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Abstract
This paper presents some examples of behavioral
model hierarchies for optronic and photonic devices.
The methods used to overcome the limitations of

VHDL-AMS1 in modeling propagation phenomena are
described.

This work is part of an ongoing develop-

ment of mixed-domain simulation tools for the design
of optical links in a standard EDA2 framework.

1

Introduction

In the near future, interconnects will be a major
obstacle to the progression of electronic system performance. According to the ITRS[1], next generation
technologies will impose specications that metallic
interconnects will not be able to reach. Optical interconnects may constitute a suitable alternative to
overcome these constraints.
Depending on the length of the optical link, different technological solutions have been put forward:
board to board or chip to chip interconnects generally
use Smart Pixels (based on VCSELs3 and integrated
detectors), while on-chip interconnects are based on
integrated photonic devices (microsources, optical
waveguides, microresonators, photonic bandgap devices, etc.). The development of these alternative solutions is however viable only if CAD tools exist.
Generally, the trade-o in simulation time against
accuracy makes it necessary to build a hierarchy
of models: fast, high-level abstraction models are
needed to perform the simulation of large systems;
and "physics-based" models are necessary to obtain
accurate results at the low level. In the case of multidomain systems, one of the main diculties is to establish a clear, univocal hierarchy of the dierent levels of abstraction. This is due to the strong interaction between components arising from non-electronic
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phenomena (for example, the propagation of the optical eld in a guide depends not only on its own parameters, but also on the characteristics of the light
source). Thus, because of the diversity of component
behavior involved in optronic systems, a unique hierarchy, where each level is associated with a single
dedicated simulation engine, is not sucient. An effective CAD tool should bring together dierent modeling techniques and simulation algorithms. VHDLAMS is a language capable of answering these needs
[2].
However, in the case of optical devices and systems,
the main problem with VHDL-AMS is undoubtedly its
inability to translate partial dierential equations such
as Maxwell's equations, which describe light propagation. This paper shows that it is nevertheless possible
to overcome this fundamental limitation.
The rst part of this paper deals with the behavioral modeling of smart pixel based links: optronic devices and physical phenomena involved in such a link
may be modeled without using propagation equations.
VHDL-AMS is thus well suited to carry out transient
mixed-domain simulations.
The second part of this paper presents on chip interconnect modeling. In this case, photonic integrated
devices require that propagation phenomena should be
taken into consideration and VHDL-AMS is used as a
common description language for dierent simulation
engines.
2
2.1

VCSEL
Device presentation

VCSELs are a promising generation of optical
sources and appear well-suited to photodetection.
Low production costs result from the straightforward
fabrication of two-dimensional arrays, the possibility
for wafer-level testing, and their compatibility with
ip-chip bonding techniques. In terms of performance,
they provide a single longitudinal mode operation, a
small divergence angle and a low threshold current.

Also, their low power consumption and operating voltage make them compatible with simple drive circuits.
Fig. 1 shows the schematic of a top-emitting indexguided AlGaAs VCSEL processed at LETI (France)
[3] which was used for validation.
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In the case of this device, all the propagation phenomena can be approximated to a single dimension
by averaging all the magnitudes and phenomena on
the VCSEL surface. Hence, VHDL-AMS can be used
without restriction since all situations necessitating a
nite-element type of analysis have been removed.
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The behavioral model

The behavior of a VCSEL is complex and several
interactions come into play, as shown in Fig. 2.
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Figure 1: Structure of the VCSEL.
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2.2

Rationale for the use of VHDL-AMS

In the implementation of VCSELs in optoelectronic
integrated circuits, the thermal and optical interaction
with other devices have to be considered, as well as
electrical interaction. Also, it is essential to be capable of performing DC, AC and transient simulations
of these devices for the design and analysis of any optoelectronic system. For such simulations, a two- or
three-dimensional algorithm is not suitable because of
the simulation time constraints. One way of overcoming this problem is the implementation of the electrical
equivalent circuit in SPICE simulators (macromodeling). Even if such an approach was to be successfully applied to lasers and even to VCSELs, several
drawbacks would have to be taken into consideration.
First, the modication of any parameter implies that
at least a major part of the equivalent circuit needs to
be modied. In addition, the resulting relative diculty of linking the physical behavior to the equivalent
circuit elements has to be taken into account. Furthermore, optical component model equations, often
describing purely optical phenomena, must be solved
numerically, and this separately by an external program which has to be linked to the circuit simulator.
And lastly, an equivalent circuit implementation is demanding in terms of simulation time and stability conditions. Consequently, we have adopted another process (behavioral modeling) which enables us, by the
implementation of a relatively simple physical model,
to improve device performance via feedback to process
engineers, while also shortening design cycles.
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Figure 2: Synopsis of the VCSEL.
Since the numerous interactions cover dierent domains, it is worth stressing at this point the convenience and relevance of the use of VHDL-AMS.
We are aiming for a temperature dependent, physically based model. The core of the model thus lies in
rate equations, used in conjunction with a basic thermal equation and electrical equations. Self-heating in
a semiconductor laser has several eects on the performance and cannot be neglected. Rigorous analysis
of the thermal behavior of VCSELs requires rather involved numerical calculations [4]. Nevertheless, the
following equation (1) [5] provides a basic and convenient approximation which includes heat sources, heat
ows and thermal properties of VCSELs:
Cth

@T
= (PIV
@t
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T

Rth

(1)

The well-known single-mode rate equations can be,
by extension [5], [6], [7], used to describe the VCSEL's static and dynamic properties. Furthermore,
by providing a comprehensive description of physical
phenomena inherent to the VCSEL behavior, the rate
equations are well suited to a behavioral description.
The rate equations discussed previously can be
found in similar forms throughout the literature [8].
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Parameters are adjusted so as to t the experimental curves. This gain formulation allows us to remain
close to physical phenomena and should enable the description of any VCSEL cavity optical gain with sufcient accuracy (in the context of the simulation of
optical links).
However, it is important to note the complexity of
the system that VHDL-AMS has to solve.
We are aiming at modeling an optical link based
on free space propagation and terminating with a
quadratic photodetector. Consequently, it is necessary to determine the intensity distribution of the light
within the beam in order to complete the model.
The output power of a VCSEL can simply be related to the the photon density [9]. The VCSEL beam
is assumed to be Gaussian; the equation that enables
the calculation of the optical power received by a photodetector placed at a position zph from the VCSEL
can be found in the literature [10].
2.4

no commercial mathematical software is presently capable of delivering this solution, essentially due to the
logarithmic part of the optical gain expression. A numerical approximation to the DC solution was thus
developed in order to make the model convergent. The
accuracy of this DC solution (with respect to that
which would be generated by established equations)
needs to be high when using the solution as starting
point for transient and harmonic simulation. If this is
not the case, then these analyses fail to converge.
In this case, the DC solution was elaborated by a
minor simplication of the established equation, which
enabled very good matching between the real and approximated DC solutions.
2.5

characteristics

of VC-

Fig. 3 shows the measured light-current characteristics (source: LETI, France) with dierent cavity and
dielectric aperture ratios. The simulation results are
also plotted in this gure.
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Problems encountered with VHDLAMS

Two sorts of problem had to be solved and were
both due to the simulation engine used (Eldo).
First and foremost, the optical magnitudes are regularly much larger than those typically found in the
electronic domain: for example, the carrier density
and the photon density are often in excess of 1020 ,
whereas the simulator cannot handle variables with
values higher than 1012 . This means that when we set
these densities to their initial values in the rst simulation step, the simulator generates a non-convergence
error. Our solution was to scale all the equations so as
to keep all variable values below the 1012 maximum,
while at the same time taking care that the smallest
values in the equations remain signicantly larger than
machine rounding.
The second problem to be resolved was due to the
strong non-linearity of the equations. The equations
describe the transient as well as the static behavior
by setting all time derivatives to zero. Because of the
strong non-linearity of the equations, the simulator
fails to converge to a DC solution and consequently
disrupts any other type of simulation (transient, harmonic) based on the DC solution. Ideally, the formal
solution of the system should be generated; however,
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Figure 3: Comparison of experimental and simulated
(dashed curves) light-current characteristics of VCSELs with dierent cavity and aperture diameters.
The simulation results t the experimental curves
with a maximum error of 10%: the results concerning
the threshold current match with a maximum error of
5%.
2.6

Transient and harmonic analysis results

The stability and precision of the DC analysis descibed above allows the possibility of running convergent transient and harmonic analysis.
We have simulated (g. 4), on a Sun Sparc 5 workstation, a pre-biased 450Mb/s data emission: the simulation time is about 5 minutes. The optical output
power results are quite similar to those found in the
literature. Transient results have not been validated
experimentally, but they can be supposed suciently
viable since based on both a true validated DC analysis and recognized rate equations.

In this section, we examine the possibility of modeling integrated optics and present the necessary link between VHDL-AMS and a FEMs simulator to achieve
a complete design ow.
3.1

Straight waveguide and coupled parallel waveguides

We can describe propagation in a waveguide by
equation (4):
2hp
(4)
tan hd = 2 2
p h
p

Figure 4: Transient analysis results of optical output power, inner cavity temperature, threshold current variation and input current
It is important to note that the inner-cavity temperature and threshold conditions require a few periods to stabilize to a constant value. Future work can
exploit this property to develop a simplied thermal
model for transient analysis. This can subsequently be
used in a higher-level model to simulate data emission
with reduced simulation time.
The AC behavior has not yet been validated experimentally. Nevertheless, the bandwidth values resulting from simulation match those found in the literature.
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On-chip Interconnect

As in telecommunication applications, optical interconnects may also be used in photonic or hybrid
integrated circuits. However, their use is conditional
on the availability of optical device libraries compatible with standard IC design ows. To address this
need, we consider VHDL-AMS as capable of building
a self-consistent model hierarchy (with or without the
aid of a backplane nite-element simulator). However,
numerical techniques are also required to simulate an
optronic or optical component at the device-level; this
approach targets post-layout simulation.
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Parallel waveguides exhibit (g. 5) coupling phenomena, dependent on the modal propagation constant , physical and geometrical parameters.
n2
y
x

n1

Conclusions

Our VCSEL behavioral model is physics-based and
includes all major loss mechanisms that can potentially limit the device performance. It is quite generic,
convergent in all type of analysis and gives rise to simulation times which are compliant with system design
cycles. We can conclude that although VHDL-AMS
is not aimed primarily at the simulation of optoelectronic devices, it can still t depending on the device considered. Reservations have to be expressed
concerning devices where nite-element type analysis
cannot be circumvented.
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p

2, h =
2 n22 k2 and k = 2 .
where p = n21 k 2

n1 and n2 respectively represent the material and the
air refractive index,  is the free wavelength. is the
propagation constant, the crux of the equation.
Equation (4) does not converge with the VHDLAMS simulation engine, so we have rewritten it in the
following form
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Figure 5: Geometry of two parallel waveguides
Equation (6) describes the coupling constant g :
g=

2p2 h exp
( hs)

2
d + h (h2 + p2 )

(6)

where s represents the distance between the two parallel waveguides. The distance at which a complete
power transfer occurs from one waveguide to another
is given by Ltrans = 2g [11].
We will now describe the implementation of the
modal constant propagation model in VHDL-AMS.
This is possible since the above equations are algebraic.
Fig. 6 shows the results of a transient simulation
(with Eldo) of the VHDL-AMS coupling model previously described. The simulation gives the output

3.2.1

Figure 6: Upper straight waveguide output
power of the top waveguide for various distances between the waveguides (0:3m, 0:2m, 0:15m).
This simulation requires less than one second to be
achieved on a Sparc5 workstation.
3.2

Microring resonators

Microring resonators [12] can be used as a basic
component in order to build an integrated interconnect network based on wavelength routing. A simple
ring resonator evanescently side coupled to a pair of
signal waveguides is depicted in gure 7.
Sd
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Figure 7: Microring resonator lter
As described in [12], we have the following power
transfer characteristics by considering a steady state
incident signal Si with time dependency Si /
exp [j!t].
St

j (! !0 ) + 1 2e
 Si
=
j (! !0 ) + 1

Sd =

2

j (!

e

!0 ) + 1

 Si

Firstly, we must determine the resonant frequencies !0
of the lter. The implicit equation which gives us the
resonant frequencies in terms of the azimuthal mode
number and the radius mode number can be found in
[13]. Unfortunately, we cannot compute the resonant
wavelength with the Eldo simulation engine for two
reasons: rstly, we must give an operating point sucently close to the solution, but we do not know a priori even an approximate value; and secondly, we need
to know all the solutions in a given range wavelength,
but we do not know the number of the solutions.
To overcome this problem, we have implemented an
algorithm in C which solves the previous equation and
passes the dierent resonant frequency values to the
microring model.
3.2.2

(7a)
(7b)

where 1 = 2e + 1l . e and l are the decay rates
related, respectively, to the power leaving the input
waveguide/ring and the power lost by surface scattering. ! and !0 represent, respectively, the input
frequency and the resonant frequency.

Coupling parameter computation

To simplify the model, we neglect the loss due to intrinsic eects, so 1 ' 2e . We nd from [12] a link between e and 2 which represents the fraction of power
coupled out of the ring over the interaction region.
The expression for  is given in [14]. This coecient
is dependent on the geometrical and physical parameters and the transverse propagation constant in the
core. This latter constant depends on the same coefcients but it is given by an implicit equation such as
equation (5). Thus, the implementation and the computation of the coecient is possible via the NewtonRaphson algorithm in VHDL-AMS.
3.2.3

St

Computation of resonant frequencies

Transfer function expression

From the formulation of Sd , we can obtain a power
transfer function in the frequency (eq. (8)) and time
(eq. (9)) domains:
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with Ps (t) = h (t) Pe (t), Px (t) = [Sx (t)]2 .
In order to solve this equation, the absolute value
of the innite-impulse response (IIR) h (t) is approximated by a 1st order recursive numerical lter and
thus computes the convolution numerically:
Ps (kTe ) =

4



 Pe (kTe ) + a  Ps ((k

1) Te )

(10)

where a = exp



2Te



and Te is the sampling pe
riod. Finally, we can compute step by step the output
power value.
3.3

FEMs requirement

Dierent levels of abstraction are not always supported by electrical simulators, particularly at the device level and also at the layout level. In the case
of integrated optical device simulation, computational
electromagnetics methods are required.
In cases where the optical carrier cannot be neglected, the use of a method which solves Maxwell's
equations is necessary. The Finite-Dierence TimeDomain (FDTD) algorithm [15] is one of the most popular numerical methods for the solution of problems
in electromagnetics. The FDTD algorithm is based on
a second-order approximation to Maxwell's equations
accurate in both time and space. Accuracy can be
kept high and numerical dispersion small by having a
sucient number of grid spaces per wavelength. Its
main disadvantage is that it is expensive in terms of
memory and CPU time.
In order to simulate systems containing both electronic and optical devices, a link between VHDL-AMS
and a Finite-Elements method is required. Two main
approaches exist: the rst consists of considering 3
simulators: analog, digital and FEM, interconnected
by a co-simulation bus. The second focuses on a Spicelike simulator as a single simulation engine and a simulator based on a FDTD algorithm encapsulated in
a VHDL-AMS architecture. The latter is more interesting, because of the system level designer does
not know that the FDTD algorithm was used. Unfortunately, the FDTD algorithm was called for each
computational step of the electrical simulator and the
time necessary for simulation was not acceptable for
system level simulation.
4

Summary and Conclusions

We have shown that optoelectronic devices such as
VCSELs and passive components for optical interconnects can be modeled using the VHDL-AMS standard
language. Some limitations of the language may be
pointed out. The lack of specic structures able to
handle high frequency phenomena penalizes accuracy
and computation speed for system level simulation.
From the device designer's point of view, the language
should provide a direct interface to a partial dierential equations solver. Thus, to take into account the
particular characteristics of these problems, future developments of HDL's should provide links to dierent
simulation engines. Nevertheless, this work shows that
it is possible to simulate complex systems, including
optics, with VHDL-AMS.
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