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Self-Consistent Time-Domain Large-Signal
Model of High-Speed Traveling-Wave
Electroabsorption Modulators

Federica CappellutMember, IEEEand Giovanni GhiongSenior Member, IEEE

Abstract—A new self-consistent large-signal model for traveling- junction capacitance, which is the main (albeit not the only)
wave electroabsorption modulators (TW EAMS) is presented. A contribution to the overall line capacitance. The high optical

time-domain finite-difference approach is exploited to carry out  4psormtion then generates a significant photocurrent, which
a fully coupled analysis of the nonlinear distributed interaction ’ ’

between the microwave and optical fields in the device. RF and in tum’_mOdiﬁes thg propagation CharaCteriStiC_S of the line. In
optical nonlinearities and saturation effects are taken into account, Small-signal conditions, the small-signal per-unit-length (p.u.l.)
as well as the influence on the microwave electrode propagation photocurrent is a linear function of the local voltage, and can
parameters of the nonuniform distribution of the optical power  pe conveniently described by a differential conductance model

along the traveling direction. The model is applied to the analysis ; i e
of a InGaAsP/InP TW EAM in small- and large-signal operation. [3]. However, in large-signal conditions, the photocurrent

Its performance in terms of bandwidth, linearity, and chirp are nonlingarly depend§ on the locall voltage (due to absorPtiQ”
investigated as examples of application. The technique is validated Saturation as a function of the applied voltage), but also exhibits
in small-signal low optical-power condition through a comparison saturation as a function of the optical power (due, e.g., to carrier

with the results of a small-signal frequency-domain approach. screening effects, in much the same way as in high-power
Index Terms—Electroabsorption modulators (EAMs), time- Photodiodes). Finally, in EAMs, there is, at least in principle, a
domain analysis, traveling-wave (TW) devices. feedback between the optical and microwave line, in the sense

that the line voltage modifies the optical waveguide absorption,
but this, in turn, introduces a photocurrent that influences the
microwave-line parameters; moreover, the microwave line is
IGH-SPEED high-efficiency electroabsorption modulanonuniform since its parameters depend on the local optical
tors (EAMSs) are key devices for the development of marpyower, which decreases along the line.
optical communication systems including high-data-rate optical A first modeling approach, proposed in [3], concerns a quasi-
wavelength division multiplexing (WDM), high-speed opticaktatic frequency-domain treatment of the TW EAM. The model
time division multiplexing (OTDM), and microwave analogassumes uniform bias and losses along the microwave line and
fiber optic links. By combining the optical and microwaveexploits linearized relationships for the voltage-dependent op-
propagation on the same guiding structure, the traveling-walieal absorption and the voltage-dependent photodetected cur-
design allows to overcome theC bandwidth limitation in- rent. Since the optical power is a component of the dc oper-
herent to lumped devices, achieving high bandwidth and higking point, two different small-signal conditions and models
modulation efficiency as well [1], [2]. arise for theoN/OFF states of the modulator, according to the
In order to optimize the modulator performance, it is ofvel of optical power along the device. This model, proven to
primary interest to develop accurate microwave models ¥ield good agreement with experimental results [4], can cap-
the device. In fact, the bandwidth limitation of EAMs largelyture the overall frequency response of the device and the effects
derives from microwave losses in the transmission line afdi the optical power on the microwave propagation character-
from asynchronous Coup“ng to the optica| signaL not t@tiCS. However, as will be shown in Section IlI-A, some inac-
mention impedance mismatch issues, which are hard to manageacies may arise under high optical power, when the nonuni-
in traveling-wave electroabsorption modulators (TW EAMsformity of the bias voltage, as well as of the microwave-line
whose characteristic impedance is significantly lower thdirameters, are no longer negligible. Moreover, the aforemen-
50 ). Moreover, in TW EAMSs, several nonlinear effects takéoned nonlinear effects cannot be included in linearized fre-
place, affecting the microwave and optical fields propagatiofi/ency-domain models. On the other hand, self-consistent dy-
as well as their interaction. Firstly, the microwave transmissidi@mic large-signal modeling is essential in order to gain insight
line (MTL) is nonlinear due to the voltage dependence of tHBto microwave- and optical-power-induced saturation mecha-
nisms to model harmonics and intermodulation products (IMPS)
Manuscri . . o %eneration (analog applications), and to perform device design
pt received April 4, 2002; revised November 20, 2002. Thi S . . .
work was supported in part by the Center of Excellence on Multimed%nd optimization in Iarge-S|gnaI operation (OTDM and WDM
RadioCommunications (CERCOM), Politecnico di Torino under Project Linapplications). In [5], some hints are given of a time-domain dis-
WP-2. , - _ , __tributed model in which the nonlinear relationship between the
The authors are with the Dipartimento di Elettronica and CERCOM, Politec- Lo . .
nico di Torino, 1-10129 Turin, Italy (e-mail: federica.cappelluti@polito.it). voltage and complex refractive index is accounted for, while the
Digital Object Identifier 10.1109/TMTT.2003.809672 microwave line is considered as linear; no back coupling exists
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between the microwave and optical line, i.e., the microwave line i(z,0) Zw) L i(z+dz,f)
works in low-power conditions, neglecting the effects of pho- _’_S—NW\ -
tocurrent and of nonuniform bias along the modulator. Time-do- Veon

main approaches are commonly used in the modeling of elec- Wz,f) ¢l Wz+dz,1)
troabsorption modulated lasers (EALS) [6]—[8]. However, such -T-
modeling efforts are focused on the laser description, and leave LV Pop) | (2ot

in the background the modeling issue of the EAM portion of the

device, usually treated as a lumped section, with voltage-depen- ()

dent optical complex refractive index.
In this paper, we present a novel dynamic time-domalig. 1. Equivalent electric circuit for the p.u.l. MTL.
model of TW EAMSs, featuring a fully coupled analysis of
the nonlinear distributed interaction between the optical andltis immediate to write the equations for the voltage and cur-
microwave fields throughout the device. A circuit-orientedent in Fig. 1 as follows:
large-signal model is proposed for the microwave electrodes,
. . o . . 0v(z,t)
treated as a nonlinear quasi-TEM transmission line with = — Veon (2,t) = L 5t (1)
optical-power-dependent propagation characteristics. On the .
other hand, the optical field behavior in the device is studied by di ‘(Z’ H__vzh)-vzt) (Jav (2, t), )
solving the wave equation taking into account the time/spatial 9z Rs ot
variation of the optical complex refractive index, induced by The junction voltage; (z,t) and the total microwave voltage
the modulating microwave field. The overall device behavior i§(27 t) are locally related through the following nonlinear dy-
simulated by solving, through a finite-difference approach, th&amic equation:
coupled equations describing the electrical and optical fields
propagation along the device. Self-consistency is requirng(ZJ) =v(z,t) - Rs |C,
since the absorbed optical power, locally dependent on the mi-
crowave field, drives the carriers generation, and the parameters .
of the electrical model are, in turn, photocurrent dependent. o (v (2:1), Pop (2,1)) + ip
Both RF and optical-power saturation effects, including analog (3)
harmonic and IMP generation, can be simulated provided
that proper models for the voltage dependence of the actigere, for the sake of brevity, we have omitted the dependence
region are inserted into the model. At the same time, chif® v; of Cj andip. The second term on the right-hand side of
effects in the time domain are simulated together with tH8) is the voltage drop across the p-i-n junction resistafige
change of propagation characteristics with the incident opticEe voltage drop across the frequency-dependent impedance
power. The model can be extended so as to include in a seffen(f) can be computed in the time-domain through a con-
consistent way other nonmodulating sections, such as a laseY@gtion such as
a semiconductor optical amplifier (SOA). .
This paper is organized aps follo(ws. S)ection Il is devoted to Veon (2,1) = Zeon (1) 1 (2,1) )
the detailed description of the model equations and the nUM@ere.., (¢) denotes the inverse Fourier transfornfef., (f).
ical approach to the self-consistent simulation. Section Ill rehe numerical solution of (4) can be accomplished through a
ports some simulation results in the small-signal, as well @fscrete-time recursive formula (as will be discussed in Sec-
large-signal operation. Finally, a brief conclusion is given ifjgn 1I-C).
Section IV. The MTL equations (1), (2) can be conveniently reformulated
in a forward—backward traveling-wave approach. To this aim,
Il. DISTRIBUTED TIME-DOMAIN MODEL we introduce the following nonsingular linear variable transfor-
mations:

0i (z,t)

0vj (z,t)

A. Microwave-Field Model

[v(2,t) = Zoi (2,1) ] (5)

[v(z,t) + Zoi (2,1) ] (6)

The electric equivalent circuit of a p.u.l. microwave electrode vr (2,1) =
section is depicted in Fig. 1. In this circuit,andC are the in-
ductance and capacitance of the unloaded microwave electrode, vR (z,t) =
while Z..,(f) models the frequency-dependent (owing to skin
effect) conductor impedance. The electroabsorption (EA) sehereZ, = /L/C is the characteristic impedance associated
tion is modeled through the device series resistaligerep- to the ideal transmission lind, C). By substituting (5) and (6)
resenting the resistivity of p- and n- semiconductor layers afftithe MTL equations (1), (2), after some algebra, we obtain the
metal contacts, the p-i-n junction capacitai¢g(v;), the junc-  traveling-wave formulation
tion voltage-controlled dark curreti (yj), and Fhe nonlinear dup (1) 1 dvp (2,1)
photocurrent generatdt,;, (vj, Pop), Which provides the cou- 5 + — 5%
pling between the optical and MTLs. The quantitiegz, t) z vr
and P, (z,t) are the junction voltage and optical power, re- = — K [’UF (2,t) + vr (2,1) — v (Z:t)] — Ksveon (2:1)
spectively. @)

N =N =
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dvg (2,1) 10w (2,t) wherewg, is the optical group velocity, assumed to be constant
0z vf ot over the frequency range of interest, anid the speed of light
=K [rUF (2,t) + vr (2,1) — v (2, t)] — Koveon (2,1) in vacuum;A« (z,t) andAn, (z,t) may be written as
(®) Aa (2,) =Lolim (Vi (2,1), Pop(z.8))  (12)

whereK; = Zy/2Rg, K2 = 1/2, andvy = 1/VLC. Finally,
concerning the junction voltagg, by substituting (5) and (6) in
(3), we have wherel, is the optical confinement factor in the active layer
' _ andAq«,,, and An,, are the voltage/power-dependent changes
vj (2:8) =vr (2,t) + vr (2,1) of the optical absorption coefficient and refractive index in the

Ang (2,t) =LoAny, (Vi(z,t), Pop(z, 1)) (13)

— Rs [CJM + Ion (v (2, 1), Pop (2,1) ) active layer, respectively. Analytical models ftyrv,, andAn,,
ot can be derived by curve fitting either from experimental data or
—H'D] . ©) from physics-based simulations of the active region structure.
Finally, the optical propagation constant in (10) is given by

Note that the simultaneous equations (7)—(9) are exactly equiv- 5 _ Yo i 14
alent to (1)—(3) since no approximation has been introduced. fo = ~"e + 5 (0o + 0t1oss) (14)

Thus, the voltagesr, vg, solutions of (7)~(9) may be used 10, & and ag being the effective refractive index and optical-

derive the MTL voltage and current satisfying (1)—(3) by the Y S
relationships (5) and (6). In the following, for convenience, wOWer EA coefficient at transparency (i.&, = 0). The term

. . o accounts for all those mechanisms, such as free-carrier
will refer to the variablesr andvg as the forward and backward ™

. ) i . . __absorption and scattering loss, which cause optical attenuation
voltages on the line, respectively; however, the interpretation 0 . . .
. ... Without generation of carriers. To complete our model, we write
vr andovg as such strictly holds only when the transmission li

n
in Fig. 1 reduces to an ideal transmission line. t%e p.u.l. photocurrent,, as

q
B. Optical-Field Model Ton (2:) = g0z, ) Pop (2,1) (15)

We limit our analysis to a single-mode field propagating inth\5?/hereq is the electric charge) is the rationalized Planck’s
optical waveguide, the extension to the multimode case bei stanta(z, ¢) is given as: — ao+Aa, andP,, is the optical
straightforward. Moreover, we assume no reflections at the e '” 0 ' op

facet of the modulator. This is a reasonable approximation as

long as we study discrete EAMs since antireflection coatings Pop (2,8) = |E(z,y, 2,0)|” = | Er (2, 1)|” e~ (@0 F0m)z,
are usually deposited on the facets of the device, and it can be (16)
expected that the residual reflections do not significantly influ-
ence the behavior of the modulator. However, if the model wereTne previous equations stress the aforementioned interplay

extended to the analysis of an integrated laser-EAM structugitween the microwave and optical traveling fields as follows:
the approximation would no longer be acceptable. In fact, since optical-power dependence 8§, (15), which affects the
the power reflected from the modulator section into the laser propagation characteristics (;} the,MTL and. thus. the

cavity changes with intensity modulation, it turns out to change . : .
ST : effective modulating voltage along the device through
the laser wavelength, i.e., it introduces chirp [9], [10]. 9 9 g 9

S _ : (1)—9);
The optical field in the EAM waveguide can be written as * junction voltage dependence of the optical absorption (and
E(z,y,2,1) = ¢ (x,9) Er (2, 1) eiwat=i0e> (10) refractive index) which, in turn, affects the optical field

propagation and the photogenerated current according to
whereg(z, y) is the modal function in the waveguide, the com- (11) and (15), respectively.
plex amplituderr (z,t) represents the forward slowly varyingindeed, a fully coupled solution is required in order to correctly
component of the optical fieldy, is the laser optical frequency, describe such nonlinear distributed interaction.
and j, is the unperturbed (i.e., in the absence of applied The small-signal equivalent circuit adopted in [3] can be de-
voltage) propagation constant. The amplitude(z,?) can be rived from the one proposed in Fig. 1 by approximating the
derived from Maxwell's equations by exploiting the slowlyp.u.l. photocurrent generatdgy,(z,t) as an optical-power-de-
varying envelope approximation and treating the electric-fiefsendent resistoR, = (dI,,/dv;)~! evaluated at the junction
induced variations of the optical complex refractive index asias voltagel; = V;,. In fact, since the photocurrent generator
a small perturbation [11]. The time-dependent traveling-wawpends omw; = V;, + v(t), one has
equation describing the optical field propagation results as "

follows: Lw = f(v5) =~ f(Va) + o o(t) +---

1 0Er (2,t) n OFr (z,1) il

Ugo ot 0z where the second (linear) term simply is a conductance. The
_Aa(z) linear approach in [3] assumes the whole length of the device

- ——i%Ano(Z,t) Ep (z,t) (11)

2 to operate at the same bias point; this, in turn, implies the dc
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R=R_(0)L vi(z,1) vp(z1)

RS / L Chluck

Vi P)

N

Fig. 2. Lumped equivalent circuit of the TW EAM in dc operation.

optical absorptiony, = «(V}) to bez-independent. Following
this approach, in dc operation, (2), (3), and (15) reduce to
dl q —(ap+aoe )z Fig. 3. Schematic view of thetdp) microwave and lfotton) optical wave-
P ph(2) = —%abPop(O)e (b tentons)z, 7 guides having an integer number of subsections of lenyth and Az,,
° respectively.
Integrating the previous equation, one fié5)—1(0) = — I,
wherely,;, is the total photocurrent generated in the modulator The time-dependent coupled MTL (7), (8) can be solved in
L the time domain by a first-order difference approximation of the
Liph = / Iyndz partial differentials [9] yielding
J0
_ qPOp(O) ap (1 _ e—abLe—alossL) (18) UF (z+ AZ? t+At) = (I_KlAZ) UF (Zv t)_KlAZUR (th)
hw, ap + Qoss +K1Azvj (2,t) = KaAzVeon (2, 1)
which is equivalent to the photodiode response. Note that, for the (21)
transmission line to be uniform, the total photocurrent is equalgyR (2= Az, t+At) = — K1 Azvg (2, 8)+(1— K1 Az) og (2, 1)

spread over the whole length of the line, i.&y = Iipn/L;
the corresponding ac p.u.l. equivalent resistance, modeling the

—}—KlAZ’Uj (Z, t)‘i‘KZAZ/Ucon (Z7 f)

linearized dependence &fj, on the junction voltage;, is (22)
1 dI -1 where we have sefz = vyAt and we have neglected the
Ry = <f dt‘fh ) (19) second derivatives terms. Sineg does not include the effect
U v, of the junction capacitance, the choice &t is conservative

In order to evaluateR,, we need to estimate the junction biagvith respect to the numerical stability of the finite-difference
pointV; = V;,. To this aim, the EAM can be treated as equivaleigorithm [12]. The solution of (9), locally relating the junc-
to the lumped electric circuit shown in Fig. 2, wheke,,,(0) is  tion voltagew; to the total voltagerr + vr across the trans-
the dc component of the conductor impedanceapd V;, Pi,) mission line, has been achieved through a semi-implicit Euler
is given by (18), beind®, = P,,(0), the incident optical power. method. The spatial discretization sté&g should be chosen
Thus, the bias point satisfies the following nonlinear equatiorsmall enough to ensure an accurate solution of the total volt-
) ages and currents along the microwave line. Specifically,

Vi=Vonc — R[Itph (Vi; Pin) + i (Vi)] (20)  must be chosen small enough to make negligible the effect of
beingR = R..n(0)L + Rs/L. Note that either the modulatorthe second-order derivatives omitted in (21) and (22), and to
bias pointor the ac equivalent resistafzalepend on the optical guarantee a rapid convergence in the integration of (9), i.e.,
power and absorption through (18); thus, different small-signdit = Az/v; < RsCj. In this analysis the device length
operating conditions arise depending on the optical power d-smaller or comparable to the guided wavelength and, there-
sorbed along the device. The consequence ofittisrm bias fore, the choice ofAz is not overly critical. In the simulations
pointassumption exploited in [3] on the predicted performanate have used\z ranging fromZ /100 to L/40.

of the TW EAM will be discussed in detail in Section III. System (21) and (22) must be completed with the initial and
boundary conditions for the forward and backward voltages at
C. Numerical Algorithm the beginning and end of the modulator. Initial conditions are

The numerical solution of the microwave and optical trayMmposed according to the applied bias. The capacigs.. at
eling-wave equations is obtained by a finite-difference approali} load section can be exploited to decouple the dc-bias gener-
[9]. The basic idea is to longitudinally divide the device into a@tor from the load resistor. In a similar way, the indudtgfo.x
integer number of small sections having equal length. Acro8kthe input section decouples the dc bias from the RF generator
each section, the propagation characteristics of the optical 88IStorR,. Thus, the boundary conditions for the bias can be
microwave waveguides are assumed to be constant, but they'#f&en as
aIIowgd to_change from section to s_ection. To account for the Vi (0) = — Vg (0) + Vpe (23)
velocity mismatch between the optical and electrical signals, Vie (L) =Vi (L) (24)
two different spatial grids must be used for the optical and mi- R ¥
crowave waveguides. The finite-difference approach is schematiere we have denoted wittiz and Vg the dc components
ically illustrated in Fig. 3. of the forward and backward propagating waves. From the RF



1100 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 4, APRIL 2003

signal standpoint, the inductor and capacitor act as an openanc 35
short circuit, respectively, and the corresponding boundary con-

— analytical analog model

ditions are 307 | o discrete simulator
R, — Z Zy 25
0,t) =vg (0,t) =& t 25
UF( ’ ) /UR( ’ )Rg+ZO+Rg+ZOeg() ( )
Ry — Z 20t
L.t) =———vp(L,1). 26 o o0
vr (L, t) RL+ZOvF(,) (26) S

Finally, (4) has been numerically implemented through an in-
finite impulse response (lIR) digital filter. The frequency be-
havior of Z..,, known from experiments or physics-based sim-
ulations, is fitted with a rational function in the analog com-
plex variables = 7w, and successively transformed in the dig- 0 ) " - N
ital z-transform domain by exploiting the bilinear transforma- 10 10 10 10
tion technique [13]. The resulting discrete-time simulator for frequency,GHz
the voltage drop.on (%, z) results as

101

conduction impedance, /mm

Fig. 4. Frequency behavior of the resisti¢&..,) and inductive(X...)
components of the conduction impedance. Solid line (—): frequency-domain

p Q ; o ki ;
vcon(ﬂ z) _ Z ¢ji ({_ jAL, z) _ Z diVeon ({_ kAL, z) model, circleqo): time-domain simulation.
7=0 k=1

27) 3000 0.02

-1
o CIIY

wherec; andd;, are the coefficients of the digital rational func- <, 2500r 1001
tion approximatingZ..,. Good accuracy is achieved providec 3 {0
that the time step is small enough so that< 1/2f,.x, Where = 2000f
Sfmax 1S the maximum frequency of interest.

Concerning the optical field propagation, by choosig,
vgoAt, the solution of (11) is given by [14]

A

1-0.01

1-0.02

1-0.03

= exp [(—w —iAB, (z,t)> Azo} Ep (2.t). (28)

W
(=2
S
“uy a3ueyd XapuI 9AT}ORIJAI

-0.04

absorption coefficien
-
[ W
<=
(=] S

0 : : : : : -0.05
1 2 3 4 5 6

applied voltage,V

Initial conditions are set according to the incident optical field
The previous equations, coupled through (9), (12), (13), (15,

and (16), are solved thrOUg_h a time-s?epped iterative a_pproaﬁg, 5. Changes of the absorption and refractive index with bias voltage.
For each time step, the optical and microwave fields will cover

different spatial stepRlz, = vgoAt andAz = vpAt, re- they result to be negligible in static and small-signal operation,

spectively. To account for this asynchronous spatial prOpa%'spectively. Moreover; is usually weakly dependent on the

tion, which is a consequence of the velocity mismatch, a Im%‘?}rnction voltages; [15], unlessy; approaches the p-i-n diode

mterpolauor:j 1S (2)/(_p|0|ted IO:WItCIh ftrom theko.?ttlﬁalgo thetm'fhreshold voltage, i.e., under highly nonlinear operation. Thus,
crowave grid anice versaAs a fast remark, It the ime step;, ., following analysis, we neglect the nonlinearity/®f, as

is chosen in orde_r to divide the _dewce length Into an integgr, asCj, and focus on the optical mechanisms related nonlin-
number ofAz sections, the resulting number of sections on thg

. . i . . arities. Finally, as for the conductor impedance, we assume a
optical grid(L/Az,) will not be an integer since usually and frequency behavior such @.n (f) = R + (1 +1)Ry/J/4],
vgo @re incommensurate quantities. To overcome this, the sif)s, » 13 5 Q/mm andfooi 1 GHy. A soventorder r’a-

ulated optical length is allowed to be larger thiaras shown in tional polynomial has been used tofit...(f). Fig. 4 compares

Fig. 3, and the v_alue O.f the optlt_:al quantitiesat [ is recov- the analytical frequency behavior &, (f) to the frequency
ered through a linear interpolation. behavior predicted by the discrete-time simulator in (27). The
time step used was approximately 0.05 ps.
As for the optical parameters of the active layer, which is
We have applied the model developed in Section Il to studlye change of absorption coefficient and refractive index with
a standard multiple quantum well (MQW) InGaAsP/InP EAMapplied bias, we have used experimental data reported in [9].
with a 3um—-wide waveguide, 0.2m active layer thickness, Fourth-order polynomial functions have been used ta\fit,,
and 200xm length. The values assumed for the MTL equivaand An,, between 0 and 6 V, at the operating wavelength of
lent-circuit parameters are (see, e.g., [Bp= 0.5 nH/mm,C = 1.544;m. The behavior ofA«,,, and An,, as functions of the
0.4 pF/mm, andRs = 1 @mm, and for the depleted p-i-n junc-reverse applied bias is shown in Fig. 5. The optical confinement
tion, C; = 1.2 pF/mm. For typical EAM devices, the dc leakagdactor in the active layer is assumed to Bg = 0.2, while
resistanceR; = vj/ip(v;), as well as the ac leakage resistancie residual absorption, has been set to 15 dB/mm, which
Risc = dvj/dip, take values around 1@Xor larger and, thus, is a typical value for EAMs. An optical group index of 3.5 has

IIl. SIMULATION RESULTS
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been used. The overall contribution of free-carrier and scattering -35
loss (aess) is usually limited to a few decibels per millimeter
(see, e.g., [16] and [17]) and has been neglected in the following
simulations.

Concerning the optical-power-induced saturation of the ab-
sorption coefficient, as well as of the refractive index change, we
have used an empirical model based on experimental observa-
tions reported in the literature [18]. Measurements of the mod-
ulator photocurrent as a function of the incident optical power
show that, after an initial linear growth with the optical power,
as predicted from the theory (15), by further increasing the op-

— linear model
x nonlinear model

normalized optical response, dB
™
~

tical power, the photocurrent starts to saturate. To model this P30 20 30 40 s0 60 70 80
. . frequency,GHz
effect, we use a corrective optical-power-dependent factor, and
compute the absorption coefficient as Fig. 6. Small-signal optical response, at different incident optical power,
predicted by the linear (—) and nonline@r) models. The optical response is
P -1 normalized to the input optical power.
a(V, Poy) = (V) frar(P) = (V) <1 + P_v>
op,th
(29) 0.7
P, = 0dBm

When P,, > P, We havea = oy, Poptn/Pop, i-€., the 065
photocurrent density in (15) saturates. The empirical parameter i P, = 10dBm
P, +n sets the value of incident optical power corresponding to 5’ 0.6
half-absorption with respect to the zero optical-power condition; g
note that ifee/ L > 1, this corresponds also to the half-detected  § .| P, = 15dBm
photocurrent. From a practical standpoint, the level of optical &
power at which the photocurrent deviates from the linear be- -3 05 linear model
havior is strongly dependent on the structure of the active layer ’ —— nonlinear model
and on the electroabsorptive mechanism exploited. Obviously,
more accurate models could be extracted from device measure- 0'450 100 200
ments or physics-based simulations. In the following, we have z, um
assumed’,;, ¢, = 50 mMW. @

The resulting TW EAM static optical transmission has 3-dB 30
residual loss at zero bias and contrast ratios of 10 and 20 dB
at 1.3 and 2.1V, respectively. In all the following simulations, =
the RF generator impedance is set taband the modulator is <
terminated on a resistdir, = 35 2, which corresponds to the i
ideal line impedanc&, = \/L/C. The bias voltage generator =
is decoupled from botl#, and Ry.. §°
A. Small-Signal Analysis: Frequency Response %

To validate our nonlinear model, in small-signal conditions, (g|%
we have simulated the device under low optical illumination . ‘ ‘ :
(Pop = 0 dBm) and compared the results with the predictions % 05 1 15 2 25 3 35 4
of the linear model proposed in [3]. Fig. 6 shows the small- junction bias voltage,V

signal optical response, i.e., the peak-to-peak amplitude of the (b)
RF component of modulated optical power normalized to the

L . . . ig. 7. (a) Junction voltage variation along the device, at different incident
incident optical power as a function of the RF signal freql*'encr)rfntical power, predicted by the nonlinear (solid lines) and linear (dashed lines)

The dc voltage source supplied 0.7-V bias and the amplitudenaddels. (b) Bias-dependent term of the ac optical response computed according
the RF signal was 1 mV. At low optical powéF,, = 0 dBm), 1t the linear model.

the linear and nonlinear models show an excellent agreement.

At higher optical power, the low-frequency optical respondesses and the nonuniform EAM bias voltage that occur at higher
drops, while the bandwidth increases. This is due to the largggstical power, as can be seen in Fig. 7(a), which depicts the
photocurrent-induced microwave losses, which flatten the freariation of the junction voltage along the microwave line. At
quency response and increase the bandwidth (defined as thedmical power of 15 dBm, the linear model significantly under-
quency at which the optical response drops by 3 dB with respestimates the junction voltage.

to the low-frequency limit). The effect is qualitatively captured As reported in [3], the modulator small-signal response de-
by both models. However, the linear model results to be legends on the bias point through the tedm/0V; exp[—(ao +
accurate since it cannot account for the nonuniform microwawgV;))L]. This term is plotted in Fig. 7(b) as a function of the
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(a) Fig. 9. Time-domain output optical waveforms for different levels of the RF
modulating signal.
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Fig. 8. Normalized optical response at: (a) 1 GHz and (b) 3-dB optical ()
bandwidth as functions of the applied bias at different incident optical power.
The optical response is normalized to the input optical power. 0

junction bias voltagé’;. The junction voltage computed by the
nonlinear model is higher, on the average, than the one com-
puted by the linear model. Thus, according to Fig. 7(b), the non-
linear model will predict a lower modulation efficiency with re-
spect to the linear model, as indeed results from the comparison
of the computed frequency responses in Fig. 6.

As previously stated, the dependence of the microwave-line

available output RF power , dBm

parameters on the photocurrent causes these parameters to -120 i
change with the applied bias. As a result, the frequency response -14 O

of the TW EAM also changes with the applied bias. The amount 20 -15 -10 -5 0 5 10 15 20 25 30
of this effect, in terms of both low-frequency response and single-tone available input RF power, dBm
bandwidth, is shown in Fig. 8 for different optical-power levels. (b)

Fig. 10. (a) RF harmonics generation and saturation effect under single-tone

B. RF and Optical-Power Saturation RF input signal. (b) IMP generation under two-tone RF input signal.
Linearity and high optical-power handling are key require-

ments for EAMs suitable for high-performance analog applic@he dc voltage source supplied 0.7-V bias, and the incident op-
tions [18], [19]. Thus, from a design standpoint, it is importartical power was 10 dBm. Fig. 9 shows the time-domain optical
to have tools able to evaluate the effects of RF and optical-poweaveforms at the output of the modulator for different levels of
saturation mechanisms on the modulator behavior and, in pRF input power. The RF amplitude modulation curve, extracted
ticular, to predict harmonics and IMP generation. As exampl&®m the time-domain waveforms, is reported in Fig. 10(a). The
of the nonlinear model capabilities, a linearity analysis of theceiver responsivity and impedance were set to 0.8 A/W and
modulator has been performed under single-tone excitation,58s(2, respectively. Due to the nonlinear relationship between
a function of the modulating voltage, as well as of the incabsorption and voltage, as the modulating signal increases, the
dent optical power. A sinusoidal tone at 1 GHz was appliedptical waveforms deviate from the small-signal sinusoidal be-
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Fig. 11. Optical-power-induced saturation for different device lengths.
Fig. 12. Dependence of the chirp parametgr on the applied voltage for the
optical parameters shown in Fig. 5.

havior, yielding saturation of the fundamental signal and har-
monics generation, as shown in Fig. 10(a). Finally Fig. 10(b) h | and i . f th fractive ind
reports the results of a two-tone simulation at input frequenci een the real and imaginary parts of the re rac.t|ve.|n ex
of 1 and 1.1 GHz, showing generation of second- and third-or amgrs—Kronlg relgtlonshlps). Thus, vvhen the optical f'em,'s

IMPs. By fitting the fundamental and harmonics at low RF inpd?tens'ty modulated, it also suffers a spurious phase modulation,

powers, an accurate small-signal multifrequency model can )ﬂgldlng an mstantaneogs frequency Sh'ft OT the optical 1_‘|e|d.
extracted to be used in system-level simulations. From a system standpoint, frequency chirp limits the available

f?nsmission bandwidth in single-mode fiber systems, due to

As for the power saturation, we have compared the behavl h i di . f optical fib h luati f
of different length TW EAMs with the same active Iayer.t e chromatic dispersion of optical fibers. Thus, evaluation o

Going to higher lengths is attractive either to decrease II‘E
modulator switching voltage or to increase the power-handli %T ll-sianal diti . define the chi
capability. However, microwave losses limit the available n small-signal conditions, itis customary to define the chirp

lengths to a few hundreds micrometers. We have consider%‘?fameteb‘H’ which relates the instantaneous variation of the
three TW EAMs with a length of 200, 400, and 6Qan, optical field intensity(P,,,) and phasé¢) as follows [20]:

corresponding to switching voltage, for 20-dB contrast ratio, de ay dP.
of 2.1, 1.26, and 0.96 V, respectively. The dynamic simulation 2 = 2P d;p'
was performed under a sinusoidal tone at 1 GHz, with RF op

input available power of 0 dBm so that, at low optical powefhe derivative of the phase with time on the left-hand side of
the modulators operate linearly. The supplied bias voltage Wag)) represents the instantaneous frequency shift of the output
0.7 V. The results reported in Fig. 11 suggest the followingyn; For EAMS, oy can be directly computed from the optical
remarks. At low input optical power, the higher the modulaiq§ygnerties of the active material as a function of the applied bias
length, the lower the available RF output power is becaupfy] The resultingyy is reported in Fig. 12, denoted as “static
of the increased optical residual loésyL). From a design chirp.” For the case under study; greatly varies with the ap-
standpoint, a tradeoff can be sought since the higher optigibq pias: it takes values from 8 tel when the bias changes
residual loss could cancel the advantage of increased lengHy, o o 3 . This figure also shows the results obtained from
in terms of reduced’;. Obviously, the slope of the curves inhe nymerical simulation under small-signal conditions at dif-
logarithmic scale is 2 since the RF power is proportional @ ent pias voltages.
Fhe square of the optical power. However, as Fhe optical powerynder large-signal operation, the relationship in (30) is no
increases, the slope of the curves corresponding to the 400- afigher applicable, although the knowledge of the static chirp can
600um EAMs increases. In fact, as previously highlightedyoyide some qualitative indication. In this case, the frequency
the optical power traveling along the optical waveguide causggiry of the output optical power must be directly evaluated from
“self—bla_smg” (_)f_the dgwce, which leads to a locally varyingne instantaneous optical phase, ie(t) = dy/dt. Fig. 13
modulation efficiency (in terms of, = da//0V;). Depending renorts the results of a large-signal simulation carried out under
on the values of bias voltage and the optical-power level, tgerent bias conditions. The incident optical power was 10
local junction voltage can move toward higher valuesiof  ggm and the modulating frequency was 10 GHz. At supplied dc
resulting in a larger overall modulation efficiency than in thggages of 1 and 1.5 V, the chirp results positive, according to
low-power case. This is the case in Fig. 11. Finally, a larggfe small-signal prediction, with positive frequency shift on the
optical saturation power can be observed in longer modulatoréading edge of the optical intensity, and negative frequency shift
, . , , on the trailing edge. As the dc bias is increased to 2 and 2.5V,
C. Large-Signal Simulations: Frequency Chirp negative chirp occurs, reversing the positions of the frequency
As is well known, light chirping is a parasitic propertycomponents, i.e., higher frequency components on the trailing
of intensity modulated light due to the interdependence bedge and lower frequency components on the leading edge.

modulator chirp is a key task, especially for high-speed
g-haul applications.

(30)
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IV. CONCLUSION
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We have presented a self-consistent time-domain model for
the analysis of TW EAMs. The model fully accounts for the
nonlinear interaction between the microwave and optical trav

eling

fields. The effects on the bandwidth and modulation effi-

ciency of the nonuniform optical field distribution along the de-

vice have been highlighted. A few examples of application hav

[19]

[201

been presented, showing the model to be an efficient tool for
the analysis, design, and optimization of TW EAMSs intended
for analog, as well as digital applications.
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