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Abstract

This paper presents a system capable of static and dynamic simu-
lations of heterogeneous opto-electronic systems. It is capable of
modeling Gaussian optical signal propagation with mechanical
tolerancing at the system level. We present results which demon-
strate the system’s ability to predict the effects of various compo-
nent parameters, such as detector geometry, and system level
parameters, such as alignment tolerances, on system performance.

1.  Introduction
Free space opto-electronic (FS-O/E) information processing

systems are key components of the next generation of computers
and communications networks. Currently the “state of the art” for
design and analysis of these systems is to use a set of ad-hoc pro-
cedures to generate end-to-end system performance estimates
based on empirical characterizations of the component devices.
This painstaking technique results in rough approximations
which must then be refined by actually prototyping each of the
particular systems under consideration. As a result, while many
systems have been proposed, few FS-O/E systems have been
designed, and fewer still have been built. This is in sharp contrast
to the growth of rapid prototyping systems in the electronic
(VLSI) domain, where the path from concept to system is often
as short as a few weeks.

The basis for this problem become clear when we look at an
example of a prototypical opto-electronic system as shown in
Figure 1. This figure shows a simple system consisting of a digi-
tal logic module interfaced to a vertical cavity surface emitting
laser (VCSEL) array that supports parallel information channels.
These are switched by a spatial light modulator (SLM) and
directed to a detector array where the channels are received and
passed on to another digital sub-system. The two digital sub-sys-
tems could be composed of simple logic modules, or could be as
complex as an array of processing elements (i.e., CPUs), making
the system a tightly coupled parallel processor. In this case, the
opto-electronics would provide high bandwidth channels
between the processors [3] [13]. Over the past decade, many
hybrid systems of this type have been proposed for applications
as diverse as Multistage Interconnection Networks, Crossbar
Switches, Intelligent Optical Backplanes, Optical Neural Sys-
tems, 3-D Digital Optical Computers, and Analog Optical Pro-
cessors [1] [8].

The design of these complex systems has been impeded
because currently, there are no O/E system level modeling tools.
To date, there has been some work on CAD systems exclusively

for fiber networks [4]. Other researchers have focused 
mechanical issues [19]. Also, several researchers have propo
to implement systems level tools by extending an existing sim
lation language such as VHDL [6], SPICE [16], or by using
prototype microelectronics CAD tool such as Genesys [5]. Oth
groups have built their work on extending signal propagati
models [12] or device models [11] [18]. The problems with the
techniques come from the limitations imposed by trying 
extend available tools beyond their original capabilities. It is d
ficult to successfully generalize these tools for a wide range
opto-electronic system level concerns.

In contrast, we have created a framework, as well as simu
tion and analysis tools, that use system level models of opto-e
tronic components. The framework provides bridges 
specialized tools with analysis filters to sort and aggregate th
results [10]. The simulation tool provides system level simulati
and analysis for opto-electronic devices (e.g., modulators a
sources) with a high level optical system simulator based 
Gaussian beam propagation. It is this system level simulat
tool which is the focus of this paper.

The remainder of this paper is organized as follows. We fi
present some background on the models necessary in O/E sy
level design. We then show the results of our modeling efforts 
O/E signals and components, appropriate for system simulat
We continue by presenting results from static and dynamic sim
lations of a simple system and show how our tool can be use
perform technological and architectural trade-offs. We conclu
with our plans for future work.

2.  System Level Models
A system level model can be defined in terms of its mode

for “modules”, the “signals” which pass between them, and t
“dynamics” of the system behavior. For O/E systems our sign
are electronic as well as modulated carriers, i.e., beams of lig
The characteristics of this carrier are as important to model as
signal itself. Therefore, we need to have a flexible model for t
propagation of optical signals. Using the characteristics of bo
the optical and electronic signals which carry informatio
between the components, we can then define models for the 
tem component modules in terms of the ways they transform 
characteristic parameters of these signals. Finally, our mode
the dynamic system behavior is based on a time domain anal
of the propagation of the signals through the components.

We first review some basic properties of optical signals a
then present the Gaussian models we use to model propaga
power, tolerancing, and clipping of optical signals for free spa
O/E systems.

2.1  Propagation Models for Optical Signals
There is a range of abstractions which could be used 

modeling optical signal propagation [17]. The most basic mod
is ray optics, or geometrical optics, where we use simple geom
try and the normal of the propagating wave. More detail can
gained using Gaussian beams, which are models of para
waves, a simplification of more general wave optics, which u
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scalar waves to model propagation. An even more general model
is electromagnetic optics where the true E/M fields are directly
modeled. Finally, quantum optics, or quantum electrodynamics,
are required to model propagation in certain non-linear optical
materials. For system level design and analysis, ray optics are
appropriate for the most basic models, while Gaussian beam
optics models are more appropriate for typical FS-O/E system
applications.

2.1.1  Geometric Propagation Models
For simple approximations, which do not consider phase,

polarization, wavelength or intensity, we can use the most basic
model of propagation, ray optics. We present a brief description
of both optical signal propagation and ideal optical device mod-
els below.

For this discussion we assume that light is propagating in
the positive z direction. An ideal ray of light at any point along
the z axis is characterized by its x, y position and itsρ andθ
angles with the z axis in the x and y planes. The geometric trans-
formations performed on this ray by its passing through linear,
ideal optical components can be captured in the simple 2-D ray
transfer matrixM :

Analogous to the transformation matrices used in graphics
and image processing, propagation through multiple or cascaded
components can be modeled by a concatenation of multiplica-
tions. These geometric models give some insight into the physi-
cal (3-D) configuration of opto-electronic systems. However,
they do not handle many important issues essential to designing
the non-ideal and non-linear devices needed for information pro-
cessing systems.

2.1.2  Gaussian Propagation Models
For modeling non-ideal sources that generate wavefronts

making small angles to the z axis, such as laser sources, we use a
Gaussian beam approximation. Here we minimally introduce
parameters for the wavelength,λ, the beam waist (or spot
radius),W, the Rayleigh range (or depth of focus),z0, and the
intensity of the light. Using the abstraction of a “beam,” we can
still model the propagation of the center of the beam using the
algebra for geometric propagation of rays, with the addition of
equations for the transformations for the intensity and beam
waist for each component. Further, we must add a notion of opti-
cal power. Optical power is the integral of the intensity of the

beam over the area of incidence. In the ideal case, beams are
row and physically far apart. In practical systems, beams d
perse, and arrays of beams travel through common compone
The beams are detected by arrays of detectors where prac
constraints on component sizes and spacing makes the ove
ping of beams non-negligible, leading to cross talk.

However, the Gaussian beam approximation fails when 
beams are clipped by the optical components through which t
pass. In those cases, the equations for intensity and beam w
break down. Breakdowns can occur for systems with arrays
microlenses, or lenslets, where logical or physical constrai
cause splitting or clipping of the Gaussian beams.

Clipping a Gaussian beam through a circular aperture giv
a power loss related to the size of the aperture:

where  is the ratio of the diameter of the

aperture to the beam waist size at the aperture. For  
clipping is less than 0.1% and can be ignored. For severe clipp
( ) the Gaussian approximation breaks down completely. F

moderate clipping ( ), the diffractive effects can b
modeled as shown below. In this range, the power loss va
from 13% to 0.1%. However, the loss in power is not the mo
significant change. Clipping the beam also distorts its shape [1
The change in shape can be modeled by using a new Gaus
beam with a new “effective” beam waist:

whereWo is the initial waist,p = , z is the distance from

that waist to the aperture, andz0 is the initial Rayleigh range. The

effective waist can vary by  relative to

the initial waist for . The new “effective” Rayleigh
range is then:

which means that the beam divergence can vary from the orig
by as much as:  for .

Figure 1: FS-O/E System

SLM

4f Imaging
4f Imaging

Detectors

Modulator Electronics

VCSEL Array

Digital Logic
Digital Logic

Amplifiers

y'

θ'
M y

θ
= x'

ρ'
M x

ρ
=(1)

(2) Pnew P 1 e
2k

2
–

–
 
 
 

=

k Dapt 2Wapt( )⁄=

k 2.12>

k 1≤
1 k< 2.12≤

W0eff W0 1 e
k

2–
–( ) pk

2
2π( )⁄( )cos⋅=(3)

2π z z0⁄( )

36.8%± W0eff 1.12%±< <

1 k< 2.12≤

(4) z0eff

πW0eff
2

λ
--------------------=

60.0± % z0eff 2.23± %< < 1 k< 2.12≤



ed
 of

th
We

he
nce

E,
d to
.

We
pli-

n-
e

e-
en-
nce

on

ic
ion,
ser
While the total power will be decreased by the clipping at
the aperture, it is interesting to note that the cosine term can be
either positive or negative allowing the effective waist to become
either larger or smaller than the initial waist. With the combina-
tion of the new power, effective waist, and effective Rayleigh
range, a new Gaussian beam can be used in place of the original.

2.2  Device Models
Continuing our presentation of our electro-optic models, we

move to active device models for transmitters and receivers.
While these models are also approximations, they are accurate at
the level of abstraction required for system level design and anal-
ysis.

2.2.1  Transmitters
Transmitters can be either based on an emitting source tech-

nology, such as VCSELs [9], or a modulation technology, such as
multiple quantum well (MQW) modulators [15].

Figure 2 shows driver electronics and a MQW modulator
reflecting a portion of the incident light, Pom, as modulated opti-
cal power, Poptic. Both reflective and transmissive modulators are
possible. In either case, the key parameter is the amount of opti-
cal power which is absorbed by the modulator as a function of
the controlling voltage. Equation 5 shows a model of the rela-
tionship of input modulation voltage to absorbed optical power
for the MQW modulator. In this example, the modulator absorbs
a fraction of the input optical power and reflects the rest. The
relationship of the modulation voltage to absorbed optical power
is modeled using a Lorentzian lineshape:

The functions k(V) and Is(V) for the knee and saturation
current are interpolated from empirical measurements and A is
the area of the modulator [7]. Figure 3 shows this relationship for
typical values of incident optical power and modulation voltage.

Equation 6 shows the relationship of incident power to reflect
power. Note that the reflected optical intensity is the inverse
the electrical modulation signal.

Alternatively, VCSELs generate optical beams directly wi
a power dependent upon the input drive electrical power. 
model our VCSELs as in Equation 7.

where Ith is the laser threshold current, Vth is the laser threshold
voltage,ηth is the laser L-I slope efficiency, and Pin is the input
power.

2.2.2  Receivers

A generic single ended receiver is shown in Figure 4. T
two primary components are a photo-diode and a transimpede
amplifier. This circuit was modeled and simulated with SPIC
and the characteristic parameters were extracted and use
define the transfer function for system level simulation
Equation 8 shows our model of the detector in the s-domain. 
use the Laplacian transfer function for a transimpedence am
fier with a feedback resistance, whereR is the total resistance,C
is the total capacitance, andA is the gain of the amplifier.

Equation 9, uses this transfer equation to give the relatio
ship of the input optical power to the output voltage for th
photo-diode, single stage transimpedence amplifier receiver.

Taking the inverse Laplacian, the function can be repr
sented in the time domain. The voltage output function is dep
dent on both the signal input and the state of the transimpede
amplifier. Using a piece-wise linear waveform, the final equati
in the time domain is then:

where  and

We use this same method to approximate the dynam
response of each of the modules in the system. For simulat
the number of points in the piece-wise approximation is a u
defined variable.

Driver
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∆V

Figure 2: Generic Electro-Optic Modulator
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3.  Simulation Results

In addition to transmitters and receivers, we have built mod-
els for a number of other active and passive optical components.
We have incorporated these models, into a prototype functional
simulation system based on Ptolemy - a simulation system devel-
oped under the RASSP program by researchers at U.C. Berkeley
[2]. Ptolemy is a generalized simulation framework used for
rapid prototyping of digital signal processing systems. Using the
synchronous data flow domain (SDF) in Ptolemy, we have
defined our own message class, which is derived from the
Ptolemy message class, to support both geometric and Gaussian
propagation of light.

Figure 5 shows a simple system as modeled in Ptolemy.
Each icon, or “star,” represents a basic opto-electronic compo-
nent or input/output function. TheModArray  input star allows
us to simulate arrays of arbitrary data patterns that are modulated
onto an array of laser light beams. TheXMgraph  output star dis-
plays either the voltage or optical intensity of a single pixel dur-
ing simulation. For the simulations, theModArray interpolates a
sequence of arrays of bit patterns (read from a file) into piece-
wise linear voltage waveforms that drive the modulator models
described above. The resulting optical intensity waveform is
passed through the lens models using the Gaussian propagation
equations. ThePowerGrid  star is used to observe power in a
cross-section of the optical signals. Additionally, it can show the
placement and power received by a set of ideal detectors. On the
other hand, theDetectArray star models the dynamics of the
receiver models by first integrating the intensity from each Gaus-
sian beam over the area of each detector, and then transforming
the piece-wise linear optical power waveforms into voltages
using the s-domain model as shown above.

In the next sections, we present three sets of simulat
results. First, we show a static power analysis of beams propa
ing from transmitter to receiver. Next, we give an analysis of t
Gaussian clipping behavior. Finally, we present a dynamic sim
lation of a single bit propagating through a point to point link.

3.1  Static Simulation
Figure 6 shows the results of combining the modulator a

receiver models. Figure 6(A) graphically illustrates the modu
tion voltages for a 3×3, 20µm spotsize, 40µm spacing, MQW
modulator array. Black squares represent 0 Volts and wh
squares represent 10V modulation. The source power com
from nine 1mW spots generated by a 850nm laser. The ta
under A shows the optical power reflected by each of the modu
tors. The table also shows the lack of modulation depth (a c
trast ratio of 1.17 or about 1.4db) typical of MQW modulator
Figure 6(B-F) show images of Gaussian beams superimposed
an array of detectors after the light has passed through a“4f”
imaging lens system. The tables below the figures show the c
responding power, inµWatts, at the detectors. The“4f”  system
consists of two lenses with focal lengthf. The first lens is placed
f away from the input, the second lens is placed2f from the first,
and the detector array is placedf beyond the second lens.

In all the figures, one can see the Gaussian intensity pro
of the 20µm beams. Note that the image is inverted in intensi
due to the inverting properties of the modulators, and is inver
spatially, due to the lens system. Figure 6(B) shows the array
modulated beams imaging on an array of detectors where
photo-diode of each detector is 5µm × 5µm. Figure 6(C), (D),
and (E) show 10µm × 10µm, 20µm × 20µm, and 35µm × 35µm
detectors respectively. Note that for the 35µm detectors, almost
all of the power from the modulators is recovered. Figure 6(
shows the power detected by the 20µm × 20µm detector array for
the case that the second lens of the 4f system has a small (10µm)
mis-alignment in both x and y positions. This shows how t
static simulations can be used to estimate the required mech
cal tolerances of O/E systems.

3.2  Clipping Results
When examining lenslet systems, where the size of t

lenses themselves are on the order of the dimensions of the G
sian beams (5-40µm), we must concern ourselves with clippin
as well as mis-alignment and tolerancing. In this case, each le
let can act as an aperture and the clipping equations become 
vant. Table 1 shows a comparison between output powers fo
clipped and an unclipped array of spots. For this simulation 
used a 10µm spot, 30µm spaced, source array for the MQW mod
ulators at a wavelength of 850nm. The modulator array w

ModArray

PowerGrid

DetectArray XMgraph

Xscope

Lens Lens

XMgraph

Figure 5: Ptolemy4f end-to-end simulation

f 2f f

 20µm Modulators 5µm Detectors  10µm Detectors  20µm Detectors 35µm Detectors Misaligned Lens

771 771 906 113 133 133 360 422 422 703 826 826 771 905 905 193 227 227
771 906 906 133 133 113 422 422 360 826 826 703 905 905 771 227 227 193
906 906 771 133 113 113 422 360 360 826 703 703 905 771 771 227 193 193

A B C D E F

Figure 6: Power in µWatts Detected at Different Sized Detectors
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100µm from the lenslet array, which had a focal length of 50µm.
The detectors were placed 100µm behind the lenslet array. By
varying the lenslet diameter from 33µm to 15µm we simulate the
input beam being clipped by various amounts.

The table shows that for the 33µm lens, k is greater than
2.12 and no power is lost due to clipping. For the 22µm lens, the
k ratio is 1.49 and the power clipped by the aperture is 1.2%.
Using the 15µm lens, the k ratio is 1.02 and the power clipped by
this aperture is 12.5%. However, more interesting are the effects
at the detectors due to the changes in the beam shapes. In the pro-
cess of clipping the beam, both the 15µm and 22µm lenslet arrays
distort the shape of their beams. These distortions are shown in
Table 1 as the effective waist and the effective Rayleigh range.
The 15µm lens effectively decreases the spot size at the detector
array, while the 22µm lens increases the spot size. This is due to

the cosine function in Equation 3. For Gaussian beams, 86%
the power is carried in the waist (the radius of the spotsize), 
99% of the power is found in a circle with a radius of 1.5 tim
the waist. For the 15µm lens beam, most of the power of th
beam in carried in a spot that can be detected by both the 20µm
and 10µm detectors, whereas for the 22µm lens beam, the spot-
size is larger than the 10µm detector, and a significant amount o
additional power is lost. This is more evident when we normal
the detected power at the 10µm detectors to the power for the
unclipped beam.

3.3  Dynamic Simulations

The system shown in Figure 5 can also be used to perfo
dynamic simulations. Figure 7 shows one piece-wise linear s
nal at the twoXMgraph  monitor points: the output of one of the
modulators, showing intensity in W/m2, and the output of one of
the detectors, in Volts. Figure 7(A) shows operation at 100MH
and Figure 7(B) shows bit rates of 300MHz. Here, the detect
were each 40µm and the receiver model parameters were A=
R=4kΩ and C=250fF. TheXscope  output star shows a voltage
“eye” diagram for this random sequence of bits. Eye diagra
can be used for determining timing jitter as well as noise m
gins. For example, we can see in Figure 7(B) that from 100M
to 300MHz the noise margin, defined as the ratio V1/V2, h
dropped from 96% down to 52%. This is an example of how
functional model can give parametric results on system perf
mance.

 Figure 8 shows a second simulation, where we use eye-
grams to illustrate the trade-offs between detector size, pow
detected, and noise margins. Figure 8(A) is the output from 
same 5µm detector system shown in Figure 7(B). Figure 8(B
shows the output of one 20µm detector from the mis-aligned sys
tem in Figure 6(F). The smaller detectors are faster, with 
effective Cp of 100fF, while the larger detectors capture mo
power (shown here as output voltage) but are slower due to
effective capacitance of 150fF. At 300MHz, this gives the fas
detectors an 80% noise margin, compared to only 50% for 

Table 1: Clipping results: 10µm Spot Sources, Varying Lenslet
Diameters

Lenslet Diameter 33µm 22µm 15µm

k ratio (at Lens) 2.24 1.49 1.02

W0eff 5.00x10-6 5.40x10-6 4.23x10-6

z0eff 9.24x10-5 1.08x10-4 6.61x10-5

% Power Clipped 0% 1.2% 12.5%

Spotsize at Det.(µm) 10.02 10.80 8.46

% Loss w 20µm Det. 0% 1.21% 12.58%

% Loss w10µm Det. 8.83% 13.5% 15.72%

% Normalized Loss 0% 5.1% 7.5%
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larger ones. For both models, the effective Rf was 6.66KΩ. The
choice of which receiver to use, in this case, depends on whether
intensity-dependent or intensity-independent noise sources are
dominant in these detectors.

4.  Summary and Conclusions
We have shown the modeling and simulation of several

hybrid opto-electronic free space systems. We used both analyti-
cal and empirical models for O/E components and a Gaussian
beam propagation model for our optical signals. We performed a
static analysis of the system showing the effects of detector size
and tolerances on received power. We also showed the effect of
mis-alignment and clipping of the light beams. For the dynamics
of the system we used a time-domain analysis of the O/E compo-
nents. The simulations showed how detector size, and alignment
can affect the noise margins of the system.

Our system is the only system level simulation tool to date
which can model Gaussian optical signal propagation with
mechanical tolerancing as well as the dynamics of opto-elec-
tronic components. We have not yet modeled the losses and noise
sources in the lasers, modulators, and receivers, or cross-talk
between signal channels. On the other hand, modulation and cod-
ing methods, differential signaling, adaptive thresholding, and
other techniques can be used to reduce the bit error rate. It is
these kinds of system level concerns and the corresponding trade-
offs which can only be modeled with system design tools such as
the one presented here. With system level models, designers are
able to perform the trade-offs, optimizations, and technology
choices necessary to realize high-quality systems without
recourse to expensive fabrication testing and iteration using hard-
ware prototypes.

Levitan, Chiarulli, and Kurzweg would like to acknowledge
the partial support of NSF Grant MIP-9421777.
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 Figure 8: Speed vs. Power trade-off

(A) 5µm detectors (B) 20µm off-center detectors
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