
IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 33, NO. 17, SEPTEMBER 1, 2021 947

A Temperature-Aware Large-Signal SPICE Model
for Depletion-Type Silicon Ring Modulators
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Abstract— We present a large-signal SPICE model for the
depletion-type silicon ring (RM) modulator that includes
temperature dependence. The model is based on the temperature-
dependent equivalent circuit for the RM and allows easy simula-
tion of RM modulation characteristics in SPICE. The accuracy
of the model is verified with the measurement results of 25-Gb/s
NRZ modulation at several different temperatures. In addition,
simulation of the temperature-dependent transient responses of
the RM together with the RM temperature control circuit is
demonstrated in the standard IC design environment.

Index Terms— Silicon photonics, ring modulators, equivalent
circuit model, SPICE model, temperature dependency.

I. INTRODUCTION

DEPLETION-TYPE Si ring modulators (RMs) attract a
great amount of research and development interests

because they can provide superior performances for demand-
ing optical interconnect applications with their large modula-
tion bandwidth, small-footprint, and energy-efficient operation
[1]–[3]. However, with their resonant characteristics, their per-
formance is highly dependent on temperature. Consequently,
a RM temperature controller that can provide the stable
and optimal modulation characteristics is necessary for any
practical application of Si RMs [4]–[9]. Furthermore, since
the performance of the modulator driving electronics are also
strongly influenced by temperature, there is a great demand
for the capability of temperature-aware electro-photonic co-
simulation of the entire transmitter including RM, temper-
ature controller, and driver electronics in the design stage,
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preferably in the standard IC design environment [10], [11].
Previously, we demonstrated a large-signal SPICE model for
the Si RM that allows accurate and computationally-efficient
co-simulation of the RM together with the driver electronics
in the standard IC design platform [12]. This model, how-
ever, did not contain temperature dependence. In this letter,
we expand this model by adding temperature dependence.
The accuracy of our extended model is verified by comparing
the simulated eye diagrams with the measurement results for
25-Gb/s NRZ modulation at several different temperatures.
Furthermore, using the model, we demonstrate the capacity
of co-simulating temperature-dependent transient responses of
the Si RM together with temperature-control (TC) electronics.

This letter is organized as follow. In section II, key para-
meters that are needed for describing temperature depen-
dency of the RM characteristics are identified, and their
values are extracted for a sample Si RM. In Section III,
the temperature-dependent large-signal SPICE model for the Si
RM is described, and its accuracy is verified with measurement
results. Section IV provides the results of electronic-photonic
co-simulation in SPICE, in which the transient temperature-
dependent modulation characteristics of the RM together with
the TC IC are investigated. Section V gives the conclusion. The
initial results of this work were reported in [13]. However, this
letter provides more detailed explanations as well as simulation
and measurement results in the larger temperature range.

II. TEMPERATURE-DEPENDENT Si RM PARAMETERS

The key parameters for describing the Si RM modu-
lation characteristics are the effective index of the ring
waveguide (neff ), the field ratio after one round-trip in the ring
waveguide (α), and the coupling coefficient in the directional
coupler between ring and bus waveguides (γ ). With these
parameters, the RM transmission, T , is given as [14]

T = Pout

Pin
= α2 − 2αγ cos(φ) + γ 2

1 − 2αγ cos(φ) + (αγ )2 , (1)

where φ = 2πne f f
λ Lring with Lring representing the ring

circumstance. In order to determine temperature- dependent
characteristics of these parameters, transmission characteristics
of a sample Si RM are measured at several different tempera-
tures and the results are shown in Fig. 1. The measured Si
RM is fabricated in IHP’s Si PIC technology. It has 8μm
radius and 290nm gap between ring and bus waveguides.
As shown in the inset of the figure, the resonance wavelength
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Fig. 1. Measured transmission curves of the fabricated ring modulator with
different temperatures and its resonance wavelength.

TABLE I

EXTRACTED KEY PARAMETERS OF Si RM AT DIFFERENT

TEMPERATURES (BIAS VOLTAGE = 0 V)

TABLE II

EXTRACTED KEY PARAMETERS OF Si RM AT DIFFERENT

BIAS VOLTAGES (TEMPERATURE = 25◦C)

linearly shifts with temperature with the slope of approxi-
mately 76 pm/degree. The temperature dependence of neff
can be determined from the resonance condition, mλres =
ne f f Lring , where m is an integer, and the estimated neff values
at different temperatures are shown in Table I. The integer m
can be determined with the numerical simulated effective index
and measured resonance wavelength. Numerical values for α
and γ at any given temperature can be determined by fitting
Eq. (1) to the measured transmission characteristics. After
performing this fitting process, it is found that there is very
little dependence of α and γ on temperature. Consequently,
the same α and γ values shown in Table I can be used for the
temperature range investigated in this letter. On other hand, α
has strong dependence on bias voltages as shown in Table II,
and its effect is included in our large-signal model [12].

Electrical characteristics of the Si RM such as series
resistance (Rs) and p-n junction capacitance (Cj) also influ-
ence the Si RM modulation characteristics. Fig. 2 shows the
measured reflection coefficient (S11) of the sample Si RM
at different temperatures and voltages. By the equivalent

Fig. 2. Measured reflection coefficient (S11) results of RM at (a) different
bias voltages with 25◦C temperature, and (b) different temperatures with 0V
bias voltage.

circuit model [12] fitted to the measured results, junction
capacitance and series resistance by voltages can be extracted
shown in Table II. As can be seen in Fig.2(b), there is very
little change within the temperature range investigated and
3-dB BW variance is near 1% within temperature range as
extracted in Table II, which is negligible effect. As a result,
there is negligible change in terms of temperature for RC
electrical components as well as α and γ , which means the
key component for temperature-aware model will be effective
index (neff ).

III. LARGE-SIGNAL SPICE MODEL WITH

TEMPERATURE DEPENDENCE

The previously reported large-signal SPICE model for the
Si RM [12] is based on the small-signal frequency modula-
tion response derived from the RM coupled-mode equations
given as [15]

s + (2/τl)

s2 + (2/τ)s + D2 + (1/τ 2)
, (2)

where D is the difference between the input light wavelength
and the resonance wavelength, τl and τ are the time-constants
due to the ring waveguide loss, and due to the total loss
including coupler loss, respectively. τl and τ are related to
α and γ as [16]

1

τl
= (1 − α2)c

2ne f f Lring
,

1

τ
= (2 − α2 − γ 2)c

2ne f f Lring
. (3)

Eq. (2) can be represented by an RLC circuit shown in the
right side of Fig. 3(a). The R, L, C values can be obtained by
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Fig. 3. (a) Equivalent circuit model for depletion-type silicon ring modulator with its temperature dependency and (b-d) model verification by measured
(yellow) and simulated (red solid) 25-Gb/s PRBS31 eye-diagrams for different operating temperatures.

matching Eq. (2) to the transfer function of the RLC circuit
with τl and τ determined from Eq. (3) using extracted α, γ ,
neff values. By employing voltage-dependent R,L,C elements
in the equivalent circuit, the small-signal equivalent circuit
model can be extended for large-signal emulation of the Si
RM modulation behavior [15].

Together with the left-side block representing the RM
electrical property, the entire circuit in Fig. 3(a) is the equiv-
alent circuit for the RM modulation characteristics. In this
equivalent circuit, variable resistor and capacitors are used
since their values depend on the voltage applied to the Si
RM. By extracting numerical values for voltage-dependent
α, γ , neff at different temperatures, all the circuit element
values in Fig. 3(a) can be determined and, consequently,
the entire large-signal Si RM modulation characteristics can
be accurately simulated in SPICE. Each circuit element in
the optical part of our equivalent circuit does not have any
specific physical meaning. The behavior of the entire circuit
emulates the small-signal frequency modulation of the RM.
Fig. 3(b), (c), (d) show such simulated eye diagrams when the
RM is modulated with 25-Gb/s 231-1 PRBS NRZ input data
having 4-Vpeak−to−peak swing with the RM input wavelength
of 1545.71nm. The measured RM has 3-dB modulation band-
width of about 20-GHz, DC modulation efficiency of 20 pm/V,
and about 7dB insertion loss excluding the coupling loss. For
accurate modeling, the electric parasitic components due to
bonding pads and on-chip interconnects are also included in
the electrical part of the equivalent circuit [12]. Measurement
results within a limited temperature range are provided since,
due to the strong temperature dependence of RM modulation
characteristics, eye diagrams cannot be obtained if the tem-
perature is beyond the range used. For the simulation, the
voltage-dependence of RM parameters are modeled with the
third-order polynomials within the SPICE simulator.

The real advantage of our model is the ease with which it
can be used for transient co-simulation of RMs and electronic
circuits such as the temperature controller. The lower part
in Fig. 4 shows the block diagram of the RM TC IC fabricated
in IHP’s BiCMOS platform [7]. This particular TC IC is used

Fig. 4. Block diagram of co-simulation of RM SPICE model and RM TC
electronic IC.

since we have the IP but our SPICE RM model can be used
with any other TC ICs for Si photonic modulators [4]–[9].
Vout in the figure represents the modulated RM output power
normalized to the input optical power. The TC IC takes this
Vout and determines the optical modulation amplitude (OMA).
Then, the digital controller within the TC IC determines and
maintains VHeater that when applied to the RM on-chip heater
provides the optical RM temperature providing the maximum
OMA.

Fig. 5 shows the transient co-simulation results for the RM
together with the TC IC shown in Fig. 4. For the simula-
tion, the RM is modulated with 25-Gb/s 231-1 PRBS data.
1-ps resolution is used for the transient simulation. Initially,
the TC IC produces linearly increasing VHeater values for the
range of about 10 ◦C, with which the RM temperature is
scanned. Due to the RM temperature dependence, different
Vout and VOMA values are produced during this scanning,
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Fig. 5. (a) Simulation results for co-simulation of RM SPICE model and TC
IC, and (b) 25Gb/s eye-diagrams for different operating (temperature) points.

as shown in the figure. From the resulting VOMA values,
the digital controller selects the largest VOMA (Point B in
the figure) corresponding to the largest RM OMA. Then, the
digital controller maintains this condition with the feedback
control. All these processes are accurately simulated and eye
diagrams during any condition can be produced as shown
in Fig. 5. This allows the Si photonic transmitter designer the
detailed information on the temperature-dependent dynamics
of the Si RM and as well as how well the TC IC operates.

Such simulation should greatly enhance the design efficiency
of the temperature-controlled Si RM as well as the perfor-
mance of the resulting transmitter.

IV. CONCLUSION

We present a large-signal SPICE model for the Si RM
with temperature awareness. With our model, electro-optic
co-simulation of the Si RM with electronic circuits can accu-
rately and efficiently performed in the standard IC design
environment. With the model, we demonstrate the temperature-
dependent Si RM modulation dynamics together with the
TC IC can be successfully simulated. Our model should be
of great use for any Si electro-photonic integrated circuits
including RMs.
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