Estimation of multiple-quantum well laser
parameters for simulation of dispersion supported
transmission systems at 20 Gbit/s
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Abstract: In this. paper, a set of multiple-quantum well (MQW) laser parameters is proposed for
simulation of optical transmission systems at 20'Gbit/s. The parameters have been estimated by
joint fitting of a small signal intensity modulation (IM) response model to five measured IM
response curves of a strained layer MQW laser, using the Levenberg—Marquardt method. Good
agreement between theoretical and experimental curves was obtained. Using these laser param-
eters, we have assessed the performance of dispersion supported transmission systems at 20 Gbit/s
incorporating an erbium doped fibre amplifier (EDFA) or a semiconductor optical amplifier (SOA)
as a booster amplifier. It is shown that the use of a SOA, with an unsaturated gain of 20dB,
improves the system performance for link lengths ranging from 8 to 20km of standard single-
mode fibre (SMF) due to partial chirp compensation in the SOA, and degrades the system
performance between 1.2 and 2.5 dB for link lengths ranging from 30 to 50 km. The increase of
the unsaturated gain of the SOA from 20 to 25 dB is only advantageous for link lengths ranging
from 8 to about 12.5 km where a small performance improvement, less than or equal to 0.8 dB, is
observed. The influence on the system performance of an increase of the laser line width

enhancement factor from 2 to 3 is also investigated.

1 Introduction

Several sets of laser parameters have been published for
simulation of optical transmission systems at 10 Gbit/s [1,
2]. Two new methods for extraction of laser parameters
have also been reported. In [2], a technique is described for
extraction of laser rate equation parameters using measure-
ments of the threshold current and of the output power,
resonance frequency and damping factor, at a bias current
well above the threshold current. Another new technique is
described in [3] for extraction of laser parameters from
intermodulation measurements of composite second-order
and composite third-order distortion products.

However, with the increase of the bit rate up to 40 Gbit/s

in optical transport networks, semiconductor lasers with

3 dB bandwidths of about 20 GHz are required if the. four-
level dispersion supported transmission (DST) method is
used [4, 5]. As far as we know, a set of multiple-quantum
well (MQW) laser parameters for simulation of optical
transmission systems at 20 Gbit/s has not been published
up to now. Due to the lack of a consistent set of laser
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parameters for simulation of optical transmission systems
at 20Gbit/s, a set of MQW laser parameters is here
presented for this purpose. Using this set of laser param-
eters, we have assessed the performance of 20 Gbit/s
dispersion supported transmission systems incorporating
an erbium doped fibre amplifier (EDFA) or a semiconduc-
tor optical amplifier (SOA) as a booster amplifier. In [6] it
was shown that the chirp reduction in a SOA improves, for
long link lengths, the performance of optical transmission
systems using directly modulated lasers at 4.8 Gbit/s. Here,
the use of a SOA is also considered in order to investigate
the influence of partial chirp compensation on the perfor-
mance of DST systems operated at 20 Gbit/s. The use of
SOAs may also become attractive: due to their low cost,
easy fabrication process, yield, reliability and compatibility
with standard low cost packaging techniques [7].

2 Estimation of MQW laser parameters

The set of MQW laser parameters has been estimated by
joint fitting of an intensity modulation (IM) response
model to five measured IM response curves of a strained
layer MQW laser consisting of an active layer with eight
strained quantum wells of 7 nm thickness and 1% compres-
sive strain, separated by barriers of 8 nm thickness, 0.9%
tensile strain and bandgap 1.35um. The active layer
thickness is 0.056 um, the active layer width is 1.3 um,
the cavity length is 150 um, and the confinement factor is
0.114. All details about this laser, which we had access to,
have been made available by Working Group 1 of COST
240 in the WWW (world wide web) at the URL given in
[8]. More information about COST 240 (techniques for
modelling and measuring advanced photonic telecommu-
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nications components) can be found in [9, 10]. The IM
response model of MQW lasers was obtained by applying
the small signal analysis to the rate equations of MQW
lasers given in [11, 12]. Although we have obtained very
good fittings for individual curves, the simultaneous fitting
of the five curves was very poor. We have then included
thermal effects on the IM response model, since some
lasers exhibit a strong nonlinear dependence on tempera-
ture. A description of the used thermal model follows.

It is well known that long wavelength InGaAsP semi-
conductor lasers exhibit a strong temperature dependence
of the threshold current [13-23]. Several mechanisms have
been proposed to explain the observed high temperature
sensitivity of the threshold current, such as direct and
phonon-assisted Auger recombination processes [15-19],
intervalence band absorption [20, 21], a strong temperature
dependence of the differential gain [22], and the net optical
gain [23]. Other researchers have also suggested that the
exponential dependence of the threshold current on
temperature, proposed by Pankov in 1968 [24] and
widely accepted, is inappropriate [23, 25]. While there is
no consensus on temperature dependence, it is generally
agreed that Auger recombination is the dominant cause of
the dependence of threshold current with temperature [13,
15-19]. Here, we also assume that Auger recombination
causes the strong temperature sensitivity of the threshold
current and, as a consequence, we consider that, in steady
state, the laser mean temperature is propottional to the
nonradiative dissipated power. In [26], a thermal model for
semiconductor lasers is proposed by Birne and Keating.
The temperature dependent parameters considered in their
model are the optical gain and the carrier density at
transparency. Here, we have considered the carrier lifetime
as the temperature dependent parameter instead of the
optical gain and the carrier density at transparency, since
the threshold carrier density does not increase as rapidly
with increasing temperature as does the threshold current
[13]. In the model of Byrne and Keating, the laser
temperature is dependent on the input current and voltage.
Since the laser input power is much larger than the radiated
optical power, and the laser mean input voltage is practi-
cally constant, we assume here that the laser temperature is
proportional to the laser mean input current. Thus, the

Table 1: MQW laser parameters for simulation at 20 Gbit/s

Parameter description Value

Volume of the quantum wells (V,,) 10.92 ym?®
Volume of the SCH (V) 43.68 um®
Optical confinement factor (I') 0.114
Spontaneous emission factor (Bsp) 2.4403x 10~

4.9643 x 1072 m%s
417 x 10~ ¥ m¥s
1.2859 x 10%* m~3

Differential gain in the wells (go)
Parameter of the SCH (gy)
Carrier density at transparency (No)

Bimolecular recombination lifetime at a 0.6898 ns
Reference temperature (z )

Transport time across the SCH (t4,) 5.7374 ps
Thermionic emission time out (zesc) 231.4 ps
Photon lifetime (z,) 0.4954 ps

Gain compression factor (g) 3.5450 x 1072 m?®

Line width enhancement factor (x) 2
Differential quantum efficiency (n) 0.0442 W/A
Thermal constant (k7) 15.8372 A1
Emission wavelength (4o} 1550 nm
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bimolecular recombination lifetime (carrier lifetime) may
be written as [27]:

T, = T et )

where 7, is the bimolecular recombination lifetime at a
reference temperature, kr is a thermal constant dependent
on the laser thermal characteristics and I, is the laser mean
input current. The threshold current of MQW lasers also
depends on the thermionic emission time from the quan-
tum wells, and it has been shown [12] that this parameter
also depends on temperature, but we have ignored this
temperature dependence. Despite its simplicity, this model
has proved to produce reasonable results, and it has been
used to fit theoretical models to measured laser character-
istics [28] and in the simulation of optical transmission
systems [27].

To perform the joint fitting of the five curves, the y?
merit function of the Levenberg—Marquardt method [29]
needs to be extended to handle several curves. For an
extension to m curves, the merit function may be written
as: .

L\ [R(w;, 1) — H(w,, Iy, a)]?
Xl(a) — Z[ bl \/Eo-i bi ]

Y R(w;, Iy) — H(w;, Iy, @) 2
* Z[ Nma; ]

i=1

i=1

oL R(whlbm)_H(wi’Ibmva) 2 -
3 e

where R(w;, Ip;) (with j=1, ..., m) is the measured value
of the IM response for the angular frequency w; at a bias
current Ip;, and H(w;, Iy;, a) is the theoretical value of the
IM response obtained for the angular frequency w, at a bias
current I,,; using the set of laser parameters denoted by a;
N=N;+ --- + N, is the sum of all IM response points
obtained for m different bias currents, and o; is the standard
deviation of the measured values. This method may be
applied to joint fitting of several kinds of curves, such as
IM response or FM response, since derivatives of H(w;, I,
a), in order to each parameter of a, are known at w;.
However, only IM response curves were made available in
COST 240; therefore, five IM response curves (m=15)
have been fitted for the bias currents of 25, 30, 40, 55,
and 70 mA. The total data points of the five IM response
curves considered in the fitting was 1670. All values of the
five measured IM responses were stored in a vector for the
IM response, ordered by increasing bias current, from 25 to
70mA. The corresponding frequency values of the
measured data points at each bias current have been
stored in a frequency vector.

For the laser under study, the values of V,,, and T (see
Table 1 for their meaning) were provided by Working
Group 1 of COST 240. As a consequence, we have fixed
these two parameters to these constant values and mini-
mised the function given by eqn. 2 with respect to the other
laser parameters which may be estimated from IM response
measurements. The value of the merit function (least
squares residual) for the optimal set of parameters is
82.2, which reveals a good fitting of the modelled curves
to the measured ones, as shown in Fig. 1. It is not possible
to estimate all laser parameters from IM response measure-
ments. Thus, typical values for the parameters which were
not estimated (¥, gp, o, 1) are also listed in Table 1. The
values considered for g; and # have been reported in [27],
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Fig. 1 Measured and modelled curves of IM response at 25, 30, 40, 55
and 70mA

and ¥ is assumed to be four times higher than V,, [27].
The value of 2 was taken for the line width enhancement
factor (o), since this is a typical value for a strained layer
MQW laser with eight quantum wells [30]. The estimated
laser parameters listed in Table 1 are typical, with the
exception of the value of the spontaneous emission factor
(Bsp) which is slightly higher. A better way to estimate this
parameter is from RIN (relative intensity noise) measure-
ments, but these were not available. This parameter is very
important since it was shown [31] that the contribution due
to frequency-to-intensity conversion of laser phase noise,
after propagation via dispersive fibres, is responsible for
the BER floor observed in DST experiments at 10 Gbit/s
for distances around 253km SMF [32]. However, at
20 Gbit/s the maximum link length is less than 80km
(see Section 4), and no BER floors (close to 10~°) have
been observed in our simulations even with this slightly
higher value of B,

3 Modelling and simulation methodology

In this Section, we describe the methodology used for
simulation and performance assessment of dispersion
supported transmission systems. The block diagram of
the simulated DST system at 20 Gbit/s is shown in Fig.
2, and a brief description of the system model follows. The
pseudo pattern generator (PPG) provides a pseudo random
binary sequence (PRBS) with 27 — 1 bits. The optical
transmitter includes a laser driver and a MQW laser.
Assuming the laser driver behaves as a nonideal current
source, the NRZ drive current applied to the laser is
generated with exponential rising and falling edges. The
rise and fall times (between 20 and 80%) of the pulses are
assumed to be 10.6 and 10.8 ps, respectively. For simula-
tion of the dynamic response of MQW lasers, a rate
equation model given in [11, 12] has been used jointly
with a rate equation for the phase of the emitted optical

driver MQW EDFA

SHvt-{e

7
2 -1 bits

SMF EDFA PIN PD AMP LPF

o[ % >

Fig. 2 Block diagram of simulated 20 Gbit/s DST system
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field [28]. This model describes the carrier dynamics in
quantum wells and in the separate confinement hetero-
structure (SCH), and the photon dynamics in the laser
cavity, yielding the following set of equations written in
terms of volumetric densities:

N, I N, N, N,

dr —q_VW_E"Tn_FT_:: @
20 gy = N+ (1= Dy 2N = M) ©)

with
M:M% @

where N, is a fictitious density, N; is the carrier density in
the SCH, N,, is the carrier density in the quantum wells, S
is the photon density in the laser cavity, ¢ is the phase of
the optical field, / is the injection current, g is the electronic
charge, N, is the carrier density in the quantum wells for
the reference bias level, N, is the fictitious density
corresponding to the carrier density in the SCH for the
reference bias level, and the other symbols are defined in
Table 1.

Erbium-doped fibre amplifiers (EDFAs) are assumed to
be used in the configurations of booster and preamplifier
and they have been modelled as wide-band linear repeaters.
The EDFA used as optical preamplifier is assumed to have
an equivalent noise bandwidth of 1 THz and a noise figure
of 6 dB [33, 34]. The use of a SOA as a booster amplifier,
instead of an EDFA, is also considered in order to inves-
tigate the influence of partial chirp compensation, due to
self-phase modulation in the SOA, on the performance of
DST systems. Using the approximation in which the
internal loss is much smaller than the gain, the SOA may
be modelled as [35]:

Pout(l) = Pin(t)eG(t) (8)
Do) = 610 — 32,600 ©

dG(t) _ Gy —G()  Py(1)
a 1

where P,,(¢) and ¢,,(¢) are the power and the phase of the
input optical field, respectively, P,,(f) and ¢,,(?) are the
power and the phase of the output optical field, respec-
tively, G(¢) represents the integrated gain at each point of
the pulse profile, €°° is the unsaturated single-pass gain of
the amplifier, o, is the line width enhancement factor, t is
the spontaneous carrier lifetime, and E,,, is the saturation
energy. The following model parameters have been used in
the simulations: 7,=100 ps, a0y =35, and Ez,,=5 pl.

The standard single-mode fibre (SMF) was modelled
using the low-pass transfer function with first order disper-
sion of 17 ps/(nmkm). The PIN photodiode, the receiver
main amplifier (AMP), and the low-pass filter (LPF) have
been jointly modelled as a low-pass RC filter with the 3-dB
bandwidth required by the DST method.

For performance evaluation, a pure semianalytical
method has been used, which combines noiseless signal

[ —1]  (10)

c sat
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transmission simulation with noise analysis in optical
transmission systems using directly modulated MQW
lasers and optically preamplified direct-detection receivers.
Using that method with the Gaussian approximation, the
average error probability has been estimated as in [36]. The
optical amplifier noise model we use here is based on the
model originally derived for semiconductor optical ampli-
fiers [37], and further extended to fibre amplifiers [38, 39].
In our model, the signal photocurrent [, is obtained by
simulation, and signal dependent noise terms are evaluated
for each bit of the PRBS. The voltage due to laser noise
after the receiver filter is also included since it is respon-
sible for the BER floor at 10 Gbit/s for distances around
253 km in the DST system [31]. The standard deviation of
the noise voltage for the k-th bit of the PRBS is given by:

O-% = af—sp + O-fp—sp + O-gh + a.%h + O-%d (1 1)

where 62_ o is the variance of the signal-ASE beat noise
voltage, o —sp is the variance of the ASE—-ASE beat noise
voltage o3y, is the variance of the shot noise voltage, and
o2, is the variance of the thermal noise voltage and o is
the voltage due to the laser noise after the receiver filter. [,
being the spontaneous emission noise photocurrent given
by [39]:

I, —z’” np(G — 1)hvB, L, (12)
variances of the noise voltage terms are given by:
- 2Z,%1klsp§ (13)
o =R (1 - 2’;) (14)
oo = 2BaZgll + 1)) 15
0% = Z3I%B, (16)

=17 [ Sw@l@ido a7
0

where B, is the electrical bandwidth, B, is the optical
bandwidth, # is the quantum efficiency of the PIN photo-
diode, g is the electronic charge, / is Plank’s constant, v is
the optical frequency, G is the optical preamplifier gain, L,
is the loss between the optical preamplifier output and the
photodetector input, 7, is the spontaneous emission factor
of the EDFA, Z; is the receiver transimpedance, I, is the
spectral current density of the thermal noise, which is
assumed to be 10 pA/./Hz, Hg(w) is the receiver transfer
function, and S,,{w) is the power spectral density of the
laser intensity noise at the fibre output given in [40].

4 Simulation results and discussion

Using the simulation methodology described in Section 3
with the laser parameters proposed in Section 2, we assess,
in this Section, the performance of DST systems operated
at 20 Gbit/s. For each fibre length, the system parameters,
namely the laser bias current, the modulation current, and
the receiver cut-off frequency, have been adjusted in order
to minimise the input mean optical power of the EDFA
prcamphﬁer for an average error probability (BER) of
¥ (receiver sensmwty) Since, in practlcal systems, a
hmlt for the maximum laser peak current is imposed in
order to avoid the damage of the laser, in this work the
maximum laser peak current was limited to 90 mA.
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Fig. 3 Eye diagram at output of receiver low-pass filter after 50km of
SMF using EDFA as booster amplifier

Fig. 3 shows the eye diagram after DST over 50 km of
SME, assuming that the EDFA is used as a booster
amplifier. This eye diagram is similar to those obtained
in binary DST experiments reported by Wedding et al.
[32]. Figs. 4 and 5 show eye diagrams for DST over 50km
using a SOA with unsaturated gains of 20 and 25dB,
respectively. The corresponding average error probabilities
(BER) are shown in Fig. 6. As can be seen in this Figure,
the performance degradation after DST over 50 km of SMF,
due to the use of a SOA, is 2.5 and 4.9 dB for unsaturated
gains of 20 and 25 dB, respectively.

Fig. 7 shows the receiver sensitivity vs. fibre length for
DST at 20 Gbit/s, assuming that an EDFA or a SOA is used
as a booster amplifier. As may be seen, the system
performance is improved due to the use of a SOA with
an unsaturated gain of 20 dB, for link lengths ranging from
8 to 20 km. In this region, the laser chirp reduction in the

2.4
2.0
1.6
1.2 |

0.8

0.4

0.0

-0.4 T T T d
0.0 0.5 1.0 1.5 2.0

Fig. 4 Eye diagram at output of receiver low-pass filter after 50 km of
SMF using SOA with unsaturated gain of 20dB as booster amplifier

- T -
0.0 0.5 1.0 1.5 2.0
1)

Fig. 5 Eye diagram at output of receiver low-pass filter after 50km of
SMF using SOA with unsaturated gain of 25dB as booster amplifier
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Fig. 6 Average error probability (BER) at 20 Gbit/s after DST over 50 km
of SMF using EDFA or SOA as booster amplifier
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Fig. 7 Receiver sensitivity for DST at 20Gbit/s aganist fibre length
assuming that EDFA or SOA is used as booster amplifier
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SOA reduces dispersion penalties induced by chirp and
fibre dispersion interaction. For link lengths larger than
20km, gain saturation effects in the SOA dominate over
the influence of chirp reduction and, as a consequence,
sensitivity degradation is observed. For link lengths
ranging from 30 to 50km, the sensitivity reduction
ranges between 1.2dB at 30km and 2.5dB at 50 km, due
to the use of the SOA instead of the EDFA. The increase of
the unsaturated SOA gain from 20 to 25dB is only
advantageous for link lengths ranging from 8 to about
12.5 km, where a small performance improvement less than
or equal to 0.8 dB is observed.

In Fig. 8, we have increased the laser line width
enhancement factor (o) to 3, in order to investigate the
influence of this parameter on the receiver sensitivity of
DST systems at 20 Gbit/s. As may be seen, the system
performance is improved due to the use of a SOA with an
unsaturated gain of 20 dB, for link lengths ranging from 6
to 12.5 km. For link lengths ranging from 30 to 50 km, the
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Fig. 8 Receiver sensitivity for DST at 20 Gbit/s against fibre length
assuming that laser line width enhancement factor (o) is equal to 3
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sensitivity reduction ranges between 2.5 dB at 30 km and
3.5dB at 50 km, due to the use of the SOA instead of the
EDFA. For this value of the line width enhancement factor,
the increase of the unsaturated SOA gain from 20 to 25 dB
is only advantageous for link lengths ranging from 4 to
10 km, where a small performance improvement less than
or equal to 0.85dB is observed.

5 Conclusions

We have proposed a set of MQW laser parameters suitable
for simulation of optical transmission systems at 20 Gbit/s.
The parameters have been estimated by joint fitting of an
IM response model to five measured IM response curves of
a strained layer MQW laser. Using this set of laser para-
meters, we have assessed the performance of 20 Gbit/s
dispersion supported transmission systems incorporating
an EDFA or a SOA as a booster amplifier. The proposed
laser parameters may also be used for simulation of
40 Gbit/s four-level DST systems, since they require only
half the bandwidth of a 40 Gbit/s binary system.
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