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Chatoyant is a tool for the simulation and the analysis of heterogeneous free-space optoelectronic
architectures. It is capable of modeling digital and analog electronic and optical signal propagation with
mechanical tolerancing at the system level. We present models for a variety of optoelectronic devices
and results that demonstrate the system’s ability to predict the effects of various component parameters,
such as detector geometry, and system parameters, such as alignment tolerances, on system-performance
measures, such as the bit-error rate. © 1998 Optical Society of America
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1. Introduction

Free-space ~FS! optoelectronic ~OE! informationprocessing 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
procedures 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 an actual prototype of each of
the particular systems under consideration. As a
result, although many systems have been proposed,
few FS OE systems have been designed, and fewer
still have been built. This is in sharp contrast to the
growth of rapid prototypical systems in the electronic
~VLSI! domain, in which the path from concept to
system is often as short as a few weeks.
The reasons for this problem become clear when we
look at an example of a simple OE system. Figure 1
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shows a system consisting of a digital logic module
interfaced to a modulator array that supports parallel information channels. These are switched by a
spatial light modulator and directed to a detector
array, where the channels are received and passed on
to another digital subsystem. The two digital subsystems could be composed of simple logic modules or
could be as complex as an array of processing elements ~i.e., CPU’s!, making the system a tightly
coupled parallel processor. In this case the optoelectronics would provide high-bandwidth channels
between the processors. 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 systems, three-dimensional
digital optical computers, and analog optical
processors.1– 4
The design of these complex systems has been impeded because currently there are no complete OE
system-level modeling tools. To address this need,
we have created Chatoyant, a design framework and
simulation tool that uses system-level models of OE
components. The framework provides bridges to existing specialized tools with analysis filters to sort
and aggregate their results. The simulation tool
provides system-level simulation and analysis for OE
devices ~e.g., sources and detectors! with a high-level
optical system simulator based on Gaussian beam
propagation.
To date, there has been some research on computeraided-design ~CAD! systems exclusively for fiber
networks.5 Other researchers have focused on mechanical issues.6 Also, several researchers have

Fig. 1. FS OE system: VCSEL, vertical-cavity surface-emitting laser; SLM, spatial light modulator.

proposed implementing system-level tools by extending an existing simulation language such as VHDL7–9 or
SPICE10,11 or by using a prototypical microelectronics
CAD tool such as Genesys.12 Other groups have built
their research on extending signal-propagation models13,14 or device models.15,16 The problems with these
techniques come from the limitations imposed by attempts to extend existing tools beyond their original
capabilities. It is difficult to generalize these tools
successfully for a wide range of OE system-level concerns.
An important distinction needs to be made between
the functional simulation that Chatoyant performs
and the more abstract performance or parametric
analysis provided by other techniques. Chatoyant
provides system-level end-to-end simulations of the
computation performed by the system by use of actual data values provided by the user as well as ensemble performance information on speed, power, the
bit-error rate ~BER!, etc.17
The rest of this paper is organized as follows. We
first discuss the issues involved in OE system design.
We then give some examples of our models for OE
signals and components that are appropriate for both
static and dynamic system-level simulation. Finally, we present results from simulations of several
simple systems and show how Chatoyant can be used
to perform technological and architectural trade-offs.
We conclude with our plans for future research.
2. Optoelectronic System Design

The design of OE systems encompasses the traditional concerns of complex digital electronic systems
such as decomposition, functionality, performance,
and cost. As in analog design, it must also include
explicit input–output analysis of the components at
each level of the decomposition hierarchy. Additionally, OE system design must define the appropriate
technology, from among electronic, optical, and packaging choices, for each component. After those decisions are made the components themselves can be
refined.
These issues are summarized in Fig. 2. The figure
shows how OE system design incorporates a number
of design disciplines, shown horizontally, from electronics to mechanical tolerancing. It also shows var-

ious levels of abstraction in each discipline, shown
vertically, from the higher or abstract system levels
to more detailed component and device levels of analysis and simulation. On the right-hand side of Fig.
2 we show the corresponding levels of simulation and
analysis, from higher to lower, for which the tradeoffs for analysis tools are in terms of accuracy versus
computation time.
Figure 2 also shows how Chatoyant supports the
design flow for such mixed-technology OE systems
with the ability to provide simulation and analysis at
the OE system level. At this level modeling and
analysis of complete subsystems allow the designer to
perform design trade-offs in terms of both technology
and architecture. This enables a system architect to
perform truly systemwide what-if analyses rather
than merely analyze a subset of the system constraints.
On the left-hand side of Fig. 2 we show the relation
of top-down and bottom-up design decisions, for
which analysis from the lower levels allows the designer to make design choices at the higher levels, or,
conversely, for which design questions at the higher
levels can be pushed down to lower levels for detailed
analysis. This is provided for in Chatoyant by use of
parameterized component models, created by use of
lower-level tools and abstraction techniques that
interface both vertically and horizontally to provide system-level optimization between disparatetechnology point tools. Many of these tools, in fact,
exist outside of Chatoyant. However, by providing a
common framework and common software interfaces
to these tools, we support the designers in their exploration of a multitechnology design space.
For example, as indicated in Fig. 2 with bold arrows, electrical simulations that give results on the
power dissipation of OE components can be tied
through thermal analysis to packaging and alignment models. That analysis can give positional
variance information to the Gaussian beam propagation models to characterize noise, insertion loss, and
cross talk.
In Section 3 we discuss our technique for providing
system-level models and give several examples of signal and component models. This is followed by a
discussion of how Chatoyant incorporates these mod10 September 1998 y Vol. 37, No. 26 y APPLIED OPTICS
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Fig. 2. OE system design issues.

els. Finally, we show the use of Chatoyant for performing system-level trade-off analyses across
multiple domains.
3. System-Level Modeling

A system-level model can be defined in terms of its
models of modules, the signals that pass between
them, and the dynamics of the system behavior in
terms of the ways in which the modules affect the
signals. For OE systems our signals are represented as electronic waveforms, mechanical movements, and modulated carriers, i.e., beams of light.
For light the characteristics of the optical carrier are
as important to model as the signal itself. It is also
important that we have the ability to support multiple representations at different levels of detail. This
provides for the choice of accuracy versus speed of
computation within the analysis framework. Therefore we need to have a flexible model for the propagation of both electronic and optical signals. Using
the characteristics of the optical and the electronic
signals, which carry information between the components, we have defined models for the system component modules in terms of the ways they transform the
characteristic parameters of these signals. Finally,
our model of the dynamic system behavior is based on
a time-domain analysis of the propagation of the signals through the components.
A.

Models of Signals

Our methodology for modeling OE signals has been
defined to meet our needs for system-level simulation. These can be summarized as representing digital data throughout the system for functional
simulation as well as analog waveforms for accurate
6080
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modeling of speed, noise, and cross talk. Additionally, we must allow the user to control the trade-off
between speed of simulation and accuracy of simulation at run time. Finally, we must provide compatibility with other existing simulation and analysis
tools, both digital and analog. Therefore we model
electronic signals as piecewise linear voltage amplitudes with characteristic source impedance. We can
vary the speed and the accuracy of our electronic
simulations by simply varying the sampling rate for
the piecewise linear signals. Of course, for optical
signals there are additional concerns.
There is a range of abstractions that can be used for
modeling optical signal propagation. For systemlevel design and analysis, we have chosen to support
geometric optics for the most basic analysis and
Gaussian beam models for more accurate simulations.18 We capture the intensity, position, angle,
and wavelength for ideal optical rays, as well as the
depth of focus and spot size for Gaussian optical
beams.
However, one problem with the Gaussian beam
model is that the approximation fails in several instances. In particular, it is inaccurate when sources
do not generate a Gaussian intensity wave front,
when the direction of propagation of the light does not
meet the paraxial criteria, and when diffractive effects must be considered.
Most important to us are the cases in which the
beams are clipped by the optical components through
which they pass. In those cases the classical equations for intensity and beam waist break down.
These cases can occur for systems with arrays of microlenses, or lenslets, in which logical or physical
constraints on the system cause splitting or clipping

Fig. 4. Diffractive effects on a clipped Gaussian beam.

Fig. 3. Lenslet array.

of the Gaussian beams. Figure 3 shows a picture of
a 3 3 3 lenslet system drawn by Chatoyant, which
uses an interface to Sced19 and is rendered with Persistence Of Vision.20 It is for these kinds of systems
in which the sizes of the lenses themselves are of the
order of the dimensions of the Gaussian beams ~5– 40
mm! that we must concern ourselves with clipping as
well as misalignment and tolerancing.
We model a lenslet as a lens bounded by a small
aperture.21 The power lost in a Gaussian beam that
is clipped by an aperture is Pnew 5 P@1 2 exp~22k2!#,
where k 5 Dapty~2Wapt! is the ratio of the diameter of
the aperture to the beam’s diameter at the aperture.
For k . 2.12 the clipping is less than 0.1% and diffractive effects are negligible. For severe clipping
~k # 1! the beam-intensity profile is no longer Gaussian and the Gaussian approximation breaks down
completely. For moderate clipping ~1 , k # 2.12!
the beams are weakly diffracted and a Gaussian approximation can be used with a slight modification.22
In this moderate range the power loss varies from
13% to 0.1%. However, the loss in power is not the
most significant change of a clipped beam. The diffractive effects cause the beam to distort its shape.
This distortion is modeled by propagation of a new
effective Gaussian beam with a new effective beam
waist:

F

S DG

W0eff 5 W0 1 2 exp~2x2y2!cos

px2
4p

sine term can be either positive or negative, allowing
the effective waist to become either larger or smaller
than the initial waist. This diffractive effect on the
waist is shown in Fig. 4, in which the effective waist
is a function of p, seen above, and the clipping ratio k.
To test this approximation technique, we compared
the results of Chatoyant with another optical CAD
tool, LIGHTPIPES.24 LIGHTPIPES uses Fourier analysis
for the propagation of light through space and optical
components. The optical system used in this comparison is a 2f system with both the source and the
detector arrays placed 100 mm away from a lenslet
array ~ f 5 50 mm!. The source beams are 850-nm,
10-mm spots, which give a p value of 1.7. This system is the same as that shown in Fig. 3. The lenslet’s diameter is varied to produce different amounts
of clipping. Figure 5 shows a graphical comparison
between Chatoyant and LIGHTPIPES for the power lost
because of Gaussian beam clipping within the moderate clipping range ~1 , k # 2.12!. Our results
show that the worst-case difference between the two
CAD tools is approximately 0.85%, with an average
difference of approximately 0.29%. Therefore for

,

where x 5 k=2 and p 5 2p~zyz0!. In this equation,
z is the propagation distance and z0 is the Rayleigh
range. This effective beam replaces the original
Gaussian beam, and normal thin-lens propagation
models are used to model the clipped beam.23
Although the clipping at the aperture will decrease
the total power, it is interesting to note that the co-

Fig. 5. Power-loss comparison between Chatoyant and
PIPES.
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Fig. 7. Absorbed versus incident optical intensity ~in watts per
square centimeter!.
Fig. 6. Modulator schematic.

the case of paraxial Gaussian beam propagation our
corrections for moderate clipping compare favorably
with detailed, but slower, Fourier modeling techniques.
B.

Modeling Components

Similar to our signal models, component or device
models have also been developed at varying levels of
abstraction. In general, we have developed three
techniques for capturing component models: analytical models, empirical models, and lumpedparameter models. By analytical models we mean
those models that are based directly on equations
that model the physical processes of the device.
These equations can be simplifications of the true
behavior of the device or can capture as much detail
as desired. In any case they are distinct from the
empirical models that are based on measured data
represented either as continuous curves or simply
tabular data. Our third modeling technique takes
advantage of the support for multiple abstractions
within the Chatoyant framework. Lumpedparameter models are those derived from the execution of lower-level simulation and analysis tools.
Although these models are also approximations, they
are accurate at the level of abstraction required for
system-level design and analysis. We give examples
of each of these modeling techniques below for a few
of the components we have modeled to date.
1. Empirical Models for Multiple-Quantum-Well
Modulators
As an example of empirical modeling, we present our
model for multiple-quantum-well ~MQW! modulators. Figure 6 shows both the driver electronics and
a MQW modulator reflecting a portion of the incident
light Pom as modulated optical power Poptic. Both
reflective and transmissive modulators are possible.
In either case the key parameter is the amount of
optical power that is absorbed by the modulator as a
function of the controlling voltage.
The relation of the modulation voltage to the ab6082

APPLIED OPTICS y Vol. 37, No. 26 y 10 September 1998

sorbed optical power is modeled with a Lorentzian
line shape:
Pabs~V ! 5

Pomk~V !
,
Pom
11
AIs~V !

and the reflected optical power is Poptic 5 Pom 2 Pabs.
The function k~V ! is the absorption slope of the
MQW, Is~V ! is the saturation intensity of the MQW,
and A is the area of the modulator. The terms k~V !
and Is~V ! are interpolated from empirical measurements of MQW modulators.25 Figure 7 shows this
incident-intensity–to–absorption-intensity relation
for typical values of modulation voltage.
2. Analytical Models for Vertical-Cavity
Surface-Emitting Lasers
An example of a simple analytical model is the technique we use for vertical-cavity surface-emitting lasers ~VCSEL’s!. Figure 8 shows a schematic of the
VCSEL and the drive circuitry. The term Rs is the
series resistance, and C is the total parasitic capacitance associated with the VCSEL and the assembly

Fig. 8. VCSEL schematic.

both the signal input and the state of the transimpedance amplifier. When a piecewise linear waveform is used, the final equation in the time domain is
Vout~t 1 Dt! 5 XR

H

J

RC
@exp~2y! 2 1# 1 Dt
A

1 Pin~t! R@1 2 exp~ 2 y!#
1 Vout~t!exp~2y!,
where X 5 @Pin~t 1 Dt! 2 Pin~t!#y~Dt! and y 5 Dt@Ay
~RC!#. We use similar methods to approximate the
dynamic response of each of the OE modules in the
system.
Fig. 9. Receiver schematic.

technology that connects the VCSEL array to a VLSI
chip.
Modeling VCSEL’s analytically, we concentrate on
the relation between the input electrical power and
the output optical power:
Pout 5

hLIyVth
~Pin 2 IthVth!,
~1 2 hLIyVth!

where Ith is the laser threshold current, Vth is the
laser threshold voltage, hLI is the laser slope efficiency, and Pin is the input electrical power.
One of the main concerns of VCSEL researchers is
the VCSEL’s threshold power.26 For the laser to
emit, the input power must overcome the threshold
power. In general, this power threshold is much
larger than that of the MQW. The VCSEL driver
must be larger ~up to 20 times larger! than the MQW
driver to overcome the power threshold and drive
enough current to allow the laser to emit. Therefore, as discussed below, accurate modeling of the
driver electronics becomes important.
3. Lumped-Parameter Models for Receivers
A generic single-ended receiver is shown in Fig. 9.
The two primary components are a photodiode and a
transimpedance amplifier. This circuit was simulated with SPICE, and the parameters were extracted
and used to define the s-domain transfer function for
system-level simulation. We use the transfer function of a transimpedance amplifier with a feedback
resistance, where R is the total resistance, C is the
total capacitance, and A is the gain of the amplifier:
Vout~s! 5

R
Poptic~s!.
RC
11
s
A

S D

When the inverse Laplace transform is performed
on the transfer function, the time-domain relation of
the input optical power to the output voltage for the
single-stage transimpedance amplifier can be determined. The voltage output function is dependent on

4. Driver Models
For some components our modeling technique is a
mixture of analytical and lumped-parameter models.
We develop an analytical model and use lower-level
tools to tune our models to match the performance of
these more accurate, but slower, analysis tools.
This is the case for our models of driver electronics.
As mentioned above, modeling the dynamic response of the electronic drivers for both MQW and
VCSEL sources is crucial for Chatoyant to model the
OE interface correctly. These models enable the
user to make fast evaluations of mixed-technology
designs without using a more accurate tool, e.g.,
SPICE.
Many drivers in OE circuits are created when complementary metal-oxide semiconductor ~CMOS! inverters are placed together to create a multistage
driver. Therefore we concentrate our efforts on
modeling a simplified model for a CMOS inverter.
However, for reasonable accuracy this model depends
on the dynamic values for the gain and the input and
the output impedances throughout the entire range
of the input signal. Therefore we find that a smallsignal model analysis is impractical because of the
large-signal nature of the input signal. These electronic driver models also include the effects of both
internal and parasitic RC delays.
The starting points for our model are the ideal,
first-order equations of Shockley.27 Under ideal conditions these equations describe the behavior of an
n-type metal-oxide semiconductor ~NMOS! transistor
in its typical three regions: cutoff, saturation, and
nonsaturation ~both linear and triode!.
In a CMOS inverter two transistors switch between these three states according to the excitatory
input. With classical small-signal methods this
transition of states is modeled as five possible states
in which the transistor pair can be found.28 The
simplification is due to the assumption that the inverter does not have any electrical load in its output.
Consequently, the output current is defined for the
matching point of operations of both transistors.
Therefore dynamic analysis by use of this model is
possible only as a small-signal model.
However, when we need to perform large-signal
analysis to account for amplifier saturation effects
~e.g., overdriving the input produces square waves!,
10 September 1998 y Vol. 37, No. 26 y APPLIED OPTICS
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Fig. 10. CMOS inverter response (Cout 5 1 fF, 100 MHz) with ~a!

we must model the inverter with fixed power supplies
and load conditions. Under these conditions the
classical method for determining the small-signal parameters, the amplifier transconductance gm, and the
output conductance gds is no longer valid. Both
terms change dynamically throughout the different
ranges of operation and need to be calculated continuously. Therefore output values for both voltage
and current at time t 1 Dt can be obtained with these
dynamic parameters and the above output values at
time t. Here the effect of the external load is considered as a temporary current sink or source.
In our model the inverter’s state of operation is
used to determine the dynamic parameters of only gm
and gds. These parameters are derived from the
Shockley equations, considering the appropriate partial derivatives. The final expressions for the CMOS
inverter model are
Vout~t 1 Dt! 5 Vout~t! 1
1

gm
$exp@~ gdsyc!Dt# 2 1%DVin
gds

I~t!
$exp@~ gdsyc!Dt# 2 1%,
gds

Iout~t 1 Dt! 5 Iout~t! 1 gmDVin 1 gdsDVout.
Figure 10~a! shows a SPICE simulation and Fig.
10~b! shows our simulation for an inverter input and
response with a load of 1 fF operating at a frequency
of 100 MHz. Figures 11~a! and 11~b! again show
SPICE and Chatoyant simulations, respectively, for a
100-MHz system with a comparatively large load capacitance of 1 pF.
Comparing the simulations in Fig. 10, we see that
the SPICE and the Chatoyant results are similar.
Both show the inverter operation working correctly,
with the output saturating at the power supply.
However, there are slight differences. The main dif6084
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SPICE

and ~b! Chatoyant.

ferences observed are caused by the influence of the
input signal over the output circuit through Cgd, the
gate-drain capacitance. We have not yet included
this capacitance in our models.
In Fig. 11 we again see that the results are very
close between SPICE and Chatoyant. In this simulation the load capacitance is too large to be charged
completely by the inverter. Therefore the output
swing does not complete its transition before the input value changes. Also, both simulations show the
result of the fact that the p transistor ~pull-up! has a
lower value of b than the n transistor, causing the
output of the inverter in the steady state to be centered at approximately 1 V instead of at Vddy2.
4. System-Level Simulations with Chatoyant

In Chatoyant system simulation is based on the
Ptolemy environment developed at the University of
California at Berkeley.29 Ptolemy is an objectoriented platform designed to support complex and
heterogeneous simulations. In Section 3 we noted
that the key elements of a system-level simulation
were the representation of component models, communications, and interaction. In Ptolemy a component model is implemented as a programming object
called a star. Written in the style of C11, each star
defines the behavior of a component at a specific level
of abstraction chosen by the user. Like C11 object
classes, each star also defines a set of signals for
communication with other stars in the system model.
The specific interactions among the stars are determined by a combination of this communication model
and a specific Ptolemy domain that defines the scheduling discipline used during simulation computations. A number of built-in stars also exist within
Ptolemy for stimulus generation and graphic display
of results. In addition, the system provides a
graphics–user interface in which users can construct

Fig. 11. CMOS inverter response (Cout 5 1 pF, 100 MHz) with ~a!

systems by graphically interconnecting icons that
represent the particular modeled devices.
Our models for signals are implemented as a message class in the object-oriented framework of
Ptolemy. This means that the characteristics of the
signal are an encapsulated data type that can be
changed as needed. Currently we capture the voltage and the characteristic source impedance of electronic signals; the intensity, position, angle, and
wavelength for optical signals; and the depth of focus,
spot size, and profile for Gaussian optical beams.
Figure 12 shows a simple 4f system as modeled in
Chatoyant. Each icon, or star, represents a basic OE
component or input–output function. The ModArray
input star allows us to simulate arrays of arbitrary
data patterns that are modulated onto an array of
laser light beams. The XMgraph output star displays
either the voltage or the optical intensity of a single
pixel during simulation. For the simulations the ModArray interpolates a sequence of arrays of bit patterns
~read from a file! into piecewise linear voltage wave-

SPICE

and ~b! Chatoyant.

forms that drive the MQW modulator models described in Subsection 3.B.1. The resulting optical
intensity waveform is passed through the lens models
obtained from the Gaussian propagation equations.
The PowerGrid star is used to observe power in an x–y
cross section of the optical signals. Additionally, it
can show the placement and the power received by an
array of ideal detectors. On the other hand, the DetectArray star models the dynamics of the receiver
models first by integration of the intensity from each
Gaussian beam over the area of each detector and then
by transformation of the optical power waveforms into
voltages, as shown above.
A.

Beam Shape, Position, and Power

Figure 13 shows how Chatoyant simulates beam
shape, position, and detected power for this simple
nine-channel link. Figure 13~a! graphically illustrates the modulation voltages for a 3 3 3, 20-mm
spot-size, 40-mm spacing, MQW modulator array.
The black squares represent 0-V and the white

Fig. 12. Description of a 4f system in Chatoyant.
10 September 1998 y Vol. 37, No. 26 y APPLIED OPTICS
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Fig. 13. Static simulations: power ~in microwatts! detected at different size detectors.

squares 10-V modulation. The source power comes
from nine 1-mW spots generated by an 850-nm laser.
The table of Fig. 13~a!, found below the image, shows
the optical power reflected into the system by each of
the modulators. The table shows the lack of modulation depth ~a contrast ratio of 1.17, or approximately 1.4 dB! typical of MQW modulators. Figures
13~b!–13~f ! show graphically, and their corresponding tables show numerically, the power ~in microwatts! detected by an array of receivers after the light
has passed through a 4f imaging lens system. In all
the figures one can see the Gaussian intensity profile
of the 20-mm beams.
For these figures the Gaussian intensity profile is
generated by the individual integration of the power
at each square of a user-defined grid laid down on top
of the detector array. This allows Chatoyant to
show the variations in power across each detector, at
the expense of computation time T, where T 5
k~number of channels!~number of grid squares! 1 c,
where k 5 1.03 3 1025 s and c 5 0.09 s. Each of the
images in Fig. 13 took approximately 1.0 s to compute
on a P6-180 running Linux. For most simulations,
for which we are concerned with only the total power
captured on each detector, we do a single integration
for each detector, so T 5 k~number of channels!~number of detectors! 1 c.
Returning to Fig. 13, we note that the image is
inverted in intensity because of the inverting properties of the modulators and is inverted spatially because of the 4f lens system. Figure 13~b! shows an
array of modulated beams imaged on an array of
detectors in which the photodiode of each detector is
5 mm 3 5 mm. Figures 13~c!, 13~d!, and 13~e! show
10 mm 3 10 mm, 20 mm 3 20 mm, and 35 mm 3 35 mm
detectors, respectively. Note that, for the 35-mm detectors, almost all the power from the modulators is
recovered. Figure 13~f ! shows the power detected
by the 20 mm 3 20 mm detector array for the case in
which the second lens of the 4f system has a small
~10-mm! misalignment in both the x and the y positions. This simple example shows how Chatoyant
6086
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can be used to estimate the required mechanical tolerances of OE systems.
Another feature of our system is the ability to show
the y–z cross section of a Gaussian beam as it propagates through a system. This is useful because it
allows the user to analyze the waist of the beam at
any point in the system and determine where the
focus of a complex lens system will be. Figure 14~a!
shows a Chatoyant representation of a system that
uses the GaussCross star. Again, the system is a 4f
system; however, now a 3 3 3 VCSEL array with a
20-mm spot size and 40-mm spacing is used to source
the system. For the purposes of illustration, lenslets
with a diameter of 36 mm are used in this system;
however, because of clipping, they are too small to
provide perfect imaging. Figure 14~b! shows the
Gaussian cross section between the components
throughout the system. Note that, at the lenses, the
waist diameter is approximately 33.5 mm, which
gives a k clipping ratio of 1.07. The beams at these
interfaces lose approximately 10.1% of their power.
Also note that the diffractive clipping effects also alter the final size of the Gaussian waist at the detectors. The initial 20-mm spot is distorted and is
detected as an approximately 24-mm spot.
B.

Dynamic Response, Noise, and Bit-Error Rate

For the same MQW nine-channel link system shown
in Fig. 12, Chatoyant can also perform dynamic simulations of data streams through the link. Figure 15
shows one piecewise linear signal at the two XMgraph monitor points: the output of one of the modulators, showing intensity ~in watts per square
meter!, and the output of one of the detectors ~in
volts!. The Xscope output star shows a voltage eye
diagram for this random sequence of bits. Figure
15~a! shows operation at 100 MHz, and Fig. 15~b!
shows bit rates of 300 MHz. Here the detectors were
each 20 mm and the receiver model parameters were
A 5 1, R 5 4 kV, and C 5 250 fF. As explained
below, noise was added to the system for more realistic dynamic modeling. In this example the inci-

Fig. 14. ~a! System in Chatoyant. ~b! Cross section of a Gaussian beam.

dent laser power that is modulated by the MQW was
lowered to 10 mW. We show the degradation of the
noise margin that occurs because of the lack of dynamic response of these relatively large detectors,
from 100 to 300 MHz. The noise margin is defined
as the ratio V1yV2, in terms of the minimum excursion V1 and the maximum excursion V2 of the received signal. We can see that the noise margin
drops from 96% to 52% between the two systems.
We model a noisy signal by using classical Gaussian noise methods. This requires determining the
noiseless signal, which has no variance, and adding
to it a noisy random signal, which has a mean understood to be zero. Currently, in our system noise is
accounted for in only the photoreceiver and the input
into the transimpedance amplifier. The detector’s

noise sources that we model include the thermal, or
Johnson, noise, the shot, or quantum, noise, and the
thermal noise that is found in the conducting channel
of the amplifier drive transistors. All noise components are modeled with Gaussian noise distributions.30 An important characteristic of Gaussian
noise distributions is that the distributions are additive. Therefore each noise source determines its
own contribution to the total noise, and then all the
noise sources are added together to find the total
Gaussian noise variance of the system.31 From the
total Gaussian variance a random-noise component is
calculated that is added to the photocurrent as it is
produced by the p-i-n detector diode. This noisy
photocurrent is then amplified and converted into
voltage through the transimpedance amplifier.

Fig. 15. Modulator and detector single-pixel dynamic simulations.
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From this noise modeling the system automatically
calculates the BER of the data stream propagating
from the source to the detector, as described below.
1. Bit-Error-Rate Simulation
Chatoyant can also be used to predict the BER of FS
OE systems. We have concentrated our efforts on
modeling the relation of sampling times and decision
threshold levels to mechanical and thermal tolerances.
The BER can be determined by simulation in many
different ways, such as with Monte Carlo simulations, importance sampling, the extreme-value technique, and the tail-extrapolation technique.32 We
use a quasi-analytical approach in our determination
of the BER. Similar to determining a noisy signal,
as seen in Section 3, the quasi-analytical approach
separates the BER determination into two parts.
The first part determines the noiseless signal, and
the second part analytically determines the noise distributions. With this method the following equation
gives the BER in a series of detected bits33:
BER 5

1
2N

N

(
i51

S

1 erfc

F S
erfc

Vi 2 Vth

Vth 2 Vi
s Î2

s Î2

D

D

u~Vi 2 Vth!

G

u~Vth 2 Vi ! ,

where N is the total number of bits in the simulated
process, Vi is the received noiseless signal value for
the transmitted bit at the sample time, Vth is the
threshold level, and s is the standard deviation value
of the noise. The step function u is used in the equation to determine whether Vi is greater or less than
Vth.
The BER is dependent on the sampling time and
the decision threshold. The sampling time is defined as the instant that the received data are sampled to determine their logic level. For obtaining the
lowest BER the sampling time needs to be at the most
open portion of the eye diagram. The significance of
the sample time is shown graphically in Fig. 16~a!.
Here the BER of a 300-MHz, 4f system with a received photocurrent level between 4 and 5 mA is determined at different sampling points. The noise
variance s2 for this system is approximately 9.7 3
10216 A2. The ideal sampling point is set in the
middle of the graph ~at 0 ps!, and the BER of this
system, with sampling times offset from the ideal
sampling time, is calculated. This ideal sampling
point refers to approximately 2.1 ns on the eye diagram found in Fig. 15~b!. As seen in the graph in
Fig. 16~a!, a BER of approximately 1028 can be
achieved in a sampling window of approximately 120
ps. Note that, if the sampling time is not exact, the
BER can increase by 3.5 orders of magnitude with
only a 300-ps offset from the ideal sampling time.
The next example shows how the received photocurrent affects the BER. For a 250-MHz system
the received photocurrent is varied and the BER is
plotted with respect to the received photocurrent.
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Fig. 16. BER simulations: ~a! sampling time and ~b! photocurrent received.

Figure 16~b! shows this BER–photocurrent relation.
The photocurrents that were measured and plotted
were approximately 1.9, 2.6, 3.2, 4.7, 5.8, and 6.4 mA.
Note that, for obtaining a BER lower than 1029,
a received photocurrent of approximately 5.2 mA is
required. The BER drops substantially after the received current is greater than approximately 5.8 mA.
Krishnamoorthy et al.34 have published results on
this photocurrent-to-BER relation for a similar receiver circuit. They also examined a 250-Mbitys system and found that a minimum photocurrent of 3.5
mA is needed to achieve a BER of less than 1029.
Their system used a three-stage amplifier, which
could account for this small difference.
2. Insertion Loss and Cross Talk
In this example we modeled a 4f ~ f 5 2 mm! system
with a single 850-nm, 20-mm spot-size source and a
source–receiver spacing of 25 mm. Different sized
detectors ~5, 10, 20, and 25 mm! were used to detect
the beams. Cross talk was measured by a comparison of the amount of power detected on an adjacent
detector with that of the power detected on the desired detector. Because cross talk can affect many
detectors, the worst-case received power on any single detector was used. Insertion loss is the ratio of
the received to the transmitted power. We simulated lateral and longitudinal displacements in the
detectors and plotted both the insertion loss and the
cross talk in the system.

Fig. 17. Insertion loss and cross talk versus the lateral displacement.

The graph in Fig. 17 shows the insertion loss,
graphed on the left-hand y axis, and the cross talk,
graphed on the right-hand y axis, for a system experiencing lateral displacement, as shown on the x axis.
The cross talk will always be 0 dB at a distance of half
the detector spacing, in this case at 12.5 mm, because
of the beam’s being directly between two detectors
and each detector’s receiving an equal amount of
power.
Figure 18 again shows the insertion loss and the
cross talk, in this case for longitudinal displacement
from the ideal focusing point of the system. Note
that the system was much more sensitive to lateral
displacement than to longitudinal displacement.
For example, the 20-mm detector has the same insertion loss ~approximately 22.3 dB! for a lateral displacement of 8.5 mm as it does with a longitudinal

displacement of 500 mm. At these same displacements, the cross talk is much larger at the lateral
displacement ~27 dB! than at the longitudinal displacement ~213 dB!.
C.

Mixed-Technology System Trade-Offs

Figure 19 shows a FS OE system used for intrachip
neighborhood interconnections. When a mirror
facet is fixed at a specific angle, interconnections can
be made from one node to another node on the chip.
We use this system to show how we can use Chatoyant to perform trade-offs among the detector size, the
mechanical tolerance on the position of the mirror,
the BER, and the operating speed of the system.
In this system the source beam propagates through
a lens, reflects off of a mirror, propagates through
another lens, and then is received by a photodetector.

Fig. 18. Insertion loss and cross talk versus the longitudinal displacement.
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Fig. 19. On-chip neighbor processing node interconnect.

The source beams are 10-mm spots placed in a 4 3 1
array and spaced by 125 mm. The distance between
each of the components on the optical path is 10 mm,
with the lenses also having a focal length of 10 mm.
Thus this system is just an ideal 4f system with a
mirror placed between the two lenses.
This system is operated within the range from 100
to 500 MHz, and the BER is calculated for the received bit pattern with different-sized detectors.
The detectors have side lengths of 5, 10, 15, and 20
mm. Each of these detectors has a lumped capacitance relative to the detector size and a fixed parasitic
capacitance, giving total capacitances of 100, 125,
200, and 325 fF, respectively. The advantage of using the larger detectors is the amount of power that
the detectors can receive; however, the higher capacitances degrade the system’s dynamic performance.
A graph of the speed versus the BER of the system
is shown in Fig. 20~a!. This graph shows the simulation for an ideal mirror position, meaning the angle
of the mirror is exact and there is no offset or misalignment. Note that, at slower speeds ~,200
MHz!, all the detectors have a BER of less than 10212.
Above approximately 250 MHz, the largest detector
~20 mm! has the worst system BER. The large capacitance associated with the 20-mm detector affects
both the calculated noise variance and the received
signal amplitude. With the high noise variance and
deteriorating noise margin, the BER of the 20-mm
detector increases quickly. The BER for the 15-mm
detector is always smaller throughout the range of
frequency compared with that of the 20-mm detector;
however, the 10-mm detector appears to be the best
detector for this system. This detector has a good
mix of size and speed, meaning that it is big enough
to capture most of the transmitted signal but small
enough to have a good dynamic response. In contrast, the 5-mm detector has the best dynamic response; however, this small detector misses much of
the beam power.
Next we simulate the same system with the mirror
misaligned by 0.025° in the x direction. This small
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misalignment causes the beam to move approximately 8.7 mm from the ideal detector position.
With this shift the 5-mm detector misses almost the
entire beam. This can be seen in Fig. 20~b!, which
shows the BER for this detector to be very high
throughout the entire frequency range. However,
the most interesting curves in Fig. 20~b! are found for
the 10- and the 15-mm detectors. The 10-mm detector also misses much of the propagating beam, and as
a result the BER performance is not as good as that
in the example above. The 15-mm detector now becomes the best detector to use for lower speeds. At

Fig. 20. BER versus the speed trade-off example: ~a! No mirror
offset. ~b! Mirror offset by 0.025°.

approximately 350 MHz the larger capacitance of the
15-mm detector degrades the system performance below that of the 10-mm detector. The 20-mm detector
still captures almost the entire offset beam. Therefore the 20-mm curve looks almost exactly the same in
both Figs. 20~a! and 20~b!.
As expected, for compensating for the possibility of
mechanical misalignments in such systems, a larger
detector is necessary. However, the large capacitance that is associated with the larger detector degrades the system performance at higher speeds.
We can use Chatoyant not only to simulate simple
changes to the device parameters, such as noise, operating speed, and detector size, but we can also easily make changes in the technology chosen for the
sources and detectors by simply replacing the icons in
the simulation. Further, we can make changes in
the architecture of such a system, such as replacing
the multifacet mirror with a single mirror and tilted
lenses.

5. Summary and Conclusions

We have shown how Chatoyant can be used for the
modeling and the simulation of hybrid OE FS systems. We have used analytical, empirical, and
lumped-parameter models for OE components and a
Gaussian beam propagation model for optical signals.
We made a static analysis of systems that showed the
effects of detector size, lens misalignment, and clipping. For the dynamic simulations we used a timedomain analysis of the each of the OE components,
introduced noise sources, and calculated insertion
loss, cross talk, and BER’s.
Our system is, to our knowledge, the only systemlevel simulation tool to date that can model Gaussian
optical signal propagation with mechanical tolerancing as well as the dynamics of OE components. We
have not yet modeled noise in our drivers, sources, or
modulators. Additionally, cross talk between electrical signal channels and power supplies is also important. On the other hand, modulation and coding
methods, differential signaling, adaptive thresholding, and other techniques are typically used to reduce
the BER. Therefore we need to develop models for
the effects of these techniques as well.
One of the advantages of building Chatoyant on top
of an object-oriented backbone, such as Ptolemy, is
that it is modular, that is, users can independently
develop their own models as stars, easily integrate
them into the existing Chatoyant framework, and
perform system-level simulations with our existing
model library. Our goal has been to provide the designer with a system-level design environment that
can address the mixed-technology concerns of OE system design. With system-level models, designers
are able to make the trade-offs, optimizations, and
technology choices necessary to realize high-quality
FS OE systems without recourse to expensive fabrication, testing, and iteration by using hardware prototypes.
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