
1062 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 38, NO. 8, AUGUST 2002

Simple Model for a Distributed Feedback Laser
Integrated With a Mach–Zehnder Modulator
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Abstract—This paper presents a time-domain traveling-wave
algorithm for the modeling of the large-signal dynamic response
of a distributed feedback laser integrated with a Mach–Zehnder
(MZ) modulator. The influence of residual optical feedback from
the output of the modulator facet on the dynamic frequency chirp
is studied. It is found that the difference in frequency chirp between
the turn-on and -off states (i.e., adiabatic chirp) of a 2-shifted 2

2 MZ modulator is minimal and is independent of the residual
optical feedback. In addition, it can be shown that the presence of
chirped frequency spikes (i.e., transient chirp), due to the change in
refractive index as a result of the rapid variation of the bias voltage,
can broaden the linewidth and distort the spectrum of the modu-
lated optical signal. Furthermore, the possibility of doubling the
modulation frequency of MZ modulators using a dual-arm dual-
signal modulation format is investigated.

Index Terms—Distributed feedback lasers, frequency chirp,
large-signal modulation, Mach–Zehnder modulators, monolithic
integration, numerical simulation, optical feedback.

I. INTRODUCTION

A DISTRIBUTED feedback (DFB) laser integrated with
a multiple-quantum-well (MQW) p-i-n waveguide

Mach–Zehnder (MZ) modulator has important applications in
high-speed long-haul optical fiber communication systems [1],
[2]. This is because with a suitable design of the electrooptic
properties of the p-i-n waveguide [3], the splitting ratios of the
two Y-junctions [4], the differential phase shift between the
two arms [5] as well as the format of the modulation scheme
[6], and low-frequency chirp at high modulation speeds can
be realized. In fact, it has been demonstrated that a DFB laser
integrated with an MZ modulator exhibits a high transmission
speed ( 10 Gb/s) over a long transmission distance (80 km)
in a nondispersion-shifted fiber [1], [2].

The static and dynamic responses of a DFB laser integrated
with an MZ modulator have been modeled using various
techniques [7]–[9]. For example, an equivalent circuit model
is developed to analyze the steady-state response of an MZ
modulator [7]. In the model, the variation of attenuation and
phase constants under the influence of bias voltage is deduced
experimentally and fitted empirically to the model. This model
is relatively simple but has ignored the physical characteristics
of the MZ modulator. Hence, a detailed physical model has
been developed to analyze the frequency chirp of a 21 MZ
modulator integrated with a DFB laser using the transfer matrix
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method [8]. Detailed information concerning the Y-junction,
the mode converter at the interface of the junctions, as well as
the MZ modulator have been taken into consideration using an
appropriate transfer matrix. This model can simulate a more
realistic structure of a MZ modulator with fewer approximations
[8]. However, this model is only limited to the calculation of the
adiabatic frequency chirp but not the transient response of the
devices. On the other hand, transfer matrix and time-dependent
rate equations have been used to model the dynamic response of
MZ modulators [9]. But the model is restricted to the analysis
of a small-signal response [i.e., amplitude modulation (AM)
and frequency modulation (FM) responses] of MZ modulators.
However, the large-signal dynamic response of a DFB laser
integrated with an MZ modulator has not been investigated
previously.

It must be noted that the optical output of the MZ modula-
tors under large-signal modulation always exhibits chirped fre-
quency spikes (i.e., transient chirp). Although the chirped fre-
quency spikes are only a small percentage of the total spectral
energy of the frequency chirp response [10], the presence of the
chirped frequency spikes may broaden and distort the modulated
optical signal. Therefore, it is useful to have a simple model that
can be used to analyze the large-signal dynamic response of MZ
modulators with the effect of residual optical feedback taken
into consideration.

In this paper, a simple and versatile model for a DFB
laser integrated with an MZ modulator is developed using a
time-domain traveling-wave algorithm [10]. Using this model,
the static and dynamic responses of MZ modulators with 21
and 2 2 multimode interference (MMI) couplers are studied.
It is shown that the time-domain algorithm is the simplest,
and yet powerful, method for the self-consistent study of the
large-signal dynamic response of a DFB laser integrated with an
MZ modulator. This paper is organized as follows. In Section II,
a model for a DFB laser integrated with an MZ modulator is
developed using the time-domain algorithm. In Section III, the
steady-state, AM, and FM responses of a DFB laser integrated
with an MZ modulator with an asymmetric 2 1 MMI coupler
are calculated and verified to demonstrate the effectiveness
of the proposed time-domain algorithm. In addition, the cor-
responding frequency chirp response (i.e., including chirped
frequency spikes and frequency chirp at turn-on and -off states)
under large-signal modulation is studied. Furthermore, the
frequency chirp response of MZ modulator with a shifted
2 2 MMI coupler is analyzed by taking residual optical
feedback into account. It can be shown that the difference in
frequency chirp between turn-on and -off states of the 22 MZ
modulator is minimal and is independent of the residual optical
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feedback. It is also noted that the presence of chirped frequency
spikes can broaden and distort the spectrum of the modulated
optical signal. Furthermore, the possibility of using a dual-arm
dual-signal modulation format to double the modulation speed
of an MZ modulator is studied. The conclusions are given in
Section IV.

II. THEORETICAL MODEL

Fig. 1 shows the schematics of the integrated laser-MZ modu-
lators. The laser is assumed to be a single-mode 1.56-m /8
InP MQW DFB laser. Two configurations of MZ modulators are
considered in this analysis: 1) an MZ modulator with a 21
MMI output coupler (i.e., both arms of the MZ are coupled to a
unique output waveguide) and 2) an MZ modulator with a 22
MMI output coupler (i.e., both arms of the MZ are coupled to
two output waveguides). In addition, it is assumed that the MMI
couplers have a coupling ratio of 50 : 50. In Fig. 1,is the length
of the DFB laser, is the waveguide section connecting
the laser section and the Y-splitter junction of the MZ modu-
lator, is the length of both arms of the MZ modulator, and

is the waveguide section connecting the output Y-com-
biner junction of the MZ modulator to the output coupler (i.e.,
2 1 or 2 2 output coupler). It must be noted that the optical
length of both arms of the MZ modulator is assumed to be iden-
tical in the calculation but the actual physical length can vary
with the appropriate adjustment of the relative optical absorp-
tion loss and phase between both arms. Three types of MZ mod-
ulators will be considered in the following analysis, namely: 1)
symmetric 2 1 with both arms in-phase; 2) an asymmetric
2 1 with a phase-shift between both arms; and 3) 22
with /2 phase-shifted between both arms. Furthermore, optical
absorption and refractive index (i.e., phase) of arm(as well
as arm ) of the MZ modulator section are controlled by the
reverse bias voltage.

A. Time-Dependent Coupled Wave Equations

Several theoretical models have been developed to analyze
the static and dynamic responses of a laser-modulator such
as those using the transmission line method [11], the transfer
matrix method [12], [13], and the time-domain traveling-wave
method [14]. It has been shown that the use of time-domain
traveling-wave algorithm to model the dynamic performance
of an integrated laser-electro-absorption modulator [10] is the
simplest approach when compared with other methods [7]–[9].
It will be shown in this paper that the static and dynamic re-
sponses of an integrated laser-MZ modulator can be easily mod-
eled using the same time-domain traveling-wave algorithm. The
model can be implemented by solving the coupled wave equa-
tion as given [14]

(1a)

(1b)

(a)

(b)

Fig. 1. Schematic configurations of (a) a laser integrated with an MZ
modulator with a 2� 1 MMI output coupler and (b) a laser integrated with an
MZ modulator with a 2� 2 MMI output coupler.

where , is the group velocity, is the transverse
confinement factor, and and are, respectively, the forward
and reverse optical fields propagating along the longitudinal di-
rection and also varying in time. The subscript represents
the optical fields propagating inside the laser section ,
waveguide section , arms of the MZ modulator (
and ), as well as inside the output coupler section ( , also
denoted and ). The notation of the optical fields inside
the integrated laser-MZ modulator is also shown in Fig. 1.

In order to take into consideration the laser, waveguide, and
MZ modulator sections of the integrated device, the parameter

given in (1) is expressed as

laser section
waveguide section
MZ section

(2)
where is the gain coefficient, is the carrier concentration
at transparency, is the injection carrier concentration,
is the gain compression factor, is the free carrier absorp-
tion and scattering losses, and is the
photon density inside the laser cavity. Hence, the expression

represents the net optical gain,
which is a function of the injected carrier concentration inside
the MQW active layer of the DFB laser. The term , which
is a material-dependent parameter, is considered to be the
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effective waveguide loss. is the electro-absorption loss
of arm- or - of the MZ modulator, which is a function of
the reverse bias voltage being applied to the arm of the
modulator as well as the resonant wavelength.

The parameter given in (1) can be expressed as

laser section
waveguide/MZ section

(3)

where is the coupling coefficient, which couples the forward
and reverse propagating waves along the longitudinal direction.
In (3), it is assumed that the coupling of the forward and reverse
fields only occurs inside the DFB laser.

and are the forward and reverse spontaneous emis-
sion noises coupled to the forward and reverse optical fields,
respectively. These spontaneous emission noises are assumed
to have the same amplitude and are generated from a Gaussian
distributed random number generator [14] that satisfies the fol-
lowing correlation:

(4)

where is the spontaneous emission factor, is the Pe-
ternman constant, is the bimolecular carrier coefficient, and

is the delta function. It must be noted that the spontaneous
emission noise is only coupled to the forward and reverse fields
inside the laser section and is assumed to be zero in the other
sections.

given in (1) represents the phase change of the forward
and reverse fields and inside the laser, waveguide, and MZ mod-
ulator is given by

laser section
waveguide section
MZ section.

(5)

In (5), the top expression of is related to the small change
of the effective refractive index, , inside the active region
of the laser section. Hence, can be expressed in terms of
the injected carrier concentration by the following equation:

(6)

where represents the linewidth enhancement factor and
is the change of injected carrier concentration,. Therefore,

in the laser section can be interpreted as the shift of wave-
length from the Bragg wavelength. The middle expression for

in (5) is set to zero inside the waveguide section because it
is assumed that the optical fields inside the laser and waveguide
sections are phase-matched. The bottom expression forin
(5) represents the change of phase of the optical fields inside the
arms of the MZ modulator due to the electrooptical effect and

is the corresponding change of the refractive index due to
the reverse bias voltage. Hence, (2)–(6) can be considered as
the auxiliary equations to model the optical fields propagating
along the laser, waveguide, and MZ modulator sections.

B. Electrical Equations for the Laser and Modulator Sections

Inside the laser section, the amplification of optical power is
directly related to the amount of injected carrier concentration,
which can be deduced from the rate equation for the carrier con-
centration , as shown below [14]:

(7)

where is the injection current density,is the electron charge,
is the thickness of the MQW active layer, andis the carrier

lifetime. Hence, the terms and denote the loss of
carrier concentration due to nonradiative and radiative recombi-
nation, respectively, of carriers inside the MQW active region. It
must be noted that represents the longitudinal distribution of
carrier concentration along thedirection of the laser section.

It is assumed that the MZ modulator operating at 1.56m
is an InP-based MQW waveguide. Hence, the variation of ,

, from its minimum reverse bias voltage (i.e., V)
to a reverse bias voltage ( 5.0) can be expressed by [9]

(8a)

where, at zero bias, cm . It is noted that the change
of due to reverse bias voltage can be expressed in terms of
the total phase change between both arms of the MZ modulator,

. Again, using the empirical fitted curve
obtained from [9], can be obtained from the expression of

, which is given by

(8b)

In order to analyze different types of MZ modulators, a phase
shift of must be added to (8b) to model the MZ modulator
with an asymmetric 2 1 MMI coupler, and a phase shift of

must also be added to (8b) to model an MZ modulator with
a 2 2 MMI coupler.

The static and dynamic responses of the laser-MZ modulator
can be calculated by solving (1) and (7) simultaneously. How-
ever, knowledge of the auxiliary equations is not enough to solve
the coupled wave equations because the boundary conditions
have to be defined for the traveling waves at the interfaces be-
tween the laser, waveguide, and MZ modulator sections.

C. Boundary Conditions for the Traveling Waves

Referring to Fig. 1, the boundary conditions for the forward
and reverse fields, and , at the left facet of the DFB laser
(i.e., ) can be written as

(9)

where is the left facet reflectivity of the
DFB laser and is the corresponding facet phase. At the in-
terface between the right end facet of the DFB laser and the
input of the MZ modulator (i.e., ), the forward and re-
verse fields, and as well as and , are related using
the scattering matrix as follows:

(10)



YU AND NGO: SIMPLE MODEL FOR A DFB LASER INTEGRATED WITH A MZ MODULATOR 1065

(a)

(b)

Fig. 2. (a) Implementation of a laser integrated with an MZ modulator with a 2� 1 MMI output coupler using the proposed algorithm. (b) Explanation of the
time-domain traveling-wave calculation method for the optical fields and carrier concentration.

where and are the field reflection and transmission
coefficients, respectively, between the laser and waveguide sec-
tions, and has been used in (10).

At the first Y-splitter junction of the MZ modulator, we assign
. The forward and reverse fields and inside the

waveguide region and and inside the arms of
the MZ modulator are connected together using the following
boundary conditions:

(11a)

(11b)

In (11), it is assumed that the Y-splitter is an ideal 50 : 50 MMI
splitter with no insertion loss.

There are two possible arrangements for the output coupler of
the MZ modulators; they are the 2 1 and 2 2 MMI output
couplers. The MZ modulator using a 21 MMI coupler can be
further divided into two types—symmetric and asymmetric. The

main difference between symmetric and asymmetric MZ mod-
ulators is that the former has waveguide arms of equal length
while the latter has arm lengths intentionally mismatched by
in order to obtain a -phase-shifted MZ between both arms at
zero bias voltage [4], [5]. In our model, can be implemented
by adjusting the relative value of between both arms, that
is, at a zero bias voltage but the op-
tical length of both arms remain unchanged in the model. Sim-
ilarly, for the 2 2 MZ modulator, the required can be im-
plemented by adjusting between both arms to realize a/2
phase-shift.

For the 2 1 MZ modulator, the forward and reverse fields,
and as well as and , at the Y-combiner

junction (i.e., ) can be written as

(12a)

(12b)
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Equation (12) is deduced using the same assumptions in the
derivation of (11). At the facet of the modulator (i.e., ),
the boundary condition is given by

(13)

where is the reflectivity of the right facet
of the 2 1 MZ modulator and is the corresponding facet
phase.

For the 2 2 MZ modulator, the forward and reverse fields,
and as well as and ,

at the Y-combiner/splitter junction (i.e., ) can be written
as [9]

(14a)

(14b)

At the facet of the modulator (i.e., ), the boundary con-
ditions are given by

(15a)

(15b)

where and are the facet reflectivities at the branches
and , respectively, of the 2 2 output coupler. It is also

assumed that and are the corresponding phases
of the output facets such that and

. Hence, the theoretical models applied
to 2 1 and 2 2 MZ modulators are almost the same except
for the phase difference between both arms and the boundary
conditions of the output couplers of the MZ modulators.

D. Time-Domain Traveling-Wave Method

The time-dependent coupled wave equations can be easily
solved using the time-domain traveling-wave algorithm by con-
sidering the boundary conditions among the laser, waveguide,
and MZ modulator sections [14]. It can be assumed that the en-
tire device is subdivided into small equal subsections and each
subsection has an optical length of as shown in Fig. 2(a).
It must be noted that, although both arms of the MZ modulator
may have a different physical length, the time-domain algorithm
restricts them to have the same optical length. The difference
in the physical length between the two arms can be taken into
consideration by introducing an equivalent phase shift into the
traveling-wave equation through . For the laser section, it
is assumed in Fig. 2(a) that there aresets of , , , and

, which are uniformly distributed inside each subsection but
nonuniformly distributed over the entire laser cavity. In addi-
tion, there are pairs of and allocated at the edges
of each subsection of the laser section such that the nonuniform
distribution of the traveling waves can be described in a discrete
way. Other sections can also be described in a similar manner.

Fig. 2(b) shows the corresponding schematic of the
self-consistent calculation of a two-dimensional (2-D) and
one-dimensional (1-D) numerical integration of (1) and (7),
respectively, for the laser and waveguide sections. It must be
noted that the traveling waves between subsections are con-

TABLE I
PARAMETERS FOR THEDFB LASERINTEGRATEDWITH AN MZ MODULATOR

nected together through (1) and this is obtained by expressing
(1) in the following format [14]:

(16a)

(16b)

where the relation between the time and spatial steps in the lon-
gitudinal direction, , has been applied to derive (16).
By knowing the initial field values at time , the forward (re-
verse) field at the next time step can
be determined at the node from (1). The de-
vice’s parameters, such as, , , and , as well as the
boundary conditions, are applied to the nodes. For example,
at the interface , the forward and reverse fields be-
tween the laser and waveguide sections are matched through
the boundary condition (10). As indicated in Fig. 2(b), the op-
tical fields and should also match with and at the
right time. This time-domain boundary condition should also
be maintained throughout the device’s entire cavity. In fact, this
is the most important issue to be satisfied in the time-domain
traveling-wave algorithm. Furthermore, by knowing the initial
value of carrier concentration, the carrier concentration at the
next time step can also be determined using the following ap-
proximation:

(17)

Hence, the implementation of the laser-MZ modulator is simple
and straightforward.
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Fig. 3. Output power of the integrated laser-MZ modulator under the variation of the reverse bias voltage. The dashed lines correspond to the case� � = 0

and the solid lines correspond to (8a) and (8b). (a) A 2� 1 symmetric MZ modulator. (b) A 2� 1 asymmetric MZ modulator. (c), (d) The output optical power
from the splitter’s branchesA andB, respectively, of a 2� 2 MZ modulator.

The key steps to realizing the time-domain traveling-wave al-
gorithm for the laser-MZ modulator can be summarized below.

• In order to analyze the longitudinal field distribution in-
side the device, the laser, waveguide, and MZ sections are
divided into a number of subsections, which should have
the same optical length, .

• In the time-domain algorithm, both arms of the MZ mod-
ulator should have the same optical length. The actual dif-
ference in their physical length can be simulated by alter-
nating between both arms. Hence, any phase shift of a
2 1 or 2 2 MZ modulator can be implemented using
the time-domain traveling-wave algorithm.

• The forward and reverse fields at all boundaries between
the laser, waveguides, and MZ modulator should also be
matched in time.

• It is required that the rate equation of the carrier concen-
tration and the time-dependent coupled wave equation are
solved simultaneously in a self-consistent manner.

III. N UMERICAL CALCULATIONS

In the first part of this section, our proposed time-domain
traveling-wave model is verified by repeating the calculation on
the static and small-signal modulation response of the integrated
laser-MZ modulator given in [9]. In the other parts of this sec-
tion, the large-signal dynamic responses of MZ modulators are
studied using the proposed model for the first time. It is shown
that the turn-on and -off frequency chirps (i.e., adiabatic chirp)
under the influence of residual optical feedback can be mini-
mized using a suitable configuration of the MZ modulator. In ad-
dition, the chirped frequency spikes (i.e., transient chirp), due to

the rapid variation of electrical signal, induces refractive index
change in the MZ modulators, can broaden the linewidth, and
distort the spectrum of the modulated optical signal. Further-
more, a dual-arm dual-signal modulation format is suggested to
double the modulation speed of the MZ modulators. In the fol-
lowing calculation, the parameters for the laser, waveguide, and
MZ modulator are shown in Table I. In addition, (8a) and (8b)
are used to model the small change of the optical absorption
and refractive index of the MZ modulator under the control of
the reverse bias voltage [9]. Other device parameters that have
not been mentioned will be given accordingly.

A. Example: Static and Small-Signal Modulation Response of
the MZ Modulator

The time-domain traveling-wave model of MZ modulator is
examined by checking the corresponding variation of steady-
state output power with a reverse bias voltage applied on arm-.
Fig. 3(a)–(d) shows the output power versus the reverse bias
voltage for the following cases: (a) an MZ modulator with a
symmetric 2 1 MMI output coupler; (b) an MZ modulator
with an asymmetric (-shifted) 2 1 output coupler; (c) an MZ
modulator with branch “ ” of the 2 2 ( /2-shifted) output
coupler; and (d) an MZ modulator with branch “” of the 2 2
( /2-shifted) output coupler. In the calculation, it is assumed
that the laser is biased such that the steady-state output power
is around 5 mW before entering the MZ modulator. In order to
single out the steady-state response of the MZ modulators, the
influence of the residual optical feedback from the output facet
of the MZ modulators is ignored.

In the figures, the corresponding artificial case is
also plotted by the solid line for comparison purposes. It is noted
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Fig. 4. (a) AM and (b) FM of an asymmetric 2� 1 MZ modulator. The solid
and dashed lines are the results of the MZ modulator with a facet phase of 0.2�

and 0.7�, respectively.

that, for the case of , it is found that the reverse bias
voltage for a -phase shift between arm-and - , , is about
4.25 V, which was indicated in Fig. 3. It is observed that, for the
cases , both symmetric 2 1 and 2 2 (output from
branch- ) MMI couplers [i.e., Fig. 3(a) and (c), respectively]
have similar characteristics but both present a lower extinction
ratio due to the nonzero output power at. On the other hand,
the asymmetric 2 1 and 2 2 (output from branch- ) MMI
couplers [i.e., Fig. 3(b) and (d), respectively], which have sim-
ilar characteristics, have a higher extinction ratio, as the output
power is almost zero at a reverse bias voltage of 0.5 V. This
is because, for the case , the minimum output op-
tical power never goes to zero nor is the value of the maximum
power greater than that for the case when . Thus, the
proposed time-domain traveling-wave algorithm has shown that
these steady-state results are consistent with those given in [9].

The AM and FM responses of MZ modulators can also be
obtained by applying a small electrical impulse on top of the dc
bias to the arm- electrode. The spontaneous emission noise is
switched off inside the laser section in order to obtain a clean
modulation response. Hence, the Fourier transform of the am-
plitude and phase of the optical field gives the AM and FM
responses, respectively, of the MZ modulator. In our calcula-
tion, a -phase-shifted 2 1 MZ modulator with ,

, , and a dc reverse bias voltage
of 2.5 V are used. In addition, the laser is biased such that the
steady-state output power from the laser section before entering
the MZ modulator is around 5 mW. Fig. 4 plots the AM and FM

responses of the MZ modulator for some values of. It is ob-
served that the AM response exhibits a peak or notch (i.e., at the
resonance frequency of the laser) depending on the value of.
Similar behavior is also observed in the plot of the FM response.
These results are due to the in-phase and out-of-phase between
the laser and modulator through the difference betweenand

[9]. From Fig. 4, we conclude that the proposed time-domain
traveling-wave algorithm can produce a small-signal modula-
tion response of MZ modulators, and these results are consistent
with those given in [9].

B. Large-Signal Modulation Response of an Asymmetric
2 1 MZ Modulator

One of the advantages of our proposed model over the others
[7]–[9] is that the large-signal dynamic response of the inte-
grated laser-MZ modulator can be studied. This can be real-
ized by modulating the MZ modulator with square electrical
pulses. In order to minimize any abrupt change in the square
electrical pulses, a more realistic electrical signal is modeled
using a Gaussian function, which is written as [15]

(18)

where V, is the pulsewidth, and is the time con-
stant. It is noted from (18) that may exhibit a steep change
at time and if is too small (i.e., less than 20 ps).
Fig. 5(a) shows the corresponding voltage waveform used to
drive the modulator. A sequence of electrical square pulses (with

equal to 0.5 or 1.5 ns and ps) is used to modulate
the -phase-shifted 2 1 MZ modulator. In the calculation, it
is assumed that , , (i.e.,
represents the residual optical feedback from the modulator’s
facet with an antireflection coating) and . In addition,
the steady-state power emitted from the laser before entering
the MZ section is maintained around 5 mW. Fig. 5(b) shows
the optical output, which exhibits relaxation oscillations, from
the MZ modulator. This is expected because the residual optical
feedback at the output facet of the MZ modulator induces relax-
ation oscillations [10]. The frequency chirp of this output signal
can also be calculated from the instantaneous frequency, which
is given by [10]

(19)

where is the phase of the optical field at the output facet
of the MZ modulator and stands for the imaginary part.
In the calculation of frequency chirp, the spontaneous emis-
sion noise is switched off from the laser section in order to ob-
tain a noise free frequency chirp response. Fig. 5(c) shows the
corresponding frequency chirp response of the MZ modulator.
Chirped frequency spikes are observed at the time when
is just turned on and off. The steep change in induces a
rapid variation in refractive index [i.e., through (8b)] inside the
MZ modulator and as a result chirped frequency spikes are ex-
cited. In fact, our calculation given in Fig. 5(c) is correct and the
large magnitude of the chirped frequency spikes is due to: 1) a
steep change in and 2) the change in phase of optical field
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Fig. 5. Large-signal dynamic response of an asymmetric 2� 1 MZ modulator with a facet phase of the MZ modulator� , equal to zero. (a) Reverse bias voltage.
(b) Output power. (c) Frequency chirp response. (d) Enlargement of the frequency chirp response of (c).

is a strong function of . In a practical situation, the steep
change in will be smoothed out such that the chirped fre-
quency spikes will have a smaller magnitude. It can be shown
that increasing the value of (say to 100 ps) can smooth out
the steep change in and a more reasonable peak magni-
tude of the chirped frequency spikes (i.e., about9 GHz) can
be obtained. In order to study the influence of chirped frequency
spikes on the spectrum of the optical signal under large-signal
modulation, the driving signal with a rapid variation of electrical
waveform (i.e., ps) will still be used in other sections
of this paper.

Fig. 5(d) shows the enlargement of Fig. 5(c). Apart from the
chirped frequency spikes, the frequency chirp response exhibits
relaxation oscillations, which are also induced by the residual
optical feedback at the output facet of the MZ modulator. A
frequency chirp difference during the “on” and “off” states
are “ ” and “ ,” respectively, as indicated by “o” on
the diagram. This difference illustrates the change in lasing
frequency caused by the residual optical feedback from the
modulator facet. Fig. 6 shows the variation of “ ” and “ ”
by varying from 0 to 2 . It is noted that the frequency chirp
at the turn-on state, , is strongly dependent on the facet
phase, , of the MZ modulator. This is because at the turn-off
state destructive interference occurs at the MZ modulator and
only a very small amount of light is reflected back to the DFB
laser. It is also noted that the phase of the residual optical
feedback has no influence on the peak magnitude of the chirped
frequency spikes.

C. Large-Signal Response of a –Shifted 2 2 MZ
Modulator

The large-signal modulation response of a/2-shifted
2 2 MZ modulator is analyzed here. It is assumed that

, , , , and

Fig. 6. Variation of turn-on and turn-off frequency chirps (i.e.,! and! )
with � for the asymmetric 2� 1 MZ modulator.

. can be varied between 0 and 2.
The reverse bias voltage used in Fig. 5(a) is applied to study
the large-signal dynamic response of the/2-shifted 2 2
MZ modulator. This is because we would like to single out the
influence of the chirped frequency spikes on the modulated
optical signal in the frequency domain. Fig. 7(a) and (b) shows
the output optical power emitted from branchesand (i.e.,

and ), respectively, with . The frequency
chirp response of and are also given in Fig. 7(c)
and (d), respectively. It is noted that only chirped frequency
spikes appear in the plot of the frequency chirp response.
The difference between the turn-on and -off frequency chirp
is almost negligible (i.e., less than 1 MHz for both and

) when compared with that given in Fig. 5(d) (i.e., greater
than 14 GHz). This is because the reflected fields experience
destructive interference just before reflecting back to the laser
section and can be explained from (12) and (14). Supposing

is the only optical field reflected back from the output
facet ( ) to the MZ section, the electric field at
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Fig. 7. Large-signal dynamic response of a 2� 2 MZ modulator. (a), (b) Output power from the splitter’s branchesA andB (i.e.,P andP ) of the MZ
modulator, respectively. (c), (d) Frequency chirp responses ofP andP , respectively.

Fig. 8. (a) Waveform of electrical pulse,V (t), with T = 2 ns. (b) Output
power from branch-A, P and (c) output power from branch-B, P of the 2
� 2 MZ modulator. The dashed line corresponds to� = 25 ps and the solid
line corresponds to� = 250 ps.

can be related to and using (12a) and to using
(14b), which gives

(20)

where is the phase difference between armsand of the
MZ modulator and is equal to/2 at both the turn-on and -off
states. Hence, the reflected fields will cancel out before entering
the laser section for all values of the facet reflectivity and phase.
Because of this, is assumed to be zero in the calculation.

As mentioned in the beginning of this section, the influence
of chirped frequency spikes on the spectral profile of the op-
tical pulses can be extracted from the large-signal response of
the -shifted 2 2 MZ modulator. This is because the differ-
ence between and is almost negligible when compared
with the amplitude of the chirped frequency spikes. Therefore,
any broadening and distortion of the modulated optical signal
will only be attributed to the presence of the chirped frequency
spikes. The spectrum of the modulated optical signal can be cal-
culated by the Fourier transformation of the corresponding op-
tical field in the time domain. Fig. 8 shows the effect of
(dashed line for ps and solid line for ps)
on (a) the voltage waveform, (b) the output optical power from
branch , and (c) the output optical power from branchof the

-shifted 2 2 MZ modulator. In the calculation, the voltage
pulse is assumed to have ns. The corresponding fre-
quency chirp response and spectrum of the modulated optical
pulse from branches and are given in Figs. 9 and 10, re-
spectively. In Fig. 9(a) and (c), the frequency chirp responses of

for the cases 250 and 25 ps, respectively, are given. It
is observed that the magnitude of the chirped frequency spikes is
reduced if the steep change of electrical signal is minimized (i.e.,
by increasing the value of ) but the chirped frequency spikes
still occur in the frequency chirp response. In Fig. 9(b) and (d),
it is shown that the fine structure still appears in the spectrum
even though the amplitude of the chirped frequency spikes is
reduced. The dashed line given in Fig. 9(b) is the spectrum of
the laser output power without modulation. Hence, the excita-
tion of the chirped frequency spikes due to the steep change in

induces an index change, which cannot be avoided (even
with large ), in the MZ modulator and will contribute to the
broadening and distortion of the spectrum of the modulated op-
tical signal. The frequency chirp response and spectrum profile
of , which show characteristics similar to , are also given
in Fig. 10.
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Fig. 9. Optical signal output from branch-A of the 2� 2 MZ modulator. (a) Frequency chirp response and (b) spectrum for the case� = 250 ps. (c) Frequency
chirp response and (d) spectrum for the case� = 25 ps.

Fig. 10. Optical signal output from branch-B of the 2� 2 MZ modulator. (a) Fequency chirp response and (b) spectrum for the case� = 250 ps. (c) Frequency
chirp response and (d) spectrum for the case� = 25 ps.

D. Dual-Arm Dual-Signal Modulation of MZ Modulators

The modulation speed of an MZ modulator can be doubled
fromitsdrivingelectricalsignal ifbotharmsof theMZmodulator
are under dual-signal modulation. That is, the dual electrical
signals are identical except with a constant time shifted by one
half of a period. Fig. 11 shows the proposed arrangement of the
electrical signals input to the MZ modulator. Both triangle-pulse
trains with a period of 2 ns, but with a time shift of 1 ns, are
applied to both arms of the MZ modulator with a symmetric
2 1 MMI output coupler. It must be noted that, if only one

member of a triangle-pulse train is applied to one arm, the
output optical power from the MZ modulator will have the same
period (i.e., same modulation speed) as that of the electrical
signal. However, if both electrical signals (with a time shift of
1 ns) are applied to different arms of the MZ modulator, the
output power from the MZ modulator will have a new period
of 1 ns such that the modulation frequency is doubled. Other
types of electrical-pulse trains such as those with a Gaussian
shape can also be applied to realizing dual-signal modulation
provided that the total energy of the electrical signal occupies
only one-fourth of the entire period.
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Fig. 11. Schematic diagram of a symmetric 2� 1 MZ modulator under dual-arm dual-electrical signal modulation.

Fig. 12. Large-signal dynamic response of a symmetric 2� 1 MZ modulator under dual-arm dual-signal modulation with a facet phase of MZ modulator�

equal to zero. (a) Reverse bias voltage (solid lines: bias on armA and dotted-dashed lines: bias on armB). (b) Enlargement of (a). (c) Output power. (d) Frequency
chirp response.

Fig. 12 shows the large-signal dynamic response of a sym-
metric 2 1 MZ modulator under dual-arm dual-signal modu-
lation with , , and

being assumed in the calculation. Fig. 12(a) shows the re-
verse bias voltage applied on armsand and Fig. 12(b)
shows the enlargement of the triangle waveform near its peak
value. Fig. 12(c) and (d) shows the corresponding optical power
and frequency chirp response, respectively. It is observed that
no chirped frequency spike occurs in the plot of the frequency
chirp. This is mainly due to the shape of the electrical signal
where there is no steep change in the electrical waveform (i.e.,
a rapid variation of the refractive index) is introduced. In ad-
dition, the maximum variation of the frequency chirp is about

12 GHz, which is compatible with those using square electrical
pulses, as shown in Fig. 10(a). In fact, it can be shown that the
influence of has no effect on the difference between the max-
imum and minimum magnitude of the frequency chirp.

The performance of a 2 2 MZ modulator with dual-arm
dual-signal modulation is also studied. Arrangement of the input
of the electrical signals is similar to that given in Fig. 11. The
modulated output optical signal is obtained from branchof
the 2 2 MZ modulator. In the calculation, it is assumed that

, , , ,
, and . It is found that the output power

and frequency chirp response exhibit characteristics similar to
those given in Fig. 12(c) and (d), respectively. There is no im-
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provement in the frequency chirp response because the destruc-
tive condition given by (20) cannot be maintained due to the
nonuniform variation of the optical power within a pulse period
such that and in (20) have different magnitudes. How-
ever, the maximum variation of the frequency chirp in a 22
MZ modulator is close to that of the 2 1 MZ modulator.

In the above analysis, it is noted that the driven voltage sig-
nals are of the return-to-zero format while the modulated output
optical signal is of a nonreturn-to-zero format, and this requires
an increase in the bandwidth of the modulator. In addition, the
extinction ratio in Fig. 12(c) is reduced when compared to that
given in Fig. 5. However, our purpose here is to demonstrate
the possibility of frequency doubling using the proposed mod-
ulation method. It should be noted that, given a sufficiently
large bandwidth modulator, our results show that the modula-
tion speed will be doubled and the extinction ratio will not dete-
riorate. Therefore, frequency doubling can be realized in sym-
metric 2 1 and 2 2 MMI MZ modulators with dual-arm
dual-signal modulation and acceptable frequency chirp.

IV. DISCUSSION ANDCONCLUSION

In [9, Fig. 9], it is shown that the 2 1 MMI MZ modulator
is less sensitive to residual optical feedback than is the 22
type. It seems that the result given in [9] contradicts our results
given in Section III (i.e., a 2 2 MMI MZ modulator has much
better immunity to residual optical feedback than does the 21
type). It must be noted in our analysis that only the frequency
chirp difference during the “ON” and “OFF” states (i.e., adiabatic
chirp) is immune to residual optical feedback in a 22 MMI
MZ modulator, but the corresponding magnitude of the chirped
frequency spikes (i.e., transient chirp) is larger than that of the
2 1 type. In Fig. 7(d) (2 2 type), the maximum peak-to-peak
chirped frequency spike is about 100 GHz, and that given in
Fig. 5(c) (2 1 type) is about 80 GHz, which indicates that the
transient chirp of a 2 2 MMI MZ modulator is more sensitive
to residual optical feedback than that for the 21 type. There-
fore, our prediction is consistent with that given in [9].

The influence of the interface reflection on the difference in
frequency chirp between the turn-on and -off states (i.e., adia-
batic chirp) has been analyzed extensively in [8]. For example,
the increase in reflection between the laser and modulator inter-
face reduces the adiabatic chirp. This is because a more closed
cavity helps shield the laser from the external reflection. Sim-
ilar results can also be reproduced by our model and hence are
not repeated in this paper. For the chirped frequency spikes (i.e.,
transient chirp), it can be shown that the peak value of frequency
chirp spikes is mainly dependent on the driving waveform if the
amplitude of external reflection between the laser/MZ modu-
lator is small ( ). However, for an increase in the
amplitude of external reflection, the peak value of the frequency
chirp spikes will be reduced due to the influence of the closed
cavity. On the other hand, the influence of reflection at the in-
terface of the Y-junction cannot be analyzed using our proposed
model due to the assumptions used in the derivation of (11),
(12), and (14).

A simple and powerful large-signal dynamic model for a DFB
laser integrated with a MZ modulator has been developed. The
computer program has been implemented using a straightfor-
ward time-domain traveling-wave algorithm with appropriate

boundary conditions such that models for MZ modulators with
2 1 and 2 2 MMI output couplers can be easily realized.
Using the developed time-domain traveling-wave model, the
large-signal modulation response of the DFB laser integrated
with an MZ modulator has been investigated. It has been found
that the adiabatic chirp of a 2 2 MMI MZ modulator is min-
imal compared with that of a 2 1 type and is independent
of the residual optical feedback. This is because the MZ mod-
ulator with a -shift 2 2 MMI output coupler introduces
a destructive interference of the reflected optical fields before
they enter the laser section. Furthermore, it has been noted that
the excitation of chirped frequency spikes, which are due to the
steep variation of the driving waveform and, hence, a change
in the refractive index, can broaden and distort the spectrum of
the modulated optical signal in an MZ modulator. Therefore, it
is desirable to completely remove the chirped frequency spikes
from the MZ modulator but this may not be possible because
a large-signal modulation will always have a rapid variation in
the refractive index inside the MZ modulator. Even the mag-
nitude of the chirped frequency spikes is suppressed using an
electrical waveform with a less steep change, and broadening
and distortion of the spectrum of the modulated optical signal
are still observed. On the other hand, the dual-arm dual-signal
modulation format has been applied to double the modulation
speed of MZ modulators. It has been found that for both asym-
metric 2 1 and 2 2 MMI MZ modulators, the modulation
frequency of the optical signal can be doubled using triangular
electrical pulses. In addition, the chirped frequency spike is neg-
ligible due to the shape of the electrical pulses and the corre-
sponding frequency chirp response is compatible with that for
electrical pulse modulation.
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