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Abstract

In this paper we present procedures for the extraction of laser rate equation parameters. The parameters are ex-
tracted using fitting of static and dynamic measurements with simple theoretical expressions. In particular, chirp related
parameters are extracted directly through measured chirp and power waveforms. The extracted parameters are used in a
large-signal rate equation laser model to calculate the power and chirp waveforms. The simulations are compared with
experiments and the agreement is excellent. The procedures have been applied to directly modulated lasers having
different chirp characteristics and designed for either 2.5 or 10 Gb/s operation. Using the rate equation laser model with
the extracted parameters, we performed a simulation study to identify the value of employing a negative dispersion fiber
in metro-area networks. It is shown that dispersion shifted fibers with negative dispersion across the entire usable fiber
bandwidth (1280-1620 nm) advances the performance of directly modulated lasers used in wavelength division mul-
tiplexed metropolitan-area transmission systems and networks. At 2.5 Gb/s transmission over 300 km of negative
dispersion fibers is possible for directly modulated lasers across the erbium doped fiber amplifier bandwidth, while at 10
Gb/s an impressive distance of 100 km can be achieved. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The characteristics of the cost-sensitive metro-
politan-area networks, in terms of transmission
distance and bit rate, are not so demanding com-
pared to long-haul networks and therefore the
requirements on the performance of the optical
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devices are somewhat relaxed. Therefore, cost-
effective directly modulated lasers (DML) have
attracted recently much attention for metro-area
applications. However, DMLs have some draw-
backs [1]. The interaction of the laser chirp with
the dispersion of conventional single-mode fibers
deteriorates the signal and limits the maximum
transmission distance [1-3]. In metro-area net-
works utilizing DMLs, this chirp-induced distor-
tion is the major impairment. Therefore, the most
critical requirement from a DML is the low dis-
persion penalty. The use of negative dispersion
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fibers to enhance the transmission distances of
DML has been discussed recently [4,5].

Computer simulations are useful in order to
predict the system behavior at the design stage.
For example, the choice of transmission fiber char-
acteristics for optimum performance in metro-area
networks should first be determined through sim-
ulations that will identify the transmission per-
formance of DMLs. The model that a designer
should select and the simulation parameters in-
volved in it should be sufficiently accurate in order
to obtain useful conclusions on the design and
performance of the real system. For example, the
identification of the parameters of an optical fiber
that will enhance the transmission performance of
DML should be performed through a simulation
study. Many laser models exist in the literature
with various degrees of complexity, each having its
own advantages and disadvantages [6-14]. For the
purpose of evaluation of the dispersion penalty,
the use of the laser rate equations has been favored
in the literature [6-10,14]. These equations de-
scribe the time evolution of the carrier density (N),
the photon density (S) and the phase (¢). It has
been acknowledged that using the rate equations
the laser dynamics can be evaluated sufficiently
accurate. A large variety of rate equation based
models have been published in the literature hav-
ing different degrees of complexity [6-10,14]. The
complex models provide an in-depth insight into
the laser properties, but require a large number of
parameters to be either assumed or measured.
However, for system simulation purposes a simple
model is adequate. The number of parameters that
have to be known or determined should be re-
duced to a minimum value, in order to have rep-
resentative simulation results that have a very
good agreement with the experiment. Therefore, in
this study we use the well-known large signal single
rnodle laser rate equations in their simpler form
[6]:

"It should be noted that Eqs. (1)~(3) could also be used for
modeling the dynamic behavior of a directly modulated DFB
laser, although the exact structure of the DFB laser is not taken
into account. The coupling strength of the grating in the DFB
laser is effectively taken into account in the value of the photon
lifetime.

dS(z)  T'go(N(1) — No)

dr — 1+&S() ()_r—p+ Te ()
dN(r) _I() N(1)  g(N(t) = No)

dt eV 1. 1+4&S0) S(0) )
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The output power P(¢) is related to the photon
density S(¢) through the relation:

PU) = 51510 @

In the above equations, > I(¢) is the current
waveform injected in the active layer, S(¢) is the
photon density, N(¢) is the carrier density, v is the
optical frequency, /4 is the Planck’s constant, 7 is
the differential quantum efficiency, I" is the con-
finement factor, N, is the carrier density at trans-
parency, f is the fraction of spontaneous emission
noise coupled into the lasing mode, gy is the dif-
ferential gain coefficient, ¢ is the nonlinear gain
compression factor (gain saturation coefficient), 7,
is the photon lifetime, 7. is the carrier lifetime, V is
the volume of the active layer and « is the line
width enhancement factor. It should be noticed
that the parameters appearing in these equations
should be treated as effective parameters that ac-
company the specific model, which are somewhat
detached from their physical origin. Also, static
temperature dependence of the value of each pa-
rameter is difficult to be implemented. The effect of
temperature dependence of the parameter values
could be taken into account by unifying the tem-
perature dependence of all parameters in a tem-
perature-dependent injection efficiency as in Ref.
[9], but this approach, in a first approximation, has
been ignored in the contents of the present study.

In Egs. (1)-(4) the minimum number of
parameters that have to be estimated is ten

2 This set of laser rate equations can be solved numerically
using for example an adaptive step-size fifth order Runge—
Kutta method [15].
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(I', V, No, B, 8o, & Tp, Tc,  and o), in addition to
the lasing wavelength 1. Their values vary from
one laser diode to another and different sets of
parameters may appear very detrimental for the
low dispersion penalty performance of the laser
transmitter. The information given in data sheets
by the laser manufacturers is insufficient for the
extraction of the parameters. To our knowledge, it
is not possible to determine experimentally with a
single measurement each one of the actual rate
equation parameters from a packaged device [16].
However, it is possible to determine through mea-
surements, certain combinations of the parame-
ters and a limited set of the actual rate equation
parameters [17]. Therefore, it is of great interest to
establish simple and accurate parameter extraction
procedures through measurements on a packaged
device.

Many works have been published during the
recent years dealing with the extraction of the rate
equation parameters [17-19]. We will review the
results presented in the previous works. Cartledge
and Srinivasan [18] have used a parameter ex-
traction procedure based on: (a) measurements of
the threshold current, the output power, the reso-
nance frequency and the damping factor and (b)
fitting the measured results with the simulation
results calculated using the rate equations for
various sets of the rate equation parameters.
However, their procedure resulted in a number
of different sets of the actual rate equation para-
meters that could fit the experimental results. The
robustness of their procedure had been tested
mainly through comparison of (a) the simulated
results with measurements of the chirp waveform
of a certain DFB laser and (b) the dependence of
the receiver sensitivity on the amplitude of the
modulation current. It should be noted that the
chirp waveform depends primarily on the value
of the a-parameter, which was not measured or
calculated. No parameter related with the laser
parasitics was extracted. The comparisons that were
made showed good agreement between theory and
experiment. Bjerkan et al. [17] have presented
procedures in which they extracted combinations
of parameters directly through certain static and
small signal RF measurements. Part of the pro-
cedures was the measurement of the FM charac-

teristics using three different methods. In this way,
they were able to extract parameters directly re-
lated with the chirp characteristics, the o-para-
meter and the ratio ¢/gy. Their procedure was tested
through comparison of the measured and simu-
lated amplitude waveforms before and after trans-
mission over standard single mode fiber. For some
cases the comparison was fairly good. No com-
parison of the chirp waveforms was reported. No
parameter related with the laser parasitics was
extracted. Czotscher et al. [19] have developed a
DML model which is based on a more compli-
cated set of rate equations with a larger number of
parameters. They also used static and small signal
RF measurements for the determination of some
of the rate equation parameters and also of the
cut-off frequency of the parasitics transfer func-
tion. In order to validate their model and the pa-
rameter extraction procedures used comparisons
of the measured and simulated results for both
chirp and intensity waveforms were performed.
The simulations were in very good agreement with
the experiment. However, their model required
knowledge of some parameters, which cannot be
determined through measurements on a packaged
device. All the aforementioned efforts have offered
very important contributions for the extraction of
rate equations parameters from a packaged device
and to the understanding of the dependence of the
characteristics of the output field of the DMLs on
the parameter values. However, no single work
offers a complete and accurate characterization
using parameters that all have extracted through
measurements.

This paper will present a detailed study on the
extraction procedures of laser rate equation pa-
rameters. Some of the procedures have been al-
ready published in the literature in various papers,
while some others are presented here for the first
time. The specific parameter extraction procedures
that will be presented here will result in parameter
values, which will be used in the model and will
simulate the laser dynamics in an accurate way.
Comparisons of the measured and simulated re-
sults for both chirp and intensity waveforms will
be used to present the validity of the model
used and of the parameter extraction procedures
followed. The extraction procedures have been
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applied for the characterization of five DMLs
from different vendors. The agreement between the
measured and simulated results is exceptional. The
extracted parameters were then used in transmis-
sion simulations to identify the best fiber choice
for metro-area networks utilizing DMLs. Fibers
with different amounts and signs of dispersion
were tested. This work can be a useful tool when-
ever the influence of DML characteristics on the
overall performance of a system must be accu-
rately evaluated.

2. Theoretical background for the parameter ex-
traction procedures

2.1. Steady state measurements — power versus bias
current

A first set of parameters can be extracted from
measurements of the optical power at the output
of the DML versus the bias current [17]. Following
Ref. [17], and assuming that ¢/gyt. < 1, f < 1,
the expression that determines analytically the P/
curve can be derived:

PP — D — Iy — P —Is] =0 (5)
where:

o= (6)
fon = e?V (NO T glofp) 7
s ®)

By numerical fitting of the experimentally ob-
tained P/ curve to the positive solution of Eq. (5),
the quantity @ (or equivalently the quantum effi-
ciency 1), the threshold current /,, and the quan-
tity Is, can be determined. Alternatively, the
threshold current and the slope can be calculated
from measurements above threshold and these

values could be used in Eq. (5) for the determi-
nation of the parameter Is.

2.2. Dynamic measurements — IM frequency re-
sponse measurements

Measurements of the resonance frequency and
the damping factor for various bias currents could
provide a significant insight to the laser dynamics
[17-21]. The measurements can also be used for
the determination of intrinsic device parameters
such as the differential gain gy, the carrier lifetime
7. and the nonlinear gain compression factor ¢,
which are critical for the dynamic behavior of a
laser diode [17-19]. In order to extract the values
of the resonance frequency and the damping fac-
tor, measurements of the small signal IM fre-
quency response of the laser are needed [17-21]. By
applying small signal intensity modulation to the
laser diode we could extract its intrinsic small
signal IM frequency response. Numerical fitting of
the experimentally obtained IM response with the
known theoretical expression of the small signal
IM response of the laser [18,21], will determine the
resonance frequency and the damping factor. It
should be noted that although the measurements
are performed for the small signal regime, the ex-
tracted parameters could be used in the large sig-
nal calculations based on the rate equation model.

The expression we used for the small signal IM
frequency response H(f') of a laser diode is [19]:

V4
") = (2nf) +i2nfTq + Z ®)

where f is the modulation frequency, Iy is the
damping factor, and Z is a parameter related to
the damping factor and the resonance frequency.
The resonance frequency (f;) is related to Z and I'y
through the expression:

Lijz-Liry (10)

fr=5, 2

where it can be shown that:

I'g ry’ >
Z= W([bias —Iy) — (W) £80Tp (Ioias — Itn)

(11)
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If we make the assumption that (I'y)* < 2Z
(which is valid for small bias currents), then Z =
(211:fr)2 and the following expression hold [17,
19]:

. I'go
fr = \/W ([bias - [th) (13)

The damping frequency is related to the reso-
nance frequency through the expression:

Iq= 1 + Kf? (14)
where:
) e
K=4n" 1, +— (15)
&o

As pointed out in Ref. [18], in several previous
studies related with the extraction of the resonance
frequency and the damping factor [17,19,20] in-
stead of Eq. (11) a more simplified equation for
the small signal IM response has been used:

f2
(f2—f21) +i2l4f/2n

Eq. (18) results from Eq. (11) if the approxi-
mation:

1
fi=9-VZ (17)

H(f) = (16)

is valid. However, Eq. (19) is valid only for small
bias currents. The use of Eq. (9) instead Eq. (16)
will increase the accuracy of the results [18].
Therefore, in the following we used Eq. (9) to-
gether with the more accurate expressions (11) and
(12) in order to do the fittings.

By repeating the fitting procedure for curves
corresponding to different bias current levels and
plotting the values of the parameters f;, I'y as a
function of the bias current, the parameter 7., the
universal K-factor, and the quantity I'go/V can be
calculated.

2.3. Dynamic measurements — measurements of
dynamic waveforms

2.3.1. Intensity waveform

The measured intensity waveform will yield in-
sight about the dynamic laser behavior. Features
such as the “ringing” on the I’s and the 0’s, the
power overshoot on the 1’s, and the rise and fall
time of the optical pulse are of interest for the
understanding of the performance of the DMLs.
Furthermore, the power waveform (P(¢)) is needed
for the calculation of the chirp waveform (Av(¢)).

2.3.2. Chirp waveform

An important effect arising from the nonlin-
earity of the laser is that the output optical fre-
quency varies in response to variations in the drive
current, a property known as frequency chirp [1-
8,22-25]. It is well known that the chirp greatly
affects the pulse propagation, causing the leading
and trailing edges of the pulses to have slightly
different frequencies and consequently different
group velocities.

At this point we should mentioned that in the
previous parameter extraction studies [17,19] the
chirp waveforms were either not measured or not
used for extraction of chirp related parameters.
The o-parameter, where extracted and not as-
sumed, has been determined using the method
presented in Ref. [26].

Here, we measured the chirp waveform using a
technique similar to Ref. [27] and we have ex-
tracted useful parameters from these measure-
ments. The procedure is as follows: once the
intensity waveform is known, the measured chirp
waveform can be used in order to be fitted with the
theoretical expression that relates the chirp with
the laser output optical power [2]:

M(r) = = (% [In(P())] + KP(I)) (18)

From this procedure, the a-parameter can be
calculated as well as the adiabatic chirp coefficient
K, which is directly related to the nonlinear gain
compression factor:

2r
K= ﬂhVVS (19)
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In expression (18), the first term is a structure-
independent “‘transient” chirp and the second term
is a structure-dependent “adiabatic” chirp [8]. The
first term has a significant value during relaxation
oscillations. The second term is related to the re-
laxation oscillation damping since, as can be seen
from Eq. (1), is directly proportional to the gain
compression factor. It is worth pointing out that
the selected value of ¢ at the laser design stage will
be a tradeoff between the amount of transient and
adiabatic chirp, while will determine, to some ex-
tent, the useful modulation bandwidth. Dynamic
thermal effects (thermal chirp) which affect only
long sequences of 1’s and 0’s, could be ignored in a
first approximation if the bit rate of interest is
larger than 2.5 Gbl/s.

3. Experimental procedures for the measurements
needed

3.1. Steady state measurements

(a) Wavelength: The lasing wavelength A (or
equivalently the optical frequency v) is measured
using an optical spectrum analyzer or a waveme-
ter.

(b) Power versus current curve: To measure
the P-I curve the laser is set to operate in contin-
uous wave mode. Well above threshold, the power
versus current characteristics are measured by
changing the bias current of the laser driver and
measuring the output optical power using either an
optical powermeter or an optical spectrum ana-
lyzer. Near and below threshold the optical spec-
trum analyzer in high sensitivity mode should be
used for the power measurements. In this way we
can avoid fault measurements due to the presence
of side modes.

3.2. Dynamic measurements — IM frequency re-
sponse measurements

The small signal AM response can be measured
using a lightwave component analyzer. The cur-
rent of the laser diode is directly modulated by an
RF signal. The frequency of the RF signal is swept
in all the available bandwidth of the analyzer. The

corresponding trace is recorded and the procedure
is repeated for several bias currents. Unfortu-
nately, the recorded traces correspond to the
combined effect of: (a) the internal laser IM re-
sponse, (b) the effect of the parasitics and (c) any
artifacts produced by the lightwave component
analyzer. In order to avoid any artifact of the
measuring equipment and the effect of the parasi-
tics that will have an impact in the fitting proce-
dure, the procedure described in Ref. [20] should
be applied. The IM response curve (in dB) corre-
sponding to a bias current close to threshold is
subtracted from all the other curves. The resulting
experimental curves should be fitted using the ex-
pression [18]:

V4
HU7) = | Abs ( (2nf) + i2nf Tq + z)

Tvias dB

— Abs(O 5 Z )
(2nf) +i2nfTy+Z i) 4
(20)

The important property of this technique is that
it almost eliminates any limitations that could arise
from the mounting fixture and the packaging of
the laser, in addition to relaxing the requirements
for accurate calibration of the experimental setup.

3.3. Dynamic measurements — measurements of
dynamic waveforms

The intensity waveform is recorded using a
communications analyzer. The recordings are made
for several average output powers and extinction
ratios. The chirp waveform is recorded using a
chirp measurement equipment > and a communi-
cations analyzer. The recordings are made for
several average output powers and extinction ra-
tios. The measurement can be performed with
lasers having arbitrary chirp characteristics.

3 This equipment is essentially an interferometer [28]. For
details about the operation principle see Refs. [27,28].
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Table 1

Specified characteristics by the vendors for each one of the DMLs under characterization

Wavelength Threshold current (mA) Line width at —20 dB Side mode suppression
(nm) (nm) ratio (dB)

2.5 Gb/s DML-1 1554.62 4.7 0.25 44.2

2.5 Gb/s DML-2 1544.51 16.31 0.40 40

10 Gb/s DML 1541.35 15.5 0.45 42

4. How can we use the extracted parameters

From all the above procedures the parameters:
n, I, Is, 1c, K, I'gy, o, k can be directly extracted
from the measurements. Using these parameters
one should calculate the actual rate equation pa-
rameters if the laser model described by Eqgs. (1)-
(4) is to be used. Assuming a certain value for the
volume of the active region (¥), and using the
values of 1 and «, the quantity I'¢ can be calculated
from Eq. (19). From this value and the value of
I'gy, the quantity ¢/go is known. Then, using this
value in Eq. (15) the parameter 7, can be calcu-
lated. Using the values of V, I'gy, 7, and 7, the
parameter 5 can be calculated from Eq. (8). Also,
using the values of V, I'go, 1, and 7. in Eq. (7), the
parameter N, can be calculated. Finally, assuming
a specific value for I' the parameters g, and ¢ can
be calculated. The assumed I' and V are in fact
dummy parameters and their selection will not
affect the results for the calculation of the output
field from the DMLs.

Alternatively, we can modify the rate equations
to only have the measured parameters appearing
in the new set. The modified set of rate equations
that can be used for the simulations is reported in
Ref. [17].

5. Results and discussion
5.1. Characteristics of the DMLs under test

Various DMLs from different vendors were
fully characterized and parameters were extracted
for each one of them. In the following we will
present the results of our parameter extraction
procedures for two 2.5 Gb/s and one 10 Gb/s
commercially available DMLs. Results for 10 Gb/s

DMLs are reported for the first time to our
knowledge. The 2.5 Gb/s DML were rated for less
that 2 dB chirp induced power penalty for a dis-
persion/distance product of 1800 ps/nm and for a
dynamic extinction ratio larger than 8.2 dB. The
10 Gb/s DML was rated for 10 km-transmission
distance over SMF-28 fiber with a bit error rate of
101 for a dynamic extinction ratio of 8.2 dB. The
specified characteristics from the vendors for each
one of the DMLs are listed in Table 1.

In Fig. 1 the measured transmitter eye patterns
for the three DMLs are shown. For the 2.5 Gb/s
DMLs the dynamic extinction ratio was 8.2 dB
and the average optical power 1 mW, while for the
10 Gb/s DML the dynamic extinction ratio was 8.2
dB and the average optical power 4.46 mW. The
eye diagrams for the 2.5 Gb/s DMLs were ob-
tained without using an electrical filter after the
receiver. The 2.5 Gb/s DML-1 does not present
any ringing either on the top or the bottom of the
eye. However, it has a significant large rise and fall
time that result in a reduced eye height. The 2.5
Gb/s DML-2 presents a significant ringing on the
top of the eye. The fall time is considerably larger
than the rise time. The 10 Gb/s DML presents an
extremely large ringing on both the top and the
bottom of the eye. Therefore, the eye diagram in
this case was measured using an electrical filter
after the receiver. The eye is asymmetric with a
larger fall time compared to the rise time.

5.2. Steady state measurements — power versus
current curve

In Fig. 2 the measured P—/ curve for each DML
is shown. The three DMLs under study exhibi-
ting different threshold currents and different effi-
ciencies (different slopes). In Fig. 3 the measured
power versus bias current curve is shown together
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Fig. 1. Eye patterns for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML.

with the fitted curve using Eq. (5) for each DML.
The fitting is considerably very good, except for
the region that corresponds to below threshold
operation. The parameters resulting from the fit-
ting of the curves are listed in Table 2. The value of
Is suffered from the largest uncertainty, since it is a
parameter related with the portion of the curve
that is below threshold.

5.3. Dynamic measurements — power and chirp
waveforms

In Fig. 4 the power and chirp waveforms,
measured with the chirp measurement equipment,
are shown. This time-resolved chirp measurement
for the extraction of the o-parameter is similar

to what used in Ref. [29]. However, in Ref. [29]
the authors used the time-resolved chirp mea-
surements for the characterization of an exter-
nal modulator that present only transient chirp.
The expression used for the extraction of the o-
parameter is therefore accurate. However, if the
same expression is applied to a DML that presents
also adiabatic chirp the extraction of the a-pa-
rameter will not be accurate.

The 2.5 Gb/s DML-1 (Fig. 4(a)) is clearly adi-
abatic chirp dominated as can be seen from the
chirp waveform. The transient chirp has been
completed masked by the adiabatic chirp compo-
nent. The peak-to-peak chirp is approximately 7
GHz, a relatively small value. These characteristics
imply that the a-parameter and the adiabatic chirp
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Fig. 2. Power versus current characteristics for the three DMLs.
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Fig. 3. Power (in log-scale) versus current curve for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML. The lines are the fitted
curves.

coefficient (k) have small values. The power wave- and 0’s. A very good damping of the relaxation
form shows a small power overshoot on both 1’s oscillations on the 1’s and the 0’s is also evident.
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Table 2
Extracted parameters from the power versus current measure-
ments for each DML

Parameter Units 2.5 Gb/s 2.5 Gb/s 10 Gb/s
DML-1 DML-2 DML

[ A/W  16.35 14.48 8.91

I mA 4.66 17.34 15.25

Is A 112x10°% 73x10°% 43x10°!

We should notice a rather unusual behavior of the
2.5 Gb/s DML-1. In isolated 1’s a power overshoot
appears at the trailing edge of the pulse and not at
the leading edge as it is the usual case. This be-
havior is attributed to the characteristics of the
parasitics for this DML at it will be shown later
on.

20 T T T T T T T 8
——— Chirp
—— Power
1.5 4 6
E
g 1.0 J4
o
o
0.54 —H2
0.0 T T T T 0

Time (1ns/div)

(©

(zHO)dud

The 2.5 Gb/s DML-2 (Fig. 4(b)) is transient
chirp dominated. The adiabatic chirp component
is significantly lower than the transient chirp
component. The peak-to-peak chirp is approxi-
mately 30 GHz, a value that results in considerably
broad spectrum and consequently increased dis-
persion penalty for transmission over positive
dispersion fibers. These characteristics imply that
the a-parameter has a large value while the adia-
batic chirp coefficient (k) has a small value. The
power waveform shows a large power overshoot
on the 1’s while the overshoot on the 0’s is small.
The damping of the relaxation oscillations on both
the 1’s and the 0’s is not fast. In the case of small
power levels the measurements provided by the
chirp measurement equipment are not so accurate.
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Fig. 4. Power and chirp waveforms for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML.
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That’s the reason why the chirp in Fig. 4(b) ap-
pears to be very large during consecutive 1’s.

The 10 Gb/s DML (Fig. 4(c)) is also transient
chirp dominated. The peak-to-peak chirp is ap-
proximately 25 GHz. The power waveform shows
a large power overshoot on the 1’s and very small
undershoot on the 0’s. The damping of the relax-
ation oscillations on both the 1’s and the 0’s is not
fast.

In Fig. 5 the measured chirp waveform is shown
together with the fitted curve, using Eq. (18), for
each DML. The fitting is exceptional, except for
the regions that correspond to low power levels
(0’s). For such low power levels the chirp mea-
surements are not accurate, which explains, to
some extent, the discrepancies between the fitted
simulation results and the measurements. The pa-
rameters resulting from the fitting of these curves
are listed in Table 3. The value of the adiabatic

(@) (b
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Table 3
Extracted parameters from the power and chirp waveform
measurements for each DML

Parameter  Units 2.5 Gb/s 2.5 Gbf/s 10 Gb/s
DML-1 DML-2 DML

o - 2.2 5.6 2.7

K HzW-! 287x102% 1.5x102 2.0x10?

chirp coefficient (x) suffers from a relatively large
uncertainty in the case of transient chirp domi-
nated lasers since the adiabatic component of the
chirp is very small.

5.4. Dynamic measurements — IM frequency re-
sponse measurements

In Fig. 6 the measured small signal IM fre-
quency responses are shown for each DML for

Chi;p (Hz)
2.5x10°

28.25

28.75

Fig. 5. Measured and fitted chirp waveforms for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML.
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Fig. 6. Measured small signal IM frequency responses for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML.

various bias currents. The measured responses in-
clude (a) the intrinsic IM frequency response of the
DMLs, (b) the parasitics frequency response and
(c) any frequency dependence from the equipment
used for the measurements. That is the reason why
the curves from different DMLs appear to be much
different. It is evident from these measurements
that the bandwidth is increased for increasing
bias currents. At very low bias currents, just
above threshold, a resonance peak is evident in the
measured responses of all the DMLs. This reso-
nance peak has its origin at the intrinsic laser small
signal IM response. In general, for small bias
currents it appears to have a small frequency and
an intense peak, while the frequency of the peak is
shifted to higher frequencies for larger bias cur-

rents and the peak is not as pronounced. For lar-
ger bias currents it is not so pronounced, because it
is filtered out by the parasitic transfer function.
In Fig. 7 the ratios (in dB) of modulation fre-
quency responses corresponding to the various
bias currents over the one that corresponds to a
bias current just above threshold are plotted. As it
has been explained in Section 3.2, these curves are
not affected by the laser parasitics neither by any
improper calibration of the measuring equipment.
The parameters resulted from the fitting of these
curves (damping factor and resonance frequency)
using Eqgs. (20) and (10)—(12) (a fitting example —
not the best case is shown in Fig. 8) are plotted
in Fig. 9 as a function of the bias currents for
each DML. From the slope of the (resonance
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Fig. 7. Ratios (in dB) of modulation frequency responses for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML.
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Table 4
Extracted parameters from small signal IM frequency response measurements for each DML
Parameter Units 2.5 Gb/s DML-1 2.5 Gb/s DML-2 10 Gb/s DML
K = 4n? (rp + £/g0) ps 518 420 277
T ns 0.374 0.256 0.167
I'gy/eV HZ*/A 1.848 x 10% 1.08 x 10% 2.453 x 10%
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Fig. 10. Damping factor versus the (resonance frequency)’ for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c) 10 Gb/s DML.

frequency)® versus bias current curve we can ex-
tract the value of the quantity I'gy/eV. The results
are presented in Table 4.

In Fig. 10 the damping factor is plotted versus
the (resonance frequency)2 for each DML. By
linear fitting these curves we extract the parame-
ters 7., K. The results are also presented in Table
4,

5.5. Parasitic transfer function

From the IM frequency responses, the parasitic
transfer function can be determined to some ex-
tent. The effects of the device parasitics (including
the mount/bond pad) will be present in the IM
frequency response. In several studies published in
the literature the laser parasitics are assumed to
consist of a series resistance and a parallel capac-
itance. Therefore, the effect of the device parasitics
is included as a RC low pass filtering of the
modulation current. This filtering will produce a
roll-off on the IM response at a frequency that
corresponds to the inverse of the RC product. In
addition, several studies indicate that carrier-

transport effects across the separate confinement
heterostructure region in the case of multiple-
quantum-well lasers can give a similar roll-off in
the frequency response as having a large parasitic
capacitance behavior. It is very difficult to experi-
mentally separate the aforementioned effects. There-
fore, we take into account both effects by using an
effective parasitic transfer function:

1
L jf/fe

The overall modulation dynamics are then de-
scribed by:

Hpar(f) (21)

HpmL (fal) = Hpar(f) + ]_[int(,fv]) (22)
where Hi,(f,I) is the intrinsic modulation beha-
vior of the laser given be the solution of the rate
equations.

In Fig. 11, the measured and calculated small
signal IM responses for each 2.5 Gb/s DML are
compared. The difference between these curves is
imposed by the parasitics. Therefore, a way of
extracting the parasitic transfer function is the
frequency response subtraction (in dB) of the
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Fig. 12. The extracted parasitic transfer function for (a) 2.5 Gb/s DML-1 and (b) 2.5 Gb/s DML-2.

intrinsic laser small signal IM response from the
measured extrinsic one at all bias currents. In
general, the parasitic transfer function is not de-
pendent on the bias current. In Fig. 12, the para-
sitic transfer function for each DML is presented.
These curves resulted from the subtraction of the
measured DML IM frequency response from the
intrinsic laser IM response.

By fitting these curves with Eq. (21) the cut-off
frequency can be determined. Obviously the fitting
is not good and the modeling of the parasitics will
not be ideal but it is a first approximation. Alter-
natively, the results of Fig. 13 can be used in
simulations as is after proper interpolation. The
extracted parameters are presented in Table 5.
Similar procedure was followed for the 10 Gb/s
DML and the results of the extracted cut-off par-

asitic frequencies for each DML are presented in
Table 5.

6.

Opverall results — comparison of simulated and

measured waveforms

In this section we will present comparisons of

measured and simulated chirp and power wave-
forms at the output of the DMLs. In this way, the
validity of the rate equations based laser model
and the robustness of the parameter extraction
procedures will be tested. In the vast majority of
previous studies, the validity of the rate equations
model was verified mainly by comparison of
measured IM power waveforms with the simulated
ones. Comparisons of the chirp waveforms are
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chirp-dominated DML, Bottom row: transient chirp-dominated DML.

Table 5
Extracted cut-off parasitic frequency for each DML

Parameter  Units 2.5 Gbf/s 2.5 Gb/s 10 Gb/s
DML-1 DML-2 DML

fe GHz 1.48 2.10 9.1

lacking from the literature — with the exemption of
Ref. [19] — mainly because of the difficulty of
measuring accurately the large signal time-resolved
chirp waveforms. However, in this work the
demonstration of the validity of the model will be

based on comparison of both measured and simu-
lated power and chirp waveforms. In Fig. 13 the
measured and simulated power and chirp wave-
forms for each DML are presented. The simula-
tions have been performed using the rate equations
based laser model and the extracted parameters.
The set of laser rate equations has been solved
numerically [15]. The simulation conditions were
adjusted to the experimental ones. The simulation
results for both the power and chirp waveforms
and for all DMLs are in strong agreement with the
experiment and can predict most of the major
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Fig. 14. Calculated optical spectra for (a) 2.5 Gb/s DML-1, (b) 2.5 Gb/s DML-2, (c¢) 10 Gb/s DML.

features of the measured waveforms (Fig. 13). A
more accurate modeling of the laser parasitics will
result in even better agreement.

In Fig. 14 the calculated output optical spectra
of each DML are shown. The adiabatic behavior
of the 2.5 Gb/s DML-1 is apparent. Two distinct
peaks are appearing on the spectrum, indicating a
strong FM that accompanies the IM under direct
modulation [8]. The more intense peak with the
higher frequency corresponds to the 1’s while the
other peak corresponds to the 0’s. The transient
chirp dominated 2.5 Gb/s DML-2 has optical
spectra that are asymmetric with a high frequency
bump. Same behavior can be observed for the 10
Gb/s DML, which is also transient chirp domi-
nated.

As it is evident from Fig. 14, different DMLs
can experience different shapes of output spectra
(depending on whether the DML is transient or
adiabatic chirp dominated). The shape of the
output spectrum is very crucial when filter con-
catenation effects in optical networks are con-
sidered [30]. Different shapes will interact in a
different way with the narrow filter passband in the
case of signal passage through a number of MUXs
and DMUXs in an optical network and will sig-
nificantly affect the overall signal quality [30]. As
has been discussed in Ref. [30], adiabatic chirp
dominated transmitters will result in worst per-
formance in terms of signal degradation due to
filter concatenation. Transient chirp dominated
DMLs will give small penalties.
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7. Use of the modeled DMLs for transmission
simulations

Several studies have focused on the theoretical
analysis of the impact of the frequency chirp on the
system performance [6-8]. However, all the studies
have been focused on transmission over fibers with
positive dispersion. The decision on the choice of
the characteristics of the transmission fiber (i.e.
absolute value of dispersion and its sign) for metro
applications should first be determined through
simulations. Furthermore, no systematic study has
been performed for the impact of the chirp char-
acteristics over fibers with either positive or nega-
tive dispersion. Having a sufficiently accurate
representation of the dynamics of DMLs (Fig. 13),
we performed simulations to compare the trans-

20 /)

oy 200
e vt 1

I e It

mission performance of 2.5 Gb/s DMLs having
different chirp characteristics over a distance of 300
km. These simulations utilized two different fiber
types that are likely to be used in metro-area net-
works. Fiber-type-1 is a fiber with the dispersion
characteristics of conventional single-mode fiber
with positive dispersion of 17 ps/nm/km at 1550 nm
(i.e. SMF-28™ fiber). Fiber-type-2 (MetroCor™
fiber) is a novel nonzero dispersion shifted fiber
with negative dispersion of about half the absolute
dispersion of SMF-28 fiber at 1550 nm [4].

In the case of 2.5 Gb/s simulations, the extinc-
tion ratio and the average output optical power at
the transmitter was 8.2 dB and 0 dBm respectively.
The simulation results (Fig. 15) indicate that the
use of negative dispersion fiber resulted in bet-
ter transmission performance for both adiabatic

(b)

VI gy " ) ” 2
I i Y A I DI

2
2200
2 %
st L0
st 0143113 00 /3 %
A Ay R

Ly i,

LT L ! I gy

/s

l)lll

o
4 /!t 2y, M
il % ,

’ -'!.//,/////u,,,, S

/i 7 A,

)
i,
s

it

Fig. 15. Received eye patterns after transmission over 300 km for the adiabatic chirp-dominated DML-1 (a,c) and the transient chirp-
dominated DML-2 (b,d) over fiber-type-1 (top row) and fiber-type-2 (bottom row).
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(Fig. 15(a)) and transient (Fig. 15(b)) chirp domi-
nated DMLs. The eye-diagram after transmission
over 300 km of MetroCor fiber is open in both
cases of adiabatic (Fig. 15(a)) and transient (Fig.
15(b)) chirp dominated DMLs. A better behavior
is observed however for the transient chirp domi-
nated DML. For such DML type, the transmis-
sion over SMF-28 results in severe eye closure.
Therefore the use of transient chirp dominated
DMLs together with use of MetroCor fiber in me-
tropolitan-area networks will result in best overall
performance considering both chirp-induced limi-
tations and filter concatenation induced limitations.

Simulations were also performed using the
modeled 10 Gb/s DML and the characteristics of
MetroCor fiber and it was found that, since the
eye-diagram is widely open, transmission over 100
km is possible (Fig. 16). On the contrary, trans-
mission over SMF-28 is limited to less than 20 km.
In this case, the extinction ratio and the average
output optical power at the transmitter were 5 dB
and 6.5 dBm respectively.

The simulation results (Figs. 15 and 16) indicate
that a negative dispersion fiber choice will allow
for transparent uncompensated metropolitan-area
networks over large distances. Conventional fibers
will support transparency, but over much shorter
distances.

(a)

8. Summary

In this paper we present procedures for the ex-
traction of laser rate equation parameters. The
measurements were presented in detail. The pa-
rameters are extracted using both static and
dynamic measurements and fitting procedures.
In particular, chirp related parameters are ex-
tracted directly through measured chirp and power
waveforms. The extracted parameters are used in
the large signal single mode rate equation laser
model to calculate the power and chirp wave-
forms. The simulations are compared with the
experiments and the agreement is excellent. The
procedures have been applied to lasers designed
for 2.5 or 10 Gb/s operation. We then applied the
rate equation laser model with the extracted pa-
rameters to a simulation study that identifies the
value of employing a negative dispersion fiber in
metro-area networks. It is shown that dispersion
shifted fibers with negative dispersion advances the
performance of directly modulated lasers used in
wavelength division multiplexed metropolitan area
transmission systems and networks. At 2.5 Gb/s
300 km transmission is possible with directly
modulated lasers and negative dispersion fibers,
while at 10 Gb/s an impressive distance of 100 km
can be achieved.

Fig. 16. Received eye patterns for a 10 Gb/s signal after transmission over (a) 20 km of SMF-28 fiber and (b) 100 km of MetroCor fiber.
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