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Abstract — We present a linear equivalent circuit model
for the depletion-type Si microring modulator (MRM). Our
model consists of three blocks: one for parasitic components due to interconnects and pads, one for the electrical
elements of the core p-n junction, and the third for a lossy
LC tank representing Si MRM optical modulation characteristics. Model parameter values are extracted from measurement of a fabricated Si MRM device. Simulated modulation
characteristics with our equivalent circuit show very good
agreement with measured results. Using our model, we can
analyze Si MRM modulation frequency response characteristics and perform gain-bandwidth product optimization of
the entire Si photonic transmitter composed of a Si MRM
and electrical driver circuits.
Index Terms — Equivalent circuit model, optical
interconnect, silicon photonics, Si ring modulator.

I. I NTRODUCTION

S

i PHOTONICS is attracting a great deal of research and
development efforts, since it can provide cost-effective,
high-bandwidth, and small-footprint optical interconnect solutions [1]. Among several photonic devices that can be used
for Si photonic interconnect systems, the depletion-type Si
microring modulator (MRM) is of special interest as it has
large modulation bandwidth, a small footprint, and low-power
consumption [2]–[7]. In designing optimal Si MRMs for target
applications, a model that can accurately predict Si MRM
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modulation characteristics is very important. There have been
several reports on Si MRM modulation characteristics analyses
using either the time-dependent dynamics model [8] or the
model based on the coupled-mode theory [9]–[15]. The timedependent dynamics model provides very accurate results but
using it can be computationally intensive. The model based on
the coupled-mode theory is computationally less intensive, and
its numerical solution has been implemented in Verilog-A [15],
a popular behavior-level simulator among circuit designers.
These numerical approaches, however, are not very convenient
to use for design optimization.
In this paper, we introduce a linear equivalent circuit whose
output voltage models the normalized output optical power
of Si MRM in small-signal modulation condition. Although
there have been several reports on the Si MRM circuit
model [13]–[16], ours is the first model that can simulate both
electrical and optical characteristics of the Si MRM entirely
based on circuit parameters. In particular, using the circuit
model for the Si MRM modulation characteristics, instead of
scattering parameters or transfer functions within the circuit
simulator, allows faster simulation, especially when designing
integrated circuits containing several Si MRMs and electronic
circuits. In addition, values of all our circuit parameters can
be extracted in a straightforward way as will be demonstrated
in this paper.
This paper is organized as follows. In Section II, we
give details of our circuit model. In Section III, we explain
how model parameter values are extracted from measurement.
We also confirm the accuracy of our model by comparing
Si MRM modulation characteristics simulated with the circuit model in Cadence Spectre, a very popular electrical
circuit simulator, with measurement results. In Section IV,
we demonstrate the usefulness of our model by analyzing the
gain-bandwidth product of the entire Si photonic transmitter
composed of a Si MRM and driver electronics. Section V
concludes this paper.
II. S I MRM E QUIVALENT C IRCUIT M ODEL
Fig. 1(a) and (b) shows the device structure and the cross
section of a depletion-type Si MRM, respectively. The Si
MRM device used for this paper has been fabricated through Si
PIC MPW provided by IHP. The ring waveguide is divided into
n- and p-regions with the nominal peak doping concentration
of 7 ×1017 cm−3 for p-region and 3 ×1018 cm−3 for n-region.
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Fig. 1. (a) Structure, (b) cross section, and core electrical model of Si
MRM. (c) Block diagram of Si MRM equivalent circuit.

The nominal width ratio is 2:3 for n- and p-regions.
Similar devices having different doping concentrations have
been used for parametric characterization of Si MRM selfheating [17]. In a depletion-type Si MRM, its p-n junction
reverse bias voltage is modulated by external voltage signals,
which causes the effective index modulation for the ring
waveguide [18]. With this, the Si MRM resonance wavelength
shifts and the amount of light coupled into the optical output
port is modulated. The device can be modeled with three
blocks, as shown in Fig. 1(c): BPara for parasitic components
for pads and interconnects, BCore for electrical components of
the Si MRM core, and BOpt for a lossy LC tank, representing
small-signal optical modulation characteristics of Si MRM.
Detailed explanations for each block are given as follows.

A. BPara : Pads and Interconnects
In previously reported models for Si MRMs, the influence of
pads and interconnects has been considered together with the
Si MRM core and simply modeled by one capacitor [14]–[16].
However, as the modulation speed increases, the effect of these
parasitic components becomes more significant and providing
an accurate model for them becomes necessary. Fig. 2(a)
shows the parasitic components that should be considered.
Cpad is the capacitance between two signal pads as well
as metallic interconnects lines, and Cox1 and Cox2 are the
capacitance between pad and silicon substrate for n-port and
p-port, respectively. Rsub is the resistance through the silicon
substrate between n-port and p-port pads through Cox1 and
Cox2 . L int1 , L int2 , Rint1, and Rint2 are inductances and resistances of interconnect lines for n-port and p-port terminals.
Cc-c represents the capacitance between two metal openings

Fig. 2. (a) Parasitic components for pads and interconnects and (b) their
equivalent circuit (BPara ).

Fig. 3. Equivalent circuit for Si MRM Core (BCore ).

to n+ and p+ regions. The output voltage of this block is
the voltage across the Si MRM p-n junction (Vp-n). Since
the same amount of current flows in both n-port and p-port
interconnect lines in this two-terminal device, we can simplify
the circuit by using Cox = Cox1 ||Cox2, L int = L int1 + L int2 , and
Rint = Rint1 + Rint2 . Fig. 2(b) shows the resulting equivalent
circuit for BPara .

B. BCore : Si MRM Core
As shown in Fig. 1(b), the Si MRM core can be modeled
with RC components [14]–[16]. C j represents the junction
capacitance for p-n junction, Rn and R p represent the resistances in the doped Si layers, Cn and C p represent the capacitance between doped silicon layers and the silicon substrate,
and Rsi represents the resistance of the silicon substrate below
the device. Fig. 3 shows the equivalent circuit of the Si MRM

1142

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 64, NO. 3, MARCH 2017

Fig. 4. Equivalent circuit for Si MRM optical modulation characteristics (BOpt ).

core where Rs = Rn + R p and Csi = Cn ||C p . The output
signal of this block is the voltage across C j , since light in the
Si MRM is modulated by the effective index variation due to
the junction voltage (V j ) variation.

C. BOpt : Optical Modulation Characteristics
When the Si MRM is modulated with a small-signal junction voltage given as V j (t) = v0 cos(ωm t) around the bias
voltage, the change in the effective index with time, η(t), can
be expressed as
∂η
η(t) =
v0 cos(ωm t).
(1)
∂Vj
Considering only the linear response, the output optical
signal is also modulated with the same angular frequency ωm .
The modulated optical signal is detected by a photodetector,
generating photocurrents that are proportional to output optical
power, Pout , of the Si MRM. This process can be modeled in
the s-domain based on the coupled-mode equation as [11], [12]
Pout /Pin (s)
V j (s)
ωr D/τe
s + 2/τl
4 ∂η
·
· 2
· 2
=
2
η0 ∂ V j D + 1/τ
s + (2/τ )s + D 2 + 1/τ 2
(2)

 O (s) =

where D(= |ωin − ωr |), the detuning parameter, represents
how much the input light angular frequency ωin is detuned
from the ring resonance angular frequency ωr , and and η0
represent the effective index of the ring waveguide at the
given bias voltage. τl and τe are decay time constants of
the ring resonator due to the round-trip loss and ring-bus
coupling, respectively. They satisfy 1/τl + 1/τe = 1/τ , where
τ is the total decay time constant for the ring resonator.
Equation (2) represents a two-pole and one-zero linear system
whose damping factor ζ and natural frequency ωn are given
as ζ = (1/((1 + D 2 τ 2 )1/2 )) and ωn = (D 2 + (1/τ 2 ))1/2 .
Since ζ is smaller than 1 unless D = 0, the Si MRM has
the underdamped modulation frequency response except at the
resonance frequency.
Fig. 4 shows BOpt that models the transfer function
given in (2), where Vout represents normalized output power
(Pout /Pin ). It is composed of a lossy LC tank with a voltagecontrolled current source having transconductance g and two
additional resistors, R1 and R2 . The transfer function for this
circuit is given as
 E (s) =

s + RL2
g
VOut(s)


=
V j (s)
C s 2 + 1 + R2 s +
C R1
L

1
LC



R2
R1

.
+1
(3)

Fig. 5. Measured (circles) and simulated (colored solid lines) S11 of Si
MRM at VBias = −1 V.

By comparing (2) and (3), we can express circuit parameters
in terms of τe , τl , and D as
τe
R1 C =
(4)
2
L
τl
(5)
=
R2
2
R1
= [(1/τ 2 + D 2 )τe τl /4 − 1]
(6)
R2
and
g=

ωr D
1
2 δη
·
·
U.
η0 δv D 2 + 1/τ 2 R1

(7)

The unit conversion factor U (= 1 V) is added in (7),
so that g can have the correct unit of transconductance.
Our model preserves the physical meaning of the two time
constants of the ring resonator by representing τe with
R1 C and τl with L/R2 . The factor of two shows up
in (4) and (5), because τe and τl are time constants for electrical fields whereas the equivalent circuit models the optical
power. Damping factor ζ and natural frequency ωn
are given as ζ = (C R1 R2 + L)/(2(LC R1 (R1 + R2 ))1/2 )
and



1
1
R2
+ 1 = ((1/(LC))((R2 /R1 ) + 1)) 2 .
ωn =
LC R1
III. PARAMETER VALUE E XTRACTION AND
M ODEL V ERIFICATION
BPara can be determined from electrical S11 measurement
of short and open test patterns having the same pad and
interconnect structures as the target Si MRM fabricated on
the same die [19]. In this paper, open and short test patterns
have the same structure from pad to Metal 1. Since neither
short nor open test pattern includes Cc-c , we first determined
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E XTRACTED PARAMETER VALUES FOR BPARA AND BC ORE
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TABLE II
BO PT PARAMETER VALUES

Fig. 7. Measured (circles) and simulated (solid lines) relative frequency
responses at three different detuning values (VBias = −1 V).

Fig. 6. Measured and simulated transmission characteristics of Si MRM
at VBias = −1 V.

the value of Cc-c by EM simulation. Then, by fitting simulated S11 values to measured results, we can determine the
numerical value for each component in BPara , as shown in
Table I. With BPara known, BCore can be determined by
fitting simulated S11 values for BPara and BCore into measured
values. Fig. 5 shows the magnitude and phase response of
measured (circles) and simulated (colored solid lines) S11
values at VBias = −1 V with extracted parameter values listed
in Table I.
For BOpt , values for L, C, R1 , and R2 can be determined
from τe , τl , and D using (4)–(6). With the knowledge of R1
value, g can be determined from optical parameters, η0 , D,
ωr , τ , and δη/δv. For determination of η0 , the ring resonance
mode number m can be first identified as 85 from waveguide
simulation of the Si MRM. With this, η0 can be determined
as 2.637149 at VBias = −1 V from the resonance condition
mλres = Lη0 with measured λres . The value of τe and τl , can
be determined by fitting the Si MRM steady-state transmission
characteristic given as [20], [21]


 j ω − j ωr + 1/τl − 1/τe 2
Pout
 .

=
(8)
T =
Pin
j ω − j ωr + 1/τl + 1/τe 
to the measured transmission characteristics, as shown in
Fig. 6, at VBias = −1 V with the minimum mean squared
error [22].

Fig. 8. Simulated normalized frequency responses of BPara , BPara , and
BCore , and BPara , BCore , and BOpt at three different detuning values.

For this measure, input optical power after the grating
coupler is minimized to −15 dBm in order to avoid any selfheating. With this fitting, τe = 24.635 ps and τl = 22.882 ps
are determined. The value for g can be determined
from (7) using the measured value of δη/δv of 2.2 × 10−5
at VBias = −1 V. The corresponding BOpt circuit parameter
values at three different detuning values are listed in Table II,
where R2 is fixed at 10 k for convenience.
The simulated Si MRM modulation frequency responses at
VBias = −1 V for three different detuning values are shown in
Fig. 7 along with the measured results. Both simulation and
measured results are normalized to the low-frequency value
of case (A). The simulation is done with Cadence Spectre
(Virtuoso Version No. 14.1.0.459), using circuit parameters
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IV. A PPLICATION OF THE E QUIVALENT C IRCUIT
Using our model, we can identify how much each of
Bpara , BCore, and BOpt contributes to the modulation frequency
response. Fig. 8 shows the simulated normalized modulation
frequency responses for only parasitic components (BPara ),
including parasitic and core components (BPara and BCore ), and
full equivalent circuit model (BPara , BCore , and BOpt ) for three
different detuning conditions. For the Si MRM device under
investigation, the 3-dB modulation bandwidth due to electrical
components is approximately 65 GHz, and consequently, the
modulation frequency response is mainly limited by BOpt .
It is possible to enlarge the bandwidth of BOpt by reducing
Q-factor of the ring resonator, or by designing a Si MRM
having lower value for τ but at the cost of reduced modulation
gain as can be seen in (7).
The real advantage of the Si MRM equivalent circuit is
the ease with which it can be used for cosimulation of
electronic circuits and Si MRMs in a similar manner as
has been demonstrated for Mach–Zehnder modulators and
electroabsorption modulators [23], [24]. Fig. 9(a) shows a
schematic for an integrated Si photonic transmitter based on
a pseudodifferential cascode common-emitter driver and a
Si MRM. Such an integrated circuit can be fabricated with
IHP’s EPIC technology, which provides monolithic integration
of 0.25-μm SiGe BiCMOS and Si PIC technologies [25].
In this transmitter, the value of load resistance R L should
be carefully optimized. Fig. 9(b) shows the simulated gainbandwidth products as a function of R L and D. Simulated
frequency responses for selected points are shown in Fig. 9(c)
for different D values and in Fig. 9(d) for different R L
values. Clearly, the gain-bandwidth product is a sensitive
function of electrical characteristics represented by R L and
optical characteristics represented by D, and our Si MRM
circuit model allows its optimization in a very straightforward
manner.
V. C ONCLUSION
We presented an equivalent circuit model for the depletiontype Si MRM. The model has three blocks, each of which
models parasitic components, core Si MRM p-n junction, and
the modulation characteristics of the Si MRM. The circuit
model parameters are extracted from relatively simple device
measurement and simulation. The accuracy of our model is
confirmed by measurement. Our circuit model allows efficient
cosimulation of Si MRMs with electronic circuits in the standard electronic circuit simulation environment, which should
be of great help for efficient design of Si electronic-photonic
integrated circuits containing Si MRMs.
Fig. 9.
(a) Schematic of Si MRM transmitter. (b) Simulated
gain-bandwidth product of the transmitter with different driver load
impedance (RL ) and D values. Simulated transmitter frequency
responses at (c) three different detuning values with RL = 100 Ω and
(d) four different RL values with D = 90 GHz.

values given in Tables I and II. Clearly, different modulation
frequency responses of Si MRM at different detuning conditions are accurately modeled with our equivalent circuit.
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