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A Large-Signal SPICE Model for VCSEL Based
on Piece-Wise Linear RLC Elements

Kihun Kim"™, Jun-Seo Kim™, Jae-Young Kim, Member, IEEE, and Woo-Young Choi*“, Member, IEEE

Abstract— We present an 850-nm VCSEL SPICE model that
can be easily used for VCSEL simulation together with driver
circuits. Our model consists of piece-wise linear RLC elements,
whose bias-dependent parameter values are determined from
measurement, and its configuration is determined with consid-
eration for modeling and simulation convenience. The accuracy
of the model is confirmed by comparing simulation results with
the measurement results for the single-bit responses and the eye
diagrams.

Index Terms— 850-nm VCSEL, equivalent circuit model, piece-
wise linear model, single-bit response, eye-diagram.

I. INTRODUCTION

VER the past decades, the widespread use of smart-
Ophones and the enormous development of various cloud
and mobile services have resulted in great demands for data
centers, accompanied by the significantly increased require-
ments for interconnect capacity within data centers. In order
to accommodate these requirements, optical interconnect solu-
tions are widely deployed in data centers. In particular, optical
interconnects based on the 850 nm VCSEL is the solution
of the choice for many short-reach interconnect applications.
In order to provide more cost-effective and higher performance
VCSEL-based optical transmitters, there is a need for estab-
lishing the VCSEL model that is accurate and convenient to
simulate together with VCSEL driver electronics. In previous
studies, the VCSEL characteristics have been modeled by
implementing the rate equations in Verilog-A [1], [2], [3] or
equivalent circuits [4], [S]. However, these approaches require
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Fig. 1. VCSEL equivalent circuit model composed of (a) electrical part and

(b) optical part.

a large number of modeling parameters, which most elec-
tronic circuit designers are not familiar with. In [6], a simple
second-order system is used, but its accuracy is not verified
for the large-signal characteristics.

In this letter, we present a new implementation method
for VCSEL equivalent circuit model, which is based on
bias-dependent RLC elements and whose model parameter
values are directly determined from measurement so that the
need for the rate equations is eliminated. The accuracy of our
approach is verified with single-bit response and eye-diagram
measurements. The letter is organized as follows. Section II
describes the proposed VCSEL equivalent circuit and the pro-
cess of extracting model parameter values. Section III explains
how the bias-dependent RLC elements are implemented with
voltage-controlled sources in SPICE. Section IV confirms the
accuracy of the proposed model by comparing simulation and
measurement results in large-signal characteristics. Finally, the
conclusion is given in Section V.

II. VCSEL EQUIVALENT CIRCUIT MODEL
A. Electrical Characteristics

Fig. 1 presents the VCSEL equivalent circuit model, consist-
ing of two distinct parts. The part shown in Fig. 1(a) represents
the VCSEL electrical characteristics that are determined by
the VCSEL device structure. It determines the relationship
between the externally injected current Iy, and the junction
current /; that participates in the VCSEL electro-optic (E-O)
modulation. A VCSEL device is electrically a PN junction
with its capacitance Cj and resistance R;. R; represents the
total resistance in the Distributed Bragg Reflectors, P- and
N-regions. Cpara accounts for any parasitic capacitance the
VCSEL device has between two contacts.

In order to extract the numerical values for Cpara, Rs, Cj,
and R;, S;; measurement on the commercial VCSEL device
used in our study was performed from 50 MHz to 30 GHz
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Fig. 2. Fitting result of VCSEL equivalent circuit for electrical characteristics.

TABLE I
EXTRACTED PARAMETERS FOR ELECTRICAL CHARACTERISTICS

Lo 2mA 4mA 6mA SmA 10mA
Cpara [fF] 6
R [Q] 27
G, IfF] 280 288 296 304 312
R; 2] 829 448 318 252 212
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Fig. 3. Comparison of simulation and measurement results for VCSEL’s I-V
curve.

with a network analyzer at various Ip;,s values. Numerical
values were determined so that measured and simulated Sy
results agree. Empty circles and solid lines in Fig. 2 show
the measurement and simulation results, respectively. Table I
shows the numerical values of model parameters. R; and Cj
values change with the bias current as the forward-biased PN
junction resistance and capacitance change with the injected
current. In addition, with the determined R; and R; values, the
VCSEL I-V characteristics can be simulated, and they agree
well with the measurement results as shown in Fig. 3.

B. Optical Characteristics

The dynamic behavior of a VCSEL is typically described
by rate equations, which govern the interaction between the
carrier density N(¢) and photon density S(¢) in the active
region as shown below [7]

dN@W I N®O ]
FTE - I'-g(N@)) - S@), (1)
ds S N
% =T .g(N@®))-S@t) — 50 + ﬁﬁ. 2
t TP N
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Comparison of fitting and measurement results for VCSEL’s L-I

Here, I represents the injection current, V is the volume of
the active region, ty and 7p refer to the carrier and photon
lifetime, respectively, I is the confinement factor, g(N(¢))
denotes the gain, and B represents the spontaneous emission
factor. From (1) and (2), the transfer function between the
injection current /; and the optical output power Poy can be
represented as a second-order system, characterized by the
resonance frequency f. and damping factor y [7]

7

i E)

According to the general characteristics of the VCSEL
device, when I; is small, the modulation bandwidth is small
due to small f; and there can be a large amount of peaking due
to small y. However, as Ij increases, although the bandwidth
initially increases, it is eventually saturated since it experiences
a large amount of damping. These can be observed in Fig. 4,
where empty circles show the measured modulation frequency
responses at several bias currents for the target VCSEL
device. These modulation characteristics can be modeled with
a bias-dependent RLC circuit and voltage source as shown in
Fig. 1(b), whose transfer function is given as

3)

H(f) = const -

1
4772L01n Copt

Pout(f)

S — L B 1 2 (L R
1= I T L g (. f)
Here, Ropt, Lopt, Copt and 1 are used to emulate H (f) in that it
produces the same dynamic behavior. The values of Ropt, Lopt

C)
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Fig. 6. Implementation of proposed model using bias-dependent elements.

TABLE I
EXTRACTED PARAMETERS FOR E-O MODULATION RESPONSE

Lo 2mA 4mA 6mA SmA 10mA
R, 2] 326 311 296 282 267
L, [nH] 11.85 5.03 3.28 2.37 1.85
Cope [TF] 44 41 38 37 37
n [W/A] 0.47 0.42 0.37 0.33 0.29

and Cop are determined by fitting the simulated modulation
responses to the measured as shown in Fig. 4, where a good
agreement can be observed. The numerical values of Ropt,
Lopt, Copt used for the simulation are shown in Table II.
Since VCSEL H (f) has bias-dependent f,. and y, the circuit
parameters given in Table II also change with the bias. It can
be observed that both 1/(27,/LoptCopt), Which corresponds to
JSr» and Ropt/Lopt, which corresponds to y, increase with the
bias current as VCSEL f, and y increase with the bias current.
n is the quantum efficiency, representing the ratio of optical
power Vopt(= 1 - (lj-In)) to the injected current /; at DC and
can be determined from the measured L-I characteristics of
the target VCSEL device. Fig. 5 shows the measured as well
as the fitted L-I characteristics for the target VCSEL device.
The n values used for fitting are shown in Table II. If the
model parameter values can be accurately adjusted for other
types VCSELs, this modeling approach remains valid.

III. IMPLEMENTATION OF BIAS-DEPENDENT
RLC ELEMENTS

Our VCSEL equivalent circuit shown in Fig. 1(a) and (b)
contains six bias-dependent circuit elements: R;, Cj, Vopi(=
n - (i-In)), Ropt» Lopt, and Copr. They can easily be imple-
mented in Cadence Virtuoso, the EDA tool most widely
used among IC circuit designers. Cadence Virtuoso allows
the simulation of such nonlinear behavior by modeling
them as voltage-dependent sources. Specially, if resis-
tance/capacitance values are given at several bias voltages
for a nonlinear resistor/capacitor, it automatically interpolates
the resistance/capacitance values at any bias voltage and uses
these results for the transient simulation. However, since
Cadence Virtuoso allows only voltage-dependent resistors
and capacitors, we have to modify our circuit so that the
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Fig. 7. Bias-dependent inductor emulator.

current-dependent resistors (Rj, Ropt) are represented with
voltage-dependent resistors by converting the current (/;) into
the voltage (Vpar) with 1 Q resistor to establish the VCSEL
model. For Cj, and Cop, a similar conversion can be done
as shown in Fig. 6. Since a nonlinear inductor is not allowed
in Cadence Virtuoso, we implemented an inductor-emulation
circuit shown in Fig. 7 with two ideal op-amps and impedances
Z1-s. Using the characteristics of an ideal op-amp with the
proper feedback and the basic circuit analysis technique, the
impedance Zp of the circuit in Fig. 7 can be determined
as

V3 V3 Z3

LW Tz, ®)
Z3

Zp =

Then, the impedance Z;, is given as

(-2 z, = (-2 (-2
2=(-2)z=(-2)(-2)2  ©

By setting impedances Z) =73 =Z4 =75 =1Q and Z, =
1/sC, Zi, simply becomes sC, making the circuit an inductor
emulator. A voltage-dependent capacitor element is used for
C so that the voltage-dependent inductance can be emulated.
Vopt can be easily represented by a voltage-controlled voltage
source.

IV. LARGE-SIGNAL MODEL VERIFICATION

Fig. 8 shows the measurement setup used for the verification
of the VCSEL model accuracy. A Pulse Pattern Generator
(PPG) is used to generate PRBS data and single pulses, and
the desired bias current is supplied by a DC supply. The
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Fig. 9. Measured and simulation results for single-bit responses of VCSEL

in Ty = 40ps, Vipp—p = 100mV. (a) falling with Ipjs = SmA, (b) rising
with Ipjps = SmA, (c) falling with Ipjag = 7mA, (d) rising with I, = 7mA.
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Fig. 10. Measured and simulated eye-diagram in Vjp p—p = 300mV for
PRBS-7 data at (a) 25Gbps with i, = SmA, (b) 25Gbps with I, = 7mA,
(c) 40Gbps with Ipjs = 7mA, (d) 50Gbps with I, = 7mA.

optical output of the target VCSEL device is coupled to
the Opto-electronic (O-E) converter through the optical fiber.
The characteristics of the O-E converter are de-embedded
from the measurement results.
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Fig. 9 and Fig. 10 show the comparison between the
simulation results using the VCSEL equivalent circuit and
the measurement results for single-bit response (SBR) and
eye- diagram measurements, respectively. Fig. 9 presents the
measured and simulated results of rising and falling SBR at
bias currents of 5 mA and 7 mA, with an input pulse width
Ty, = 40 ps and Vi p—p = 100 mV. Fig. 10(a) and 10(b)
present the measured and simulated 25 Gbps eye diagrams at
bias currents of 5 mA and 7 mA, with Vi, p , = 300 mV,
covering the VCSEL operating range from 2 mA to 10 mA.
Fig. 10(c) and 10(d) exhibit eye diagrams at different data
rates of 40 Gbps and 50 Gbps for bias current of 7 mA.
As demonstrated in these figures, there is a good agreement
between measurements and simulation results confirming the
accuracy of our VCSEL equivalent circuit.

V. CONCLUSION

This letter describes the construction of a VCSEL SPICE
model that enables co-simulation of a VCSEL device with the
driver circuit. The model has electrical and optical parts to
accurately represent the physical characteristics of the VCSEL
in each domain. In each part, the model reflects bias-dependent
characteristics using variable RLC elements. By comparing
measurement data with simulation results we confirmed the
accuracy of our model.
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