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ABSTRACT The increasing demand for high-speed optical interconnects requires the integration of
photonics and electronics, with electro-optic (EO) co-simulation being crucial. However, fragmented elec-
tronic/photonic simulators and incomplete models, which do not include the radio-frequency characteristics
and noise, are still prevalent, and thus, an EO co-simulation environment for high-speed transceiver design
has not yet been established. Here, we present a unified and experimentally validated EO co-simulation
library that enables accurate transmission performance predictions at symbol rates exceeding 50 Gbaud.
Specifically, we model passive photonic components, such as waveguides and couplers, as well as two
types of Si Mach–Zehnder modulators, incorporating frequency-dependent lossy traveling-wave electrodes
and slow-light enhancement. We also show models for test equipment with validated noise characteristics,
including an erbium-doped fiber amplifier (EDFA), a tunable filter, and a photodetector module, to construct
a full optical link testbench. The S-parameter simulations agreed well with measurements up to 40 GHz,
and the signal transmission simulations matched measurements up to 64 Gbps. All models and sample
testbenches are available on GitHub.

INDEX TERMS Circuit simulation, integrated circuit modeling, high-speed integrated circuits, optical inter-
connections, silicon photonics, microwave photonics, optical modulators, electro-optic modulators, photonic
integrated circuits, photonic crystals, slow light, erbium-doped fiber amplifiers.

I. INTRODUCTION
The exponential growth of demand in data centers and
high-performance computers requires high-speed optical in-
terconnects. Terabit Ethernet requires symbol rates exceeding
50 Gbaud and compact form factors to meet this demand
[1]. Integrating photonics and electronics addresses these re-
quirements by minimizing connection losses and reducing the
footprint [2], [3], [4], [5], [6], [7], [8]. Due to the high cost
of photomasks and long lead times in silicon (Si) photonics
manufacturing, accurate electro-optic (EO) co-simulation is
essential to predicting the performance of designed devices.
However, existing simulators for electronics and photonics are
fragmented, and the design process often involves inefficient
manual data exchange. An effective approach is to perform
co-simulation in an integrated environment, and attempts have
been made to implement photonic device models in electronic
circuit simulators like Synopsys, Cadence, and Keysight using

Verilog-A [9]. Earlier studies established the theoretical foun-
dation for simulating optical propagation in electronic circuit
simulators by using equivalent baseband models [10], [11],
[12], [13], [14], [15], [16]. However, they did not include prac-
tical models that reflect real device characteristics. Various
physical effects, such as optical losses, back reflection, nonlin-
earity, high-frequency response, and noise, must be captured
and experimentally validated for practical design. Subsequent
studies modeled individual photonic components, such as pas-
sive photonic components [17], [18], [19], [20], [21], [22],
optical modulators [23], [24], [25], [26], and photodetectors
(PDs) [27], incorporating the real device characteristics, but
these models were developed separately and were not in-
tegrated into a unified library. To our knowledge, the most
advanced photonic model library is GlobalFoundries’ Fotonix
technology [28]. However, Si MZM-based optical link sim-
ulations report a maximum symbol rate of only 26.5 Gbaud.
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FIGURE 1. Concept of EO co-design using interoperable photonic device
models and electronic circuit simulators. The model’s interoperability
allows any combination of photonics and electronics foundries.

Moreover, these models lack noise characterization, making
them unsuitable for realistic performance evaluation in the
next-generation 800-Gbps or 1.6-Tbps systems. Furthermore,
the details of the reported models are largely undisclosed,
hindering the progress of this type of research. Thus, an EO
co-simulation environment supporting accurate high-speed
transceiver design has not yet been established, making it
necessary to develop a unified and experimentally validated
co-simulation library and disclose its details.

In this study, we developed an experimentally validated EO
co-simulation library with accurate photonic device models
that predict transmission performance at symbol rates ex-
ceeding 50 Gbaud, with all details and source codes publicly
disclosed. Specifically, we modeled passive photonic com-
ponents, including waveguides and couplers, as well as two
types of Si Mach-Zehnder optical modulators. The modulators
incorporate frequency-dependent lossy traveling-wave elec-
trodes and leverage the slow-light enhancement of photonic
crystal waveguides (PCW). In addition, we developed models
for test equipment with validated noise characteristics, includ-
ing an erbium-doped fiber amplifier (EDFA), a tunable filter,
and a photodetector module, and constructed a full optical
link test bench. Implemented in Verilog-A, the library ensures
interoperability across various simulation tools and enables
co-design with both photonics and electronics foundries, as
shown in Fig. 1.

In this paper, Section II presents the full process of Si
photonic device modeling, and Section III describes the mod-
eling of the test equipment for accurate noise level estimation.
Section IV demonstrates EO co-simulation with a developed
testbench, validated up to 64 Gbaud. All models and sample
testbenches in Keysight’s Advanced Design System (ADS)
are available on GitHub [29].

II. SI PHOTONICS COMPONENTS
In this section, Si photonics component models are developed,
targeting a CMOS-compatible 300-mm silicon-on-insulator
wafer process developed by the National Institute of Ad-
vanced Industrial Science and Technology. The simulation is

based on the equivalent baseband model [12]. Section III-A
briefly reviews the simulation principles through a description
of the waveguide model. Section III-B introduces coupler
models for optical splitting, combining, and loopback. Sec-
tion III-C details two types of Si Mach-Zehnder modulator
models with validated high-frequency responses and slow-
light enhancement.

A. WAVEGUIDE
The difficulty in introducing photonic devices into electronic
circuit simulations is that the frequency of the optical carrier,
ωO, is much higher than that of the electrical signal, which
requires a very large sampling rate. For example, for a wave-
length of λ = 1550 nm, f = ωO/2π = 193 THz. To address this
difficulty, equivalent baseband simulations were introduced.
Here, ωO is shifted by a reference frequency, ωref = 2πc/λref.
The electric field of the optical signal is expressed as

ẼB (t ) = exp (− jωreft ) Ẽ (t ) , (1)

where Ẽ (t ) is the analytic signal [30] of the electric field
E(t). Typically, ωref is approximated by ωO. For example, the
electric field of continuous wave laser light is represented as

ẼLD (t ) = ALD exp
[

j(ωo − ωref) t], (2)

where ALD is the amplitude of the electrical field. To sup-
port complex numbers and bidirectional propagation in circuit
simulators, bus wires E[0:3] are used, where E[0] and E[1]
represent the real and imaginary parts of forward propagation
and E[2] and E[3] represent those of backward propagation,
respectively. The propagation of light in a waveguide is mod-
eled as

Ẽout = exp

[
−
(

α

2
+ jωrefneq

c

)
lwg

]
Ẽin

(
t − ng

c
lwg

)
, (3)

where neq, α, ng, and lwg represent modal equivalent refrac-
tive index, loss constant, group index, and waveguide length,
respectively. A Si wire waveguide typically has neq = 2.31, ng

= 4.34, α = 2 dB/cm for the transverse-electric (TE) polar-
ization at λ = 1550 nm. Listing 1 shows a sample Verilog-A
model for a waveguide, based on [12]. The Polar2Cartesian()
function converts polar coordinates to Cartesian coordinates,
and the CartesianMultiplier() function computes the product
of complex numbers, as described in Appendix 1. The group
delay expressed in (1) is implemented by the absolute delay
operator absdelay() predefined in Verilog-A.

B. COUPLER
The couplers are used to split, combine, and loopback the
light. Different models are used to match the forward and
backward propagation definitions of the input and output ports
for each application. The one-by-two couplers are dominated
by (

Ẽo1

Ẽo2

)
=
( √

κ√
1 − κ

)
Ẽin, (4)
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FIGURE 2. Modeling of Si rib-waveguide Mach-Zehnder modulator.
(a) Optical micrograph of fabricated device. (b) Model schematic.
(c) Subcircuit of the segment of the traveling-wave electrodes.

Ẽout = (√
κ

√
1 − κ

) ·
(

Ẽi1

Ẽi2

)
, (5)

where κ is the coupling power ratio. See Listings 2 and 3 for
sample codes of these models. For a two-by-two (directional)
coupler, which is dominated by(

Ẽo1

Ẽo2

)
=
(√

1 − κ − j
√

κ

− j
√

κ
√

1 − κ

)
·
(

Ẽi1

Ẽi2

)
[31] . (6)

The couplers typically have an excess loss of about 0.5 dB.
This loss is modeled by connecting the optical attenuator
(Listing 4) to the input and output ports of the coupler.

C. RIB WAVEGUIDE MACH-ZEHNDER MODULATOR
Mach-Zehnder optical modulators are particularly difficult
to model because they require accurate knowledge of RC
time constants, RF losses, optical and electrical group de-
lays, and characteristic impedance of the electrode. For this
reason, most Verilog-A models of Mach-Zehnder modulators
are limited to 25 Gbaud due to low accuracy in fitting RF
characteristics [25], [26]. Fig. 2(a) and (b) show the optical
micrograph and developed model of the rib-type Mach-
Zehnder modulator. The input light is split at the coupler and
passes through the EO phase shifter. A thermo-optic heater
adjusts the bias phase between the arms. The RF signals are
input from the RF pads, propagate through the traveling-wave
electrodes of the EO phase shifters, and are terminated with
the resistors. The equivalent circuit model of the EO phase
shifter is shown in Fig. 2(c). In this study, we incorporated
the skin effect in the metal wiring and eddy currents in the

FIGURE 3. Fitting of the electrical parameters. (a) RF loss constant. (b) RF
phase constant. (c) Capacitance and resistance of the p-n junction.

substrate into the model. L1 and R1 are the wiring inductance
and resistance, respectively. L2 and R2 model the increase in
parasitic resistance at high frequencies due to the skin effect.
C1 represents the substrate capacitance, and C2 and R3 model
the reduction in shunt impedance at high frequencies due to
eddy currents. These parameters were extracted by electro-
magnetic analysis using Keysight’s Momentum. Rpn and Cpn

are the junction resistor and capacitor at the pn junction, which
were extracted by a charge transport simulation using Ansys’s
Lumerical. Cpn has a voltage dependency due to the expansion
of the depletion layer, which is modeled by a polynomial
function for the applied voltage VC. The phase shifter is driven
by VC, changing the mode equivalent refractive index neq and
optical loss α as follows:

neq = n0 + n1Vin + n2V 2
in · · · , (7)

α = α0 + α1Vin + α2V 2
in · · · , (8)

where n0 and α0 represent the equivalent index and optical
loss without applied voltage. n1, n2, α1, and α2 denote the
first- and second-order coefficients of neq and α, respectively,
with respect to Vin. The traveling-wave electrodes with a
length of 2.0 mm were modeled by connecting 40 segments
with a length of 50 μm in series. This distributed model
accurately simulates the RF propagation losses, impedance
mismatch, and phase mismatch between the optical and RF
signals. Fig. 3(a) and (b) show the fitting results of the RF
propagation constants of the electrodes, γ RF = αRF + jβRF,
which can be calculated from the S-parameters as follows:

e−γRFl =
(

1 − S2
11 + S2

21

2S21
± K

)−1

[32] , (9)
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FIGURE 4. Modeling of a Si PCW Mach-Zehnder modulator. (a) Micrograph
of the modulator and transition structure between the PCW and thin wire.
The transition was modeled by optical reflections and attenuators (loss).
(b) Model schematic. Similar to the rib type, the EO phase shifter model
consists of subcircuits of the segmented traveling-wave electrode.

where

K =
√(

S2
11 − S2

21 + 1
)2 − (

2S2
11

)
(2S21)2 . (10)

By properly accounting for skin effects and eddy current
losses, good fits were obtained up to 40 GHz for γ RF. In
addition, the voltage dependency of Cpn is properly modeled
as shown in Fig. 3(c), which enables accurate simulation of
the frequency response.

C. PCW MACH-ZEHNDER MODULATOR
Fig. 4(a) and (b) show the optical micrograph and model of
the Si PCW Mach-Zehnder modulator. The slow light effect
generated in the PCW enhances the light-matter interaction,
and the phase shift in the PCW, 	ϕ, is increased in proportion
to ng, as follows:

	φ = k0ng
	neq

neq
ζ lpcw [33] , (11)

where 	neq, lpcw, and ζ represent the change in neq, the phase
shifter length, and a constant value, respectively. Listing 5
shows the model of the PCW phase shifter. In this model, the
first-order voltage coefficient of the refractive index, n1, was
replaced by (ng/ng_ref)n1 to simulate the slow light enhance-
ment, where ng_ref is ng without a significant slow light effect.
The typical frequency bandwidth for slow light ranges from
several nm to tens of nm, with an ng dispersion of 10–100.
However, since the RF signal bandwidth is around 50 GHz,
the group velocity dispersion within the signal bandwidth is
sufficiently small and does not have a significant effect. For
example, at a center wavelength of 1550 nm, a 50-GHz RF
bandwidth is approximately 0.4 nm, which is much smaller

than the dispersion effects of slow light. Therefore, apply-
ing ng to the voltage-dependent first-order coefficient of the
refractive index is sufficient to capture the slow-light enhance-
ment. In applications where the optical filter characteristics of
the PCW need to be calculated, a more detailed model may
be required. To improve the phase matching between slow
light and RF signals, the phase shifter was divided into two
segments, and RF delay lines were inserted between them
[34]. The RF lines were modeled by using the transmission
line predefined in ADS. Undoped passive PCWs are placed
between the phase shifter segments to electrically separate
each segment. To properly account for the optical delay due
to the passive PCWs, we inserted a waveguide into the model.
The model parameters were extracted based on device sim-
ulations in the same manner as those for the rib-waveguide
modulator. Optical reflectors (Listing 6) with a reflectivity of
7.5% were inserted at the input and output of the PCW, and
the connection structure was modeled.

III. TESTING EQUIPMENT
In this section, we develop models for testing equipment to
construct a receiver composed of an EDFA, tunable filter,
and photodetector module. Our model introduces noise, which
has a significant impact on the bit error rate and has been
overlooked in traditional EO co-simulation. Here, we measure
and model the noise of each device used in our lab to improve
the accuracy of our simulations.

A. EDFA
EDFAs compensate for transmission losses and increase re-
ceiver sensitivity, but amplified spontaneous emission (ASE)
introduces noise that must be modeled. The input power is
amplified by GEDFA and then ASE, approximated by Gaussian
noise, is added. The noise power level, PASE, is given by

PASE = μhν	ν (GEDFA − 1) , (12)

where μ is the inversion factor, hν is the photon energy, and
	ν is the frequency bandwidth [35]. Fig. 5(a) and (b) show
the measurement setup and measured output spectrum of an
EDFA (Alnair Labs’ CPA-100-CL). When the output power
is controlled at a constant value, a smaller Pin results in a
larger GEDFA and a larger PASE. The power spectral density,
PSDASE, can be calculated from the wavelength resolution of
the optical spectrum analyzer, λres = 0.5 nm. Fig. 5(c) com-
pares the measurement and model of PSDASE for (GEDFA −
1). The coefficient μhν	ν was determined to be 3.44 × 10−19

W/Hz by the least-squares method. The noise bandwidth in
the simulation is equal to the sampling frequency of the sim-
ulation, i.e., 	ν = fs. Listing 7 shows the Verilog-A code of
the EDFA. A Gaussian random function $rdist_normal() was
used for noise generation, with the standard deviation set to
be the square root of the noise power.

B. TUNABLE FILTER
Optical filters are used to remove ASE generated by the
EDFA. As mentioned earlier, the optical frequency is shifted
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FIGURE 5. Modeling of an EDFA. (a) Experimental setup for noise
modeling of the EDFA and block diagram of the model. (b) Measured
power spectrum output from the EDFA. (c) Measured and simulated power
spectral densities of the ASE.

FIGURE 6. Modeling of a tunable filter. (a) Frequency response of optical
bandpass filter. (b) Frequency response of frequency-shifted equivalent
filter. (c) Block diagram of the model. (d) Simulated transmission spectrum.

to the baseband by ωref to reduce the number of time steps in
the transient analysis. Consequently, the frequency response
of the filter must also be shifted accordingly. Fig. 6(a) and
(b) show the responses of the bandpass filter before and after
the frequency shift, respectively. The center frequency of the
filter must be adjustable to any value other than ωref. We
express the difference between ωref and the center frequency
of the filter as ωd. This causes the frequency response of the
baseband-equivalent filter to become asymmetric around 0

FIGURE 7. Modeling of a photodetector module. (a) Experimental setup
for noise modeling of the module and block diagram of the model.
(b) Measured noise waveform of Keysight’s 86116C photodetector module.
(c) Simulated noise waveform.

Hz, resulting in complex coefficients in the Laplace transfer
function. Since Verilog-A does not natively support complex
numbers, our model locally adjusts the reference frequency.
Fig. 6(c) shows a block diagram of the tunable filter. In the
time domain, the frequency shift corresponds to a multipli-
cation by exp(−jωdt), so the tunable filter is implemented by
inserting a complex multiplier before and after the baseband
low-pass filter. Listing 8 shows the Verilog-A code for the
tunable filter. The center wavelength is specified by the param-
eter ‘wavelength’. ‘osc1’ and ‘osc2’ serve as local oscillators
for converting the reference frequency at both the input and
output. The baseband low-pass filter was implemented using
the laplace_nd() function predefined in Verilog-A. The coef-
ficients of the Laplace transfer function were determined by
a MATLAB script and are provided as an array. The filter
response was approximated using a sixth-order Butterworth
filter, which offers a flat passband with minimal impact on
the signal and sufficient roll-off to eliminate ASE. The op-
tical bandwidth, 	λ, was set to 2 nm. Fig. 6(d) shows the
simulated transmission spectrum. The center wavelength was
varied from 1546 nm to 1554 nm in 2 nm increments, with
λref fixed at 1550 nm, demonstrating the wavelength tuning
operation.

C. PHOTODETECTOR MODULE
The photodetector module consists of a photodiode (PD),
a trans-impedance amplifier (TIA), and an analog-to-digital
converter (ADC). The PD outputs a current idet = R·Pdet,
with the received power, Pdet, and the responsivity of the PD,
R. The RC time constant at the PD was introduced into the
model by a first-order low-pass transfer function using the
laplace_nd() function. In addition, we introduced the thermal
noise from the TIA and ADC. Fig. 7(a) shows the mea-
surement setup and corresponding model of the PD module
(Keysight’s 86116C). The TIA was replaced by a load resistor
RL. The TIA noise and ADC noise are modeled by the thermal
noise generated by RL. The root-mean-squared (RMS) voltage
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FIGURE 8. Experimental validation of the frequency responses of the Si optical modulators. (a) Experimental setup for S-parameter measurement using a
VNA with a calibration step. (b) Photograph of the setup. (c) Measured and simulated EO gain of the standalone rib-type modulator with different bias
voltages. (d) Experimental setup for EO gain measurement using a signal generator. (e) Measured and simulated EO gain of co-packaged transmitter
module with a PCW-type modulator and driver.

of the thermal noise, Vrms, is given by

Vrms =
√

4kT RLB, (13)

where k, T, and B represent the Boltzmann constant, absolute
temperature, and bandwidth, respectively. Fig. 7(b) shows the

measured noise waveforms when Pdet was varied from nega-
tive infinity to 0 dBm. The measured RMS voltage was Vrms

= 65 μV. The fact that Vrms is independent of Pdet suggests
that the primary sources of noise are the TIA and ADC, rather
than the shot noise of the photodiode. From (13), RL was
determined to be 0.1 � to produce thermal noise with Vrms

= 65 μV. Here, T = 27°C and B = 2500 GHz were used
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FIGURE 9. Experimental validation of the full optical link. (a) Testbench for signal transmission constructed in ADS. (b) Experimental setup for
>50-Gbaud signal transmission.

FIGURE 10. Simulated and measured eye diagrams for the rib-type Mach–Zehnder modulator at 50 Gbaud. The simulated eye diagrams show the
sequential changes due to the addition of physical properties.

by setting parameters “Temp” and “NoiseBandwidth” in the
resistor model of ADS. The responsivity R was set to 10 so
that the output power is directly displayed as a voltage. As
shown in Fig. 7(c), the simulated noise amplitude was Vrms =
65 μV, which was consistent with the measurement.

IV. EXPERIMENTAL VALIDATION
A. FREQUENCY RESPONSES
We evaluated the EO S-parameters of the modulator. Fig. 8(a)
shows the experimental setup. We used a vector network
analyzer (VNA: Anritsu, 37269E-R) and a PD module (An-
ritsu, MN4765A). The VNA was calibrated using a calibration
standard substrate, as shown on the left side of Fig. 8(a),
with the calibration reference planes placed at the probe tips.

The output RF probe was de-embedded after measurement
because it was used only for the calibration step. Then, EO
S-parameters were measured using the setup shown on the
right side of Fig. 8(a). The frequency response of the PD
module was de-embedded using the S-parameters provided
by Anritsu. The final reference planes are indicated by the
red dashed line in Fig. 8(a). We used an EDFA and a BPF
to obtain a sufficient signal-to-noise ratio, which did not af-
fect the frequency response, allowing us to accurately capture
the device characteristics. Fig. 8(b) shows a photograph of
the experimental setup with the probing details. Fig. 8(c)
shows the measured and simulated frequency responses of the
standalone rib-waveguide modulator for various bias voltages
VDC. The simulated responses (solid lines) roughly agreed
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FIGURE 11. Simulated and measured eye diagrams for the PCW-type Mach-Zehnder modulator at 50 Gbaud. The simulated eye diagrams show the
sequential changes due to the addition of physical properties.

FIGURE 12. Simulated and measured eye diagrams for the rib- and PCW-type Mach–Zehnder modulator at 64 Gbaud.

with the measurements (dots) from DC to 40 GHz. We ob-
served approximately 1-dB gaps between the measurements
and simulations below 20 GHz, as well as peaks at 38 GHz
that did not appear in the simulations. As explained above,
during calibration and EO S-parameter measurement, it was
necessary to reconnect the wiring on port 2, and bending the
RF cable could have changed its S-parameters and caused
calibration errors [36], [37]. Therefore, these discrepancies do
not indicate any issues with the device or the model. The high
accuracy of the model is attributed to the careful incorporation
of RF loss, EO phase mismatch, impedance mismatch, RC
time constant, and the nonlinearity of Cpn.

We further fabricated an optical transmitter module in
which a PCW modulator and driver were co-packaged, and
we measured its frequency response. The driver was designed
using a 130-nm BiCMOS process through EO co-simulation.
The BiCMOS technology model was provided by the foundry
(Innovations for High Performance Microelectronics, IHP).
The design details are described in [38]. Fig. 8(d) shows
the experimental setup. To prevent calibration errors, we
used a signal generator (Rohde & Schwarz, SMA100B) for
this measurement. A sinusoidal signal with a peak-to-peak
amplitude of 100 mV was applied to the driver, and the op-
tical modulation amplitude was measured using a sampling
oscilloscope (Keysight, 86116C + 86100C). The measured

frequency ranged from 1 GHz to 40 GHz in 1 GHz steps. The
losses of the input cables and probes were de-embedded after
the measurement. As shown in Fig. 8(e), the measured and
co-simulated EO gain showed good agreement up to 40 GHz.
In this measurement, the gap observed when using the VNA
was not present. These results suggest that our co-simulation
model library enables highly accurate design of co-packaged
transceivers.

B. EYE DIAGRAMS
Then, we built a simulation test bench corresponding to the
experimental setup using the developed model library, as
shown in Fig. 9, and verified the accuracy of the models. CW
light output from a tunable laser source (Santec’s TSL-550)
was input to a Si optical modulator. The modulated light
passed through an EDFA (Alnair Labs’ CPA-100-CL) and
bandpass filter (Alnair Labs’ CVF-220CL). The eye diagrams
were observed by a sampling oscilloscope equipped with a
photodetector module (Keysight’s 86116C, 86100C) while
driving the modulator using a broadband amplifier (SHF’s
S804B). The pseudorandom bit sequence (PRBS) was gener-
ated by a pulse pattern generator (Anritsu’s MP1800A) and a
multiplexer (SHF’s 601A). The RF loss in the cable was com-
pensated for by an equalizer (SHF’s EQ25A). The modulators
were push-pull driven at Vpp = 3.5 V. VDC was set to −3 V for
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the rib-type modulator and −1.75 V for the PCW-type mod-
ulator in both the simulation and the measurement. PLD and
Pdet were set to 12 dBm and 5 dBm, respectively. In the sim-
ulation, all the components were replaced with our Verilog-A
models or built-in electrical models in the simulator. The
driver was replaced by a roll-off filter with a bandwidth of
50 GHz, and an RMS jitter of 1 ps was injected into the
PRBS signal source, corresponding to the measurement. The
modulation signals were 50- and 64-Gbps non-return-to-zero
PRBS10 signals, and 2048 bits were transmitted at a fixed
time step of 200 fs. The first 0.1 ns of the waveform was
discarded to eliminate transients at the beginning of the simu-
lation.

Figs. 10 and 11 show the results of 50-Gbaud signal
transmission using rib-type and PCW-type modulators, re-
spectively. In contrast to previously reported Verilog-A-based
simulations, our simulations introduced physical properties
that have a noticeable impact on signal quality in modulators
and test equipment. These eye diagrams show the transitions
as the various physical properties described in the modeling
section were added. The optical group delay and the RC
time constant of the modulator degrade the eye-opening. The
traveling wave electrode improves eye-opening by matching
the optical signal with the RF signal. Furthermore, the proper
modeling of jitter and noise accurately simulated the mea-
sured waveform. Fig. 12 shows the measured and simulated
eye diagrams at 64 Gbaud. The simulated results agreed well
with the measurements under all conditions, with an error
in extinction ratio (ER) of less than 1 dB. Therefore, the
developed models enable precise prediction of transceiver
link performance at high data rates exceeding 50 Gbaud,
indicating their potential for designing 800G, 1.6T, and
beyond.

V. CONCLUSION
In this study, we developed accurate and interoperable pho-
tonic device models that reflect the physical properties of
fundamental Si photonic devices and equipment. We in-
corporated RF losses, optical losses, EO phase mismatch,
impedance mismatch, and RC time constant into the models
of Si rib waveguide and PCW Mach-Zehnder modulators.
The S-parameter simulations showed good agreement with
measurements up to 40 GHz, accurately predicting voltage
dependency. In the signal transmission simulation, we incor-
porated all signal degradation factors present in the testing
equipment, including jitter, ASE, and thermal noise. Conse-
quently, the simulations accurately matched measurements up
to 64 Gbps. These results facilitate precise verification and
performance prediction of EO integrated circuits, paving the
way for emerging applications.

APPENDIX
The key models that construct the testbench are shown in
Listings 1 to 8. See the GitHub repository for the complete
model library [29].

Listing 1: Verilog-A model of the waveguide (Wave-
guide.va).

Listing 2: Verilog-A model of the one-by-two splitter
(OneTwoSplitter.va).
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Listing 3: Verilog-A model of the one-by-two combiner
(TwoOneCombiner.va).

Listing 4: Verilog-A model of the optical attenuator (At-
tenuator.va).

Listing 5: Verilog-A model of the PCW phase shifter
(PcwPhaseModulator.va).
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Listing 6: Verilog-A model of optical reflection (Reflec-
tinInterface.va).

Listing 7: Verilog-A model of an EDFA (NoisyEDFA.va).

Listing 8: Verilog-A model of the tunable filter (Tunable-
Filter.va).
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