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Simple Model for a Distributed Feedback Laser
Integrated With a Mach—Zehnder Modulator

S.F. Yuand N. Q.

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. Itis found that the difference in frequency chirp between
the turn-on and -off states (i.e., adiabatic chirp) of ar /2-shifted 2
X 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

DISTRIBUTED feedback (DFB) laser integrated wit
(MQW) p-i-n  waveguide
Mach-Zehnder (MZ) modulator has important applications i
high-speed long-haul optical fiber communication systems |
[2]. This is because with a suitable design of the electroop
properties of the p-i-n waveguide [3], the splitting ratios of th
two Y-junctions [4], the differential phase shift between the
two arms [5] as well as the format of the modulation scherqg
[6], and low-frequency chirp at high modulation speeds ¢
be realized. In fact, it has been demonstrated that a DFB Iaﬁ%

a multiple-quantum-well

integrated with an MZ modulator exhibits a high transmissi
speed 10 Gb/s) over a long transmission distange3Q km)
in a nondispersion-shifted fiber [1], [2].

The static and dynamic responses of a DFB laser integra‘g1
with an MZ modulator have been modeled using vari0L|\§1
techniques [7]-[9]. For example, an equivalent circuit model

is developed to analyze the steady-state response of an

modulator [7]. In the model, the variation of attenuation angite
phase constants under the influence of bias voltage is dedu
experimentally and fitted empirically to the model. This mod
is relatively simple but has ignored the physical characteristi
of the MZ modulator. Hence, a detailed physical model h

been developed to analyze the frequency chirp oha2MZ

NgoMember, IEEE

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-
guency spikes (i.e., transient chirp). Although the chirped fre-
guency spikes are only a small percentage of the total spectral

henergy of the frequency chirp response [10], the presence of the
chirped frequency spikes may broaden and distort the modulated
tical signal. Therefore, it is useful to have a simple model that
an be used to analyze the large-signal dynamic response of MZ
Wodulators with the effect of residual optical feedback taken
fito consideration.
In this paper, a simple and versatile model for a DFB
ser integrated with an MZ modulator is developed using a
[e-domain traveling-wave algorithm [10]. Using this model,
static and dynamic responses of MZ modulators with?
%hd 2x 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
e-signal dynamic response of a DFB laser integrated with an
Z modulator. This paper is organized as follows. In Section I,
odel for a DFB laser integrated with an MZ modulator is
eloped using the time-domain algorithm. In Section lll, the
dy-state, AM, and FM responses of a DFB laser integrated
ﬁﬁfﬁan MZ modulator with an asymmetricx2 1 MMI coupler
re calculated and verified to demonstrate the effectiveness
6P the proposed time-domain algorithm. In addition, the cor-
sponding frequency chirp response (i.e., including chirped
frequency spikes and frequency chirp at turn-on and -off states)

modulator integrated with a DFB laser using the transfer matrm]der large-signal modulation is studied. Furthermore, the
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feedback. It is also noted that the presence of chirped frequen
spikes can broaden and distort the spectrum of the modulat*T % =ry 27
optical signal. Furthermore, the possibility of using a dual-arn
dual-signal modulation format to double the modulation spee
of an MZ modulator is studied. The conclusions are given ir
Section IV.

Il. THEORETICAL MODEL

arm B
Fig. 1 shows the schematics of the integrated laser-MZ modi |  PFBleser | W6 &I Mach-Zehnder we
lators. The laser is assumed to be a single-mode B8 \/8 N L Y * N
InP MQW DFB laser. Two configurations of MZ modulators are . e
considered in this analysis: 1) an MZ modulator with & 2 ‘;jfiﬁ‘;ff Yﬁi‘ﬁ’:‘:’

MMI output coupler (i.e., both arms of the MZ are coupled to a

unique output waveguide) and 2) an MZ modulator withya 2

MMI output coupler (i.e., both arms of the MZ are coupled tc

two output waveguides). In addition, it is assumed that the MN z= z, =% 27Z,
couplers have a coupling ratio of 50 : 50. In FigLlis the length ;
of the DFB laserLwg: is the waveguide section connecting
the laser section and the Y-splitter junction of the MZ modtL
lator, Ly, is the length of both arms of the MZ modulator, anc
Lwao is the waveguide section connecting the output Y-con
biner junction of the MZ modulator to the output coupler (i.e. , -
2 x 1 or 2x 2 output coupler). It must be noted that the optice i arm B branch B

branch A
e N
F}———— Fo— !
R, ¢—— Rye—

Py

H Fopg —¥
length of both arms of the MZ modulator is assumed to be ide PrBlmer WO 2 Machzetmder VO e
tical in the calculation but the actual physical length can vai L Ly | Lng Ly
with the appropriate adjustment of the relative optical absor Yepliter Y-combinerspliter
tion loss and phase between both arms. Three types of MZ mc Junction Junctions
ulators will be considered in the following analysis, hamely: 1) (b)

symmetric 2x 1 with both arms in-phase; 2) an asymmetrig. ) ) . ) .

. . ig. 1. Schematic configurations of (a) a laser integrated with an MZ
2 x 1 with a7 phase-shift between both arms; and 3x2  modulator with a 2x 1 MMI output coupler and (b) a laser integrated with an
with 7/2 phase-shifted between both arms. Furthermore, optid& modulator with a 2x 2 MMI output coupler.

absorption and refractive index (i.e., phase) of atrfas well
as armB) of the MZ modulator section are controlled by thavherej = / — 1, v, is the group velocity]" is the transverse

reverse bias voltage. confinement factor, anfl; andR; are, respectively, the forward
and reverse optical fields propagating along the longitudinal di-
A. Time-Dependent Coupled Wave Equations rectionz and also varying in timé. The subscript represents

. the optical fields propagating inside the laser sectios- 1),
Several theoretical models have been developed to analyze P propagating { )

the static and dynamic responses of a laser-modulator suc veguide sectioti = 2), arms of the MZ modulatori (= A
as thos:e using t)rlle tra{nsmisr,)sion line method [11] tﬁe trans r]r B), as well as inside the output coupler section(3, also
matrix method [12], [13], and the time-domain traveling-wav enotedl’A and7’B). The notation of the optical fields inside

. the integrated laser-MZ modulator is also shown in Fig. 1.
method [14]. It has been shown that the use of t|me-doma|n|n order to take into consideration the laser, waveguide, and

traveling-wave algorithm to model the dynamic performanqﬁz modulator sections of the integrated device, the parameter

of an integrated laser-electro-absorption modulator [10] is the_. . .
simplest approach when compared with other methods [7]_[g]g|ven In (1) is expressed as

It will be shown in this paper that the static and dynamic re- an log(N/N,)/(1+¢€S) — ., lasersection
sponses of an integrated laser-MZ modulator can be easily mog-= { —a., waveguide section
eled using the same time-domain traveling-wave algorithm. The —anmz(Ar, V), MZ section
model can be implemented by solving the coupled wave equa- (2
tion as given [14] wherea is the gain coefficient)V, is the carrier concentration
at transparency/V is the injection carrier concentration,
1 8 ] 1 ) is the gain compression factak,. is the free carrier absorp-
<Z o 5) b= <§F9+‘7A/3> I tion and scattering losses, arfil(=|F1|*> + |R.[?) is the
+ jkR; + Uy (1a) photon density inside the laser cavity. Hence, the_expres_smn
anlog(N/Ny)/(1 + S) — «. represents the net optical gain,
<i 2 _ 3) o <11“ + jA/3> R which is a function of the injected carrier concentration inside
v, 0t 0z) " 2 97T ’ the MQW active layer of the DFB laser. The terrar., which

+ jkF; + U, (1b) is a material-dependent parameter, is considered to be the
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effective waveguide lossxyiz is the electro-absorption lossB. Electrical Equations for the Laser and Modulator Sections

of arm-A or -B of the MZ modulator, which is a function of |gide the laser section, the amplification of optical power is
the reverse bias voltage’ being applied to the arm of the yirectly related to the amount of injected carrier concentration,

modulator as well as the resonant wavelength which can be deduced from the rate equation for the carrier con-
The parametek given in (1) can be expressed as centrationV, as shown below [14]:

0, waveguide/MZ section ©) ot qd T 9 14eS

dvhereJ is the injection current density,is the electron charge,

wherex is the coupling coefficient, which couples the forwar : . . !
and reverse propagating waves along the longitudinal directi dn'.s _the thickness of the MQW active 'a-‘/ir’ Is the carrier
. . Ifétime. Hence, the term&//7,, and B, N* denote the loss of

In (3), itis assumed that the coupling of the forward and reverse . ) P . .

: o carrier concentration due to nonradiative and radiative recombi-

fields only occurs inside the DFB laser. . . L . ;

nation, respectively, of carriers inside the MQW active region. It

Uy and U, are the forward and reverse spontaneous emis-

. . . . dnust be noted thaV represents the longitudinal distribution of
sion noises coupled to the forward and reverse optical fields, . . N .
cdrrclier concentration along thedirection of the laser section.

r ively. Th ntan mission noi r m .
espectively. These SPo taneous emission noises are assu "i%s assumed that the MZ modulator operating at 1,56
to have the same amplitude and are generated from a Gaussian . 2
. L Is an InP-based MQW waveguide. Hence, the variatiomgf,
distributed random number generator [14] that satisfies the f0J- . . . .
. o Az, fromits minimum reverse bias voltage (i.€.= 0.5 V)
lowing correlation:

to a reverse bias voltagé (<5.0) can be expressed by [9]

L {m, laser section ON _J N B N? — 1, log(N/NVe) ¢ %

(Ui(z, U (2, )y = B KBy N26(t — )6(2 — /) v Aayz(V) = 0.248exp(V) — 0.270V + 0.040V2  (8a)

Ui(z, U;(Z, t)) =0 4 ) .
(Uilz, U, ) “) where, at zero biasyz = 2.1 cm™!. Itis noted that the change
where3, is the spontaneous emission factiir(=1) is the Pe- of A/ due to reverse bias voltage can be expressed in terms of

ternman constanB,;, is the bimolecular carrier coefficient, andthe total phase change between both arms of the MZ modulator,

§ is the delta function. It must be noted that the spontaneoﬁg'ZI\“(:Aﬂ x Lyz). Again, using the empirical fitted curve

emission noise is only coupled to the forward and reverse field tained from [9].A/3 can be obtained from the expression of
inside the laser section and is assumed to be zero in the otz M

sections. Anz(V) = 0.027 +0.265V +0.108V2.  (8b)
Ap given in (1) represents the phase change of the forward

and reverse fields and inside the laser, waveguide, and MZ maglorder to analyze different types of MZ modulators, a phase

which is given by

ulator is given by shift of 7 must be added to (8b) to model the MZ modulator
with an asymmetric 2« 1 MMI coupler, and a phase shift of
27 - Anr,(Ag, N)/Ar, laser section /2 must also be added to (8b) to model an MZ modulator with
AR =<0, waveguide section (5) a2 x 2 MMI coupler.
27 - Annvz(Ar, V)/Ar, MZ section. The static and dynamic responses of the laser-MZ modulator

can be calculated by solving (1) and (7) simultaneously. How-
In (5), the top expression akg is related to the small changeever, knowledge of the auxiliary equations is not enough to solve
of the effective refractive indexany, inside the active region the coupled wave equations because the boundary conditions
of the laser section. Hencé&ny, can be expressed in terms ohaye to be defined for the traveling waves at the interfaces be-
the injected carrier concentration by the following equation: tween the laser, waveguide, and MZ modulator sections.

Any = _FOCHZ_R aﬁn AN ©6) C. Boundary Conditions for the Traveling Waves
7

Referring to Fig. 1, the boundary conditions for the forward
Ad and reverse fieldsy; and R, at the left facet of the DFB laser

wherea g represents the linewidth enhancement factorAl ) )
(i.e.,z = z0) can be written as

is the change of injected carrier concentratidh, Therefore,
Ag in the laser section can be interpreted as the shift of wave-
length from the Bragg wavelength. The middle expression for

Agin () is set to zero inside the waveguide section becausq\,ﬁereTL(:hﬂ exp(j¢r)) is the left facet reflectivity of the

is assumed that the optical fields inside the laser and waveguisieB |aser andj;, is the corresponding facet phase. At the in-
sections are phase-matched. The bottom expressiofon  terface between the right end facet of the DFB laser and the
(5) represents the change of phase of the optical fields inside fhgut of the Mz modulator (i.e.; = z¢), the forward and re-

arms of the MZ modulator due to the electrooptical effect angrse fields F;, andR; as well asF, and R,, are related using
Anwy, is the corresponding change of the refractive index duegige scattering matrix as follows:

the reverse bias voltagé. Hence, (2)—(6) can be considered as
the auxiliary equations to model the optical fields propagating [ F2(z, £) ] [tem  —7roa] [ Fi(zg, t)
along the laser, waveguide, and MZ modulator sections. Ryi(zy, t) o Ry(zy, t)

Fl(Zo, t) = 7‘LR1(20, t) (9)

(10)
TLM toym
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Fig. 2. (a) Implementation of a laser integrated with an MZ modulator withxa2MMI output coupler using the proposed algorithm. (b) Explanation of the
time-domain traveling-wave calculation method for the optical fields and carrier concentration.

whererp s andip s are the field reflection and transmissiommain difference between symmetric and asymmetric MZ mod-
coefficients, respectively, between the laser and waveguide selators is that the former has waveguide arms of equal length
tions, andt ;s = /1 — 7% ,, has been used in (10). while the latter has arm lengths intentionally mismatched by
At the first Y-splitter junction of the MZ modulator, we assignin order to obtain ar-phase-shifted MZ between both arms at
z = z,. The forward and reverse fields, and R, inside the zero bias voltage [4], [5]. In our mode\ L can be implemented
waveguide region anfl,1 (F'g) andR 4 (Rp) inside the arms of by adjusting the relative value df3 between both arms, that
the MZ modulator are connected together using the following, 7 = (AS.4 — AfSR) x Lyiz at a zero bias voltage but the op-
boundary conditions: tical length of both arms remain unchanged in the model. Sim-
1 ilarly, for the 2 x 2 MZ modulator, the required. I. can be im-
Fa(zs,t) = Fg(2s, ) = 7 Fy(zs, t) (11a) plemented by adjusting /3 between both arms to realizer&
phase-shift.
Razs) 1) + Bz, 1) = Bal2, 1). (11b) For the 2x 1 MZ modulator, the forward and reverse fields,
In (11), it is assumed that the Y-splitter is an ideal 50 : 50 MMF 4 (F'5) andR 4 (Rp) as well asF; andRs, at the Y-combiner
splitter with no insertion loss. junction (i.e.,z = z.) can be written as
There are two possible arrangements for the output coupler of
the MZ modulators; they are the>2 1 and 2x 2 MMI output Ra(ze,t) = Rp(ze, t) = 1 Rs(ze, t) (12a)
couplers. The MZ modulator using a21 MMI coupler can be V2
further divided into two types—symmetric and asymmetric. The Fa(ze, t)+ Fp(ze, t) = F3(z, ). (12b)
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Equation (12) is deduced using the same assumptions in the TABLE |
derivation of (11). At the facet of the modulator (i.e.= z,), PARAMETERS FOR THEDFB LASER INTEGRATED WITH AN MZ M ODULATOR
the boundary condition is given by Deseription Symbol [ Vaine
_Rg(zr7 t) = 7’RF3(Z1*7 t) (13) wavelength Ar 1.56um
h . . L. . length of laser L 300pm
V\; ter:]re72 R(:l |7 I\z%exp(é(j)l r)) is the re_fleﬁtlwty of the rlc?_ht f?cet Teng® of modulamr o 500
(0] ecsZX modulator andﬁR Is the corresponaing acet Jongth of waveguide (MM splitter) Lot 100um
phase g g p i
) . length of waveguide (MMI combiner/splitter) Lwo2 200,
For the 2x 2 MZ modulator, the forward and reverse fields gmud - il —— ‘;’WG - oom
amj e 01 rerlection een laser LM 8
FA(FB) andRA(RB) as well asltra (FTB) andRTA(RTB), P
h . . . . . coupling coefficient of DFB laser K 50cm™
at the Y-combiner/splitter junction (i.ez,= z.) can be written
as [9] group refractive index ng 37
) gain coefficient of QW materials ay 1500cm™
FTA(Z@’ t) _ 1 1 —J FA(Z@’ t) confinement factor in transverse direction r 0.35
=— . (14a)
Frp(z., t) V2 -7 1 Fp(z., t) spontaneous emission factor Bs 1x10™
R A( Ze, t) 1 1 _j RTA (Zea t) (14b) Bimolecular carrier coefficient By 1><10'1°1'::m3s_1
== . . terial 1 O 20 cm™
Rp(z.t)] ~v2 =i 1] [Rrp(e. 1) materialloss o
) gain compression factor € 4x107" em™
At the facet of the modulator (i.ez = 2,), the boundary con- G aemcy N 510" o
ditions are given by linewidth enhancement factor Oy 4.0
Rra ( Zr, t) =rralira ( Zr, t) (l 5a) initial carrier concentration N (at t=0) 2x10%cm™
thickness of active layer d 0.01um

Rrp(#, t) =rreFre(2, t) (15b)

whererg s andrrpg are the facet reflectivities at the branche
A and B, respectively, of the Z 2 output coupler. It is also
assumed thatprs and ¢rp are the corresponding phase
of the output facets such thaks = |rralexp(iora) and  F(z + Az, t + At) — F(z, t)

7rB = |TrRB|exp(i¢rp). Hence, the theoretical models applied - A, [(LCg+ jAB) F(z, t) + jkR(z, t) + Uy(t, 2)]
to 2 x 1 and 2x 2 MZ modulators are almost the same except

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

for the phase difference between both arms and the boundary (162)
conditions of the output couplers of the MZ modulators. R(z — Az, t + At) — R(z, t)

~ 1 i i
D. Time-Domain Traveling-Wave Method R Az [(2 Ty +JA/3) Bz ) + jkF (2, 1) + Un(t, (Zl)(]ib)

The time-dependent coupled wave equations can be easily
solved using the time-domain traveling-wave algorithm by comvhere the relation between the time and spatial steps in the lon-
sidering the boundary conditions among the laser, waveguig@udinal direction A~ = v,At, has been applied to derive (16).
and MZ modulator sections [14]. It can be assumed that the éy knowing the initial field values at time,, the forward (re-
tire device is subdivided into small equal subsections and eacttse) field at the next time step + At(At = Az/v,) can
subsection has an optical length &f as shown in Fig. 2(a). be determined at the node+ Az (z — Az) from (1). The de-
It must be noted that, although both arms of the MZ modulatwice’s parameters, such gs A3, U, andU,., as well as the
may have a different physical length, the time-domain algorithboundary conditions, are applied to the nodes. For example,
restricts them to have the same optical length. The differenaethe interfacez: = z;, the forward and reverse fields be-
in the physical length between the two arms can be taken inteeen the laser and waveguide sections are matched through
consideration by introducing an equivalent phase shift into thige boundary condition (10). As indicated in Fig. 2(b), the op-
traveling-wave equation through/3. For the laser section, it tical fields 1 andR; should also match witlh; and R, at the
is assumed in Fig. 2(a) that there arsets ofg, A3, Uy, and right time. This time-domain boundary condition should also
U,., which are uniformly distributed inside each subsection bbe maintained throughout the device’s entire cavity. In fact, this
nonuniformly distributed over the entire laser cavity. In addis the most important issue to be satisfied in the time-domain
tion, there aren + 1 pairs of F; and R; allocated at the edgestraveling-wave algorithm. Furthermore, by knowing the initial
of each subsection of the laser section such that the nonuniforatue of carrier concentration, the carrier concentration at the
distribution of the traveling waves can be described in a discratext time step can also be determined using the following ap-
way. Other sections can also be described in a similar mann@roximation:

Fig. 2(b) shows the corresponding schematic of the ON
self-consistent calculation of a two-dimensional (2-D) and N(t, + At) = N(t,) + v At. a7)
one-dimensional (1-D) numerical integration of (1) and (7), t=to

respectively, for the laser and waveguide sections. It must Hence, the implementation of the laser-MZ modulator is simple
noted that the traveling waves between subsections are cand 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 correspondte;the eade
and the solid lines correspond to (8a) and (8b). (a) A 2 symmetric MZ modulator. (b) A % 1 asymmetric MZ modulator. (c), (d) The output optical power
from the splitter’'s branched and B, respectively, of a % 2 MZ modulator.

The key steps to realizing the time-domain traveling-wave ghe rapid variation of electrical signal, induces refractive index
gorithm for the laser-MZ modulator can be summarized beloehange in the MZ modulators, can broaden the linewidth, and
« In order to analyze the longitudinal field distribution in-distort the spectrum of the modulated optical signal. Further-
side the device, the laser, waveguide, and MZ sections &@re, a dual-arm dual-signal modulation format is suggested to

divided into a number of subsections, which should ha@ouble the modulation speed of the MZ modulators. In the fol-
the same optical length\z. lowing calculation, the parameters for the laser, waveguide, and

In the time-domain algorithm, both arms of the MZ modMZ modulator are shown in Table I. In addition, (8a) and (8b)
ulator should have the same optical length. The actual dfte used to model the small change of the optical absorption
ference in their physical length can be simulated by altednd refractive index of the MZ modulator under the control of
natingA3 between both arms. Hence, any phase shift o€ reverse bias voltage [9]. Other device parameters that have
2 x 1 or 2x 2 MZ modulator can be implemented using'ot been mentioned will be given accordingly.

the time-domain traveling-wave algorithm.

» The forward and reverse fields at all boundaries betwe MZ Modulator
the laser, waveguides, and MZ modulator should also

matched in time. The time-domain traveling-wave model of MZ modulator is
It is required that the rate equation of the carrier conce@xamined by checking the corresponding variation of steady-
tration and the time-dependent coupled wave equation &tate output power with a reverse bias voltage applied onérm-

solved simultaneously in a self-consistent manner. Fig. 3(a)—(d) shows the output power versus the reverse bias
voltage for the following cases: (a) an MZ modulator with a

Il N UMERICAL CALCULATIONS symmetric 2x 1 MMI output coupler; (b) an MZ modulator
‘ with an asymmetricA-shifted) 2x 1 output coupler; (c) an MZ
In the first part of this section, our proposed time-domaimodulator with branch A” of the 2 x 2 (x/2-shifted) output
traveling-wave model is verified by repeating the calculation azoupler; and (d) an MZ modulator with brancB™ of the 2 x 2
the static and small-signal modulation response of the integrated-shifted) output coupler. In the calculation, it is assumed
laser-MZ modulator given in [9]. In the other parts of this sedhat the laser is biased such that the steady-state output power
tion, the large-signal dynamic responses of MZ modulators asearound 5 mW before entering the MZ modulator. In order to
studied using the proposed model for the first time. It is shovgingle out the steady-state response of the MZ modulators, the
that the turn-on and -off frequency chirps (i.e., adiabatic chirp)fluence of the residual optical feedback from the output facet
under the influence of residual optical feedback can be mirif the MZ modulators is ignored.
mized using a suitable configuration of the MZ modulator. In ad- In the figures, the corresponding artificial casez = 0 is
dition, the chirped frequency spikes (i.e., transient chirp), dueatso plotted by the solid line for comparison purposes. Itis noted

gg Example: Static and Small-Signal Modulation Response of
e
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5 responses of the MZ modulator for some value# gf It is ob-
(a) 2x1 asymmetric (1i-phase shifted) MMI MZ served that the AM response exhibits a peak or notch (i.e., at the
4 ; resonance frequency of the laser) depending on the valtig.of
—~ —_ t: g:: Similar behavior is also observed in the plot of the FM response.
g 3 ) l These results are due to the in-phase and out-of-phase between
& the laser and modulator through the difference betwgeand
5 2 ¢r [9]. From Fig. 4, we conclude that the proposed time-domain
A traveling-wave algorithm can produce a small-signal modula-
1 ]{ tion response of MZ modulators, and these results are consistent
o . with those given in [9].
0 4 8 12 16 20 B. Large-Signal Modulation Response of an Asymmetric
2 x 1 MZ Modulator
10} () 2x1 asymmetric (n-phase shifted) MMI MZ 1 One of the advantages of our proposed model over the others
[7]-[9] is that the large-signal dynamic response of the inte-
8 — ¢g=02n grated laser-MZ modulator can be studied. This can be real-

— $g=~07n

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]

0, t<0
V(t) = { V(1 —exp(—t*/78c)) 0<t<T, (18)
Vpexp(=(t = T,)*/ric), t2 7T,

whereV, = 3.5V, 1}, is the pulsewidth, antkc is the time con-
Fig. 4. (2) AM and (b) FM of ie2 1 M2 modulator. The solid stant. Itis noted from (18) thaf(¢) may exhibit a steep change
1g. 4. a an ol an asymmetric moaulator. e Soll : _ _ H . .

and dashed lines are the results of the MZ modulator with a facet phaserof O%F timet = 0 andt = Iy if 7r S t°9 small (i.e., less than 20 ps).
and 0.7, respectively. Fig. 5(a) shows the corresponding voltage waveform used to
drive the modulator. A sequence of electrical square pulses (with
- . T, equalto 0.50r 1.5 ns antkc = 25 ps) is used to modulate
th?t’ forfthe casE aﬁal\l’?‘_zf :b 0,1tis fou;d thgtghta‘/re\(ersg biasyye w-phase-shifted Z 1 MZ modulator. In the calculation, it
voltage for ar-phase shift between armt-and -8, Vr, is about o - <o imed thatr| = 0, ¢;. = 0, |rr| = V2 x 10-2 (i.e.,

4.25 S\gWhiCh Waiinﬁicated in I_:igé<3i It isdozbsgrved tha;, for thl%presents the residual optical feedback from the modulator’s
caseshanz 7 0, both symmetric and 2x 2 (QULPULfrom ¢ \with an antireflection coating) anik = 0. In addition,

branchzA) MMI couplers [i.e., Fig. 3(a) and (c), respectivelyly, o toaqy.state power emitted from the laser before entering

have similar characteristics but both present a lower extincti% MZ section is maintained around 5 mW. Fig. 5(b) shows
rﬁt'o due to th? r12c<)nlzero dozutp;t poweﬂé;ft Onbthe ort)ger'\;‘h"’/‘l?d’ the optical output, which exhibits relaxation oscillations, from
the alsymmetn'(;_ 3 Sn dX q (output r.oml ranhc_ h)h . the MZ modulator. This is expected because the residual optical
_(iouphers [|.e.,_ 9. rE ) an h(' )h respectlv_e vl whic ﬁve SMaedback at the output facet of the MZ modulator induces relax-
llar characteristics, have a higher extinction ratio, as the OUtpéﬂon oscillations [10]. The frequency chirp of this output signal

pOwer 1S almost zero at a reverse bias yqltage of 0.5 V. Tmﬁn also be calculated from the instantaneous frequency, which
is because, for the cagkay iz # 0, the minimum output op- is given by [10]

tical power never goes to zero nor is the value of the maximum
power greater than that for the case whemy;7, = 0. Thus, the (t) = 993 = Tmag(log(F3(z3))) (19)

FM(GHz/V)

0 4 8 12 16 20
modulation frequency (GHz)

proposed time-domain traveling-wave algorithm has shown that ¥ a
these steady-state results are consistent with those given in {@here¢; is the phase of the optical fielt; at the output facet
The AM and FM responses of MZ modulators can also bEf the MZ modulator andinag() stands for the imaginary part.
obtained by applying a small electrical impulse on top of the do the calculation of frequency chirp, the spontaneous emis-
bias to the armd electrode. The spontaneous emission noisesfon noise is switched off from the laser section in order to ob-
switched off inside the laser section in order to obtain a cleéain a noise free frequency chirp response. Fig. 5(c) shows the
modulation response. Hence, the Fourier transform of the aocorresponding frequency chirp response of the MZ modulator.
plitude and phase of the optical field gives the AM and FNChirped frequency spikes are observed at the time when
responses, respectively, of the MZ modulator. In our calcules just turned on and off. The steep changé/ift) induces a
tion, aw-phase-shifted % 1 MZ modulator with|rr,| = 0.9, rapid variation in refractive index [i.e., through (8b)] inside the
¢r, = 0, |[rr| = V2 x 1074, and a dc reverse bias voltageMZ modulator and as a result chirped frequency spikes are ex-
of 2.5 V are used. In addition, the laser is biased such that ttieed. In fact, our calculation given in Fig. 5(c) is correct and the
steady-state output power from the laser section before enteriagye magnitude of the chirped frequency spikes is due to: 1) a
the MZ modulator is around 5 mW. Fig. 4 plots the AM and FMteep change il (¢) and 2) the change in phase of optical field
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Fig.5. Large-signal dynamic response of an asymmetkcl2VZ modulator with a facet phase of the MZ modulataf, 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 o¥(¢). In a practical situation, the steep 1o
change inV (¢) will be smoothed out such that the chirped fre-
quency spikes will have a smaller magnitude. It can be shown
that increasing the value e (say to 100 ps) can smooth out
the steep change W (¢) and a more reasonable peak magni-
tude of the chirped frequency spikes (i.e., ab&@t 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.;rc = 25 ps) will still be used in other sections 0 g
of this paper. 0 02 04 0.6 08 1
Fig. 5(d) shows the enlargement of Fig. 5(c). Apart from the phase (x2r)

chirped frequency spikes, the frequency chirp response exhibits - o

. . . : . , Fig. 6. \Variation of turn-on and turn-off frequency chirps (ice,, andw,r)
relaxation oscillations, which are also induced by the re&dq@?h n for the asymmetric % 1 MZ modulator.
optical feedback at the output facet of the MZ modulator. A
frequency chirp difference during the “on” and “off’ state

. _ —4 i
are ‘., and “w.g,” respectively, as indicated by “0” on rral = V2 x 1074, ¢ra can be varied between 0 and.2

the diagram. This difference illustrates the change in Iasir@e reverse bias voltage used in Fig. 5(a) is applied to study

frequency caused by the residual optical feedback from t ¢ large-signal d_ynamm response of H"@. 'Sh'ﬁe.d 2x 2

: o e . om modulator. This is because we would like to single out the
modulator facet. Fig. 6 shows the variation af,;,” and “w.g” . f f the chiroed f i h dulated
by varying¢r from 0 to 2r. It is noted that the frequency chirpm uence of the chirped frequency spikes on the modulate
y R : optical signal in the frequency domain. Fig. 7(a) and (b) shows

at the turn-on statey.,, is strongl_y erendent on the face e output optical power emitted from branchésind B (i.e.,
phase¢ g, of the MZ modulator. This is because at the turn-o and Pg), respectively, withggs = 0. The frequency

state destructive interference occurs at the MZ modulator rp response of?, and P are also given in Fig. 7(c)

only a very small amount of light is reflected back to the DFB4 ()  respectively. It is noted that only chirped frequency
laser. It is also noted that the phase of the residual opticgfikes appear in the plot of the frequency chirp response.
feedback has no influence on the peak magnitude of the chirpgiek gifference between the turn-on and -off frequency chirp
frequency spikes. is almost negligible (i.e., less than 1 MHz for bafh, and
. . Pg) when compared with that given in Fig. 5(d) (i.e., greater
C. Large-Signal Response ofrg2—Shifted 2x 2 MZ than 14 GHz). This is because the reflected fields experience
Modulator destructive interference just before reflecting back to the laser
The large-signal modulation response of nd2-shifted section and can be explained from (12) and (14). Supposing
2 x 2 MZ modulator is analyzed here. It is assumed thdr, is the only optical field reflected back from the output
'] = 0, ¢ = 0, [rrp| = V2x 107, ¢gg = 0, and facet & = z,.) to the MZ section, the electric fiel®, atz = z,

frequency chirp (GHz)
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can be related td&?4 and R using (12a) and tdiTa using
(14b), which gives

; 1 ; .
Ry, = .RACqu + Rp = ﬁ (.RTAGqu — ]RTA) =0 (20)

where¢ is the phase difference between arshsind B of the

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
then /2-shifted 2x 2 MZ modulator. This is because the differ-
ence betweew,,, andw.g 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 effectgf:
(dashed line forgc = 25 ps and solid line forg = 250 ps)
on (a) the voltage waveform, (b) the output optical power from
branch4, and (c) the output optical power from branBtof the
7 /2-shifted 2x 2 MZ modulator. In the calculation, the voltage
pulse is assumed to hailg = 1 ns. The corresponding fre-
guency chirp response and spectrum of the modulated optical
pulse from branched and B are given in Figs. 9 and 10, re-
spectively. In Fig. 9(a) and (c), the frequency chirp responses of
P4 for the casesgrc =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 af;) 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
V(t) induces an index change, which cannot be avoided (even
with largergc), in the MZ modulator and will contribute to the

MZ modulator and is equal te/2 at both the turn-on and -off broadening and distortion of the spectrum of the modulated op-
states. Hence, the reflected fields will cancel out before enteritigal signal. The frequency chirp response and spectrum profile
the laser section for all values of the facet reflectivity and phasa. Pg, which show characteristics similar &, are also given
Because of thispg 4 is assumed to be zero in the calculation.in Fig. 10.
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D. Dual-Arm Dual-Signal Modulation of MZ Modulators member of a triangle-pulse train is applied to one arm, the
output optical power from the MZ modulator will have the same
The modulation speed of an MZ modulator can be doublgeriod (i.e., same modulation speed) as that of the electrical
fromitsdriving electrical signalif both arms ofthe MZ modulatosignal. However, if both electrical signals (with a time shift of
are under dual-signal modulation. That is, the dual electrichins) are applied to different arms of the MZ modulator, the
signals are identical except with a constant time shifted by onatput power from the MZ modulator will have a new period
half of a period. Fig. 11 shows the proposed arrangement of thfel ns such that the modulation frequency is doubled. Other
electrical signals input to the MZ modulator. Both triangle-pulsigpes of electrical-pulse trains such as those with a Gaussian
trains with a period of 2 ns, but with a time shift of 1 ns, arehape can also be applied to realizing dual-signal modulation
applied to both arms of the MZ modulator with a symmetriprovided that the total energy of the electrical signal occupies
2 x 1 MMI output coupler. It must be noted that, if only oneonly one-fourth of the entire period.
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Fig. 12 shows the large-signal dynamic response of a sy GHz, which is compatible with those using square electrical
metric 2x 1 MZ modulator under dual-arm dual-signal modupulses, as shown in Fig. 10(a). In fact, it can be shown that the
lation with [r.|] = 0, ¢r, = 0, |rr| = V2 x 10-* and¢r = influence of¢r has no effect on the difference between the max-
0 being assumed in the calculation. Fig. 12(a) shows the tiggum and minimum magnitude of the frequency chirp.
verse bias voltage applied on armsand B and Fig. 12(b)  The performance of a 2 2 MZ modulator with dual-arm
shows the enlargement of the triangle waveform near its pedikal-signal modulation is also studied. Arrangement of the input
value. Fig. 12(c) and (d) shows the corresponding optical powarthe electrical signals is similar to that given in Fig. 11. The
and frequency chirp response, respectively. It is observed thatdulated output optical signal is obtained from braacbf
no chirped frequency spike occurs in the plot of the frequentye 2 x 2 MZ modulator. In the calculation, it is assumed that
chirp. This is mainly due to the shape of the electrical signglz| = 0, ¢ = 0, |rrp| = V2 X 107%, ¢rp = 0, |rra| =
where there is no steep change in the electrical waveform (i.¢/2 x 10—4%, andgra = 0. Itis found that the output powe?

a rapid variation of the refractive index) is introduced. In adand frequency chirp response exhibit characteristics similar to
dition, the maximum variation of the frequency chirp is abouhose given in Fig. 12(c) and (d), respectively. There is no im-
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provement in the frequency chirp response because the desthatndary conditions such that models for MZ modulators with
tive condition given by (20) cannot be maintained due to tHex 1 and 2x 2 MMI output couplers can be easily realized.
nonuniform variation of the optical power within a pulse periotdsing the developed time-domain traveling-wave model, the
such thati 4 and R in (20) have different magnitudes. How-large-signal modulation response of the DFB laser integrated
ever, the maximum variation of the frequency chirp in a2 with an MZ modulator has been investigated. It has been found
MZ modulator is close to that of the 2 1 MZ modulator. that the adiabatic chirp of a2 2 MMI MZ modulator is min-

In the above analysis, it is noted that the driven voltage sital compared with that of a % 1 type and is independent
nals are of the return-to-zero format while the modulated outpeit the residual optical feedback. This is because the MZ mod-
optical signal is of a nonreturn-to-zero format, and this requirééator with ar /2-shift 2 x 2 MMI output coupler introduces
an increase in the bandwidth of the modulator. In addition, tigedestructive interference of the reflected optical fields before
extinction ratio in Fig. 12(c) is reduced when compared to th#tey enter the laser section. Furthermore, it has been noted that
given in Fig. 5. However, our purpose here is to demonstrdfte excitation of chirped frequency spikes, which are due to the
the possibility of frequency doubling using the proposed mogteep variation of the driving waveform and, hence, a change
ulation method. It should be noted that, given a sufficientip the refractive index, can broaden and distort the spectrum of
large bandwidth modulator, our results show that the modul@e modulated optical signal in an MZ modulator. Therefore, it
tion speed will be doubled and the extinction ratio will not detd$ desirable to completely remove the chirped frequency spikes
riorate. Therefore, frequency doubling can be realized in sy#iom the MZ modulator but this may not be possible because
metric 2x 1 and 2x 2 MMI MZ modulators with dual-arm @ large-signal modulation will always have a rapid variation in
dual-signal modulation and acceptable frequency chirp. the refractive ingiex inside the MZ _modylator. Even the mag-

nitude of the chirped frequency spikes is suppressed using an
electrical waveform with a less steep change, and broadening
IV. DISCUSSION ANDCONCLUSION and distortion of the spectrum of the modulated optical signal

In [9, Fig. 9], it is shown that the % 1 MMI MZ modulator ~are still observed. On the other hand, the dual-arm dual-signal
is less sensitive to residual optical feedback than is the2 modulation format has been applied to double the modulation
type. It seems that the result given in [9] contradicts our resuigeed of MZ modulators. It has been found that for both asym-
given in Section Il (i.e., a % 2 MMI MZ modulator has much metric 2x 1 and 2x 2 MMI MZ modulators, the modulation
better immunity to residual optical feedback than does thel2 frequency of the optical signal can be doubled using triangular
type). It must be noted in our analysis that only the frequenéjectrical pulses. In addition, the chirped frequency spike is neg-
chirp difference during thedN” and “oFF’ states (i.e., adiabatic ligible due to the shape of the electrical pulses and the corre-
chirp) is immune to residual optical feedback in &2 MMI  sponding frequency chirp response is compatible with that for
MZ modulator, but the corresponding magnitude of the chirp&dectrical pulse modulation.
frequency spikes (i.e., transient chirp) is larger than that of the
2 x 1type. 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) (2x 1 type) is about 80 GHz, which indicates that the [1] Ph. Delansay, S. Gauchard, H. Helmers, D. Penninckx, S. Gurib, and F.
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