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ABSTRACT

The exponentially growing number of components in complex large-scale Photonic Integrated Circuits (PICs) requires
the necessity of photonic design tools with system-level abstraction, which are efficient for designs enclosing hundreds
of elements. Ring-resonators and derived structures represent one example for large-scale photonics integration. Their
characteristics can be parameterized in the frequency-domain and described by scattering matrix (S-matrix) parameters.
The S-matrix method allows time efficient numerical simulations, decreasing the simulation time by several orders of
magnitude compared to time-domain approaches yielding a better modeling accuracy as the number of PIC elements
increases.

We present the modeling of optical waveguides within a sophisticated design environment using application examples
that contain ring-resonators as fundamental structure. In the models, the two orthogonally polarized guided modes are
characterized by their specific index and loss parameters. Systematic variation of circuit parameters, such as coupling
factor or refractive index, allows a comfortable design, analysis and optimization of many types of complex integrated
photonic structures.

Keywords: photonic integrated circuit, ring resonator, ring coupler, photonic waveguide, scattering matrix, design,
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1. INTRODUCTION

The number of components in Photonic Integrated Circuits (PICs) emerges exponentially, similar to Moore's law of
electronic integrated circuits. The number of elements in most advanced PICs reaches a few hundred already now,
especially those in computing [1-2] and networking [3] applications. This leads to the necessity of photonic design tools
with system-level abstraction supporting efficient simulations of such structures.

Photonics modeling can be addressed through different approaches depending on the level of the design, from a single
device, a transmission link or a large network. In a multi-layer modeling framework [4], the modeling of PICs is placed
at a device-level design. Traditional tools based on Finite-Difference Time-Domain (FDTD) method and Beam
Propagation Method (BPM) solvers are widely used for modeling small-scale PICs. However, they are not appropriate
for modeling large-scale PICs because they are too slow and their layout editors are inconvenient for defining schematics
with a large number of elements. Time-domain methods are very competitive for solving light propagation in optical
waveguides with arbitrary geometries like multimode interference devices (MMIs) or star couplers but they become
highly inefficient for modeling PICs with several sub-components. Moreover, a deep level of detail is not necessary in
most of the cases and a description of the device in terms of S-matrices is sufficient. The speed of numerical simulations
can be significantly increased by usage of the S-matrix approach, which operates in the frequency-domain. The S-matrix
approach has been developed formerly and is widely used in high-frequency electrical engineering to characterize and
design microwave circuits. This method can also be applied for the modeling of large-scale photonic crystals [5-6].

Ring-resonators (RRs) and derived structures represent one example for large scale photonics integration, which can be
well described by S-matrices. RRs in conjunction with silicon photonics integration technologies are very promising as
they offer a growing number of applications such as modulation/demodulation, switches, delay lines and other signal
processing tasks [7-8]. After an introduction into the general ideas of the modeling framework in the next section, several
ring-resonator applications are presented and discussed in section three of this paper.
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2. MODELING FRAMEWORK

Adhering to the multi-layer methodology for photonics modeling' and in order to cover device designs from the system
perspective we have developed an original modeling framework that addresses the new and rising demand for PICs
simulation tools. Within this framework, basic building blocks of optical waveguide geometries are used as functional
elements for transporting signals between different elements in the photonic circuit. The propagation of signals in the
photonic waveguides is described by a two-component sampled signal representing the two orthogonally polarized
guided modes. TE and TM mode are characterized by their own effective and group mode indices, attenuation and
insertion losses, or alternatively, by delay time and optical losses.

We developed models of PIC elements that can work in both, frequency- and time-domain numerical simulations. The
frequency-domain models are very time-efficient in simulations of structures with many elements, overcoming one of the
main challenges of traditional time-domain Maxwell equation solvers (e.g., FDTD, BPM). Further on, we accomplished
accurate time-domain simulations of PICs through an advanced method for modeling finite-impulse response (FIR)
filters. So, the modeling of waveguide-based elements can be combined with other systems-level models of
semiconductor cavities using either domain. Active devices such as semiconductor lasers, amplifiers, and absorbers for
instance are modeled favorably in the time-domain by means of the Transmission-Line Laser-Model [9-10]. In this
model, the semiconductor cavity is numerically discretized into several subsections, where for each one of them the
bidirectional laser rate equations are solved. Both types of elements, active and frequency-domain represented (mainly
passive), can interoperate in a same simulation schematic.

Ring resonator structures concerting this paper are passive elements, which can be represented by several building blocks
emulating the characteristics of geometrical substructures. We identified two key building blocks, namely: ring resonator
and ring coupler, and different connector blocks, namely y-branch, y-combiner, x-coupler and straight waveguide
elements (Figure 1). They can all be described and modeled in the same way by introducing referenced scattering-
matrices. The S-matrix contains the complex-valued, frequency-dependent components describing transfer functions for
input/output ports of the photonic element. The photonic circuit can be solved by multiplication or convolution of those
matrices in the frequency- or time-domain, respectively (Figure 2). This representation of a PIC device can be applied
either in the frequency- or time-domain, depending on the periodicity/aperiodicity of processed signals and the
presence/absence of active devices in the modeled circuit. In the S-matrix approach, all passive PIC devices are
considered as mere multi-port and/or multi-mode optical filters, and therefore, can be combined with systems-level
models of other components and subsystems such as fibers, optical amplifiers, electrical components, receivers including
performance estimation modules, for instance, and simulated altogether in the same schematic. S-matrix can be loaded
from data files defined by measurements, for instance, or can be calculated by using approximate analytical models that
are specific for each type of PIC device. For MMI devices, S-parameters are calculated analytically with the self-imaging
matrix model [11]. The analytical model for star coupler elements is based on field transformation through a finite
Fourier transform. S-parameters are calculated analytically in paraxial approximation using the Fourier optics model. S-
parameters for straight waveguides are calculated on the basis of waveguide length, attenuation, mode coupling
coefficient, effective and group mode indices and dispersion. The analytical models of ring resonator and ring coupler
are explained in detail in the next section.

Ring Coupler Straicht Havequide

Figure 1. Basic building blocks for modeling ring-resonator structures.

! provided, for instance, in the professional design suite VPIcomponentMaker | VPItransmissionMaker.
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Figure 2. Representation of a photonic circuit by discretization of S-matrices [6].

In our modeling framework for passive PICs, each device is considered as a black box, characterized by several ports,
enumerated from 1 to N (Figure 3). Each port represents a device connection point through which optical signals come
in/out to the device. In most cases, ports can be associated with photonic wire waveguides.

Port5

Figure 3. Representation of a 5-port PIC device. Transfer functions between each port are represented by S-parameters,
forming the S-matrix of the PIC device.

Ports can be intrinsically multimode, however, here we consider that each port supports exactly two polarization modes,
a TE-like mode in the E, component and a TM-like mode in its £, component of the signal field representation. Ports of
physical PIC devices are intrinsically bidirectional so back reflections and polarization coupling might occur. The
resulting S-matrix of the modeled passive PIC device is a matrix of complex frequency-dependent functions (transfer
functions) that multiplied in frequency-domain (or convolved in the time-domain) with the input signals produces the

output signals. Denoting the spectra of input and output signals at port n as ESH) (f) and E,SOM) (f), we can write the
filtering in frequency-domain as:

Elout E{n
Egut | =$(f)| Ef (1)
E’}Z\a;ﬁc E’Ilvn

where the S-matrix S(f) consists of NxN Jones matrices T, (f) connecting input port m with the output port . In its
turn, each Jones matrix is formed by four complex-valued frequency-dependent transfer functions: To'® (f),
TIETM ey, TITE (£, and TR ™ (). Once the frequency dependencies of all the transfer functions constituting the S-
matrix of the modeled passive PIC device are known, Eq. (1) is applied for obtaining output signals from the input

signals in the frequency-domain.
2.1 Analytical model for Ring Resonator

The Ring Resonator structure consists of an optical waveguide bended into a circle and placed close to a straight
waveguide, so coupling between these two elements occurs. The resultant magnitude of the transfer function is unit for
all frequencies while its group delay has maxima at resonance frequencies (Figure 4). This element acts as an all-pass
phase shifter. The resonance frequencies are determined by the length of the waveguide forming the ring. Inside the ring,
the spectrum of the circulating signal has maxima at resonance frequencies. The S-matrix of the RR can be either loaded
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from file or calculated analytically. If an analytical description is applied, the S-matrices are determined on the basis of
the following physical parameters [12]. The RR can be designed either for getting the desired resonance properties
(specified by Free Spectral Range - FSR, design polarization, resonance frequency, and Q-factor) or on the basis of
structure parameters (specified by parameters coupling waveguide-ring, ring length and ring phase shift). Attenuation in
the ring and bus are also considered.

Group Delay
25 [— neff TE = 2 (X polarization) Af
------------- neff Th = 2.01 (¥ polarization) - FSR
20- ] % .
7
=
g
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a
0
-650

Frequency relative to 193.1 THz [GHz]

Figure 4. Group delay of the transfer function of a single-ring resonator for two polarizations (left) and RR structure (right).

The considered analytical model does not account for back reflections. Hence, transfer functions for n=m in Eq. (1) are
zero. Therefore, the only non-trivial transfer functions will be those that connect input waves at left port with output
waves at right port (and vice versa) for the same polarization:

( (f)) (TJ,f'”" n o0 > ( e (f)) @
5"¥M ) 0 Ty ™ ()] \Etru ()
The two non-zero transfer function coefficients are calculated as outlined in [12] and are equal to:
TE TE trg—exp(—jfre(f)) .5
(f) - 1-trg-exp(—jOTe(f) eXp{_]ﬁTE,bus(f)Lbus} (3)
trym—exp(—jo .5
T (f) = (SR e () B pus () Livus) (4)

- 1-trp-exp(—jOTm(f))

Here, the following notations have been introduced:

trg =+ 1—Kpg; try = vV 1—Kry; 0r(f) = ﬁTE,ring - Lring — @TEring> Orm(f) = ﬁTM,ring f)- Lring — PTMring

with ,éTE,rmgand ,éTM,ringbeing generalized complex-valued propagation constants of TE- and TM-like guided modes in

the ring waveguide. Accordingly, ﬁTE_buS and ﬁTM‘buSare generalized complex-valued propagation constants of TE- and
TM-like guided modes in the bus waveguide. Here, propagation constants include also mode attenuation:

ﬁTE ,ring (f) neff TE (f) aTE ,ring (5)

with similar expressions (using different attenuation constants) for the three other propagation constants.

The attenuation inside the ring waveguide can be specified either explicitly or by specifying the desired loss per one
roundtrip along the ring waveguide. With the length of the ring waveguide L, the attenuation constants are calculated
for the latter case as afp i,y = TurnLossrg/Lymg and afy i, = TurnLossry/Lyig. The frequency dependence of
the effective indices no¢r g (f) and nessry (f)of TE- and TM-like modes is assumed to be equal in both bus and ring
waveguides, and is found from the parameters effective index, group index and reference frequency and dispersion.

The other parameters are length of the ring waveguide, L,;e; coefficients K7z and Ky, , describing power coupling
between the bus and ring waveguides; and additional phase shifts, @1z ringand @1 ring, added to accumulated complex
phases of both modes in the ring waveguide can be either specified explicitly or calculated automatically for the desired
resonance properties. The latter case is realized by specifying the desired resonance properties free spectral range,
resonance frequency and the resonance quality factor which may be specified for each polarization individually. With
this, the corresponding structure parameters can be calculated from simple expressions.
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2.2 Analytical model for Ring Coupler

The Ring Coupler (RC) structure is formed by two bus waveguides coupled to a RR. A single RC acts as an efficient
add-drop filter (Figure 5). The analytical model of the RC is very similar to the ring resonator, with the difference that
two coupling coefficients are considered for the ring and upper and lower waveguides.
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Figure 5. Schematic of the ring coupler structure and magnitude of the transfer function at ports 2 and 3 when an input
signal is applied at port 1.

In a simplified model of the RC, neither back reflections nor TE/TM mode coupling is considered, as in the RR model.
Therefore, for n=m transfer functions are zero and there is no coupling between signals in ports 1 and 3 and in ports 2
and 3. Consequently, the only non-trivial transfer functions are those that connect input waves at ports 2 and 3 with
output waves at ports 1 and 4 (and vice versa), for one polarization. Here, we consider as an example the expressions for
TE-polarization (they are functionally the same for the TM-polarization), so output fields are described as:

( (f)) < T () Tis't (f)> (E (f)) ©
B (F) w2 () Tag " (D) \ESrs(f)
The transfer function coefficients are calculated similar as for the RR case [12]:
up. low
TE TE TE TE KTEKTE eXp(JBTE(f)/Z) B
(f) - (f) - tupt%-%w exp(iOTE(S)) p{ ]ﬁTE,bus(f)Lbus} (7)
TTETE gt expUOTES) o 3
(f) - upt_lroEw exp(OTE()) p{ ]ﬁTE,bus(f)Lbus} (8)
, t1% —t7hexp(jOTE(f)) .5
s () = et e o eXP{—JBreous (N Lbus) ©)

tretre —exp(OTE(S))

where coupling (k), transfer (#) and propagation (f) coefficients follow analogue expressions as for the RR, described in
the previous section. The RC can be also designed either for getting the desired resonance properties or on the basis of
structure parameters.
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3. DESIGN EXAMPLES

In this section we demonstrate the applicability of the developed modules using examples of a tunable delay, tunable
filter, ring-loaded Mach-Zehnder (MZ) interferometer, channel add-drop multiplexer and MZ modulator with cascaded
rings. The investigated examples are based on real devices that have been recently reported.

3.1 Tunable delay

A tunable delay device can be implemented by two cascaded ring-resonators (Figure 6). Such structure finds applications
in microwave photonics as it is sensitive to power changes in the RF frequency range. The tunability is achieved by
means of the thermo-optic effect in silicon material [13]. This property involves changes in the refractive index by
deploying thermal heating. The heating of the rings is controlled electrically, varying the power at electrodes placed next
to the coupling positions, so the thermo-optic effect is mostly used for tuning devices with a moderate number of

elements.

Figure 6. Schematic of the cascaded two-ring resonator

The two rings are designed with identical geometries, so the resultant transfer function has a maximum delay at the
resonance frequency. When modifying the electrical power at the rings, the effective length of the device changes and
thus, its resonance frequency. By keeping one of the rings with a constant power and tuning the other one, the resonant
offset increases and the resulting resonances and notch might become flat for a certain value of detuning, as shown in
Figure 7. This would be the optimum case as the phase shifting would be achieved without variation in the RF range
[14].
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Figure 7. Magnitude and group delay of the two-ring resonator transfer function. Ring lengths and waveguides are 110 um,
55 um, respectively; attenuation inside the ring is 1500 dB/m; and coupling factor waveguide-ring 0.1.

3.2 Ring-Loaded Mach-Zehnder

A device named ring-loaded Mach-Zehnder interferometer (MZI) comprises a MZI with a delay-ring in one of its arms.
This arrangement might perform as an interleaver filter [15-16] with symmetrical transfer functions on Bar and Cross
ports when the length difference of the branches is correctly designed, specifically, the length unbalance is one half of
the length of the ring. In our design, represented in Figure 8 (left), the ring is 500 um and the bottom waveguide is 250
um long. The magnitude of the transfer function at the Bar and Cross outputs is represented in Figure 8 (right). The
resultant FSR is 600 GHz, which can be also calculated as FSR = c/n;AL; being c the velocity of light, n,; the effective
index (set to 2) and AL the path difference.
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Figure 8. Schematic of the Ring-Loaded MZ (left). Magnitude of the transfer function at Bar and Cross outputs (right).

The transfer function shown in Figure 8 represents the optimum case, achieved for ideal couplers (coupling factor 0.5 at
input and output ports) and for coupling ring-waveguide (K,) of 0.9. However, characteristics of a real physical device
might suffer from effects such as different refractive indices at the ring and the waveguides, non-ideal couplers, and
imperfect matching of waveguide lengths. All these aspects are easy to investigate by numerical simulations which might
also help to optimize the device. Figure 9 (left) shows the magnitude of the transfer function at the Bar output for
different values of the ring-waveguide coupling. Ripple occur in the passbands for values diverting significantly from the
optimum one. In Figure 9 (right), the parameter K, has been kept at its optimum and the coupling coefficient of one of
the couplers has been varied, representing a frequency-dependent splitting ratio. The extinction ratio deteriorates
considerably for small variations of the coupling.
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Figure 9. Magnitude of the transfer function at Bar output for different values of the coupling coefficient at the ring (left)
and coupler (right).

3.3 Tunable Filter

By increasing the complexity one step and introducing a second ring in the MZI structure, Figure 10 (left), a bandwidth
tunable optical filter can be implemented [17]. Electrical electrodes at the rings are used to act on its length and phase
shift by deploying thermal heating and changing the resonance frequency via the thermo-optic effect. By keeping the
properties of one of the rings constant and varying the resonance frequency of the other one, the bandwidth tunability is
achieved, as represented in Figure 10 (right). Up to S0GHz bandwidth can be achieved with less than 3 dB ripple in the
transmission response.
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Figure 10. Diagram of the tunable filter device (left) and magnitude of its transfer function for different values of frequency
offset applied at one of the rings (right).
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3.4 Four-Channel Add-drop Multiplexer

Next we show an example which uses ring couplers (RC) as elementary elements. The device consists of four cascaded
RCs, representing a 4-channel add-drop multiplexer [18] (Figure 11). Each RC is tuned to the resonance frequency of the
desired channel. Again, tunability might be achieved by thermal heating with electrodes attached to the rings.

.

= == === /rough

Channel 4 Chahnei.? Channel 2 Channel 1

Figure 11. Diagram of the 4-channel Add-drop Multiplexer.

Figure 12 (left) shows the magnitude of the transfer function at the through and drop output ports. Figure 12 (right)
demonstrate the drop of the four channels. It can be observed that channel 4 is not affected by adjacent sub-channels,
however, channels 1 to 3 present interferences at the center frequency, coming from resonances of the adjacent channel.
By slightly tuning the resonance frequencies and Q-factors this effect might be investigated and optimized.
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Figure 12. Magnitude of the transfer function at channel and through outputs (left). Signal at output ports for a WDM input
signal (right).

3.5 Mach-Zehnder with cascaded Ring Resonators

The last application example that is discussed here is a modulator consisting of a Mach-Zehnder interferometer loaded
with a 10-cascaded ring resonator (Figure 13). This type of device presents better modulation efficiency when compared
with a conventional MZM having a similar footprint size [19]. Here we want to point out that the design of a device with
a large number of elements (here: a total of 22) does not imply a huge degree of complexity in editing or analyzing the
design. As illustration, a single parameter control may be defined that allows automatic variation of the group velocity
inside the device. Figure 14 shows corresponding transfer functions at output ports over a large spectral range.
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Figure 13. Schematic of the 10-cascaded ring Mach-Zehnder device.
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Figure 14. Magnitude of the transfer function at output ports for different values of group velocity inside the structure.
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Effective and group indices might differ for different polarizations; in fact, they are very different in SOI devices.
Exemplary, Figure 15 shows transfer functions for TE and TM polarizations of the same device considering different
values of group and effective indices for the two polarizations. It illustrates a different constellation of resonance
frequencies that might impact severely polarization multiplexed systems, for instance, and should be taken into account
in the design. The degree of degradation of the system might be further investigated by systematic numerical
simulations.
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Figure 15. Magnitude of the transfer function at output ports for the two polarizations TE and TM. Group and effective
indices for TE and TM are, respectively, ngrg =4, Ngrrm =3, Negrre =2.6, Negrrv =2.2.

4. SUMMARY

We presented a modeling framework for the design of photonic integrated circuits (PICs) and discussed application
examples that contain ring-resonators as fundamental structure. Among many other modeling features, the framework
includes a family of basic PIC elements and a methodology for numerical simulations based on the S-matrix method.
The discussed level of modeling PICs allows a seamless integration with other systems-level simulation techniques.
Analytical models for S-matrix calculations of ring resonator and ring coupler have been exposed and demonstrated in
several integrated device applications. The presented examples enclose passive elements only allowing numerical
simulations to be carried out entirely in the frequency-domain. The S-matrix approach deployed in the frequency-domain
allows the simulation of highly integrated designs consisting of a large number of elements with competitive time and
accuracy.
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