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Abstract

We present a simulation study on the chirping characteristics of a directly modulated 40 Gbps laser diode and evaluate its
performance for use in high-speed optical fiber links. The effects of the linewidth enhancement factor () and gain sup-
pression on the laser chirp and the maximum fiber transmission length are investigated. The chirp characteristics include
the frequency peak-to-peak chirp of the time-varying frequency and shift of the emission wavelength. The performance of
40 Gbps optical fiber link is evaluated in terms of the eye diagram and quality factor of the received signal, which helps in
predicting the maximum fiber length that achieves error-free transmission. The results show that when «a increases from 1
to 10, the overshoots of the relaxation oscillations become strong, resulting in a sharp increase in laser peak-to-peak chirp
from 21.8 to 205 GHz. The increase of gain suppression factor form e=0.5x 107" cm® to e=5x10""7 cm?® dampens out
the overshoots and slightly reduces the peak-to-peak chirp from 19.5 to 193.3 GHz. Although the gain suppression works
to reduce the laser chirp, it causes a significant wavelength shift relative to the emission wavelength of the non-modulated
laser, which degrades the efficiency of the laser diode. On the other hand, the gain suppression is shown to increase the
degree of eye-opening and the corresponding Q-factor of the fiber link on a reverse action of the linewidth enhancement
factor. As fiber length increases, the influences of @ and € on chirp characteristics become more significant. The maximum

fiber length (L

max.

) is shown to decrease with the increase in a and/or &; when « increases from 1 to 10, L

decreases from

max

5.89 t0 0.78 km at e=5x 1077 ¢cm?, and decreases from 2.52 to 0.3 km at e=0.5% 1077 cm®.

1 Introduction

With the developments in high-speed optical networks, 40
Gbps optical transmission systems have received a con-
siderable interest for use in very-short-reach optical links
[1]. Laser diodes (LDs) are widely used as light sources in
optical transmission systems. The laser signal is modulated
with an electrical signal through either direct or external
modulation [2]. In the direct modulation, the electrical signal
(information signal) is applied directly to the LD in con-
junction with the bias current. This simple implementation
gives several advantages such as low cost and low power
consumption when compared to external modulation [2,
3]. However, direct intensity modulation of LDs resulting
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in a simultaneous phase modulation through the linewidth
enhancement factor (a-factor) [4], which causes a time varia-
tion in the lasing frequency (i.e., frequency modulation) [5].
The interdependence between intensity and frequency modu-
lation is referred to as “frequency chirp” [2]. In digital trans-
mission systems, high-speed lasers that meet the requirement
of 40 Gbps short-reach data communication links usually
have a large differential gain, which increase the frequency
chirp [6, 7]. The frequency chirp typically causes variations
in the pulse width, which when combined with fiber dis-
persion degrades the digital system performance [7-11].
This degradation imposes limitations on the transmission
bit rate and transmission distance [12, 13]. Another serious
limitation of frequency chirp is that it causes shifting in the
emission wavelength of the laser, which is a critical issue in
applications like wavelength division multiplexing (WDM)
systems to avoid channel interference [14]. The chirping
behavior of directly modulated LDs is characterized by two
chirp types: transient and adiabatic chirp, which are influ-
enced by laser design parameters and operating conditions
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[15]. The transient chirp appears around the rise/fall loca-
tions of the pulse and originates from the turn-on relaxation
oscillations. These relaxation oscillations occur as a result
of electron—photon coupling through stimulated emission
during the transition between steady states [16]. On the other
hand, the adiabatic chirp is the frequency offset induced
between laser steady-state output powers (around the mean
values in both “1” and “0” levels) [15]. The transient chirp
causes variations in pulse width, whereas the adiabatic chirp
induces a shift in the emission wavelength [14].

The laser design and structure parameters that control
these types of frequency chirp are the linewidth enhance-
ment factor (a-factor) [17, 18] and gain suppression [19-21].
The a-factor describes the refractive index variations with
the injected carrier density and its impact on the dynamical
properties of the LDs [22, 23]. The changes in the injected
carrier density induces simultaneous changes in the opti-
cal gain and refractive index of the active region, resulting
in an intensity-phase coupling, which increases the laser
linewidth by a factor of 1+a? [17, 18, 24]. On the other
hand, the effect of gain suppression is to prevent the car-
rier density above the threshold value from getting tightly
clamped, resulting in a reduction in the optical gain by the
factor of (1+& S)~! at high photon densities (S) [21]. The
gain suppression suppresses the carrier-photon resonance
and increases the damping rate of relaxation oscillations,
which then reduces the transient chirp and introduces adi-
abatic chirp [20, 25]. The gain suppression was attributed
to many physical mechanisms, including intraband relaxa-
tion processes of injected carriers [26], spectral hole burning
[27], nonlinear absorption [28], carrier diffusion [29], and
dynamic carrier heating effects [30].

It is beneficial to investigate the effect of these impor-
tant laser parameters on the chirp characteristics induced by
directly modulated LDs, especially at high modulation bit
rates. The previous studies [31, 32] reported that the increase
in ¢ increases the adiabatic chirp, and reduces the transient
chirp at modulation bit rates of 5 and 10 Gbps. However, the
findings reported in Ref. [33] revealed that the gain suppres-
sion causes enhancement in the modulated signal quality at 2
and 10 Gbps. On the other hand, it was reported in Ref. [14]
that at 10 Gbps modulation, the adiabatic chirp is the main
contributor to degradation of directly modulated WDM sys-
tems. In addition, the authors in Ref. [34] confirmed that in
directly modulated WDM systems, frequency chirp reduces
the transmission bit rate and vice versa at long fiber lengths.
In comparison to the 10 Gbps modulation, Ref. [6] showed
experimentally and theoretically that at a high modulation
bit rate of 40 Gbps, the adiabatic chirp is undistinguish-
able and the transient chirp is dominating. Regardless of the
chirp type, it was reported that at high-speed modulation,
the laser chirp is combined with the fiber dispersion in such
a way to limit the fiber length [35, 36]. Although most of
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previous studies focused on the impact of laser chirp on the
system performance, there is still room for more in-depth
investigation into impacts of both a-factor and ¢ on the fre-
quency chirp and the maximum fiber length, especially at a
high modulation bit rate of 40-Gbps. In addition, there is a
lack of studies on the influence of these parameters on the
emission shifting associated with digital modulation of the
laser, which is a critical issue in WDM system performance
avoiding the channel interference [14, 22, 37].

In this paper, we present intensive numerical simulations
on the effects of the a-factor and gain suppression coefficient
on the chirp characteristics of a directly modulated high-
speed 1.55 pm laser diode and evaluate its performance for
use in 40 Gbps optical fiber links. The chirp characteristics
include the modulated signal waveform, frequency peak-to-
peak chirp, and shift of the emission wavelength. The per-
formance of 40 Gbps optical fiber link is evaluated in terms
of eye diagram and Q-factor of the received laser signal, and
estimation of the maximum fiber transmission length. The
simulated study is based on the rate equation model of laser
diode subject to digital non-return to zero (NRZ) pseudo-
random bit format using the “Optisystem” software.

The theoretical model and simulation method used in this
study is given in Sect. 2. The simulation results and discus-
sion are presented in Sect. 3, and the conclusions appear in
Sect. 4.

2 Theoretical model and simulation method

The dynamic behavior and modulation characteristics
of a single-mode LD are typically modeled by numerical
integrating the following coupled rate equations using the
fourth-order Runge—Kutta algorithm. These rate equations
describe the time evolution of the injected carrier density
N(?) into the active layer, emitted photon density S(#) and
optical phase ¢(7) [38].
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where I(¢) is the waveform of the injection current, V is the
volume of the active region, e is the electron charge, 7, is the
electron lifetime, ¢ is the nonlinear gain suppression coef-
ficient, g,=v,.a, is the gain slope constant with v, being the
group velocity and a, the differential gain coefficient, N, is
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the carrier density required to achieve transparency, 7, is
the photon lifetime, I” is the optical confinement factor and
p is the spontaneous emission factor. It is worth noting that
the gain suppression coefficient € was added phenomeno-
logically to the nonlinear gain form in Egs. (1) and (2) to
describe the nonlinear photon density dependence of optical
gain (i.e. the optical gain saturates at high photon densities)
[39]. This phenomenological addition of & prevents the car-
rier density above the threshold value from getting tightly
clamped, inducing a reduction in the optical gain by the fac-
tor of (1 +& S)~! at high photon densities [21]. While another
phenomenological form for gain nonlinearity of g (N — N,)
(1 — & §) is frequently used [11, 40], a gain formula was
derived basing on a perturbation approach along with den-
sity matrix analysis and fitting the theoretical results as
8,(N — N,) — BS, B being a nonlinear gain coefficient [26].
According to [41], at high photon densities, the nonlinear
gain form in Egs. (1) and (2) agrees best with numerical
solutions, while the gain form of g,( — N,)(1 — ¢ S) tends
to fail. However, the differences in the laser dynamics, for
example the resonance frequency, damping rate and noise,
simulated by all these nonlinear gain formulas are very small
especially within the normal range of injection current of
the LDs [42].

The direct modulation of LDs is described by represent-
ing the injection current of Eq. (1) as

I(t) = Ib +Iin([) Im’ (4)

where I, is the bias current, /, is the modulation current and
I,,(¢) is the form of the input signal (either “0” or “1” in digi-
tal modulation). The time variation of the modulated laser
output power P(?) is determined from the photon density S(7)
via the relationship:

P(r) =

Vi, h
1™ 50), 5)

21—'7:[,

where 7, is the differential quantum efficiency, v is the opti-
cal frequency, and £ is the Planck’s constant. The time-
dependent optical frequency variation (chirp) within the
active region of a directly large signal modulation of single-
mode LD can be obtained from the phase rate equation as

d
Av(r) = i(d—w ©)

Using Egs. (1)—(5), the frequency chirp can be obtained
in terms of the modulated laser output optical power as [11,
43, 44]:

Avir) = = { %[ln P(0)] + kP(1) } @

[04
T

where a is the linewidth enhancement factor and & is the adi-
abatic chirp coefficient. The a-factor quantifies the variations
of the refractive index and gain with the carrier density N
inside the cavity, and describes their effect on the dynamical
properties of LD using the following equation [17]:

4z [ on/oN

—\ 3577 ) ®)
A \ dg/oN

where n is the refractive index, g is the gain per unit length

and 4 is the wavelength. Whereas, the adiabatic chirp coef-

ficient k£ depends on the laser structure and is directly related

to the nonlinear gain suppression coefficient ¢ through the
following expression [11]:

2

k= :
Vi v ©)

The chirp from the first term of Eq. (7) corresponds to the
transient chirp and it has a significant value during the relax-
ation oscillations of the laser. This indicates that devices
with strong damping relaxation oscillations exhibit good
transient chirp characteristics resulting from the reduction
in the rate of change of In P(¢). The second term of Eq. (7)
corresponds to the adiabatic chirp, which arises from spon-
taneous emission and nonlinear gain suppression effects, and
is associated with the frequency offset between the “1” and
“0” power levels during the modulation.

The proposed simulation setup of the optical fiber com-
munication link used in this study is schematically shown in
Fig. 1. The data sequence (information code) at bit rate of 40
Gbps is generated by pseudo-random bit sequence (PRBS)
generator with bit-sequence length of 27 — 1 =127 bits,
which is the term of [, (¥) in Eq. (4). The NRZ pulse gen-
erator then converts this information code into an electrical
signal as square pulses with NRZ format. Direct modulation
of the laser diode is performed by injecting the modula-
tion current /,, (shaped with the NRZ bit format) directly in
conjunction with bias current /. The time variations of the
modulated laser output power P(¢) and the corresponding
frequency chirp Av are observed by the optical time domain
visualizer. The wavelength spectrum of the optical power is
recorded by the optical spectrum analyzer. The modulated
laser signal is then transmitted down a standard single-mode
fiber (SSMF) with attenuation coefficient a;=0.2 dB km™!
and dispersion D=16.75 ps/(nm km). The received laser
signal is detected and converted into an electrical signal by
a PIN photodetector of responsivity=1 A/W and dark cur-
rent= 10 nA, which is used in conjunction with low-pass
Bessel filter of order four [41]. The transmission quality of
the modulated signal is characterized in terms of the eye
diagram and the associated Q-factor of the received laser
signal, which are recorded by the eye diagram analyzer. The
calculated Q-factor is defined as [45]:
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Fig. 1 The proposed simulation

setup of direct modulation of
laser diode system used in the

study [I I u

PRBS
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Table 1 The parametric values of the laser diode used in the pro-
posed high-speed fiber communication link [6]
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3 Results and discussion

Parameter Symbol Value
Wavelength A 1.55 pm

Active layer volume Vv 3x 107" em?
Group velocity Vg 8.33%x10° cm/s
Quantum efficiency o 0.255
Differential gain coefficient ag 9.9%107'% cm?
Carrier density at transparency N, 1.23%10'% cm™
Linewidth enhancement factor a (1-10)

Mode confinement factor r 0.2

Photon lifetime 7, 1.69%107'2 s
Electron lifetime 7, 776x 1072 s
Spontaneous emission factor p 3x107

Gain suppression coefficient € 0.5-5)x107"7 cm®
Threshold current Iy, 9.8 mA

Bias current I 92 mA
Modulation current I 90 mA

_ |M1 —ﬂ0|
o, +o0,’

10)

where y; and o; with j="17 or “07, are the average values
and standard deviations of the sampled values, respectively.
The greater the difference between the average signal levels
for a “1” and a “0”, the more eye-opening and the higher
the Q-factor, and thus the lower the bit error rate (BER).
According to ITU-T recommendations, BER is limited by
107'2, which corresponds to Q ~ 7.

The parameters and the corresponding numerical val-
ues of the laser diode used in the calculations are listed
in Table 1 [6]. The proposed laser diode is InGaAsP-DFB
laser diode radiating in wavelength of 1.55 pm [6].
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3.1 Laser signal and chirp characteristics

The influences of the linewidth enhancement factor a and
gain suppression coefficient € on the time variation charac-
teristics of the modulated laser signal power (on the left-
hand axis) and associated frequency chirp (on the right-
hand axis) at a high bit rate B of 40 Gbps are illustrated in
Fig. 2a—d. The figures investigate four study cases: (1) small
values of a and ¢ as shown in Fig. 2a, (2) small a and large
€ as shown in Fig. 2b, (3) large a and small ¢ as shown in
Fig. 2c, and (4) large values of a and ¢ as shown in Fig. 2d.
Figure 2a shows that when the laser has small a=1 and
small e=0.5x 1077 cm?, the modulated laser signal power
exhibits pronounced relaxation oscillations (multiple peaks
with different heights) in either the “1” or “0” levels that
follow opposite levels. The rise and fall positions of the
modulated laser signal result in blue and red shifts in fre-
quency forming transient chirp of 21.8 GHz. The contribu-
tion for the adiabatic chirp almost does not exist in this case
due to the small vale of &, where the difference between the
“1” and “0” levels is very small. As a result, the transient
chirp represents the peak-to-peak chirp. The influence of
¢ appears in Fig. 2b when it has a large value of 5x 107!
cm?® and a remains as small as 1. The increase in ¢ causes a
significant difference between the "1" and "0" levels, induc-
ing a pronounced adiabatic chirp of 14.9 GHz as seen in
the right-hand axis of Fig. 2b. In addition, the increase in €
strengthens the damping rate of laser relaxation oscillations,
shrinking the time instants at which the oscillations die away
and decreasing the peak overshot of the oscillations due to
the decrease in the photon density S(¢) inside the cavity [32,
46]. This is consistent with the findings reported in Refs.
[33, 46-48]. Although the adiabatic chirp contributes sig-
nificantly at large ¢, the strengthening of the damping rate
and the associated decrease in the peak overshoot of the
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Fig.2 Simulated time variation characteristics of the modulated
laser power (on the left hand axis) and the associated frequency chirp
(on the right hand axis) at 40 Gbps NRZ modulation when a a=1

relaxation oscillations work to reduce the transient chirp,
which in turn reduces the peak-to-peak chirp to 19.5 GHz
when compared with the value of first case (21.8 GHz).
Figure 2c investigates the effect of a-factor when it is set
to be as large as 10 at small & value of 0.5x 1077 cm?® (the
third case). The figure shows that the large value of a causes
stronger overshooting of the laser relaxation oscillation,
which induces a high contribution to the transient chirp in
agreement with interpretations reported in Ref. [37]. This
high contribution of the transient chirp increases the peak-
to-peak chirp significantly that reaches 205 GHz. Modulat-
ing the laser with large values of & (=5x 1077 cm?) and «
(=10) is illustrated in Fig. 2d, which represent the fourth
case. The figure reveals that the adiabatic chirp rises to
149.3 GHz (as compared to Fig. 2b), while the peak-to-peak
chirp reduces to 193.3 GHz (as compared to Fig. 2¢). The
above results indicate that the adiabatic chirp results from
the gain suppression effect, whereas the transient chirp is
associated with the large a-factor. Also, the laser peak-to-
peak chirp reduces (i.e., improves the chirp characteristics)
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and £=0.5x107"7 cm?, b a=1 and e=5x10""7 em?, ¢ =10 and
£=0.5%10"7 cm® andd a=10 and e=5x 10" cm?

as the a-factor decreases and/or € increases, although the
increase in € enhances the adiabatic chirp.

Figure 3 plots variations of the laser peak-to-peak chirp
at a high bit rate of 40 Gbps as a function of the a-factor
at two gain suppression coefficients of £=0.5x 1077 and
5% 107"7 cm?. The figure reveals that the laser peak-to-peak
chirp is significantly influenced by the a-factor, whereas it
is slightly influenced by the gain suppression coefficient
€. The laser peak-to-peak chirp increases sharply as the
a-factor increases from 1 to 10, while it is slightly reduced
as & increases from 0.5 x 1077 to 5x 1077 ¢cm?. This reduc-
tion becomes more significant when the a-factor increases;
when e increases from 0.5x 1077 to 5x 107"7 c¢cm?, the
peak-to-peak chirp values differ by 2.3 GHz at=1 (19.5 and
21.8 GHz), whereas they differ by 11.7 GHz at =10 (193.3
and 205 GHz).

The influences of a-factor and gain suppression coeffi-
cient € on the wavelength spectrum of the modulated laser
signal power are illustrated in Fig. 4. The spectrum charac-
teristics provide useful information on the wavelength shift
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Fig.3 Variations of the laser peak-to-peak chirp with the a-factor at
small gain suppression coefficient & of 0.5x 107 7cm? (black line),
and at large € of 5X 107"cm? (red line)

(AA) of the emission wavelength relative to the wavelength
of the non-modulated laser. This wavelength shift is a pri-
mary cause to limitation of the WDM system performance
[14, 22]. Figure 4a plots the wavelength spectrum of the
modulated laser signal when the laser is simulated with
the small value of @=1 under two values of e=0.5x 107"
(small) and 5x 10~ cm? (large). The figure shows that when
€ is small, the chirp becomes predominantly transient and
the emission peak is nearly centered at the actual wave-
length of laser emission (the wavelength shift is very low as
A2=0.02 nm). Whereas when ¢ is large, the chirp becomes
predominantly adiabatic, creating two separated peaks that
correspond to bits “1” and “0”, as illustrated in the inset of
Fig. 4a. The wavelength separation between these two peaks
(84,) is directly related to the adiabatic chirp value [37, 49],

N
o

T B

(a) AL =0.177 nm

o
L

0 :
1.54971 1.54980 1.54989

N
o
L

£=0.5x10" cm®

A
(=)
1

Laser output power (dBm)

Wavelength (um)

T T
1.548 1.549 1.550 1.551 1.552

which is as small as 84, =0.036 nm in this case. The figure
also reveals that when ¢ is large (=5 X 1077 ¢cm?), the “1”
bit has a small wavelength shift of A1=0.177 nm toward
the shorter wavelength side of the spectrum (blue shift) as
a result of the low effect of transient chirp induced by the
small value of a-factor (=1). Whereas when the a-factor
increases to 10, the transient chirp has a significant impact
on the spectra, resulting in pronounced wavelength varia-
tions, which manifest as asymmetry in the optical spectra,
as shown in Fig. 4b. It can be inferred that when ¢ increases
from 0.5x 1077 to 5x 10~ 7cm?, 84, increases from 0.325
to 1.23 nm, and AJ increases from 0.212 to 2.28 nm, respec-
tively. Such results indicate degradation in the efficiency of
laser diode in WDM applications [22, 37]. It is worth not-
ing that the distinct separation between the wavelength of
the “1 s” and the “0 s” (i.e. the blue shift of “1 s relative to
“0 s”) is due to the fact that the “0 s have non-zero power
(i.e. the extinction ratio is low enough). This is attributed to
the carrier splitting effect with a frequency shift, which is
expressed as [49]:

AV(}}O}}H}}I}})=%AP(}}O}}H}}I}})- (11

The carrier splitting effect is much stronger when the adi-
abatic and/or transient chirp are both dominant, producing a
plateau between the "1" and "0" wavelength positions. When
comparing Fig. 4a, b, it is clear that increasing a from 1
to 10 increases the laser spectral width and causes pulse
broadening and inter-symbol interference as well as signifi-
cant increase in the leasing wavelength shift A4 toward the
shorter wavelength side of the spectrum. These results agree
with the findings given in Ref. [37]. The increase in the las-
ing wavelength shifts A4 when a=10 is attributed to the
high adiabatic wavelength separation 81, between the “1”

20 T
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() i |
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Fig.4 Optical spectrum of the modulated laser signal output power when a a=1 and b a= 10, at two different ¢ values of 0.5x 10~""em? (black

lines) and 5x 10~ 7cm? (red lines)
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and “0” bits [37, 49]. These results agree with the experi-
mental and theoretical findings reported in Ref. [49]. It can
be concluded from the above results that although the gain
suppression coefficient € works to reduce the laser peak-to-
peak chirp (i.e., improve the chirp characteristics) as shown
in Fig. 3, it causes significant shifts in the lasing wavelength
and degrades the efficiency of laser diode in WDM applica-
tions due to the channel interference [14].

Figure 5 demonstrates the variations of lasing wavelength
shift AA relative to the non-modulated laser wavelength
as a function of the a-factor when the gain suppression
coefficient ¢ is as small as 0.5x 1077 cm? and as large as
5% 1077 cm®. The figure reveals that the wavelength shifts
AZ increases when the a-factor and/or the ¢ increase; when
a increases from 1 to 10, A/ increases from 0.02 to 0.212 nm
when £=0.5x 1077 ¢cm?, whereas it increases from 0.177
to 2.28 nm when £ =5 x 107'7 cm?®. The increase in A2 with
the a-factor is slight when e is small, whereas it becomes
sharper when ¢ is large. This implies that the larger val-
ues of a and ¢ correspond to wider shift A4 for the emis-
sion wavelength relative to the actual non-modulated laser
wavelength, which reduces the efficiency of the high-speed
laser diode for use in WDM systems. The significant blue
shift in the lasing wavelength AZ with the large € value is
explained as follows: the increase of € works to increase the
adiabatic chirp as mentioned above, which in turn increases
the wavelength difference between the “1 s” and “0 s” that
result from the carrier splitting effect [37, 49]. Moreover,
the increase of € enhances the effect of a-factor in the blue
wavelength shifting that agrees with the results in Ref. [37]
through the reduction of differential gain above threshold
[32, 50]. These obtained results, to the best of the authors’

2.5 T T T T T T T T

2.0

1.54

€ =5x10"1"7cm?
1.0 4

0.5
€= 0.5x10""7cm3

;_’_.——.—/"_'._I

0.0 - i

1 2 3 4 5 6 7 8 9 10
o—factor

wavelength emission shift AL nm)

Fig.5 Variations of the wavelength emission shift A4 relative to the
actual non-modulated laser wavelength (1.55 pm) as a function of
the a-factor at small gain suppression coefficient & of 0.5x 10~ 7cm?

(black line), and at large € of 5 107"cm? (red line)

knowledge, represent new contributions to dependency of
the lasing wavelength shifts on a and e for 40-Gbps WDM
systems.

3.2 Performance of the system quality

The performance of high-speed digital transmission sys-
tems is qualitatively evaluated using the eye diagram analy-
sis of the laser waveform. This is a visual tool to examine
the received laser signal quality by measuring the open-
ing degrees of the eye diagram in both the vertical and
horizontal directions [33]. The degree of vertical opening
is estimated in terms of the Q-factor [45]. In the present
simulations, the eye diagram is constructed by dividing the
received laser signal waveform into two-bit segments and
putting each onto others. The eye diagram analysis is used
to investigate the effects of a and ¢ as well as the fiber length
on the received signal quality in terms of the Q-factor at
a high bit rate of 40 Gbps. Figure 6a—d demonstrates the
evolution of the eye diagram under the four investigated
cases of Fig. 2a—d, respectively, when the modulated sig-
nal is transmitted over a fiber of 0.5 km length, whereas
Fig. 6e-h displays corresponding eye diagrams when the
modulated signal is transmitted over 2.5 km fiber. Compar-
ing the eye diagrams of Fig. 6a—d indicate that increasing &
from 0.5% 1077 to 5x 10~ "cm? works to enhance the degree
of the eye-opening, improving the Q-factor from 8.48 (where
eye diagram is partially closed) to 22.33 (where eye dia-
gram is well opened) when a=1. On the other hand, when
a is increased to 10, the increase in ¢ from 0.5%x 1077 to
5x107"cm? improves the Q-factor from 1.43 (completely
closed eye diagram) to 16.17 (partially closed eye diagram).
The increase of both the eye-opening and Q-factor with ¢ is
attributed to increase in the damping rate of the relaxation
oscillation (i.e., the level of the overshot is damped out) in
addition to reducing the random fluctuations in the turn-
on delay time (time needed for the carrier density to reach
the lasing threshold value), which then results in clear eye
diagram [37]. The improvement of Q-factor with € agrees
with the findings given in Ref. [33]. In contrast, increasing
the a-factor adds to the eye closure, which indicates dete-
rioration in the modulated signal quality. When a increases
from 1 to 10, the Q-factor decreases from 8.48 (the eye is
partially closed) to 1.43 (the eye is completely closed) when
£=0.5x10""cm?, and from 22.33 (the eye is well opened)
to 16.17 (the eye is partially closed) when e =5 x 10~ 7cm?>.
This reduction of the Q-factor with «a is consistent with the
results reported in Ref. [37]. The effects of @ and € on the
chirp characteristics when including fiber nonlinearities are
illustrated in Fig. 6e—h when the fiber length is increased to
2.5 km. Figure 6e—h reveals that there are significant reduc-
tions in Q-factors at 2.5 km fiber length when compared
to those in Fig. 6a—d at 0.5 km fiber length, respectively.
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Fig.6 Eye diagram analysis at
B =40 Gbps for the four inves-
tigated cases of Fig. 2a—d when
the modulated signal transmit-
ted over fiber with lengths of
a—d 0.5 km, and e-h 2.5 km,
respectively
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As a numerical example, when the fiber length increases
from 0.5 to 2.5 km, the Q-factor reduces from 8.48 to 7.42
(Fig. 6a, e), from 22.33 to 10.23 (Fig. 6b, f), from 1.43 to
zero (Fig. 6c, g), and from 16.17 to 1.96 (Fig. 6d, h). This
is attributed to the combined effects of fiber dispersion and
frequency chirp, which are induced by the pseudo-random
bit pattern effect that increases under high-speed modula-
tion and depends on the history of “0” bits preceding every
“1” bit [51]. That is, the influences of @ and ¢ on the chirp
characteristics increases with lengthening the optical fiber.

Figure 7a, b plots variations of the Q-factor with the fiber
length under the investigated two values of the gain sup-
pression coefficient (¢=0.5x 10717 and 5x 1077 cm’) when
a=1 and 10, respectively. The figures confirm the com-
bined effects of the fiber length and frequency chirp on the
Q-factor. In more details, as the fiber length and/or a-factor
increase, the Q-factor reduces, whereas it is enhanced when

@ Springer
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e increases. As mentioned in Sect. 2, according to the ITU-T
recommendations, BER is limited by 1072, which is suffi-
cient for free error transmission and corresponds to Q-factor
~ 7. Accordingly when a =1, the maximum fiber lengths
(Lyay) that corresponds to transmission free from error is
2.52 and 5.89 km when £=0.5% 107" and 5x 107" cm’,
respectively, as shown in Fig. 7a. When a=10, L, reduces
to 0.3 and 0.78 km when £=0.5x10""7 and 5% 107" cm’,
respectively, as shown in Fig. 7b. These results confirm that
the frequency chirp parameters (« and €) are significant con-
tributors to the fiber length limitation, which agrees with the
explanations reported in Ref. [51].

Determining the maximum fiber length L, . basing on the
frequency chirp parameters (a and ¢) is an important issue
in the design of high-speed optical fiber links. To provide a
more detailed picture, Fig. 8 plots the predicted values of L,,

in terms of the a-factor and &. The figure reveals that L_,,
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Fig.8 Maximum fiber length L, versus a-factor at small e of
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decreases with the increase of a-factor and/or decrease in e.
In other words, one should reduce a-factor and increase the
gain suppression coefficient ¢ to increase the maximum trans-
mission distance. As a numerical example, when o increases
from 1 to 10, L,,,, decreases from 5.89 to 0.78 km at large
e=5x10""cm?, and decreases from 2.52 to 0.3 km at small
£=0.5x10""cm?, respectively. These results, to the best of
the authors' knowledge, are new contributions to dependence
of the upper limit of the transmission distances on a and €.

4 Conclusion

This paper introduced a numerical simulation study on the
chirping characteristics of a direct modulated high-speed
1.55 um laser diode and assessed its performance for use

18-(bl)0tl=10l o ]

Q-Factor

€=0.5x10"cm?

05 1.0 15 20 25 3.0 35 40 45 50
Fiber length (km)

3

in 40 Gbps optical fiber links. The effects of the linewidth
enhancement factor o and the gain suppression coefficient
€ on the chirp characteristics and fiber transmission length
were investigated. The chirp characteristics included the
modulated signal waveform, frequency peak-to-peak chirp,
and laser output wavelength spectrum. The performance of
40 Gbps optical fiber link was evaluated in terms of the eye
diagram and the Q-factor and the maximum fiber length.
The results show that when « increases from 1 to 10, the
modulated laser waveform exhibits pronounced relaxation
oscillations in both the "1" or “0” bits with strong peak over-
shoots, which results in a sharp increase in the laser peak-
to-peak chirp from 21.8 to 205 GHz when £=0.5x107"7
cm? due to contribution of the transient chirp. The increase
of £ to 5x 1077 cm? increase the difference between the “1”
and “0” levels, which induces an adiabatic chirp and damp-
ens out the peak overshoots and reduces the transient chirp
and the peak-to-peak chirp from 19.5 to 193.3 GHz. How-
ever, the increase of ¢ causes significant shifts in the lasing
wavelength A4 relative to the actual non-modulated laser
wavelength and degrades the efficiency of the laser diode in
WDM applications due to the channel interference. These
obtained results, to the best of the authors’ knowledge, are
new contributions to dependence of the lasing wavelength
shift on o and € in 40-Gbps WDM systems. However, the
increase of € induces an increase in the degree of eye-open-
ing and the Q-factor, which enhances performance of the
fiber link. In contrast, the increase of the a-factor increases
the eye-closure and reduces the Q-factor, which degrades
performance of the fiber link. As the fiber length increases,
the influences of a and & on the chirp characteristics become
more significant. The predicted maximum fiber length L,
decreases with the increase in a and/or decrease in €; when a
increases from 1 to 10, L., decreases from 5.89 to 0.78 km
ate=5x10""7 ¢cm?3, and decreases from 2.52 to 0.3 km when
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£=0.5x10""7 cm?. The obtained results are new contribu-
tions to variations of the maximum transmission distances
with a and e.
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