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Abstract: We investigate the modulation performance of high-speed multiple-quantum-well (MQW) semiconductor lasers emittingin
the wavelength of 1.55µm. The small-signal modulation characteristics are modeledand analytical forms of the relaxation frequency
and the modulation bandwidth are derived. The digital modulation characteristics under both 10 and 40 Gbps are investigated using
both the return to zero (RZ) and non-return to zero (NRZ) formats of the modulation current. These modulation characteristics include
the waveform of the modulated signal and frequency chirp. The results showed that under 10 Gbps, the transient chirps is almost same
( 62.7 GHz) under both the RZ and NRZ bit patterns, whereas it increases to 72.8 and 65.1 GHz under the NRZ and RZ bit patterns,
respectively.
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1 Introduction

Semiconductor lasers are key light sources in optical fiber
communication systems. In these systems, the laser signal
is modulated using an electrical signal by means of either
direct or indirect modulation [1]. In directly-modulated
communication systems, the information signal is applied
directly to the laser diode in addition to the bias current.
However, the transmission bit rate is limited by the
resonance frequency and the modulation bandwidth
frequency of the laser diode [1]. A possible approach to
increase the modulation bandwidth of the laser diode is to
use MQW laser diodes, which are characterized by large
differential gain of the active region. An example of a
1.55 µm MQW laser is given in [2] to meet the
requirement of 40 Gbps fiber transmission systems for
applications in very-short-reach optical links [3].
However the intensity variation is associated with phase
modulation through the linewidth enhancement factor [4].
Such phase modulation causes variation in the lasing
frequency (frequency chirp) [1]. The frequency chirp
increases with the increase in both the differential gain
coefficient and the linewidth enhancement factor which
has large values in long-wavelength semiconductor lasers
[5]. Therefore, high speed 1.55µm laser diodes are
expected to have large values of the frequency chirp

which manifests as broadening of the lineshape [6] and
limits the fiber length in high speed fiber communication
systems [7,8]. Investigations of the dynamics and chirp of
the high speed laser are needful to optimize its
modulation conditions for use in modern and future short
reach networks that operates at transmission rates of 40
Gbps. In additions, it is important to compare the laser
diode performance under NRZ and RZ modulation bit
patterns.

In this paper, we model and simulate the intrinsic
digital modulation characteristics of high speed 1.55µm
MQW laser diodes for use in both 10 and 40 Gbps
communication systems. These characteristics include the
waveform of the modulated laser signal, frequency chirp
and eye diagram. We apply the present studies for both
the RZ and NRZ patterns of the pseudorandom
modulation bits. The Optisystem software 12.0 is used to
simulate the laser characteristics under large-signal
modulation. The theoretical model of analysis of these
simulations is given in section 2. In sections 3 and 4, we
present the results of small- and large-signal modulation
of the laser using the small-signal approximation and
numerical integration, respectively.
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2 Rate Equation Model of Laser Diode under
Modulation

The rate equation model of semiconductor lasers given in
section 2.2.3 is modified to account for the pseudorandom
digital modulation and to include the intrinsic noise. These
rate equations take the form [9]

dN
dt

=
I(t)
qV

−
N
τe

− a0νg
N −Ng

1+ εS
+FN(t) (1)

dS
dt

= Γ a0νg
N −Ng

1+ εS
−

S
τp

+
Γ βspN

τp
+FS(t) (2)

dθ
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= 2π∆ f =
α
2

Γ a0νg(N −Nth)+Fθ(t) (3)

The current termI(t) of equation (1) varies with time
as;

I(t) = Ib + ImΨm(t) (4)

whereIb is the bias current, is the modulation current,
andΨm(t) represents the shape of the current signal, either
the RZ or NRZ pattern.

The last termsFN(t), FS(t) andFθ (t) in equations (1)
and (2) are Langevin noise terms and are added to the
equations to take into account the quantum noises on the
photon and electron densities and optical phase,
respectively [10]. These noises are caused by random
fluctuations in the electron and photon recombination and
generation processes, which result in instantaneous time
variations in the electron and photon densities [10]. The
time variation for the optical power is determined from
the photon numberS(t) via the relationship [1]:

PT =
Vη0h f S

2Γ τp
(5)

whereη0 is the differential quantum efficiency,f is the
optical frequency, andh is the Planck’s constant.

3 Numerical Calculations

Rate equations (1) and (3) are solved numerically by
means of the fourth-order Runge-Kutta method [11].
Pseudorandom square pulses with both the RZ and NRZ
patterns are assumed to beΨm(t) in equation (4). These
square pulses are generated by a pseudorandom bit
sequence (PRBS) generator. The used bit-sequence length
is 29−1, and the bit duration or the bit slot isTb = 1/B,
where B is the bit rate. In the present work, the bit rate is
set to beB = 10 and 40 Gbps, which correspond to
Tb = 100 and 25 ps, respectively. In the integration
process, each bit is divided into 64 samples, which results
in a time step of∆T 1.6 and 0.4 ps for the cases of 10 and
40 Gbps modulations, respectively. The calculations are
applied to anInGaAsP MQW-distributed feedback (DFB)

laser emitting withλ =1.55 µm using the parametric
values given in Table ((1)) [3]. The non-radiative
recombination processes in this long-wavelength laser are
taken into account in the calculation of the spontaneous
emission life timeτe via the relationship [12]

1
τe

= Anr +BrN +CAUGN2 (6)

where Anr and CAUG are rates of nonradiative
recombination due to crystal imperfections and the Auger
processes, respectively, andBr is the rate of radiative
recombination. The bias and modulation currents are set
to be Ib = 92 mA and Im = 90 mA, respectively, which
correspond to the modulation bandwidth off 3dB =
observed in experiments on MQW DFB laser diodes [3,
13]. These currents are well above the threshold level in
order to avoid contribution of the noisy spontaneous
emission process to the lasing action. These currents
correspond to a transmitter power ofPT = 11 Bm. The
proposed PIN photodetector is used with a low-pass
Bessel filter of order 4 [14]. Typical values of the
parameters of this device are given in Table (1). The
techniques of instantaneous generation of the Langevin
noise sourcesFN(t), FS(t) andFθ (t) can be found in [10].

4 Results and Discussion

4.1 Light-current (L-I) characteristics

The most important characteristic of the laser diode to be
measured is the amount of light it emits when current is
injected into the active region. This generates the output
light versus input current curve, more commonly referred
to as the (L-I) characteristics. Theoretically this curve can
be generated by calculating the steady state values of the
emitted power at a relatively long time as a function of
the injection current. Figure (1) plots the calculated L-I
curve, showing that the L-I characteristics can be divided
broadly into two parts; namely, the spontaneous and the
stimulated regions. In the region of low current, any
radiation generated is due to the spontaneous emission
where the laser behaves like a light emitting diode. In this
region, the current density in the active region is not
enough to support lasing. As the injected current is
increased, the threshold currentIth is reached and the
laser begins to emit stimulated radiation, which is the
onset of laser action, and the light output then increases
very rapidly with increasing the current [12,15].

From the L-I curve, the threshold currentIth can be
obtained, which is a very important parameter since it is
strictly related to the power consumption of the laser.Ith
is obtained by extracting the linear relation of the
stimulated emission and determining its interception with
the current axis. The calculated value of the threshold
current is Ith = 10 mA. Also from the L-I curves, we
determine the slope efficiency which describes how well
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Table 1: Typical values of the DFB MQW laser diode and PIN photodiode parameters [3]

Symbol Definition Value

Laser parameters
λ Wavelength 1.55µm
V Active layer volume 3x10−11cm3

υg Group velocity 8.33x109cm/s
η0 Quantum efficiency 0.255
a0 Differential gain coefficient 9.9x10−16cm2

Ng Carrier density at transparency 1.23x1018cm−3

α Linewidth enhancement factor 3.5
Γ Mode confinement factor 0.2
Anr recombination coefficient 108s−1

Br recombination coefficient 3.5x10−10cm3/s
CAUG recombination coefficient 7.5x10−29cm6/s
τp Photon lifetime 1.69x10−12s
βsp Spontaneous emission factor 3x10−5

ε Gain compression coefficient 2.77x10−17cm3

PIN Photodetector
R Responsivity 1A/W
Ith Thermal noise 10−22W/Hz
Id Dark current 10nA

the light output power of the laser responds to the
increase in the injection current [16]. The calculated slope
efficiency ish =8.18x10−4 W/A.

Fig. 1: The (L-I) characteristics of the MQW DFB laser.Ith = 10
mA andη0 = 8.18×10−4W/A.

4.2 Small-signal modulation analysis

In this section, we present small-signal analysis of the
sinusoidal modulation of the present semiconductor laser.
This analysis is useful for obtaining analytic solutions of
the laser rate equations under small-signal modulation

and relating the modulation characteristics to the laser
parameters and the modulation conditions. Under the
small-signal modulation analysis, the laser is biased
above thresholdIb > Ith and modulated such that
Im < Ib − Ith [2]. For such analysis, the noise sources are
dropped from rate equations (1- 3). The injection current
I(t) in equation (1) is defined in the sinusoidal form:

I(t) = Ib + Im cos(Ωmt) (7)

with Im << Ib − Ith This equation can be re-written as:

I = Ib +

[

Im

2
exp(JΩmt +C.C

]

(8)

where c. c. indicates the complex conjugate, and the
angular frequencyΩm. is related to the modulation
frequencyfm asΩm = 2π fm . In the small-signal analysis,
both S(t) and N(t) are separated also into a bias and
modulation terms as:

N(t) = Nb +

[

Nm

2
exp(JΩmt +C.C

]

(9)

S(t) = Sb +

[

Sm

2
exp(JΩmt +C.C

]

(10)

such thatNm << Nb and Sm << Sb. By substituting
equations (8-10) into the rate equations, comparing both
sides of the obtained equations, one can obtain a pair of
equations for the bias components and another pair of
equations for the modulation components. By neglecting
the higher harmonics, the equations of the bias
components are:

υga0
Nb −N0Sb

1+ εSb
+

Ib

qV
−

Nb

τe
= 0 (11)
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Γ υga0
Nb −N0Sb

1+ εSb
−

Sb

τp
+

Γ Rsp

V
= 0 (12)

and the equations of the modulation components are:

−[ΓS + jΩm]Sm +Γ υga0Nm
Sb

1+ εSb
= 0 (13)

−[ΓN + jΩm]Nm −υga0Sm
Nb −N0

1+ εSb
+

Im

qV
= 0 (14)

where

ΓN = 2πγN =−Γ υga0
(Nb −N0)

1+ εSb
+

1
τe

(15)

ΓS = 2πγS = υga0
Sb

1+ εSb
+

1
τP

(16)

are the damping rates ofN(t) andS(t) respectively. The
modulation componentNm of N(t) is determined from
equation (8) as a function ofSm as,

Nm =

Im
qV −υga0

(Nb−N0)Sm
1+εSb

jΩm +ΓN
(17)

The componentSm is then determined by substituting for
Nm into equation (13),

Sm(Ωm) =
Γ υgNb − a0

Sb
1+εSb

Im
qV

Ω2
r +2 jΩmΓr −Ω2

m
(18)

where Ωr = 2π fr and Γr are the relaxation circular
frequency and the damping rate, respectively, and are
given by:

Ω2
r = (2π fr)

2 = ΓNΓS +Γ υ2
g a2

0
(Nb −N0)Sb

(1+ εSb)2 (19)
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1
2
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1
2
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1
τp

−Γ υga0
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+

1
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)

(20)

4.2.1 Modulation response

The transfer function from current modulation to a
variation in the optical power defines the small-signal
modulation response [2]. This responseHm(Ωm) at a
given modulation frequencyΩm is defined as the ratio of
the modulated photon numberSm(Ωm) to the
non-modulated photon numberSm(0). Hm(Ωm) is then
given by

H(Ωm) =
Sm(Ωm)

Sm(0)

=
Ω2

r

Ω2
r +2 jΩmΓr −Ω2

m

=
1

1+2 jΩm
Γr
Ω2

r
− Ω2

m
Ω2

r

(21)

4.2.2 Modulation bandwidth

It is defined as the frequency at which the response
|Hm(Ωm)| is equal to one half of its flat part. The
modulation bandwidth, or the 3dB frequency
f3dB = Ω−3dB/2π , decides the upper modulation
frequency of the semiconductor laser.f3dB is then
calculated from:

f3dB =
1

2π

√

(Ω2
r −2Γ 2

r )+2
√

(Ω2
r −Γ 2

r )2+Ω2
r Γ 2

r

(22)
Figure (2) plots the frequency spectra of the

modulation response|Hm( fm)| when the bias current is
set to beIb =2, 5 and 10Ith. The figure shows that
|Hm( fm)| is pronounced at the modulation frequency
fm(peak) ≈ fr. The increase inIb is associated with a shift
of the response peak to higher modulation frequencies, a
decrease in the response peak, and broadening of the
spectrum around the peak frequency.

The response of|Hm( fm)| could be interpreted by
dividing it into three regimes: the plateau, peak, and
declining region [16]. When fm << fr, the charge carriers
follow the time variation of the injection current and the
laser keeps the CW operation, which results in a flat
response. In the vicinity of the response peak, the carriers
interact with the photons in similar manner to the laser
transients. The laser resonance is then a result of
complete phase synchronization between the carriers and
photons. The declining portion of|Hm( fm)| is due to the
retard of the phase of the photon field lags behind the
phase of the injection current.

The key point in increasing the modulation speed by
increasing the differential gain coefficienta0 is illustrated
in figure(3).

The figure shows the increase inf3dB with the
increase ina0. In this figure the bias current isIb = 92mA.
The figure indicates that f3dB = 12.4 GHz for
conventional DFB lasers witha0 = 2.5× 10−16 cm2, and
increases tof3dB = 24.2 GHz for the present laser witha0
=9.9× 10−20 cm2.

Figure(4) plots variation off3dB with the bias current
Ib whena0 = 9.9×10−20cm2. The figure shows thatf3dB
increases monotonically with the increase inIb; f3dB
increases from 8 to 22.8GHz whenIb increases from 20
to 80 mA. WhenIb = 100 mA, f3dB is 26 GHz, which is
close to the reported value(∼ 27GHz) for lasers with
almost similar parameters [3,13]. This slight difference in
f3dB may be because the electrical parasitic is not
included in the present model of analysis.

4.3 Large-signal analysis

In this subsection, we present the simulation results of
digital modulation of the semiconductor laser. The results
correspond to modulation at both bit rates ofB = 10 and
40 Gbps.
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Fig. 2: Spectra of|Hm( fm)| when Ib = 2,5and 10Ith. The peak
value of|Hm( fm)| decreases with increasingIb.

In these calculations the noise sources in equations (1)
and (3) are taken into account. Examples of the simulated
signal power P(t) and chirp ∆ f of the laser when
B = 10Gbps under the NRZ and RZ modulation patterns
are given in figures (5(a) and (5(b)), respectively. The
figures show the ON/OFF modulation of the laser power
and chirp. Both the power and chirp responses are
characterized by the relaxation oscillations in both the ”1”
and ”0” bits when preceded by opposite bits.

The shown fluctuations are manifestation of the
quantum intensity and phase noises of the laser [17].
These effects are more pronounced in figure (5(b)) of the
RZ pattern as the “1” bits return to the “0” level at the
mid-point of the bit slot.

Fig. 3: Variation of f3dB with with differential gain coefficienta0
whenIb = 92mA.

Fig. 4: Variation of the modulation bandwidthf3dB with Ib when
a0= 9.9× 10−20 cm2. f3dBincreases with the increase ofIb

The figures show that the rising and falling edges of
the pulse have different frequencies. The difference
between these two frequencies defines the ”transient
chirp” [18]. This transient chirp is induced by the
relaxation oscillations, which result in transient variations
in the refractive index of the active region. In the steady
state, the frequency difference between the “1” and “0”
levels defines the “adiabatic chirp” [18]. The figures
indicate that the chirp associated with the intensity
modulation is both transient and adiabatic. It is shown
also that the laser chirp is blue under both modulation
patterns. The transient chirps are almost same (62.68 and
62.77 GHz) under both the NRZ and RZ patterns.

Figures (6a and 6b) plot the corresponding signal
power and chirp of the laser when the bit rate B is
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Fig. 5: Modulated waveform and chirp of the laser signal when
B = 10Gbps for (a) NRZ and (b) RZ modulation patterns.

increased to 40 Gbps under the NRZ and RZ modulation
patterns, respectively. Figure (6a) shows that the signal is
more broadened within the single modulation bits; the
rise and fall times of the bits become longer. In additions,
figure (6b) shows fluctuations in the average power of
both the “0” and “1” bits, which is a pseudorandom
bit-pattern effect and is induced due to the different
history of the “0” bits preceding every “1” bit [17,19].
These effects are more enhanced in the waveforms of the
RZ modulated power. Also, it is seen that the adiabatic
chirp is hardly defined and the transient chirp becomes
dominant under the RZ modulation. The transient chirp
increases to 72.8 and 65.1 GHz under the NRZ and RZ
modulation patterns, respectively.

The calculated frequency chirp under the NRZ pattern
is slightly larger than the value of 48 GHz measured by
Sato et al. [3]. This difference may be because the
electrical parasitic are not taken into account in the
present calculations.

5 Conclusions

We modeled and simulated the modulation characteristics
of high speed quantum-well 1.55µm laser diodes under
the high bit rates of 10 and 40 Gbps. The study included
both the RZ and NRZ modulation bit patterns. We
investigated the intrinsic modulation characteristics ofthe
laser, including the modulated waveform and the transient

Fig. 6: Modulated waveform and chirp of the laser signal when
B = 40 Gbps for (a) NRZ and (b) RZ modulation patterns.

chirps. The results showed that the modulation bandwidth
f3dB increases with the increase in the differential gain
coefficient; f3dB is 12.4 GHz for conventional lasers
diodes witha0 = 2.5× 10−16 cm2, and increases tof3dB
= 24.2 GHz for the present high-speed laser witha0 = 9.9
× 10−20 cm2. f3dB increases also with the increase in the
bias current. Under digital modulation, the laser power
and chirp exhibit the ON/OFF modulation associated with
relaxation oscillations in both the ”1” or ”0” bits when
preceded by opposite bits.

The waveform has fluctuations due to the intensity
and phase noises of the laser. Under modulation with 10
Gbps, these effects are more pronounced in the RZ bit
pattern. The frequency chirp associated with the intensity
modulation is both transient and adiabatic. The laser chirp
is blue under both the NRZ and RZ bit patterns. The
transient chirps are almost same (∼62.7 GHz) under both
the RZ and NRZ bit patterns. Under 40 Gbps modulation,
the laser signal is more broadened within the single
modulation bits. The fluctuations in the average power of
both the “1” and “0” bits are due to both the intensity
noise and the pseudorandom bit-pattern effect. The latter
is more enhanced in the waveforms of the RZ modulated
power. The adiabatic chirp is hardly defined and the
transient chirp becomes dominant under the RZ bit
pattern. The transient chirp is 65.1 and 72.8 GHz under
the RZ and NRZ modulations bit patterns, respectively.
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