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Abstract— The paper presents a measurement-based large-
signal distributed model for high-speed electroabsorption mod-
ulators, integrated within an RF circuit CAD environment.
The model is implemented through a cascaded-cell approach;
the identification of the nonlinear lumped equivalent circuit
parameters of each cell through measurements is discussed and
an example is provided of circuit extraction. An example of
integrated driver-EAM simulation is finally discussed.

I. INTRODUCTION

Electroabsorption modulators (EAMs) offer great poten-
tial for the development of low-cost integrated transmitters
and combined receiver/transmitter units in high-speed digital
and/or analog fiber-optic transmission systems. Often the EAM
can be directly integrated with the laser; the corresponding
device is usually referred to as EAL. Although in the rest
of the paper reference is made to EAMs, the approach also
applies to the modulating section of an EAL provided that the
source and modulator are decoupled (i.e. the source is optically
isolated from the EAM).

EAMs usually make use of a p-i-n structure, in which
the optical absorption and the related refractive index are
modulated by varying the electric field across the intrinsic
layer. They can be designed either as lumped or travelling-
wave (TW-EAM) devices, the latter offering better perfor-
mance in terms of bandwidth, efficiency and saturation optical
power [1]. In the lumped configuration the microwave signal
is usually applied to the center of the electrode (see Fig. 1,
right), while in the TW design (see Fig. 1, left) the microwave
signal is made co-propagate with the optical signal, and the
waveguide is terminated by a matched load. Due to the high
microwave and optical losses, the device length is limited to
a few hundreds micrometers even in the TW design; however,
a significant transmission line-like behavior and response
broadbanding is observed provided that the load is impedance
matched to the electrode characteristic impedance; since this
is usually significantly lower than 50 2, careful design of the
termination load and of the driver electronics is required. Thus,
despite the electrically short length, the use of a distributed
approach is generally more effective, not least owing to the
space-dependent optical power distribution along the line [2].

A self-consistent EAM electrical and optical model within a
microwave circuit CAD environment is important both for the
modulator RF design and for the co-design and optimization
of integrated modulator-driver circuits [3], which requires to
accurately model these not only from the RF but also from
the optical standpoint (amplitude modulation and chirp); this
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Fig. 1. EAM layouts: travelling-wave electrode (left), lumped electrode

(right).

ultimately allows to simulate the driver-modulator pair at a
system level, possibly with a direct link to the RF circuit CAD
environment, as today possible within many commercially
available CAD suites.

Following a cascaded-cell approach, well suited thanks
to the electrically short length of such devices (in con-
trast with LiNbOgs-based electro-optic modulators), a self-
consistent, nonlinear electro-optic EAM model yielding not
only the RF electrical behaviour and the output optical power
amplitude modulation, but also its spurious phase modulation
(chirp) has been recently proposed by the present authors
[4]. The current implementation is within the MWOFFICE
design suite [5], but the model can be readily exported to
other RF design environments. The model structure allows
for frequency-domain small-signal and large-signal (through
Harmonic Balance techniques) analysis.

The CAD model was originally developed as physics-based,
ie. the EAM line parameters were derived from a self-
consistent electromagnetic and semiconductor model [6] and
the voltage dependence of the absorption and effective index
deviation was taken from a microscopic model, together with
the RF-optical overlap integral. However, the same framework
can be exploited, as discussed in the present paper, to derive
a measurement-based model. In fact, we show that the (linear
and nonlinear) circuit element models, i.e. their dependence
on the local voltage and optical power, can be reliably iden-
tified on the basis of external (electrical and eletro-optical)
measurements. As a validation example, we start from a full
distributed physics-based model of an InP/InGaAsP EAM,
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either in TW or lumped configuration, and identify the circuit
model on the basis of simulated external measurements. This
allows to include all the physical relevant issues but avoiding
uncertainties inherently related to real measured data, e.g. due
to parasitic deembedding.

II. CIRCUIT MODEL

Following the approach outlined in [2], the modulator model
is made of coupled transmission lines (TL), modelling the mi-
crowave and the optical waveguide, respectively. Coupling is
obtained through the inclusion of a voltage and optical power
dependent photocurrent generator in the microwave TL, while,
in turn, the microwave voltage drives the absorption and refrac-
tive index deviation in the optical waveguide. Within the CAD
circuit environment, the nonuniform, nonlinear microwave
and optical waveguides are simulated through a cascaded-cell
approach, employing both standard and user-defined lumped
elements. Excellent accuracy may be achieved provided that
the unit-cell length is short enough with respect either to the
absorption length or the microwave guided wavelength in the
frequency range of interest [4].

The schematic of a unit-cell equivalent circuit is shown in
Fig. 2. The circuit between the electrical ports 1 and 2 models a
Az-long section of the nonlinear microwave electrode, treated
as equivalent to a quasi-TEM transmission line, whose propa-
gation characteristics are modeled by the conduction resistance
Reon(f), the (unloaded) TL inductance and capacitance (L, C),
the p-i-n junction series resistance (Rg), the voltage-dependent
capacitance (Cj(V})), and the optical-controlled photocurrent
generator Ipn. The circuit between the optical ports 3 and
4 models the optical intensity (associated to an equivalent
voltage) modulation and drives the photocurrent generator
through:

q
Iph = m[_)in (1 — TAz (‘/J) Pm)) (1)
TAZ (‘/Jv -Pm) = e_]'—“’a (‘/_]va Rn) AZ (2)
a (V. Pu) am (V) “

" 1+ Pu/Pa (V)

where ¢ is the electric charge, /i is the Planck constant,
w, is the optical angular frequency, and P, is the optical
power incident on the section. Ta. (V}, Py) is the Az-section
transmission which is computed through a user-defined block
model implementing equations (2-3). In (2-3) I, is the optical
confinement factor in the active layer, oy, is the active material
optical absorption, while the term 1/(1+4 P,,/ P,) is a heuristic
corrective factor introduced to account for saturation effects
arising at high optical power levels. Finally a time delay
block describes the optical envelope propagation and allows
to simply include velocity-mismatch effect. The last circuit,
connecting the optical ports 5 and 6, models the spurious
optical phase modulation (associated to an equivalent voltage)
induced by the electric-field modulated optical refractive index
(Any), according to eq. (4). Finally, a simple derivation block
at the end of the multi-section circuit is used to directly
evaluate the instantaneous frequency chirp.

Gout = Gin + AD(V;, Punj) = in — %Anm (Vi, Pop) Az. (4)
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Fig. 2. Circuit schematic of a Az-long modulator unit cell.

III. CIRCUIT PARAMETER EXTRACTION

The proposed model indeed requires the knowledge of
microwave and optical waveguide parameters; these can be
accurately extracted from standard eletro-optic and electrical
characterization tools.

Concerning the model optical parameters, the effective opti-
cal absorption I',a(V') and the saturation parameter P, can be
accurately extracted through low-frequency measurements of
the modulator transmission and photocurrent (see e.g. [7], [8]),
while the chirp parameter, and thus of Any,(V'), can be derived
from small-signal measurements at different bias conditions,
as outlined in [9].

The identification of the electrical circuit elements can be
performed from the measured two-port electrical S-parameters
or, for packaged devices internally terminated, from the mea-
sured electric return loss (Si1).

In order to provide a reliable validation to the extraction
procedure, this has been tested by performing simulated mea-
surements on the accurate physics-based cascaded-cell model
in [4]. We consider a bulk InP/InGaAsP EAM whose cross-
section and simulated characteristic impedance are reported
in Fig. 3; further details on the device may be found in [4].
Two different layouts, exploiting a TW electrode and a lumped
electrode of equal length (500 pum) and cross-section, have
been analyzed.

Fig. 5 shows the simulated S); for the TW and lumped
EAM. Both the modulators were closed on a 23 2 load. While
the TWEAM S, remains limited even at high frequency, thus
confirming the transmission line like behavior, the lumped
EAM presents return loss increasing with frequency, as ex-
pected for an RC limited device. In view of this result, we have
fitted the lumped S;; with an equivalent, electrically lumped
circuit, as shown in Fig. 4. The agreement between the original
and the fitted circuit in terms of Sj; is excellent up to 40
GHz, where the guided wavelength becomes comparable to the
electrode length, so that the distributed feature of the electrode
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Fig. 4. Circuit schematic of the single-cell extracted circuit for the lumped
electrode configuration. Only the electrical part is shown; connection to the
optical waveguide is the same as in Fig. 2.

cannot be longer neglected. As far as the TW electrode,
by knowing the modulator length, the series resistance and
inductance (R.n, and L) can be extracted from the low-
and high-frequency values of Si;. Then, the parallel branch
components are obtained by fitting the .S;; frequency behavior;
S11 measurements at different working point may allow for the
voltage dependence extraction of the junction capacitance.
Fig. 6 (top) shows the calculated electro-optic response
for the original TW and lumped modulators, and for the
modulator simulated by exploiting the extracted fitted circuit
in Fig. 4. The incident optical power and input RF signal are
0 dBm and 1 mV, respectively. The electro-optic response
frequency behavior reflects the features of S|;, showing the
significant advantage of the TW configuration compared to
the lumped one, for a given device capacitance. A good
agreement between the original lumped EAM and its extracted
equivalent model is observed within the -3 dB bandwidth,
while a significant inaccuracy arises at high frequencies, due
to the approximation of the electrode with a lumped circuit.
The comparison is even worse at higher optical power (see
Fig. 6 , bottom) owing to the distributed nonuniform feature
of the optical waveguide, not taken into account in the single-
cell equivalent circuit model. These results point out that
the extraction of an accurate broadband model of the EAM
requires a detailed knowledge of the device structure. On the
other hand, in the low-frequency range, as suggested also from
the circuit topology, the single-cell approach accurately cap-
tures the small-signal response, thus confirming the correctness
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Fig. 5. Comparison of the electrical return loss of the devices with travelling
wave and lumped layout. For the lumped case, also the return loss computed
from the extracted single-cell equivalent circuit in Fig. 4 is reported.
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Fig. 6. Small signal optical response, at 0 dBm (top) and 15 dBm (bottom)
incident optical power. The response is normalized to the input optical power.

of using low-frequency optical transmission measurements to
identify the effective optical absorption.

IV. DRIVER / EAM SIMULATION

As an example of application of the circuit CAD modelling
approach, in this section we investigate the influence of the
driver-EAM design on the transmission performance of a 10-
Gb/s EAL module. EALs are key devices for the development
of low cost optical transmission systems in the Metro Net-
work segments over dispersive fiber, and many studies are
currently carried out on the development of new transmission
techniques, exploiting e.g. electronic pulse shaping, in order to
reduce or even remove the need for dispersion compensation
on the optical link. In this framework a key aspect is the

233



Time (ns)

Fig. 7. Simulated optical eye diagram of the EAM under 10 Gb/s NRZ
modulation.
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Fig. 8. Simulated optical eye diagram of the driver-EAM pair under 10 Gb/s
NRZ modulation.

capability to predict how the optical transmission performance
are affected not only from the modulator but from the driver-
EAM pair.

Concerning the EAM, the analysis has been carrier out by
exploiting a large-signal lumped model extracted from small-
signal electro-optic measurements under different incident
optical power [10]. The EAM is loaded on a 50 € load.
In order to assess the modulator capability for 10-Gb/s NRZ
transmission, a 256-long PRBS square-wave shaped signal is
applied, with 0.9 V peak-to-peak and -0.2 V offset for mark
bits. The RF generator impedance is 50 2. The maximum
output optical power is 1 dBm with an extinction ratio of about
9 dB. The resulting eye-diagram after 0 km of fiber is shown
in Fig. 7. A small overshoot of the optical signal is observed
on the mark due to impedance mismatch at high frequencies.
Then, the modulator has been coupled to the driver, whose
frequency response is approximated by a fourth-order Bessel
Filter with -3dB frequency cutoff of 10 GHz. The driver low
frequency impedance is 50 €. The simulated eye-diagram is
reported in Fig. 8, showing significantly increased overshoot
at the mark and undershoot at the space due to the increased
impedance mismatch induced by the driver. The measured eye-
diagram is reported in Fig. 9. The optical pulse shape may
affect in a significant way the EAL transmission performance
[11]; moreover, due to the nonlinear feature of the EAM
transfer curve, the overshoot amplitude increases at higher
reverse applied voltage, which is desirable to obtain negative
chirp. Thus, driving signal optimization demands for accurate
modelling of frequency chirp as well as of pulse shape.
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Fig. 9. Measured optical eye diagram at 10 Gb/s under NRZ modulation.

V. CONCLUSION

The paper has presented a measurement-based large-signal
distributed model for high-speed EAMs integrated within an
RF circuit CAD environment. The identification of the non-
linear equivalent circuit parameters through measurements has
been discussed together with an example of circuit extraction.
Finally, an example of integrated driver-EAM simulation has
been presented.
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