.

SOAs can be used to amplify signals at different
wavelengths — need a wideband SOA model.

SOA models require accurate values for parameters
such as material loss and recombination coefficients —
need parameter extraction using model predictions and
experimental results.
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Bulk InGaAsP/InP SOA

metallisation
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C. Deguet et al.,, “Homogeneous buried ridge stripe semiconductor optical amplifier with near
polarization independence,” in Proc. Eur. Conf. Optical Communications, 1999. — Corning.
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SOA steady-state numerical model

The model is based on a set of coupled differential
equations that describe the interaction between the internal
variables of the amplifier:

carrier density n
signal and ASE photon rates.

Use a wideband model for the material gain g, =g, — g,

c’ 2m m 2 E
LN { J V==L l=£,0)

(me +my,

3/2
, c’ 2m,m,, _& B
gm - 4\/77[3/2 7 |: (me+mhh):| v h ﬁ;(v)[l ]i'(v)]

NUsop-04 M.J. Connelly, “Wideband Semiconductor Optical Amplifier Steady-State Numerical
Model” [EEE J. Quantum Electron.,2001.



Additive spontaneous
/ emission spectrum
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Typical InGaAsP bulk semiconductor g, and g,
spectra
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Travelling-wave equations

dE* |
= — i(_ ]lB + % [Fgm (Vsig 2 n) o as ]jEsi;g Slgnal

dz

ASE is described in terms of photon rates.

N;* and N; are defined as the travelling-wave ASE photon
rates (TE or TM) in a frequency spacing Av,, about
frequency v;, corresponding to a cavity resonance.

dN;

dz] —+[Tg, (v..n)—a, [N £ R _(v,.n)
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R (v,n) represents the spontaneous noise coupled into
N;*or N;~ per unit length.

RSp(Vjan) = ng,n (Vjan)AVM

Av,, is an integer multiple of the longitudinal mode spacing.
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The amplifier is split into a number of sections. The
signal fields and spontaneous emission photon rates
are estimated at the section interfaces. The carrier
density is estimated at the centre of each section.

I i+]
N7 (i), Es; (i) . NG +1),Es (i +1)
1T e
N (i), Es, (i) N (i+1), Es (i+1)
>
z = iAz z=(@(+1)Az 2

I-th longitudinal section
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Carrier density rate equation

The carrier density n obeys the rate equation

dn(z) _ 1 T
dt eV R(n) A{g’"(

Vﬂ.g,@[ EL(2) + E;-g<z>\2}

+2) 2,2V (2)+ N <Z>]}
=0(2)

Carrier recombination R(n)= A4, ,n+ By’
Loss coefficient o, =K,

Radiative carrier recombination lifetime 7 = B n
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Numerical
Algorithm

The algorithm updates
the carrier density in
the amplifier so Q(i)
—0

Initial W(i) = 0.1
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Define initial conditions

Y

Begin iteration

Y

Calculate coefficients
of the traveling-wave

equations

Y

Estimate signal
field and noise photon|
rates using finite

difference technique

Y

Normalize noise
photon rates

>

————— o

Fori=1toN,

Y

Evaluate Q(i)

(i)=P )2

o

Yes @ No

:| Update carrier density

Update carrier density

(1), = 1),/ (1 W(D))

| 1(0),0,= 1)1+ W(0)

>

Tolerance
not reached

Estimate output
spontaneous noise
power spectral
density

Tolerance
reached
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Parameter Extraction

The values of the recombination coefficients and
material loss can vary from device to device.

It is not possible to measure these coefficients directly.

Use the above numerical model, measurements of
signal gain and spontaneous emission spectrum and a
variant of the Levenberg-Marquardt method to obtain
confident estimates of the SOA parameters.
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Levenberg-Marquardt Method
The SOA model is non-linear.

Need to define a y? merit function and determine best-fit
parameters by its mimimisation.

The minimisation must proceed iteratively from an initial
guess of the model parameters.

The procedure is then repeated until 2 stops decreasing.

Then determine error estimates of the fitted parameters.
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The Levenberg-Marquardt method varies smoothly between
the extremes of the inverse-Hessian method and the steepest
descent method.

The latter is used far from the minimum, switching
continuously to the former as the minimum is approached.
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The SOA parameters we wish to extract can be written
as a 3-element vectora=(K, 4, B,)

In the parameter extraction algorithm, the following
terms are used:

| - 2_L ) 1 J= )2
Merit function 7~ =— Z(Gexpt,i—Gi) t Z(Pexpt,j—Pj

1. Mean square difference between experimental and predicted SOA
gain vs. bias current characteristic.

2. Mean square difference between experimental and predicted SOA
ASE spectrum at a particular operating condition.
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X, a 3x3 square matrix with elements

kg —

1 &9G, G, 1 ian op,

o + . .
N, ' da, da, (]1 _Jo) da, da,

J=Jo

3-element vector y with elements

RS oG, 1 oP
=— G, i -G )= P ,—P)—L
yk Nb ZZZI:( expt,1 1)aak + (]1 _]0)]2];)( expt, J ])aak
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Parameter
extraction
algorithm

v is initialised to 0.01

Good convergence
to a unique set of
parameters for a
wide range of initial
guesses of a
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Initialise a and
v factor

'

Initial merit factor
calculation (y,., )

v

Repeat |«

Calculate the merit

v

factor (y,.,) for
a—>a+da

No

Ynew = loyold —

Yes

YHEW = 'Yold/lo
v

v

X.old = X.m:w

v

Calculate matrix X and
vector y by repeated calls
to the SOA model

L
Multiply diagonal
elements of X by
factor (1 + )

Solve system of equations
Xoa =y using LU
decomposition

Change a to
a+oa

Yes

Calculate covariance matrix to
estimate confidence limits
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Power (dBm)

Experimental Results
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The extracted SOA parameters (with AG = 1 dB) are K, = 5300 m",

A
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Confidence Limits

Calculate covariance matrix (X-! with y = 0) to obtain
standard errors in the fitted parameters.

1.5
Standard error = 14%
Normalised mean KO Anrad B0
1.0 f Foe § e e

and standard deviation

05t
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Photon rate (s )

Internal SOA Distributions
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Photon rate (s )

Typical carrier density, ASE and signal photon rates spatial
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Internal SOA Distributions
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Conclusion

We have developed a numerical model, to enable
accurate prediction of SOA steady-state characteristics.

The parameter extraction algorithm can be used to
determine material parameters and their confidence
limits.

The models have been incorporated into SOA
simulation software AmpSoft developed at the
University of Limerick.

Thank you.
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