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Abstract

This paper introduces a SPICE-compatible photonic—electronic co-simulation framework based on the complex vector fit-
ting (CVF) algorithm, developed for accurate representation of multi-wavelength behavior in linear and passive photonic
integrated circuits (PICs). The proposed wavelength-tunable equivalent circuit models feature a fixed network topology,
yet comprise components whose values are parameterized with respect to the optical carrier frequency. This enables both
frequency- and time-domain simulations at arbitrary wavelengths, making the framework particularly suited for modeling
multi-wavelength photonic systems. To support intricate co-simulation with electronic subsystems, a novel interface circuit
is introduced, allowing seamless interconnection with third-party active and passive SPICE models. The capability of the
framework to capture complex photonic—electronic interactions is demonstrated through three application examples, high-
lighting its effectiveness for co-simulating photonic devices with control and receiver electronics.

Keywords Circuit simulation - Complex vector fitting (CVF) - Photonic—electronic co-simulation - SPICE

1 Introduction

Driven by telecom and datacom applications and enabled
by the growing maturity of today’s available technology
platforms, photonic integrated circuits (PICs) are showing
a rapid growth in complexity, functionality and integration
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scale. Beyond traditional communication systems, the rapid
rise of Al is pushing datacenters to increase data rates, lead-
ing to growing interest in PICs as hardware accelerators that
enable ultra-fast, energy-efficient Al workloads. PIC-based
sensors, such as on-chip spectrometers, are also emerging in
environmental, biomedical, and structural monitoring. Addi-
tionally, PICs are also essential to realize (networked) quan-
tum computers, neural networks [1-3], or LIDAR engines
for cars [4].

In many of these applications, photonics needs close
connections to electronics for control or read-out. Various
co-integration strategies exist, but irrespective of the techno-
logical implementation, the photonics and electronics need
to be designed to work together, forming a single multi-
physics circuit. Traditional electromagnetic (EM) simulators
are computationally too expensive for the larger geometries
of these circuits. Alternatively, circuit-level abstractions lev-
eraging hierarchy and reusable behavioral models should be
used. There already exist dedicated photonic circuit design
tools for schematic definition of a photonic circuit, but in
practice they are used by only a minority of the photonic
chip designers. So, why the hesitation? The challenges lie
in the lack of standards, the low quality of the behavioral
models, and the difficulty of co-simulating photonics and
electronics.
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Photonic signals are different from electronic signals and
cannot be expressed as voltages and currents. Instead, their
propagation more closely resembles that of radio-frequency
(RF) signals. Photonic signals are typically represented as a
modulated carrier wave that is scattered inside the connected
building blocks of the photonic circuit. These bidirectional
waves oscillate with a given wavelength and frequency,
and at any given time can be defined by an amplitude and
phase. The mismatch between photonic signals and elec-
tronic signals makes it difficult to model both together rigor-
ously in their native formalism within the same simulation
environment.

Decades of development and improvement have resulted
in robust industry standards such as SPICE and Verilog-A
for electronic circuit simulation. Adopting these standards
for the modeling of PICs, presents a promising avenue to
address the lack of standardization in photonic models,
which is currently holding back the scaling to more complex
circuitry. Furthermore, this approach opens up possibilities
for co-simulation of both electronic and photonic circuits
within a unified environment.

In general, there are two classes of PIC building blocks:
(1) active or nonlinear passive devices, usually described
in the time-domain, and (ii) linear passive devices whose
behavior is best defined in the frequency-domain in the
form of a scattering matrix. However, photonic—electronic
co-simulation should always be performed in the time-
domain, and this only works if there are accurate and effi-
cient time-domain models for the linear passive devices as
well. A range of models for active photonic components has
been presented in the literature (e.g., lasers [5, 6], modu-
lators [7-9], photodetectors [10—12]). However, there are
only a few publications in the literature that define actual
SPICE-compatible circuit models for linear passive PIC
components. The contributions [13—15] demonstrate how
to derive time-domain models for linear passive devices like
waveguides and directional couplers; however, these models
rely on simple analytic expressions derived from underlying
device physics that make it very difficult to capture complex
photonic phenomena such as higher-order dispersion and
wavelength-dependent effects. Although computationally
efficient, they often assume idealized device behavior and
are only applicable to a limited range of photonic compo-
nents [16, 17].

To date, only a few SPICE-based photonic—electronic co-
simulation frameworks have been developed, most of which
rely on the same class of simplified behavioral models. For
instance, the recent EPHIC framework [18] proposes a more
rigorous modeling approach by using native SPICE primi-
tives to represent wavelength dependence and bidirectional
transmission. However, its passive device models rely on
simplified physical assumptions, limiting their accuracy in
capturing wavelength-dependent dispersion and restricting
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their applicability to complex or non-standard devices (e.g.,
Bragg gratings, arrayed waveguide gratings). Other recent
efforts have introduced Verilog-A compact models based
on coupled-mode theory for four-wave mixing [19, 20].
Although the framework provides accurate results for this
specific nonlinear interaction, it cannot be applied to a wide
range of problems. Consequently, current frameworks lack a
comprehensive and rigorous approach for modeling the com-
plex dispersive behavior of photonic systems across broad
wavelength ranges.

Recently, complex vector fitting (CVF) has been proposed
to efficiently and accurately model the scattering represen-
tations of linear and passive PICs [21, 22]. Since the CVF
technique builds time-domain models starting from the scat-
tering parameters in the frequency domain, it can accurately
capture complex photonic phenomena such as insertion loss,
higher-order dispersion and wavelength-dependent effects.
Ye et al. [23] further extended this framework by introduc-
ing the concept of equivalent voltages and currents, enabling
the conversion of CVF macromodels into electrical netlists.
While this advancement allows the system of ordinary differ-
ential equations (ODEs) defined by the CVF macromodel to
be simulated within a SPICE environment, its applicability
remains limited. The technique is restricted to linear passive
circuits, does not support photonic—electronic co-simulation
and necessitates the synthesis of a distinct circuit for each
wavelength channel.

This paper proposes a framework for intricate pho-
tonic—electronic co-simulation across multiple wavelengths
within a SPICE environment by addressing the limitations of
existing equivalent circuits. Building upon the SPICE-com-
patible circuits of Ye et al. [21] and the wideband extension
of the CVF macromodel [24], wavelength-tunable equivalent
circuits with fixed topology are constructed, where compo-
nent values are parameterized with respect to the optical
carrier frequency, enabling simulation at arbitrary wave-
lengths. A real-valued baseband pole-residue representa-
tion of photonic scattering parameters is derived, enabling
circuit synthesis directly from the rational approximation
and thereby extending established electronic synthesis tech-
niques to photonic systems. In addition, an interface circuit
is presented to convert complex phasor representations into
equivalent voltages and currents. This interface facilitates
integration with third-party SPICE models and supports
scalable, mixed-signal photonic—electronic co-simulation
involving passive and active photonic devices, as well as
control and receiver electronics.

The paper is structured as follows: Sect. 2 summarizes our
prior work that forms the foundation for the more advanced
parametric models and SPICE equivalent circuits. The novel
contributions are outlined in Sect. 3. Section 4 discusses the
derivation of the real-valued pole-residue representation and
introduces a novel class of baseband pole-residue circuits. In
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Sect. 5, the construction of wavelength-tunable equivalent cir-
cuits whose component values are parameterized with respect
to the optical carrier frequency is presented. Section 6 lev-
erages the wavelength-tunable circuit models to introduce a
novel interface circuit and discusses key aspects of the pho-
tonic—electronic co-simulation framework. Section 7 validates
the proposed modeling framework through three relevant
application examples, with conclusions drawn in Sect. 8.

2 Preliminaries

For the reader’s convenience, a summary of our prior work-
forming the foundation for the advanced parametric SPICE
circuits and the photonic—electronic co-simulation framework-
is provided first.

2.1 Complex vector fitting

Complex vector fitting [21], has been presented for the fre-
quency- and time-domain modeling of linear and passive
PICs. The algorithm starts from a set of scattering param-
eters, acquired through measurement or simulation, defined
at a discrete set of frequencies: S(f,) forr = 1, ..., R. Next, the
scattering parameters are shifted to baseband by substituting
f; =f. —f., where f. is the optical carrier frequency selected
for system characterization. Then, once the baseband scatter-
ing parameters S;(f;) are obtained, the CVF algorithm is used
to fit a rational pole-residue model

S()—K_1 L 4+D €))]
I\8) = z,
k=0 5~ Pk

where s = j2zf is the Laplace variable, R, € C™" are the
computed complex residues, p;, are the complex poles, and
D € R™"is a real matrix modeling the asymptotic response
at high frequencies, where 7 is the total number of ports of
the system under study. Following the derivation in [21],
(1) can be analytically converted to a real-valued system of
ODE:s given by

4@ _ AR(0) + Ba@)
e K )
b(r) = CXk(¢) + Da(r).

where (f) = [ag (¢), ag(f)]and f)(t) = [bg (?), bg(f)]represent
the analytic forward and backward traveling waves of the
n-port baseband system, which correspond to the radio-fre-
quency (RF) modulated envelope of the photonic signal. The
state variables are denoted by %,(t) € R™!, where m = 2nK.
The matrix A € R™" is block-diagonal, B € R™2" is a
matrix composed of zeros and ones, C € R>™ s defined
in terms of the residues R, and D € R¥>?",

2.2 SPICE-compatible modeling

Most electronic circuit simulators do not directly accept
differential equations as input. Therefore, the system of
ODE:s (2) needs to be converted into an equivalent electri-
cal network. Given that (2) represents a system of ODEs
defined at electronic frequencies [21], any of the circuit
synthesis techniques that start from the state-space form
can be used to convert baseband scattering parameters in
an equivalent electrical network [23]. By adopting this
approach, the real-valued state-space model (2) is assumed
to correspond to an electronic system. Therefore, as dic-
tated by microwave circuit theory [25], it follows that the
real and imaginary photonic scattering waves of the model
(2) are mapped onto electronic voltage and current signals
according to (3) during the circuit synthesis step.

_V+Zl

2%,

V=7l @)
2¢/7,

In the equation above, a and b represent the forward and
backward photonic scattering waves, V and I are the equiva-
lent-circuit voltage and current variables, and Z;, is the refer-
ence impedance defining the ratio of the voltage to current
carried by the forward wave [26].

While optical waveguides also have an impedance, their
scattering parameters are defined independently from it.
As a result, the reference impedance in (3) can be chosen
arbitrarily for modeling purposes, as long as it is real-
valued [25]. The choice of the reference impedance does
however affect the definition of circuit elements and needs
to be carefully considered when cascading photonic cir-
cuits in a SPICE-like environment or when converting the
photonic voltages and currents back to the incident and
reflected waves of the scattering matrix [23]. The conver-
sion of the real-valued CVF model, described by optical
waves, to an equivalent SPICE-compatible circuit char-
acterized by voltage and current signals is illustrated in
Fig. 1.

2.3 Wideband baseband macromodels

A new state-space model, as defined by (2), must be com-
puted using the CVF algorithm for each optical carrier fre-
quency during time-domain characterization. In the con-
text of wavelength-division multiplexing (WDM) systems,
which may support many channels, each requiring excita-
tion by a unique optical carrier, this method clearly exhib-
its poor scalability due to the substantial computational
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Fig.1 Conversion of the real-valued CVF model described by (2)
into an equivalent SPICE-compatible circuit. The symbols R and I
indicate the real and imaginary part, respectively, of the complex port
quantity (voltage or wave) considered

overhead associated with generating individual models
for each carrier frequency. To address this limitation, we
proposed in [24] an analytical parameterization of the CVF
macromodel (1) with respect to the optical carrier fre-
quency by strategically shifting the poles of the rational
model along the imaginary axis by Af, in the complex
plane. This parameterization yields a new system of ODEs
in the form

RO _ & _2zar3 %) + Bag)
e~ R )
b(r) = CX(¢) + Da(?).

where J,, = [0—LI0] with 0 and I representing the null
and identity matrices, respectively. Expression (4) rep-
resents a new state-space model defined by the matri-
ces (A —2xAfJ,), ﬁ, C and ﬁ, whose center frequency
f-s =f. + Af. can be varied by tuning Af.. The key advantage
of the wideband state-space model (4) as opposed to model
(2) is that it can be adopted for time-domain simulations at
arbitrary optical carrier frequencies.

3 Key contributions

By noting that the rational approximation (1) computed via
CVF can be decomposed into its in-phase and quadrature
components, Sect. 4 discusses the derivation of the equiva-
lent real-valued pole-residue representation, leading to a
novel class of baseband photonic circuits. This novel class of
circuit synthesis techniques starts directly from the rational
approximation and complements the work of Ye et al. [23],
which is restricted to state-space synthesis. Moreover, this
approach bridges an important gap in adapting synthesis
methods originally developed for electronic systems to
baseband for PICs. The proposed pole-residue circuits are
often more intuitive, as each element in the scattering matrix
directly corresponds to an impedance element in the circuit.
Additionally, in single-input multi-output (SISO) systems -
such as demultiplexing filters - this approach can also offer
enhanced computational efficiency [27].
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Building on the wideband extension (4), obtained by
shifting the poles of the rational model (1) along the imagi-
nary axis, Sect. 5 proposes a parameterization of the base-
band equivalent circuits with respect to wavelength. This
approach yields wavelength-tunable equivalent circuits with
a fixed topology, whose components values are parameter-
ized with respect to the optical carrier frequency, and can
be simulated at arbitrary wavelengths. Only a single model-
building step is needed to create a model that can be practi-
cally used in a variety of settings.

Finally, Sect. 6 addresses the integration of third-party
SPICE models with the proposed wavelength-tunable equiv-
alent circuits. An interface circuit, which converts the com-
plex phasor representation into equivalent voltages and cur-
rents, is defined to facilitate the interconnection with active
and passive devices. By interconnecting active devices that
accurately capture the electrical input and output imped-
ances, intricate photonic—electronic co-simulation can be
achieved. Moreover, the interface circuit accommodates the
use of computationally cheap analytical models whose sim-
plicity, accuracy, or parametric flexibility may offer benefits
over the proposed wavelength-tunable equivalent circuit rep-
resentations in certain scenarios. This methodology effec-
tively combines the strengths of existing third-party SPICE
models with the wavelength-tunable equivalent circuits,
offering a versatile and scalable approach to photonic—elec-
tronic co-simulation.

4 Circuit synthesis from pole-residue form

In the literature, two distinct categories of circuit synthe-
sis techniques can be identified: The first set of techniques
computes a SPICE-equivalent circuit from the state-space
form, while a second class of techniques starts from the
pole-residue form. Though expressions for the real-valued
state-space system are derived in [21], its equivalent pole-
residue form is not defined. Consequently, only a subset of
synthesis techniques can be adopted for the computation of
equivalent circuit models representing baseband photonic
scattering parameters. The circuit synthesis starting from
pole-residue form is typically less efficient because of the
large number of circuit components in series and in paral-
lel [28], resulting in more complex equivalent circuits. On
the other hand, the state-space approach requires numerous
controlled sources, whereas the pole-residue representation
can be synthesized as RLC circuits, which is typically more
intuitive. To fill this gap, and allow the use of a broader class
of circuit synthesis techniques [27, 29], the equivalent real-
valued pole-residue form is here derived.

First, it is noted that the transfer function of the baseband
equivalent system can be decomposed into its in-phase and
quadrature components [30]



Page 5 of 21 2

Journal of Computational Electronics ~ (2026) 2522
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S, (5) = S(s) +2S,*(—S) -
S, (5) = S(s) —ZjS,' (=s)

The baseband equivalent impulse response is then
5;(1) = 8, (1) +js, (1) ©6)

. It follows that the baseband backward traveling waves can
be calculated as

b, (1) = a,(t) * s,(1)

= (ag() +jag(0) * (s,(0) +js, (1) 0

Separating b,(?) in its real and imaginary parts, the result
above can be formulated as

by (1) = ag(t) * sp(t) —ag(h) * sq(t)

bg(7) = ag (1) * s,(2) + ag(?) * s,(7) ®)
In the frequency-domain this yields

N _ Sp(s) —Sq(s)

500 5o | ©

Using relations (5), S,(s) and S (s) can be expressed in pole-
residue form

K-1 *
R R
S,(9) = = ( o k*>+D
2k=0 S =Pk S=Py
1

K- *
()
S\s—P s

where R, and p, are the residue matrices and poles of the
rational CVF model (1). Now, by combining expressions
(10) and (9), it is easy to prove that

(10)

K-1 § 5*

N R R R

Sm=)Y ——+—-+D an
im0 5~ P STDP

where D is defined as in (2) and ﬁk is given by

s _ | Re/2 jR/2
= [ij/z R,/2 } 12
Expression (11) represents the real-valued pole-residue
formulation that serves as a starting point for synthesis
techniques such as those described in [27, 29], and allows
the definition of the novel class of baseband pole-residue
equivalent circuits.

5 Wavelength-tunable equivalent circuits

Since the synthesis technique presented in [23] requires the
computation of a new CVF model and corresponding equiv-
alent circuit for each value of the optical carrier frequency,
it can become impractical for the modeling and simulation
of multi-wavelength photonic systems. The wideband CVF
models proposed in [24] address this issue by a param-
eterization with respect to the optical carrier frequency.
However, the conversion of the wideband macromodel to
a wavelength-tunable equivalent circuit is not yet discussed
in the literature.

The wideband macromodel is obtained by shifting the
anti-diagonal entries of A by 27Af.J,,. Instead of setting
Af, to some desired value prior to computing the equivalent
circuit, a more scalable and efficient strategy is to encode the
dependency on Af, in the circuit’s component values using
SPICE math expressions. The latter approach will result
in SPICE-compatible circuits that feature a fixed network
topology, yet contain components whose values are adjusted
as a function of the optical carrier frequency f,,. Since the
component values of the equivalent circuit are controlled
by a single parameter, i.e., Af,., time-domain simulations at
various wavelengths can be implemented through a straight-
forward parameter sweep. In this section, the conversion
of the photonic baseband scattering parameters S;(s) into
a wavelength-tunable equivalent circuit is demonstrated.
Within this framework, both the state-space approach pre-
sented in [23] and pole-residue approach presented here,
are discussed.

Next, as demonstrated in [23], Neumayer’s synthesis tech-
nique [31] can be adopted to convert the system of ODEs (4)
into an equivalent circuit. Since only A varies with Af,., the
input—output network is not affected by the parameterization
and only the internal states network will contain voltage-
controlled current sources whose magnitude are a function
of the optical carrier frequency. The internal states network
constituting the equivalent circuit of a one-port scattering
response is illustrated in Fig. 2. It is important to emphasize
that all variables except for Af, are either constant or vari-
ables corresponding to the internal states of the equivalent
circuit.

Starting from the pole-residue form (11), it is possible to
adopt a new class of circuit synthesis techniques. Antonini
et al. [29] propose a series RLC circuit in parallel with a
voltage-controlled current source for the synthesis of a com-
plex pole pair

r rt

s—p §s—p*

F(s) = 13)

with r = ry + jrg and p = py + jpg. The equivalent circuit
is illustrated in Fig. 3. Now, since the parameterization with
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Fig.2 The internal states network of a one-port scattering response modeled via CVF using a single pole p = py + jpg

Fig. 3 Equivalent circuit for a complex pole pair [29]

respect to the optical carrier frequency is achieved by shift-
ing the poles of the rational model by j2zAf,, L, R, C and
R, are parameterized according

1

L=—

R - (pg — 2xAf)rg — pgim

1 = 2}"2 (15)
R
273

C= R 16
(g + 175)(pg — 27Af,)? (16)
_1 rm

R, = — (17)

(pg — 27Af)rg + pgrirg

It follows that the optical carrier frequency of the wide-
band circuit can be easily adjusted by varying the R, R, and C
parameters of the complex pole pair equivalent circuits.
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6 Photonic-electronic co-simulation

This section presents a comprehensive framework for the
simulation of complex systems comprising both passive and
active components, along with driver and receiver electron-
ics, within a unified SPICE-based environment. At the core
of the framework is a standardized port interface that sup-
ports the integration of third-party behavioral models with
the novel equivalent circuits. Linear passive devices can be
modeled using the proposed wavelength-tunable equivalent
circuits, while active and nonlinear passive devices are incor-
porated as third-party models. Such devices are treated in a
modular, black-box fashion: the framework does not depend
on the internal implementation of the device behavior, but
only requires the specification of the input—output relation-
ship at the ports, typically expressed in terms of amplitude
and phase or optical power. Once defined, the model can be
integrated through the port-conversion interface, facilitating
seamless co-simulation of optical and electronic domains.
In addition, the synthesis of wavelength-tunable equivalent
circuits enforces passivity, ensuring numerically stable and
physically consistent simulations even in the presence of
nonlinear effects.

6.1 Port connectivity and model integration

The integration of third-party active and passive devices into
the wavelength-tunable modeling framework necessitates a
standardized approach to port connectivity. Other implemen-
tations of photonic models in SPICE use different conven-
tions to represent ports and signal lines. One commonly-used
implementation for optical connections in third-party models
consists of a bus of multiple nets, each carrying either the
baseband amplitude/phase or real/imaginary information
traveling in a single direction [16]. Consequently, a single
optical port quadruples in the SPICE circuit model: 2x for
the two propagation directions and 2X to account for the
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Fig.4 Port conversion circuit for the interconnection with third-party models

complex nature of the signals. Since this port definition is
not compatible with the equivalent voltage and current sig-
nals (3), third-party models cannot be directly connected to
the wavelength-tunable SPICE equivalent circuits.

To facilitate interconnection with such third-party com-
ponents, the port signals must be converted to an interface
compatible with that illustrated in Fig. 1, while respecting
the underlying physics of the SPICE simulation engine, such
as Kirchhoff’s Current Law (KCL) and Kirchhoff’s Volt-
age Law (KVL). This can be achieved by adopting a similar
circuit utilized for implementing the equivalent voltage and
current (3), demonstrated in Fig. 4.

To prevent non-physical reflections caused by an imped-
ance mismatch, the reference impedance Z, in the port con-
version circuit must match the reference impedance used
for generating the SPICE equivalent circuits. Additionally,
the third-party models must be defined at the same base-
band frequency used to configure the wavelength-tunable
equivalent circuits.

6.2 Linear passive device models

While wavelength-tunable SPICE equivalent circuits excel
in modeling the dynamic S-parameters of linear passive
devices, analytic circuit models continue to play a vital role
in photonic simulation due to their conceptual simplicity
and computational efficiency. These models are particularly
useful when exploring large design spaces, as they can often
be parameterized directly with respect to layout dimensions,
waveguide geometries, or substrate properties-something
that is not currently feasible with the synthesized equiva-
lent circuits. This makes analytic models indispensable in

early-stage design exploration or layout-aware simulations,
where rapid iteration is critical.

However, this modeling flexibility comes with limita-
tions. Analytic models often rely on idealized assumptions
and fail to properly capture the complex dispersive behav-
ior exhibited by real-world devices. To overcome this, a
divide-and-conquer strategy is recommended: devices
showing strong dispersion over the wavelength range of
interest are represented by the wavelength-tunable SPICE
equivalent circuits, while other components, which exhibit
well-behaved characteristics in terms of modeling, can be
represented by compact analytic circuit models. Given
that the computational runtime for CVF macromodeling
and SPICE synthesis is small compared to that of full EM
simulations, distinct SPICE equivalent circuits, applica-
ble over a broad wavelength range, can be synthesized
for each parameter configuration of interest. Alternatively,
a parametric CVF macromodel, as proposed in [24], can
be computed to serve as the starting point for the SPICE
synthesis.

One important constraint for using analytic models in
this framework is that they must support bidirectional sig-
nal flow, as passive devices are typically embedded deeply
within the optical path, where light can propagate in either
direction. Proper handling of this bidirectionality is essen-
tial for accurately capturing physical phenomena such as
backscattering, back-reflections and resonant effects-espe-
cially in feedback-sensitive structures like ring resonators
or interferometers. Without this capability, signal reflec-
tions-modeled by the novel wavelength-tunable equiva-
lent circuit-would simply get lost as the signal propagates
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through the system, compromising the accuracy and fidel-
ity of the overall circuit simulation.

6.3 Active or nonlinear passive device models

Active components-including lasers, modulators, semi-
conductor optical amplifiers (SOAs), and photodetectors-
serve as the key interfaces between the electrical and opti-
cal domains. These devices can be broadly classified into
two categories. The first includes peripheral components
like lasers and photodetectors, which typically operate in
a unidirectional manner and are modeled using input—out-
put transfer characteristics. In this case, the port conversion
circuit inherently provides proper termination of the equiva-
lent circuit, even when signal propagation occurs in only
one direction. The second category comprises quasi-static
tuning elements, such as phase shifters and electro-optic
modulators, which are embedded directly within the sig-
nal path. Unlike peripheral devices, these components must
support bidirectional optical propagation, similar to passive
elements. The same considerations apply to nonlinear pas-
sive devices, which must also support bidirectional optical
propagation when embedded within the signal path.

The fidelity of the active device models significantly
impacts the overall accuracy of the photonic—electronic co-
simulation. Although their optical interfaces closely resem-
ble those of passive components, active components are
characterized by an electrical interface that must be modeled
with care. In particular, accurately capturing the electrical
input and output impedances is essential for intricate co-sim-
ulation with driver and receiver electronics. Any mismatch
or misrepresentation can result in signal reflections and dis-
tortions, adversely affecting both the electronic circuitry and
the optical signal integrity. These effects can significantly
degrade the reliability of the overall co-simulation and must
be carefully accounted for. In scenarios where the electrical
control signals are slowly varying-such as in programmable
photonics or actively tuned filters-modeling the device’s
response time through a simple RC delay is often sufficient
to capture the relevant dynamic behavior.

Simplified behavioral models, particularly of modula-
tors and photodetectors, are often linearized around a fixed
bias point, in which small-signal electrical modulation is
directly mapped to variations in optical output power. In
such models, the electrical AC signal is converted into an
optical power fluctuation, typically neglecting any phase
modulation effects. This assumption is valid when the mod-
ulator operates in a regime where the modulation index is
small, the optical phase remains constant, and only intensity
modulation is of interest. Under this condition, the optical
carrier can be expressed as A(1)e/® /4" where ¢() = 0, indi-
cating the absence of phase modulation. As a result, such
models output optical power rather than complex amplitude
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and cannot be directly interfaced using the port conversion
circuit shown in Fig. 4, which requires access to the optical
amplitude. Instead, the optical power must first be converted
into an equivalent amplitude representation. Assuming no
phase modulation, the total optical power is related to the
amplitude by

Ptol = (Adc +Aac)2 = Pdc + Puc (18)

where P, = Afk_ is the optical output power at the fixed
bias point and P, = A2 +2A,A,. is the simulated AC
power. It follows that the AC amplitude, which needs to
be passed to the port conversion circuit, is obtained as
A, =Py + Py — /Py It is important to note that this
conversion necessitates prior knowledge of the DC optical
power at the linearization point, as it is essential for accu-
rately recovering the optical amplitude from the AC power
(Fig. 5).

6.4 Multi-wavelength simulation

The wideband SPICE equivalent circuits can be simulated at
arbitrary optical carrier frequencies by sequentially adjust-
ing the parameter Af,. Any wavelength dependence of third-
party active or passive device models can be incorporated
indirectly by expressing their behavior as a function of this
parameter. Multi-wavelength system analysis is then per-
formed by simulating multiple instances of the circuit, each
corresponding to a specific wavelength channel.

This strategy assumes that the response of each device at
a given wavelength depends exclusively on the optical input
signals at that wavelength; however, this assumption does
not always hold, and special care is required, particularly
when dealing with nonlinearities. Active photonic compo-
nents, such as semiconductor optical amplifiers (SOAs),
can induce cross-wavelength interactions arising from
gain saturation, carrier dynamics, or chirp-induced spec-
tral broadening. In such cases, the optical signals from all
channels must be known simultaneously at each time step,
which is not supported by this simulation scheme. More-
over, the receiver electronics operate directly on the total

Afy=i-Af, i=0,...,L

Sin,1,\;

netlist ~

(A —j2rAf.;,B,C,D)

Sout,l,)\,;
Channel i :

Sin,n,\;

Sout,n,\;

Fig.5 SPICE simulation of multiple instances of the equivalent cir-
cuit, each corresponding to a specific wavelength channel
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Sin,1,A1
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C anne (A —J?']TAch;B7C7D)
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Fig.6 SPICE equivalent circuit model where each wavelength chan-
nel is assigned a distinct logical port

photocurrent, including the contributions from all wave-
length channels. As a result, this scheme is applicable only
when both the optical devices and the receiver electronics
can be adequately described by small-signal models. This
scheme will be denoted as the Small-Signal Representation
(SSR).

An alternative approach, illustrated in Fig. 6, which does
not impose this limitation, involves assigning input signals
at different wavelengths to separate logical ports. Conse-
quently, the equivalent circuit model of an n port device,
supporting L different wavelengths channels, will end up
having nL logical ports. In the particular case of the wide-
band CVF macromodeling framework, this is achieved by
setting Af, according to the various wavelength channels of
the PIC and aggregating the resulting models into an overall
equivalent representation with a port interface as illustrated
in Fig. 6. This approach ensures that the optical signals from
all channels are simultaneously available at each simulation
time step, thus allowing accurate computation of the outputs
of nonlinear components. Since this scheme enables accurate
simulation of nonlinearities in a multi-wavelength context, it
will be referred to as the large-signal representation (LSR).
As each wavelength channel introduces an additional set of
ports and corresponding circuit elements, the size of the
modified nodal analysis (MNA) matrix in the SPICE simu-
lation increases significantly. Although the overall system
complexity scales linearly with the number of wavelength
channels, the resulting matrix size and memory require-
ments can grow rapidly, particularly in circuits with numer-
ous interconnections or large numbers of nonlinear and
active components. However, when portions of the circuit
are decoupled-such as interconnected passive subcircuits
corresponding to different wavelength channels-the result-
ing MNA matrix remains highly sparse. This sparsity arises
because only a small fraction of nodes are coupled across
channels, while most connections remain local to each sub-
circuit. Many SPICE solvers efficiently exploit this sparsity

the LSR scheme offers clear advantages, its main drawback
is that the circuit must be duplicated for each wavelength
channel, resulting in a rapid increase in schematic size and
complexity. Consequently, managing such multi-channel
configurations becomes cumbersome in standard circuit
simulators, such as LTspice. A potential solution would be to
develop a software interface or API that automatically gener-
ates and manages the multi-channel netlists using simulation
backends such as NGspice. However, the development of
such software tool is beyond the scope of the present work.

7 Numerical results

In this section, three application examples of the proposed
modeling framework are presented. Transient simulations
of the wavelength-tunable equivalent circuits are conducted
using LTspice, a freely available and widely used SPICE
circuit simulator. The modeling and numerical simulations
are carried out on a personal computer equipped with an
Intel Core i7 processor and 16 GB of RAM. Throughout
all experiments, the reference impedance of the equivalent
circuits is set to 50 Q. The wavelength-tunable equivalent
circuits, synthesized starting from the pole-residue represen-
tation, are referred to as PR netlists, those synthesized from
the state-space representation, are referred to as SS netlists.
The accuracy of the transient simulations is evaluated using
the time-averaged root-mean-square error (RMSE) relative
to the reference method, computed across all output ports
and time steps as

RMSE = \/ ZZ (v = ¥)’, (19)

where y, , and y, , " denote the simulated and reference out-
puts, respectively, at port p and time step ¢, and N denotes
the number of samples.

P, P

P Py

Fig.7 MZI: Top view of the lay-out (a) and a hierarchical schematic
(b) of the balanced MZI
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Fig.8 MZI: Simulated transmission spectrum of the balanced MZI
(blue), fit by the CVF macromodel (orange) and reconstructed spec-
trum with the hierarchical PR wavelength-tunable equivalent circuit
(green)

7.1 Mach-Zehnder interferometer - MZI

In this first example, a balanced Mach-Zehnder interferom-
eter (MZI) functioning as a wavelength filter is studied. The
MZI structure comprises two S-bend directional couplers
(DCs) and two waveguides, forming its upper and lower
arms, as shown in Fig. 7. While photonic—electronic co-
simulation is not considered in this example, the objective
is to compare hierarchical and flat modeling strategies for
the simulation of passive photonic circuits. This case study
illustrates how structural modeling choices influence simula-
tion workflow, modularity, and reusability. Furthermore, it
demonstrates how the proposed divide-and-conquer method-
ology enables the integration of wavelength-tunable equiva-
lent circuits for dispersive components alongside analytic
models for parameterized, idealized behavior.

The waveguides of the MZI are modeled as lossless non-
dispersive devices with a constant group delay. Their for-
ward transmission in the frequency domain can be expressed
as

Swo(w) = e 778 (20)

where At = Ln, /c is the optical delay in the waveguide, n,
is the group index, L is the length of the waveguide and
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Fig.9 MZI: Simulated transmission spectrum of the DC (orange) and
the fit by the CVF macromodel (blue)

c is the speed of light. In this example, the delays of the
upper and lower waveguide arms are set to Af; = 1.06 ps
and At, = 0.80 ps, respectively, resulting in a z/2-length
difference at the filter wavelength of 1.55 ym. The S-bend
DCs, designed for a 50:50 coupling ratio at 1.55 um, are
simulated in the eigenmode expansion (EME) solver from
ANSYS Lumerical.

An initial approach for modeling the balanced MZI is to
treat it as a black-box device with scattering parameters as
shown in Fig. 8. Using the Luceda design software IPKISS,
the scattering parameters of each individual component are
combined into a single overall S-matrix that describes the
propagation through the MZI. Subsequently, this overall
S-matrix is evaluated at 1001 equidistant frequency samples
in the frequency range [187.37; 199.86] THz (correspond-
ing to a wavelength of [1.5; 1.6] um). Next, a wideband
CVF macromodel with 31 poles is computed, yielding an
accuracy, defined as the maximum error between the data
and the model, of -50 dB. The baseband frequency shift is
arbitrarily chosen at f. = 194.67 THz. A standard bottom-up
approach is used to select the required number of poles [32].
Finally, following the procedure outlined in this work, two
wavelength-tunable equivalent circuits are computed: one
derived from the state-space representation and the other
from the pole-residue representation (Fig. 9).
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Fig. 10 MZI: Transient response obtained with the hierarchical PR
wavelength-tunable equivalent circuit at baseband center frequencies
f.1 =189.6 THz, f,, =191.6 THz and f.; = 194.2 THz

An alternative approach to the one previously discussed
involves the definition of separate circuit models for the DCs
and the waveguides. These models can then be intercon-
nected in a hierarchical circuit representing the balanced
MZI, see Fig. 7 (b). It should be noted that while S, in Fig. 8
resembles the standard frequency response of a balanced
MZI, this is not applicable to S,5. This discrepancy arises
from the wavelength-dependent power coupling of the sym-
metric DCs and their specific arrangement within the MZI.
It is crucial to note that analytic DC models, which assume
constant power coupling across wavelength as presented in
[16], do not adequately capture this behavior. In this context,
a wavelength-tunable equivalent circuit is computed for the
50:50 DC, while an analytic circuit model is implemented
for the waveguides. This strategy ensures accurate modeling
of the dispersive scattering parameters of the DCs, while
allowing for a parametric and computationally efficient cir-
cuit model to represent the waveguides. The primary advan-
tage of this approach lies in its flexibility. The individual
components can be reused and rearranged in various config-
urations, allowing for greater adaptability in circuit design.

Table 1 MZI: Benchmark results

Netlist Topology RMSE CPU time (s)
SS Hierarchical 2.0e—4 82.7

SS Flat 6.8e—5 50.5

PR Hierarchical 1.6e—4 487.6

PR Flat 4.0e=5 389.4

Starting from the frequency domain response (20) of the
non-dispersive waveguide, an equivalent time-domain model
can be formulated as

A, (1) =A;(t—Ar)

b,(1) = ¢;(t — Ar) + 27 Atf, @n

with A; and A, the amplitude and ¢, and ¢, the phase of
the incoming and outgoing optical waves, respectively.
The scattering response of the DC is simulated at 201
equidistant frequency samples in the frequency range
[187.37; 199.86] THz. Starting from this dataset, a wide-
band CVF macromodel with 10 poles and an accuracy of
-58 dB is computed. Then, the system of ODEs, governed
by the CVF macromodel, is converted into an equivalent SS
and PR netlist.

To verify that the baseband frequency of the wavelength-
tunable equivalent circuits is properly configured by setting
the parameter Af, within the SPICE simulator, the follow-
ing experiment is conducted: The equivalent circuits of the
directional coupler and MZI are imported in LTspice and ter-
minated with matched resistors. Then, a transient simulation
is performed by applying a trapezoid pulse to the in-phase
component of port P;. Since the scattering parameters of the
MZI are approximately constant over the bandwidth of the
input signal, the steady-state in-phase and quadrature out-
puts of the MZI, directly map to the real and imaginary part
of the corresponding scattering parameter in the frequency
domain. Thus, by iteratively adjusting the baseband fre-
quency and performing a time-domain analysis, it becomes
possible to reconstruct the scattering response of the device.

Figure 8 shows the reconstructed spectrum, obtained from
201 transient simulations in SPICE, conducted at uniformly
spaced center frequencies across the modeling range. The tran-
sient simulation results at several baseband center frequencies
are illustrated in Fig. 10. Note that the simulated forward and
backward traveling waves are derived from the SPICE voltage
and current signals via the expressions (3). The accuracy of the
wavelength-tunable equivalent circuits, defined as the root mean
square error (RMSE) relative to the simulation of the complex-
valued ABCD model using Isim, averaged over the 201 simula-
tion runs, is reported in Table 1, along with the total CPU time.
These results indicate that the transient responses obtained with
wavelength-tunable equivalent circuits converge very well with
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Fig. 11 WDM: Functional diagram of the WDM system

the reference simulation. Furthermore, the hierarchical circuit
created by interconnecting the wavelength-tunable equivalent
circuits is simulated with the analytic waveguide model. These
are connected via the port conversion circuit shown in Fig. 4.
The simulation confirms that both KCL and KVL are satis-
fied, ensuring accurate results. Although an analytic model for
a waveguide was used in this study, the same approach can be
applied to any active or passive third-party model.

7.2 Wavelength division multiplexing system -
WDM

This numerical example presents the characterization of the
WDM system, including driver and receiver electronics, ring
modulators and arrayed waveguide gratings, as illustrated in
Fig. 11. This discussion includes a comparison and bench-
marking of the developed simulation methodologies, an
analysis of electrical driver characteristics on the eye pattern
of a 25 Gbaud PAM-4 transmission scheme, a characteriza-
tion of the output voltage nonlinearity introduced by driver

Magnitude (dB)

I I I I I
192.7 193.1 1935 1939 1943
Frequency (THz)

Fig. 12 WDM: Transmission spectrum of the 4-channel AWG
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and receiver electronics, and an evaluation of inter-channel
crosstalk on overall system performance.

Both the multiplexer and demultiplexer within the WDM
system are implemented by the same 4-channel arrayed
waveguide grating (AWG) studied in the authors’ previous
work [24]. Its transmission spectrum is illustrated in Fig. 12.
The data generation and model computation, as detailed in
[24], result in a stable and passive CVF macromodel with
24 poles. This model yields an accuracy, defined as the
maximum error between the data and the model response,
of —61 dB. A standard bottom-up approach is used to select
the required number of poles [32]: the initial number of
poles is iteratively increased until the desired accuracy is
reached. Then, starting from the complex-valued rational
representation (1), the equivalent real-valued pole-residue
and state-space representations are derived. This, in turn,
facilitates the computation of two wavelength-tunable
equivalent circuits comprising the parameterized controlled
sources and RLC elements presented here. These circuits
can be used to perform time-domain simulation at arbitrary
optical carrier frequency in the range [193.01 + BW,, /2
; 194.01 - BW,,,,/2] THz, where BW,,, is the modulation
bandwidth (Fig. 14).

A linear equivalent circuit model, as presented in [9], is
employed for the depletion-type silicon microring modulator
(MRM). The model comprises three primary blocks: (1) par-
asitic elements arising from interconnects and contact pads,
(2) the electrical representation of the core p—n junction,
and (3) alossy LC tank circuit capturing the optical modula-
tion behavior of the silicon MRM. The model parameters,
derived from experimental data of a fabricated silicon MRM
device, are taken from [9]. It is assumed that these parameter
values remain constant across the wavelength range of the
WDM system; hence, the same model is used for modula-
tion of all four optical carriers. Although not pursued in this
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Fig. 13 WDM: Simplified schematics of the differential cascode driver circuit (left) and the common-emitter transimpedance amplifier (right)
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Fig. 14 WDM: Schematic diagram of the microring modulator lin-
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study, large-signal models could also be adopted for the ring
modulators (e.g., [8]) without requiring any modifications to
the overall modeling approach.

The electronic driver and readout circuits, depicted in
Fig. 13, are implemented using a differential cascode com-
mon-emitter configuration and a transimpedance amplifier
(TIA) based on a common emitter stage, respectively. Both
stages are modeled using the standard NPN transistor model
from LTspice. The outputs of the differential cascode are
buffered to provide sufficient drive for the ring modulators.
In practice, this stage could be implemented, for example,
using an NMOS source follower; however, for simplicity, it
is modeled here as an ideal non-inverting op-amp.

Both the Small-Signal Representation (SSR) and Large-
Signal Representation (LSR) strategies are evaluated and
compared. In the SSR approach, a separate simulation is
launched for each wavelength channel, whereas in the LSR
approach, signals corresponding to different wavelength
channels are assigned to distinct logical ports. Since each
wavelength channel is driven by an independent circuit (dif-
ferential cascode driver with ring modulator) and the optical
path contains no nonlinear devices, the simulated optical
signals are equivalent under both strategies. The primary

distinction between the two schemes lies in the simulation
of the receiver electronics. In the LSR strategy, the total
photocurrent arising from all wavelength channels is com-
puted at each time step, thus enabling large-signal analysis
and accurate modeling of nonlinear effects in the receiver.
Conversely, the SSR strategy computes the photocurrent
for each channel through separate simulations and adopts a
linearized TIA model, thereby restricting the analysis at the
receiver side to the small-signal regime.

In both SSR and LSR schemes, the photocurrent is
injected into the electronic readout circuit via a behavio-
ral current source. This effectively decouples the receiver
electronics from the driver and optical transmission system.
Consequently, validation and comparison can be performed
at the optical signal level; once the optical waveforms are
verified, correct simulation of the receiver electronics in
the small-signal (SSR) or large-signal (LSR) regime is
guaranteed.

To assess the accuracy of the proposed co-simulation
schemes, two benchmark methodologies are considered. In
the first approach, the microring modulators and the driver
electronics are simulated independently in SPICE. The
resulting output waveforms are exported and applied as input
excitations to a behavioral CVF macromodel, which is evalu-
ated using the Isim function in Python. This co-simulation
methodology serves as a benchmark, as both the equivalent
model of the ring modulator and the CVF macromodels have
been independently verified.

The second strategy is a variation of the first, but replaces
the dynamic CVF model with a static, instantaneous
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Fig.15 WDM: Comparison of transient responses obtained using
SPICE-based, CVF-based, and instantaneous (Inst.) simulation meth-
odologies

approximation. In this case, signal magnitude and phase are
adjusted according to the system’s scattering parameters
evaluated at the central wavelength of each optical carrier.
This method corresponds to the default time-domain model
used for passive devices in Caphe, the photonic circuit
simulator developed by Luceda Photonics [33]. These two
benchmarks strategies are referred to as the CVF-based and
instantaneous (Inst.) methods, respectively. Finally, unless
stated otherwise, the optical input power is fixed at 1dBm
in all experiments.

A transient simulation of the entire WDM system is per-
formed by applying four 25 Gbaud PAM-4 signals (50 Gbs
per channel) u,(¢), i = 1, ..., 4 at the inputs of the differential
driver. These signals are modulated at optical carrier fre-
quencies f,; = 193.05THz + i - 200 GHz, which are offset
by 40 GHz from the center wavelengths of the AWG chan-
nels. The WDM system is simulated over 8 ns, correspond-
ing to 200 symbols. By opting for the PAM-4 modulation
scheme, the signal detection is performed incoherently. Con-
sequently, the total signal power at an AWG output port can
be obtained by summing the powers of the individual signals
simulated at the different optical carrier frequencies.

Figure 15 shows the total transmitted optical power at
link 1 and the in-phase component of the transmitted sig-
nal with optical carrier frequency f,, at link 3. The accu-
racy of the various simulation methodologies, calculated as
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nal bandwidth, thereby violating the instantaneous model’s
assumption of a non-dispersive spectral profile. Second, the
instantaneous model neglects the group delay introduced by
the two AWGs, an effect that becomes critical when simu-
lating the transient behavior of many photonic—electronic
integrated systems.

As motivated in [28], traditional pole-residue synthe-
sis techniques, such as the one used in [29], are generally
less efficient compared to state-space methods. This inef-
ficiency arises from the high number of circuit components
arranged in series and parallel configurations, leading to a
larger MNA system matrix. Consequently, computational
runtimes increase, as confirmed by the CPU times reported
in Table 2. Alternative pole-residue topologies have been
proposed [27]; however, these are not explored here as they
fall outside the scope of this study.

With both the SSR and LSR schemes validated at the
optical level, their performance at the receiver side is now
compared. Owing to inter-channel crosstalk resulting from
the finite stopband rejection of the AWGs, the photodiode
current includes contributions from multiple wavelength
channels. When the receiver operates within its linear
regime, both approaches yield consistent small-signal
results. However, as the TIA enters saturation and nonlin-
ear effects start to dominate, only the LSR approach, which
accurately models large-signal behavior, remains accurate.

This effect is demonstrated by an experiment in which
two optical carriers at 193.45 THz and 194.65 THz are
injected into link 1 and link 2 of the WDM system, respec-
tively. The first carrier is held at constant power such that
the output voltage of the TIA in link 1 is biased near half of
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Fig. 16 WDM: Simulated TIA voltage change versus increasing opti-
cal input power, obtained with SSR and LSR schemes

its voltage swing, while the power of the second carrier is
swept. Due to the finite stopband attenuation of the AWGs,
a fraction of the 194.65 THz carrier leaks into link 1 and
manifests at its TIA output. The resulting increase in TIA
voltage, caused by this leakage and shown in Fig. 16, high-
lights the onset and impact of nonlinear distortion at the
receiver side. At low input powers, both modeling schemes
yield consistent results, whereas at high photocurrents, the
compression observed in the receiver is captured only by the
LSR scheme. For this reason, and to enable determination
of the DC operating point, all simulations in the following
experiments are performed using the LSR scheme.

The differential driver’s electrical properties strongly
affect the high-speed performance of the WDM system. Of
particular importance is the emitter degeneration in the dif-
ferential pair, which is introduced via the emitter resistance
R. The presence of Ry provides local negative feedback,
which linearizes the electrical driver’s gain characteristic
and suppresses distortion. At the same time, however, Ry
reduces the effective transconductance, thereby lowering the
available gain and limiting the power delivered to the ring
modulator. If Ry is chosen too small, the driver operates
with high transconductance but exhibits strong nonlinear
distortion, which degrades the signal integrity and results
in eye closure. Conversely, if R is made excessively large,
the driver achieves excellent linearity but insufficient gain,
resulting in a degraded modulation depth and a reduced eye
opening. These effects are illustrated in Fig. 17, which shows
the simulated eye diagrams at link 4, obtained from the TIA
output, for different values of R. The results suggest that
an emitter resistance in the range of 150 — —200 Q offers a
good trade-off between linearity and gain.

In the next experiment, the nonlinearity of the WDM
system is characterized with the emitter resistance set to
Ry =200 Q. Unlike conventional methodologies that sepa-
rately model the electrical and optical subsystems, the pro-
posed framework facilitates a comprehensive analysis of the
entire photonic—electronic system within a unified simula-
tion environment.
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Fig. 177 WDM: Eye-diagram analysis at port 4 obtained for different values of the emitter resistance R
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Fig. 18 WDM: Results of the two-tone test. (Left) Optical spectrum
measured at the TIA output. (Right) Variation of the fundamental and
IMD3 responses with the input amplitude of the two tones

To quantify the nonlinear behavior observed at the TIA
output, both the third-order intercept point (IP3) and the
total harmonic distortion (THD) are evaluated. The IP3
parameter provides a measure of the relative strength of
third-order intermodulation products generated when two
closely spaced input tones propagate through a nonlinear
system. In this experiment, two electrical tones at 1.0 GHz
and 1.1 GHz were injected while monitoring the output volt-
age of link 1. The 100MHz frequency offset between the
tones produces a beating envelope with a 10ns period in
the optical waveform. The corresponding optical spectrum,
shown in Fig. 18, exhibits distinct third-order intermodula-
tion (IMD3) products at 0.9 GHz and 1.2 GHz. The IMD3
as a function of electrical input voltage is plotted in Fig. 18.
The IP3 is determined from the linear extrapolation point
at which the fundamental and third-order intermodulation
responses intersect.

THD, on the other hand, quantifies the relative contribu-
tion of harmonic components to the fundamental tone and
serves as an indicator of waveform distortion. In SPICE,
THD is computed by injecting a single-tone input at 1.0 GHz
while analyzing the harmonic content of the TIA output.
As the input voltage increases, the initially sinusoidal out-
put gradually transitions toward a square-like waveform, as
illustrated in Fig. 19, reflecting stronger harmonic generation
and increased nonlinear distortion.
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Fig. 19 WDM: Effect of nonlinear distortion on the TIA output: (left)
time-domain waveforms illustrating the transition from a sinusoidal to
a square-like output with increasing amplitude of the input tones, and
(right) THD as a function of input tone amplitude

7.3 Programmable photonics - FPGA

This numerical example demonstrates the applicability of
the proposed framework in the context of programmable
photonics. Since 2013, when the concept of a universal pho-
tonic circuit was first proposed [9], researchers have been
working on photonic integrated circuits that can be recon-
figured to perform different functions. On such chips, light
is routed through waveguides, which are coupled together
using electrically controlled 2 X 2 photonic gates. In these
gates, light from two waveguide inputs is mixed (in a linear
combination) into two outputs. Such photonic gates, can be
cascaded into a network or mesh of waveguides, and the flow
of light is controlled electronically by setting the actuation
voltage or current of the gates.

The tight integration of electronics and photonics in
these systems presents significant challenges in modeling
and simulation. Traditional approaches typically simulate
the electrical control circuits using EDA tools, while the
photonic mesh is simulated using specialized PDA tools,
often using simplified analytical models for the couplers. In
contrast, the proposed framework enables the simulation of
both the electronic and photonic circuitry within a unified
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Fig.21 FPGA: Hierarchical schematic of the 2 X 2 analog gate, con-
structed using two splitters (50:50) and phase shifters (PS)

SPICE environment, providing a more comprehensive and
accurate representation of the system’s behavior.

A photonic FPGA, composed of a small number of rec-
tangular mesh cells is illustrated in Fig. 20. Within this
structure, each analog gate - depicted as a red rectangle in
Fig. 20 - is implemented by an MZI. Each MZI is, in turn,
constructed using two 2 X 2 splitters with phase shifters
placed in its upper and lower arms, as illustrated in Fig. 21.
By applying appropriate bias voltages to these phase shift-
ers, the 2 X 2 gate can be configured to achieve the desired
power coupling and phase shift. In total, the mesh contains
8 analog gates, corresponding to 16 splitters and 16 phase
shifters.

In this numerical example, the mesh is configured to
operate as a flat-top filter. In particular, the analog gates in
Fig. 20 are programmed to form a double-ring resonator.
The equivalent circuit of the double-ring filter is illustrated
in Fig. 22. Inside the rings, the analog gates (green blocks)
operate in bar mode and control the optical round-trip length,
which determines the resonance frequency of the filter. The
power coupling coefficients of the analog gates, configured
as tunable couplers (yellow blocks), are selected to achieve a
second-order Butterworth response. Furthermore, the analog
gate at the input acts as a combiner, enabling the injection

211 2

Fig.22 FPGA: The equivalent double-ring flat-top filter. Green
blocks denote analog gates set to bar mode, functioning as wave-
guides; yellow blocks denote analog gates configured as directional
couplers

of two optical signals-delivered via separate ports-into the
double-ring filter structure.

The two 50:50 couplers of the MZI’s are implemented
using a compact 2 X 2 splitter, whose transmission character-
istics are shown in Fig. 23. The scattering parameters of this
device are obtained through FDTD simulations using Ansys
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Fig. 23 FPGA: Transmission characteristics of the compact 2x2 split-
ter
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Fig.24 FPGA: Op-amp gain stage (left) and TIA circuit (right)

Lumerical, sampled at 1001 equidistant frequency samples
over the range [176.3, 214.1] THz. A wideband CVF mac-
romodel with 40 poles is subsequently derived, achieving an
accuracy, defined as the maximum error between the data and
the model, of -50 dB. Half of the samples are used for training,
whereas the remaining half are used for validation. The base-
band frequency shift is set to f, = 193.41 THz, correspond-
ing to the center of the optical frequency range. A standard
bottom-up approach is used to select the required number of
poles [32]. Finally, a wavelength-tunable equivalent circuit is
derived from the state-space representation.

Because the coupler’s group delay must be approximated
by a finite number of poles and due to its wavelength-depend-
ent behavior, the wideband CVF macromodel needs a large
number of poles, resulting in a SPICE model with many con-
trolled sources. Given that the programmable mesh consists
of 16 such models, this may significantly slow down simula-
tion times. To this end, a second narrowband SPICE model
is computed for comparison, now covering the narrowband
frequency range [192.9, 193.9] THz, maintaining a high accu-
racy of —60 dB but using only 3 poles. As will be shown, the
resulting equivalent circuit substantially speeds up simulation
times; however, its validity is limited to a narrower bandwidth.

In [34], a compact, low-power phase shifter based on pho-
tonic microelectromechanical system (MEMS) actuation is
demonstrated on IMEC’s iSiPP50G silicon photonics foundry
platform. In this numerical example, the device is adopted
as the phase-shifting element within the analog gates of the
photonic FPGA. An ideal SPICE model, assuming linear
operation, is derived from the extracted device characteristics
reported in [34]. The model is expressed as

@ Springer
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A, (D) =IL- At — AD)

2 . -
¢,(t) = ¢,(t — AD) + m;eﬁﬁ L+2x Ya =V (22)

Vi = Vo

For the silicon waveguide, the effective index (n,;) and
group index (n,) are taken as n,; = 2.4 and n, = 4.0. Assum-
ing a total phase shifter length of L = 100 ym, with 50 ym

of active waveguide region, the group delay is calculated as

Ar="L =14 ps. Based on the simulated phase response
in [34]6, the linear operating region of the device is set by
vo =6 Vand v, = 32 V. The insertion loss (IL) is modeled
as 0.24 dB, representing an intermediate value between the
reported minimum and maximum IL values of 0.16 dB and
0.32 dB, respectively. The response time of the device is
modeled using an RC filter and is set according to the 3 dB
bandwidth reported in [34].

The control electronics for the MEMS phase shifter con-
sist of an ideal voltage source, representing the output of
the analog-to-digital converter (ADC), followed by a volt-
age gain stage to provide the required drive voltage. The
gain stage scales the ADC’s 3.3V voltage swing to a level
compatible with the drive voltage requirements of the phase
shifter. On the receiver side, a TIA is adopted to convert
the photocurrent generated by the photodetector into a volt-
age signal compatible with the digital-to-analog converter
(DAC) input. A schematic diagram of both control and
receiver electronics is illustrated in Fig. 24. Both the gain
stage and TTA are modeled using ideal op-amps in LTspice
and are assumed to operate within their linear regions. Under
these linear operating conditions, the overall system is mod-
eled according to the SSR scheme.

The resulting programmable mesh comprises 16 2 X 2
splitters, 16 phase shifters, 16 gain stages and 16 TIA cir-
cuits. Once the equivalent circuit of the photonic FPGA
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Fig.25 FPGA: Active tuning of the double-ring filter. PSR and PSL
denote the phase shifter control voltages applied to the analog gates
within the right and left arms of the rings, respectively

is constructed in SPICE by interconnecting all relevant
electronic, optoelectronic, and photonic building blocks,
a transient analysis is performed to assess the active tun-
ing behavior and switching functionality of the system.
Two OOK signals, u; and u,, each encoding a different
bit sequence at a datarate of 500Mbs, are injected at
the inputs of the combiner. These signal are modulated
onto optical carrier frequencies f,; = 193.41 THz and
foo =f. + FSR/2, where FSR denotes the free spectral
range of the double-ring resonator filter. Initially, the
analog gates within the rings (green couplers in Fig. 22)
are configured to align the filter’s passband with f,;, thus
routing u, to the pass port while directing u, to the drop
port. Subsequently, the control voltages applied to the
phase shifters are adjusted to shift the filter’s passband to
f.», thereby reversing the routing configuration: signal u, is
now directed to the pass port, while u, is routed to the drop
port. The ADC output voltages, driving the phase shifters
via the gain stage, and their effect on the filter response
are illustrated in Fig. 25.

To validate the SPICE output response, the analog front-
end and phase shifters are simulated independently within
the SPICE environment. The resulting output waveforms are
exported and applied as input excitations to a time-varying
instantaneous model that captures the envelope of the OOK
output signals. This model is defined as:

0.75

V)

~ 0.50

< 0.25 -

op

0.00

Fig.26 FPGA: Transient simulation illustrating the switching behav-
ior of the programmable circuit. The blue and orange surfaces rep-
resent OOK signals modulated onto carrier frequencies f, and f,,
respectively, as obtained from SPICE simulations. The green enve-
lope corresponds to the output of the compact time-varying instanta-
neous model. W1 and W2 denote the time-windows used for the plots
in Fig. 25 and Fig. 27, respectively

P = A?GTIAlTl(fCi’Vd(t))lz (23)

where f. denotes the optical carrier frequency of the i input
signal, A, is the corresponding amplitude, and Gy, is the
transimpedance of the TIA stage. T, represents the power
transmission from input to output port, computed using a
digital clone of the photonic FPGA in Luceda Photonics
[33]. The vector V (), obtained from a transient SPICE

N
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Fig.27 FPGA: Zoom-in of the transient simulation in Fig. 26 show-
ing the OOK signal modulated onto carrier frequency f,; at the drop
port of the double-ring resonator structure
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simulation, contains the voltages applied to the input ports
of the various phase shifters. While this model does not
account for the dynamic and transient effects associated with
the wavelength dispersion of the double-ring filter, it can be
used to simulate the switching behavior of the circuit.

Fig. 26 presents the simulated outputs at the drop and pass
ports of the double-ring resonator filter, while Fig. 27 zooms
in at the drop port response over a smaller time window. The
output of the instantaneous model closely matches the enve-
lope of the OOK signals obtained from the SPICE simulation,
verifying the correctness of the simulated switching behavior.
The slowly varying envelope modulated onto the OOK signals
reflects the response time of the phase shifters and determines
the switching dynamics required to reroute the modulated car-
riers between the drop and pass ports. The CPU time for the
compact equivalent narrowband model was 832.8 s, whereas
the wideband model required 13342.8 s. Although the wide-
band model supports simulation across a broader wavelength
range, this increased flexibility comes at the cost of higher
computational complexity-highlighting the trade-off between
model generality and simulation efficiency.

Although the compact equivalent narrowband circuit utilizes
only three poles, the CPU time required for transient simulation
remains relatively high compared to the preceding two numeri-
cal examples. This increased computational cost is primarily
attributed to the substantial disparity in time scales between the
slowly varying control signals and the high-speed RF modula-
tion. Resolving the rapid transitions of the OOK bit sequence
necessitates the use of small time steps over an extended simu-
lation window, thereby increasing the computational burden.
To address this limitation, future work will explore more
advanced co-simulation strategies aimed at enhancing simula-
tion efficiency.

8 Conclusion

This study presents SPICE-compatible, wavelength-tunable
equivalent circuits that enable intricate co-simulation of pho-
tonic—electronic systems across multiple wavelengths. These
circuits are derived from baseband state-space and pole-residue
representations using synthesis techniques adapted from elec-
tronic system design. Furthermore, a novel interface circuit is
proposed to enable seamless integration of third-party active and
passive SPICE models described using the scattering wave for-
malism. By incorporating active device models that accurately
represent electrical input and output impedances, the frame-
work enables effective co-simulation with control and receiver
electronics. Three relevant application examples are discussed,
highlighting the effectiveness of the proposed framework in cap-
turing the intricate dynamics and dispersive nature of photonic-
electric chips.
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