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SUMMARY

The emerging of circuit-level simulators for photonic integrated circuits (PICs) is driven by recent develop-
ments in technologies for integration of large-scale monolithic PICs in both, silicon and InP technologies.
For that reason, powerful circuit-level simulators should be capable to model on the same circuit differ-
ent types of sub-components performing photonic, electronic or opto-electronic, active or passive functions.
In comparison with device-level simulations, the use of realistic circuit-level abstracted models facilitates
rapid functional design without going into technological fabrication details and subsequent design flow. This
accelerates the design process and decreases the number of runs to achieve the desired results. Detailed
physical modeling remains limited to the design of some specific individual sub-elements. Large-scale PICs
might comprise several thousands of elements. The circuit-level abstraction also ensures that the simulation
speed to achieve a certain simulation accuracy decreases reasonably slowly with the total number of photonic
components in the modeled PIC. In this work, we present our solution for modeling PICs in the framework
of the circuit-level simulation tool VPIcomponentMaker™Photonic Circuits (Carnotstr. 6, 10587, Berlin,
Germany, www.VPIphotonics.com). We demonstrate the combination of different simulation approaches in
time domain, frequency domain and time-and-frequency domain for fast and accurate simulations. We dis-
cuss several diverse modeling benefits by means of application examples on silicon photonic PICs. Copyright
© 2014 John Wiley & Sons, Ltd.
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1. INTRODUCTION

For several years already, photonic integration technologies have been developed significantly,
increasing the number of photonic components enclosed on a single chip as well as their complex-
ities and functionalities. Nowadays, the number of elements per chip reaches several hundreds and
is expected to be doubled every 2.5 years, following Moore’s law in micro-electronics [1]. Powerful
photonic circuit simulators are one of the key enablers to boost up such technologies.

In earlier works, we have already demonstrated the modeling of fully passive photonic integrated
circuit (PICs), based on the description of sub-elements in terms of frequency-dependent scattering-
matrices [2]. Later, we presented an original approach for efficient modeling of hybrid large-scale
PICs containing active and clusters of passive sub-elements [3]. We named it time-and-frequency
domain modeling (TFDM). In our most recent publication, we presented a functionality extension
allowing the design of opto-electronic circuits containing linear electrical sub-elements as well [4].
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The circuit modeling approach presented in this work concerns the modeling and design of
PICs that comprise elements of diverse nature as active semiconductor-based structures, passive
waveguide elements and electrical elements.

2. PHOTONIC CIRCUIT SIMULATORS

Photonic circuit simulators should be able to handle a large diversity of complex models that account
for a multitude of effective parameters, and nonlinear effects such as carrier dynamics, thermal and
mechanical matters, or integrated electronic components. In addition, the bandwidth required to
simulate optical signals is typically much larger compared with the electrical frequency ranges of
interest. This gives way to sophisticated signal representations and modeling techniques increasing
simulation efficiency.

The design complexity is addressed (to different degrees) in novel photonic circuit simulators
[5-7] by techniques that are based on segmentation of the modeled PIC into building blocks, named
PIC elements (Figure 1).

The PIC elements are described by transfer functions or physical models and several input/output
or bidirectional ports that connect the elements in a circuit with each other. Signals are processed
inside each PIC element in the frequency domain, for the case of linear passive elements, or in
the time domain for active and nonlinear elements. Electric elements (EEs) work in a similar way;
however, in that case, all EEs are assumed to be linear and processed in the frequency domain.
The outgoing signals produced by each sub-element (or cluster of sub-elements) are passed to the
adjacent ones as input signals. The way of passing signals between building blocks depends on the
simulation domain that is employed.

3. COMPONENTS LIBRARY
The library of built-in components provides advanced models for designing active opto-electronic
devices such lasers, SOAs, light-emitting diodes, vertical-cavity surface-emitting lasers (VCSELs),

photo-detectors, and others. Active elements are best defined in time domain and support charac-
teristics such as nonlinear effects, carrier dynamics, variable gain and absorption shape, and other
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Figure 1. Simulation based on segmentation into photonic integrated circuit elements.
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Figure 2. Examples of fundamental built-in active elements.
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Figure 3. Examples of fundamental built-in passive elements.

properties (Figure 2). The library of passive PIC elements includes accurate analytical models for
straight, bend or coupled waveguides, ring resonators and ring couplers, multi-mode interference
(MMI)elements, star coupler, and junction elements. Such elements support frequency-dependent
effective mode indices and attenuations (Figure 3). The collection of built-in electrical elements
contains fundamental models for resistor, capacitor, inductor, mutual inductor, independent and
dependent voltage, and current sources. DC, AC, and transient analysis might be carried out
using EEs (Figure 4). Passive PIC elements and EEs are characterized by frequency-dependent
transfer functions (S-matrix) between pairs of device ports. S-matrices are calculated from estab-
lished theoretical models, measured models or by co-simulation with standard programming or
scripting languages.
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Figure 4. Examples of fundamental built-in electrical elements.
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Figure 5. Schematic of the double-ring add-drop filter.

4. APPLICATION EXAMPLES

4.1. High-order micro-ring add-drop filter with flat passband

In this example, we consider a second-order add-drop filter consisting of two bus waveguides with
two coupled rings between them (Figure 5). The setup can be straightforwardly modified to simulate
an arbitrary specific number of rings between the bus waveguides. Properly designed, high-order
micro-ring filters are characterized by improved passband characteristics and larger out-of-band
signal rejection and are therefore very promising for complementary metal-oxid-semiconductor
(CMOS) compatible implementation of wavelength-division multiplexing signal processing in a
chip [8]. The example illustrates an efficient S-matrix domain technique for modeling passive PICs
containing feedback loops. The simulation domain creates a compound S-matrix of the whole struc-
ture, which makes simulations very fast and accurate (~19,000 frequency points per second on a
computer with 3.16 GHz Intel Core 2 Duo CPU).

The response after simulation shows a flattened resonant peak shape in both, drop and through
spectra. The power coupling factor between the two rings induces changes in the passband
shape. In the absence of attenuation, the maximally flat passband is achieved at Coupling2 =
0.25%sqgr (Couplingl) =0.01 (Figure 6), with Couplingl = 0.2, the coupling between
the ring and bus waveguide, what coincides with the results reported in [8].

Copyright © 2014 John Wiley & Sons, Ltd. Concurrency Computat.: Pract. Exper. 2014; 26:2518-2529
DOI: 10.1002/cpe



2522 C. ARELLANO ET AL.

Transfer Function for "Drop" Signal

VRN

1.05
1

= Coupling2=0.001
—— Coupling2=0.004
—— Coupling2=0.01

054 = Coupling2=0.02

0
Frequency relative to 193.1 THz [GHz)

Transfer Function for "Through" Signal

125 -100 125

0
Frequency relative to 193.1 THz [GHz]

Figure 6. Simulation results: the ‘drop’ and ‘through’ transfer functions of the double-ring add-drop filter.
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Figure 7. Schematic of photonic switching element.

4.2. Induced transparency in cross-coupled two-ring photonic switching element

The following case illustrates the functionality of a photonic switching element. The device con-
sists of a waveguide intersection, positioned between two ring resonators [9] to control the routing
of signals in optical networks and interconnections (Figure 7). The device exhibits in its ‘On’ state a
complex effect, the so-called coupled-resonator-induced transparency (CRIT)—an all-optical ana-
log to electromagnetically induced transparency, initially discovered for a system of two consecutive
ring resonators.

Figure 8 shows the simulation results considering an ideal waveguide crossing and two ideal
identical micro-rings, each coupled with both crossing waveguides (calculated with speed ~6000
frequency points per second on a computer with 3.16 GHz Intel Core 2 Duo CPU). Both rings
are designed to have resonances at frequency 193.1 THz. At this frequency, the modeled photonic
switching element exhibits its ‘On’ state, while far away from this frequency, it exhibits ‘Off” states.
Notice the existence of an additional narrow transparency peak in the ‘West to East’ spectrum that
slides over the broader resonance with the transmission phase. This is the transparency line caused
by the CRIT effect (due to interference between two different light paths). It can be easily con-
trolled by changing, for example, the temperature of the waveguide crossing area. The CRIT peak
is affected by detuning the radii between two of the rings and by imperfections in waveguide cross-
ings (reflections and crosstalk). Notice a splitting of the CRIT peak with such imperfections, caused
also by additional light paths and the corresponding interference effects between them.
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Figure 8. Simulation results: spectra at the different outputs for crossing element without attenuation and
reflection (top); and for non-negligible attenuation and reflection (bottom).

4.3. Recirculating optical buffer

This example shows the implementation of an integrated recirculating optical buffer, based on the
work reported in [10]. It comprises in addition three-ring add-drop filters for providing different
optical buffer capacity at different channel wavelengths (16-bit delay at 194.1 THz and 8-bit delay
for all neighboring channels). The PIC comprises a 2x2 gate matrix switch formed by two MMI
splitters and four SOAs. The gate matrix is connected to the delay line loops. The electric circuit
models an adaptive filter representing bandwidth limitations of in the driving circuit (Figure 9). We
illustrate with this example how photonic, opto-electronic, and electrical sub-elements can be sim-
ulated together. The electric filter implements different transfer functions, depending on the values
given to the resistances and capacitances. The transfer characteristic might be analyzed indepen-
dently before introducing it in the full setup (Figure 10). The simulation technique we used for
simulating this setup is the hybrid TFDM approach, described in [3]. In this technique, clusters of
passive and electric sub-elements are identified (marked with ‘f”), and equivalent S-matrices are
calculated for each ‘f-cluster’. The presence of active elements in this integrated circuit forces a
time domain simulation. For this, equivalent FIR filters are calculated for each of the compounded
S-matrices. Employing FIR filters of clusters of passive elements instead of designing an FIR filter
for each single passive sub-element enables to provide much faster and more accurate results.
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Figure 10. Transfer characteristics of the electrical filter for different values of electrical elements.

Figure 11 depicts the waveform for the 194.1 and 194.4 THz channels using sample rates of
640 GHz (right) and 2.56 THz (left). The latter results are calculated with the speed ~500 time steps
per second on a computer with 3.16 GHz Intel Core 2 Duo CPU. The TFDM approach requires
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Figure 11. Simulation results: delayed response of the two channels for two different simulation bandwidths.
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Figure 12. Simulations results: common-mode rejection ratio (CMRR) (top); and relative phase (bottom) at
output ports.

much smaller sample rates in comparison with the standard time domain approach, which would
need more than 56 THz for accurate simulation results.
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4.4. Tolerances and optimization in MMlIs

The device discussed now represents an implementation of a 90-degree optical hybrid made from
4x4 MMI coupler, which is modeled in VPIcomponentMaker Photonics Circuits by employing
a self-imaging principle and guided mode propagation analysis (with simulation speed ~5000
frequency points per second on a computer with 3.16 GHz Intel Core 2 Duo CPU). The 90-degree
optical hybrid function is accomplished by illuminating only two of the MMI input ports; either
the first and third or the second and fourth [11]. Tolerances of the fabrication process might lead to
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Figure 13. Simulation results: relative power at outputs.
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wrong splitting operation, which are characterized in this setup by the phase relation and relative
power at the outputs, and the common mode rejection ratio [12]. Variations from the nominal width
of the MMI impact the relative output phases, what is not so critical. However, the common-mode
rejection ratio is very sensitive to width variations and increases rapidly with increased deviations
from the optimal width (Figure 12). The power distribution among the outputs is displayed in
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Figure 15. Schematic for chip-to-chip transmission.
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Figure 16. Simulation results (from top to bottom): eye diagram for an increased temperature of the vertical-
cavity surface-emitting lasers; eye diagram considering dispersion in the polymer waveguide; and BER for
different waveguide lengths.
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Figure 13 for different input phases. The insertion loss can be also deducted from the relative power
measurement. In an ideal case, the sum of the relative powers should be 100%.

In another example, we show the design and optimization of a 1x4 uniform splitter. To estimate
the MMI length for which the output signals would be focused best, one should analyze the vicinity
of the best focusing region. The field spatial distribution and the field profiles are displayed near the
right end of the device on Figure 14, produced also by the VPIcomponentMaker Photonics Circuits.
In this case, it is deduced that the best focusing of output fields is achieved for the normalized (in
terms of characteristic beat length) length of the MMI of approximately 0.248.

4.5. Chip-to-chip transmission system

The application discussed now represents a possible realization of a chip-to-chip transmission sys-
tem [13]. A VCSEL is used as transmitter source and a polymer waveguide to guide the signal
through the chip board. At the other side of the waveguide, the signal data are received by a
photo-detector. Such a simple structure could be scaled easily using several tens of parallel opti-
cal channels. Reflecting junction elements are used to couple the light perpendicularly to the chip
waveguide (Figure 15).

We analyzed the impact of varied temperature on the dynamics of the VCSEL behavior and
stress-induced birefringence. Dispersion in the waveguide might also distort severely the signal.
Even though nearly zero polarization polymer waveguides can be designed for a certain wavelength
[14], it can still be problematic because the transmission wavelength might shift because of tem-
perature effects in the VCSEL. Additionally, possible Fabry—Perot resonances originated between
the junctions might degrade the operation of the system. This is simulated by sweeping the length
of the waveguide. For short lengths (could also be interpreted as waveguide attenuation), the BER
increases because of the high power of the FP resonances. The lowest BER values are obtained for
intermediate waveguide lengths. For longer lengths, the BER increases again because of the reduc-
tion of the waveguide attenuation. Thus, automatic parameter variations in this type of simulations
allow finding the margin of waveguide length that represents the best implementations (see simula-
tion results in Figure 16, calculated with speed ~16,000 frequency points per second on a computer
with 3.16 GHz Intel Core 2 Duo CPU).

5. SUMMARY

We have shown the power of circuit simulations for modeling photonic integrated circuits. Specif-
ically, we have presented the professional design suite VPIcomponentMaker Photonic Circuits
for the design and simulation of photonic integrated circuits comprising sub-elements of different
nature. This has been demonstrated with application examples of photonic signal processing circuits,
photonic elements, and systems.
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