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Invited Paper

S—matix oriented CAD-tool for Photonic Integrated Circuits

X.J.M. Leijtens and M.K. Smit

Deift University of Technology
P.O. Box 5031, 2600 GA Delft, The Netherlands.

ABSTRACT
A scattering matrix oriented CAD tool is presented for design and simulation of photonic integrated circuits. Ina
scattering matrix approach each component is represented by a scattering matrix which describes the signal transfer
between the different ports of the component. These components are usually waveguides. As an example of a
more complicated component simulation of an optical PHASAR demultiplexer will be described and the potential of
the approach will be illustrated in simulating an integrated add-drop multiplexer and comparing the results with
measurement data of a realized device.

Keywords: Integrated optics, optical waveguides, PHASAR, add-drop multiplexer, circuit simulation, design au-
tomation software.

1. INTRODUCTION
Most computer aided design (CAD) tools for integrated optics are based on a layout description of the circuit and
use BPM simulation techniques to carry out the simulation.

We have developed a design tool for the design of photonic integrated circuits (PIC5) which uses an approach
also employed in design systems for electronic and microwave circuits. In this approach the circuit is designed on a
symbolic level and the simulation or generation of the mask layout is performed from that level. Both approaches are
shown schematically in figure 1. The advantage of our approach is that the circuit can be better structured and that
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Figure 1. BPM simulation from physical description (left). Simulation and layout generation from a symbolic
description (right).

the best suited simulation method can be chosen for each component or sub-circuit. For example, a fast modesolver
can be used for straight waveguides and a BPM simulation for a Y-junction.

We have chosen to base our CAD-tool on a professional microwave design system (Hewlett Packard's MDS) in
which we have implemented optical component models for handling propagation and coupling of optical fields.

2. DESCRIPTION OF OPTICAL COMPONENTS
In the symbolic description, a photonic integrated circuit is composed of elementary optical components. In the
simplest case these components are straight and curved waveguides. The coupling between the components takes
place via guided modes and radiation fields. For most components, coupling through radiation fields is small and
the optical components can be considered as individual units connected to each other at well defined ports.

The waveguide structure for the (sub-)circuit is defined by a symbol as shown in figure 2.. This symbol shows
Other author information — Email: X.Leijtens©et.tuclelft.nl; Tel: +31 15 2787089; Fax: +31 15 2784046
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Figure 2. Component representing the waveguide structnre of a strip-loaded rib waveguide.
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Table 1. Graphical representation and S-matrix description of monomode waveguide components.

the geometry and the parameters describing a strip-loaded rib waveguide. The waveguide structure consists of a
0.6 m thick InGaAsP (Ag 1.3 m) layer with a 0.3 tm InP cladding layer on an InP substrate. The etch depth
is specified with a parameter (etch) , in this case. The refractive indices of the materials in the waveguide stack are
calculated according to a model' for InP based materials such as used in this case. These models include material
dispersion, which is very important when designing waveguide filters or routers.

An ideal monomode waveguide is a two port component* . The waveguide properties are characterized by the
propagation constant of the fundamental mode, 3, and the response of the components is described by the 2 x 2
scattering matrix S as shown in table 1, with £ the length of the waveguide. For a curved waveguide 512 =821 =
e—'3, with the angular propagation constant and çb the sector angle of the curved waveguide. Since there are
no reflections in both straight and curved waveguides, the diagonal matrix elements, S, and 522 are zero.

The junction between two mono-mode waveguides is described by a 2 x 2 scattering matrix (see table 1) . The
matrix elements are given by the overlap integral of the modal fields U, and U2 in each of the waveguides: =
52, f U1 U . As reflections in optical chips are small for many applications, 5,, and 522 are set to zero, although
inclusion of reflections is straightforward.

In general, the response of an N-port component is described by its N x N S-matrix.24 The number of ports
N is given by N = mk, where n is the number of physical ports for the component and m the number of
(guided) optical modes considered for input n.

In order to obtain the S matrix, any mode solver calculating the modal propagation constants can be used.
The current implementation offers the choice of the effective index method,5 in combination with a conformal
transformation for curved waveguides,6 and a 2D finite element method.

A beam propagation method is used for components where radiation fields play an important role. However,
at the junction with other components only the guided modes are considered. As an example consider a linearly
tapered waveguide. The symbol is shown in figure 3a, and is representative of a component with a monomode input
and up to 20 modes in the output. Figure 3b shows the simulation result using a 2D BPM method for propagating

*J this case only one polarization state is considered.
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(a) Symbolic representation and schematic defini-
tion of taper angle.
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(b) Normalized modal power after traversing the taper, as a
function of the taper angle.
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Figure 3. Linearly tapered waveguide.

the modal input field in the tapered waveguide. The graph shows the optical power in each mode at the side of the
wide waveguide as a function of the taper angle. The sum of the power in each individual modes is almost equal
to the input power, so no power is lost in radiation modes. The simulation shows that for larger taper angles more
higher order modes will be exited and the simulation can be used to determine the maximum taper angle at which
no mode conversion occurs.

The loss which occurs at waveguide crossings is calculated by considering the waveguide that is crossed as a short
but wide waveguide. The excitation of all guided modes in this wide waveguide by the fundamental mode of the
small waveguide is calculated with overlap integrals. The modes in the wide waveguide are propagated over a length
equal to the width of the crossed waveguide. Next, the excitation of the fundamental mode of the small waveguide
is calculated again. The loss in the crossed waveguide is calculated in the same way. The calculated loss does not
depend on the exact width of the wide waveguide, as long as it is wide enough for the diffracted field not to see the
sidewalls. This method is only applicable to 90° crossings and does not account for possible crosstalk between the
crossing waveguides.

3. MACH-ZEHNDER INTERFEROMETRIC SWITCH SIMULATION
We will use the components described above for simulating a Mach-Zehnder interferometric (MzI) switch. The circuit
is represented symbolically in Figure 4 and consists of about 50 separate components: straight and curved monomode
and multimode waveguides and junctions. The switch operates as follows: the incoming light is equally distributed
into the two arms of the interferometer by the first 2 x 2 multimode interference (MMI) coupler." The second MMI
coupler recombines the light into a single output waveguide. If both arms of the MZI have the same optical path

0 2 4 6 8 10 12 14 16

Figure 4. Symbolic representation of the Mach-Zehnder interferometer.
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(a) Symbolic representation of
the Mach-Zehnder interferometer
sub-circuit shown in figure 4.

Figure 5. Mach-Zehnder interferometric switch.
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Figure 6. A 6 x 6 PHASAR.

length, the switch is in the cross state. Introducing a phase shift of ri in one of the arms causes a switch to the bar
state.

In MDS one can define a single symbol to represent a full sub-circuit, allowing for a hierarchical design. Figure 5a
shows the symbol used for representing the MZI switch of figure 4. Only a limited number of relevant parameters is
used in this switch symbol. The simulated switch characteristics are shown in figure 5b, both for the ideal case and
for the case where all structures in the switch were 0.2 tm smaller than in the optimum design, thus simulating a
non-perfect fabrication process.

4. MODELING OF PHASAR DEMULTIPLEXER
The PHASAR demultiplexer is a combination of two star couplers connected by an array of waveguides acting as a
grating.7 Figure 6a shows the symbolic representation of a 6 x 6 PHASAR demultiplexer. In contrast to the components
described above, the geometry of the PHASAR is not directly specified. In stead, design parameters such as the central
wavelength and channel spacing are given and the first step in the simulation is the construction of the geometry of
the component, following the description by Smit.8
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drop application, when the signal is launched in input 1.
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Next the simulation of the component with this geometry is started by calculating the diffraction of the input
field in the star coupler, using the Rayleigh-Sommerfeld model.9 The coupling coefficients of the diffracted field
with each waveguide of the array are calculated. These coefficients are corrected for coupling between adjacent
array waveguides by a normalisation procedure using the super modes of the waveguide array, which are constructed
following the description by

The propagation in each waveguide in the PHASAR is calculated taking into account the coupling loss at the
junctions and the radiation loss in the curved waveguides. As an option, the phase transfer of each waveguide in
the array can be changed randomly by a small amount with a normal distribution, in order to simulate the phase
incoherence in the array due to imperfections in the fabrication process. In this way, a realistic crosstalk level for
the PHASAR can be simulated as well.

5. FOUR CHANNEL ADD..DROP SIMULATION AND COMPARISON WITH
MEASUREMENT

The symbolic representation within MDS of the four channel ADM is shown in figure 7. It consists of a combination
of straight and curved waveguides, junctions, crossings, switches and one 6 x 6 PHASAR.

Switches are based on a Mach-Zender Interferometer (MzI) design and are composed of straight and curved
waveguides and two 3 dB MMI couplers. The MMI couplers used in the switches measure 16x400 (pm)2. The length
of the MZI arms is 2 mm and a change in the refractive index of the film layer of 0.0135 % is required to switchfrom
cross to bar state.

The 6x6 PHASAR has a central wavelength of 1.536 jm and a channel spacing of 3.2 nm (400 GHz). The gap
between access waveguides is 3 sam. At the star coupler the gap between the array waveguides is 0.6 m. A phase
noise with a spread o = 8 degrees results in a realistic crosstalk level of about -30 dB. The simulated response of the
PHASAR is shown in figure 6b.

When four channels with wavelengths = 1.5360 pm, )2 = 1.5392 ,am, 1.5424 tm and = 1.5456 pm
are launched into the lower port (Input) of the PHASAR, they are spatially separated by the PHASAR and routed to
the switches Si. . . S4, respectively. Each wavelength can be switched to the drop port (Dl. . . D4) of the switch or
back to the PHASAR where the signals are multiplexed into one output port.

The simulated response of the ADM, when the signals at Ai , )2 , A3 and A4 loop back to the PHASAR is shown in
figure 8a. Figure 8b shows the simulated response when the signal going through switch S3 is routed to the drop port
D3. Three peaks )2, A4) are visible and a fourth peak originating from the direct signal from input to output.

Figure 7. Symbolic representation of the four channel ADM circuit.
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Figure 8. Comparison between simulation (a,b) and measurement (c,d) results of the four channel ADM, showing
the signal at the output of the ADM.

A signal with the correct wavelength ()3) has been added at port A3 (dashed lines in the figure). The estimated
losses for the signals that are looped from input to output are between 5.9 dB and 7.2 dB. The peak at A3 has a
larger width because the signal is filtered only once by the PHASAR. Losses for this signal are also less for the same
reason.

An InP-based four channel ADM with a design identical to the simulated ADM was realized by Vreeburg.'2 The
measured responses are presented in figure 8c and 8d. The shapes of the simulated and measured curves are in good
agreement with each other. The difference between the designed and fabricated waveguide structures has caused a
shift in the central wavelength of approximately 9 nm. In case the switches are in the cross state, the measured
losses are between 7 dB and 9.1 dB. The simulated losses are less (5.9 dB—7.2 dB) because the simulation doesn't
take into account the transmission losses in the waveguides wich are measured to be 1.5 dB/cm. Since the length of
the ioop is approximately 1.2 cm this accounts for the difference.

The simulated loss of the waveguide crossings is 0.1 dB per crossing. The measured value is 0.3 dB per crossing.
This accounts for the difference in relative peak height since the signals at Ai , )'2 , A3 and )¼4 , pass 1 , 3, 5 and 7
crossings, respectively. Figure 8d shows a residual signal for )¼3 about 30 dB below the original signal. This is in
good agreement with the simulated value. The origin of this residual signal is the extinction ratio of the switch and
the phase errors of the PHASAR.
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6. CONCLUSION
A powerful CAD-tool for simulating photonic integrated circuits has been presented. The scatter-matrix approach
used in this tool allows for structured design of complex circuits. Different simulation methods can be chosen for
different sub-circuits. A full simulation of a four channel ADM has been performed and the validity of the results is
proven in a comparison with measurements of a realized device. The simulated values for loss and crosstalk levels
are in good agreement with the experimental results.
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