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Abstract: This theoretical modeling-and-simulation paper presents designs and projected
performance of ~1500-nm silicon-on-insulator 2 x 2 Mach-Zehnder interferometer (MZI)
optical crossbar switches and tunable filters that are actuated by thermo-optical (TO) means.
A TO heater stripe is assumed to be on the top of each waveguided arm in the interferometer.
Each strip-waveguide arm contains an inline set of N-fold coupled, phase-shifted Bragg-
grating resonators. To implement accurate and realistic designs, a mixed full-vectorial
mathematical model based upon the finite-element, coupled-mode, and transfer-matrix
approaches was employed. The Butterworth-filter technique for grating length and weighting
was used. The resulting narrowband waveguide-transmission spectral shape was better-than-
Lorentzian because of its steeper sidewalls (faster rolloff). The metrics of crossbar switching,
insertion loss (IL) and crosstalk (CT), were evaluated for choices of grating strength and TO-
induced change in the grating-waveguide refractive index. The predicted ILs and CTs were
quite superior to those cited in the literature for experimental and theoretical MZI devices
based upon silicon nanobeam resonators. This was true for the Type-I and Type-II resonator
addressing discussed here. Finally, we examined the TO-tunable composite filter profiles that
are feasible by connecting two or more Type-I MZIs in an optical series arrangement. A
variety of narrow filter shapes, tunable over ~2 nm, was found.
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1. Introduction

This theoretical modeling-and-simulation paper deals with resonant-structure innovations and
major improvements in the predicted performance of narrowband 2 x 2 Mach-Zehnder
crossbar switches that are actuated by thermo-optical (TO) means. This TO control offers
relatively large (albeit slow) perturbation of the resonator’s effective index An, and the TO
switches offer proof-of-principle for the ultrafast electro-optical (EO) crossbar versions. The
corresponding EO 2 x 2s would use a free-carrier An mechanism such as depletion of PN-
doped resonators.

Within the realm of integrated photonics, such as on-chip silicon photonics, these
narrowband 2 x 2s are newcomers compared to the established broadband MZIs. The resonant
2 x 2s find application in datacomm/telecomm [1,2] where such 2 x 2s would often be
interconnected to form an N x N matrix switch within a wavelength-multiplexed system. The
resonant N x Ns solve the problem of ultralow-energy switching, but they require several
tradeoffs or compromises in the system. Electro-optical logic [3,4] is another good application
of the narrow (EO-type) MZIs discussed here.
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Only a few experiments have been performed on resonant 2 x 2 MZIs [5,6] and those used
silicon nanobeams in the interferometer arms. The waveguided Bragg grating (WBG) is
analogous to the nanobeam lattice, and a Bragg device can perform “nanobeam tasks” [7-9]
when two WBGs are joined with a short phase-shift segment to form a waveguide Bragg
resonator (WBR). This resonance can then be shifted along the wavelength axis in the same
manner as for the nanobeam resonance [10—13]. The possibilities for engineering the WBR
are arguably more numerous than they are for nanobeams. In the context of spatial routing
switches, very little theory exists on the WBRs and this deficiency is addressed in this paper.
When engineered—as discussed here-we find WBRs to be versatile and competent as both
switches and tunable filters. A new strategy set forth here is to couple closely two or more
Bragg cavities in one strip waveguide. The resulting normal modes give one spectral profile
for the N-coupled-cavity waveguide. This advantageous new profile is non-Lorentzian with
steep roll-off of the side walls, and its bandpass is adjustable. With numerical methods
presented here, the optimized WBR MZI affords outstanding metrics in its optical insertion
loss IL and optical crosstalk CT. The N-coupled WBR approach gives many choices of filter

shape and the MZI footprint is reasonably compact for N < 4 and thereby practical.

The MZI designer has the freedom to choose the central resonance wavelength of the
WBR in each arm of the MZI, that is, to select A; and A,. With the TO heaters off, those
wavelengths can be the same or can be slightly different, as desired. These two situations (A,
=), and A, = A; + 8A) require different “addressing” of TO heaters to reach the cross and the
bar states. We call these Type-I and Type-II addressings and these are explored here. Both
types project excellent performance.

The MZI offers a passband filter at its Through port and a related notch filter (stop band
filter) at its Drop port. Since the TO effect offers practical shifting of both profiles along the
wavelength axis, the MZI is in effect a tunable-filter device and we are able to attain
bandwidths in the range of a few GHz or tens of GHz. In this paper, we propose a new kind of
filter-switch mesh in which two or more MZI variable filters are connected in cascade.
Because several practical, tunable filter shapes become available in the cascade, our proposal
implies that the TO MZI is useful in on-chip microwave photonics to filter the optical
sidebands that are formed on an optical carrier signal when that light beam is amplitude-
modulated by an RF input signal [14—16]. RF spectrum analysis and other functions such as
frequency measurement of an unknown microwave frequency [17] can be performed by our
tunable filter devices. Also feasible on the silicon filter chip are optical spectroscopy and
optical sensing.

The photonics platform assumed here is the foundry-compatible and CMOS-compatible
silicon-on-insulator (SOI) platform operating around 1550 nm. As mentioned, we investigate
MZI arms composed of N-coupled WBRs.

The paper is organized as follows. Device architecture and numerical methods of
simulating the device behaviour under different operative conditions are presented in Section
2. Then, in Section 3, general design guidelines and parametric simulations are reported for
MZI crossbars. On-chip performance is projected as a function of signal wavelength, thermal
tuning and grating strength. A comparison with the state-of-the-art is presented in Section 4.
Finally, Section 5 summarizes the conclusions.

2. MZI device architecture and grating-engineering method

The 2 x 2 TO MZI building-block device analyzed here is in the ~1550-nm SOI platform. The
strip waveguides have the width and height for single-mode operation, and we have
deliberately chosen for the Bragg structures silicon side-corrugations or “teeth” that protrude
outside of the width because this “outside” approach gives better performance than either the
“inside” or “mixed” corrugation approaches. The resulting Bragg devices are versatile and
have a number of different applications as is illustrated by the state-of-the-art Bragg-structure
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applications in the literature [17-25]. Figures 1(a) and 1(b) show the architecture and the
schematic black box, respectively.

The device consists of N waveguide Bragg resonators end-coupled to each other in one
waveguide, and such waveguides are placed in the two arms of the MZI. Directional couplers
(DCs) are used as input and output devices. In particular, the coupler gap (G ), and the
directional coupler length (L, ) are designed to induce 3-dB behavior. Under this hypothesis,

the outputs at the drop and through ports of the MZI are equal to the reflection and
transmission of the N -coupled WBRs, respectively. The structure of the i-th resonator within
the WBR channel is illustrated in Fig. 1(c), together with the fundamental geometrical
parameters. Moreover, the MZI switch is physically realized on a SOI strip waveguide
covered by silicon dioxide and having a width, ¥, and an height, H, as sketched in Fig. 1(d).
As mentioned, tuning is actuated by TO heater strips deposited on the top of the WBRs, the
orange stripes in Fig. 1(a). As outlined in [11], the TO technique can be considered as an
efficient tool to induce refractive index changes ( An ) with low-power consumption (i.e., TO
Off state An =0, TO On state An # 0). Indeed, the temperature increase required to obtain
An = 0.0015 is about 8 K, due to silicon’s thermo-optic coefficient dn/dT = 1.86 x 107
K™'. The AT required to achieve An = 0.004 is not excessive and is also included below.

WBR-1  WBR-2 WBR-N

Coupler-out

@

LB; SiO, W
Input — Drop - IH
Mzl
Si0,
Add —» —— Through

Phase shifter

®) () @

Fig. 1. (a) Schematic architecture of on-chip 2 x 2 MZI switch (in orange the heating strips).
(b) 2 x 2 MZI switch black box; (c) i-th waveguide Bragg resonator; (d) SOI waveguide cross
section.

The DC and WBG design and simulations require very robust mathematical models to be
as flexible and accurate as possible. For that purpose, several approaches have been
investigated and traditionally implemented. The two-dimensional (2D) and three-dimensional
(3D) beam propagation method (BPM) and the finite-difference time-domain (FDTD) method
are widely used for simulation and design of DCs and WBGs. Those approaches allow us to
determine the overall device operation. However, the BPM and FDTD methods are well
known to be time- and memory-consuming, thus not suitable for simulating long devices or
multi-waveguide sections, and the methods suffer from divergence of numerical solutions.
This aspect could be considered a drawback when the switch design rules have to be deduced
from several parametric simulations. In this context, the implementation of a mixed numerical
approach based on the finite-element method (FEM) and full vectorial coupled-mode theory
(CMT) can provide a better approach for the flexible simulation and design of DCs and
WBGs. Indeed, comparisons with 3D-BPM [26] and rigorous Floquet-Bloch theory [27] have
demonstrated the good accuracy of this mixed approach which is adopted here.
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After the determination of the coupling coefficient, the amplitude reflectivity and
transmittivity for each Bragg section of length LB,, the waveguide Bragg resonator has been

simulated by means of the transfer matrix approach. However, with the aim of setting up a
mathematical tool useful to analyze cascaded MZIs with different configurations and
operational conditions, we characterize the 2 x 2 MZI switch as in Eq. (1):

b, b, b,
o =T, “ =TT,T “ (1)
b, b, b,
a, a, a,

where the T, is the global 4 x 4 transfer matrix of the 2 x 2 MZI switch, and the terms b,
and a, represent the outcoming and the incoming field amplitudes at the generic MZI port
[Fig. 1(a)], respectively. Similarly, 7, =~ is the 4x4 transfer matrix related to the two MZI

arm

T _ T::rml O (2)
arm 0 T

arm?2

arms given by:

The 2 x 2 matrices T,,,,and T, , represent the transfer matrices of the MZI arm-1 and arm-

arml ? arm

2, respectively, depending on the WBR structure and taking into account both forward and
backward waves. Thus, in the context of the transfer matrix approach, the matrix product
defined in Eq. (1) can be performed by using the general formalism for which incoming and
outcoming field are present at each DC port. In this sense, the DC transfer matrix 7, is given

by [20]:

_Slz 0 Sy, 0
0 S34 O _Sl4
_ 4 B _ S12S34 _S14S23 S12S34 _S14S23 (3)
“|C D S 0 Ss, 0
_st 0 Slz
L S12S34 - S14S23 S12S34 - S14S23 i

where, the 2 x 2 matrices A, B, C ,and D, are extracted from the DCs transfer matrix, and
S, are the DC scattering matrix elements as a function of the the amplitude coupler and

transmission factors [28].
3. Numerical results

The 2 x 2 crossbar switch is investigated in this section, and after that a brief sketch of
tunable optical filtering by MZIs is given. For the crossbar, the wavelength of operation A, is
near 1550 nm.

With reference to Figs. 1(c) and 1(d), the filter is physically realized with WBRs in a SOI
wire waveguide having unperturbed cross section of W = 450 nm width and H = 250 nm
thickness. The Bragg grating sections are created by introducing along the nanowire, sidewall
corrugations having width extension (¥, ) ranging from 50 to 100 nm. The period is chosen to
be A = 315 nm in order to operate at the central wavelength of 1550 nm. Moreover, the
phase-shift sections each with a length L, = 315 nm (at #, = 100 nm) are included in the

middle of each WBR in order to induce a narrow transmission-filter behavior with 3-dB
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bandwidth (BW). Hereafter, we focus the design and analysis on the TE polarization,
specifically the TEq fundamental optical mode. In addition, the generalized model
implemented makes it possible to simulate and design any desired DCs; for example, input
and ouput DCs based upon the geometry sketched in Fig. 1(a) have been employed in this
investigation. Thus, a coupler length L, = 22.82 um is required to realize the 3-dB

mechanism if a coupler gap G = 250 nm is assumed. However, it is worth noting that the
following analysis can be also carried out in the case of SOI-based rib waveguides, but
simulation results have revealed that the effective modal areas increase exponentially as a
function of shallower Si-core etch depth, thus confirming the fully-etched waveguides as
being most suitable for achieving low power tunability while assuming the TO heater on the
top of the optical waveguide.

In the WBR, the phase-shifted Bragg grating acts as an optical resonator storing
electromagnetic energy and communicating to the outputs through either port constituted by
the two Bragg grating sections. Thus, it leaks energy through either side via its exponential
tails. In this context, this power escape can be characterized by a decay rate 1/7,, where the

term 7, is the photon lifetime inside the optical resonator. Therefore, it is possible to

-2|x.|-LB

demonstrate that the relationship 1/7, o< e holds, where x, is the coupling coefficient

between the forward and backward modes inside the Bragg grating. In this context, the CMT
in the time domain can represent an alternative approach to study the WBR structures.
Simulations indicates that the spectral response calculated by the CMT time domain faithfully
reproduces the response obtained by means of the mixed numerical approach FEM/vectorial
CMT-space domain, near the resonance. Further away from resonance, the two responses
increasingly deviate. Despite this loss of accuracy, the CMT-time represents a powerful tool
to demonstrate that, close to the resonance, the spectral response of the N -coupled WBR
resonators is functionally equal to a standard LC ladder circuit. The LC ladder-circuit is a
very well-studied circuit for which filter design tables exist. Thus, the WBR parameters, in
particular the lengths LB,, can be designed to get desired spectral responses such as
Butterworth, Chebyschev, and Gaussian. Then, our optimization algorithm is organized as
follows: first, the N -coupled resonators are analyzed at the resonance by means of the CMT-
time in order to evaluate the lengths LB,, and subsequently the mixed numerical approach
based on the finite-element method and full vectorial CMT-space is adopted to perform more
accurate spectral simulations. In this context, the lengths LB, can be evaluated as:

LB =—log| & |41B; i>1 @)
2K g

c

where the terms g, are the ladder-circuit normalized coefficients, as listed in Table 1.

Table 1. Ladder-circuit coefficients.
Butterworth response

Values & g, &3 84 &s

N=2 | 14142 | 14142

N=3 1 2 1

N=4 | 0.7654 | 1.8478 | 1.8478 | 0.7654

N=5 | 0.6180 | 1.6180 2 1.6180 | 0.6180
Chebyshev response 0.5 Ripple Band

N=2 | 1.4029 | 0.7071

N=3 | 1.5963 | 1.0967 | 1.5963

N=4 | 1.6703 | 1.1926 | 2.3661 | 0.8419

N=5 | 1.7058 | 1.2296 | 2.5408 | 1.2296 | 1.7058
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Hereafter, we assume the length of the first WBR (LB,) as a degree of freedom and

express the subsequent lengths LB, with i#1 as a function of LB, [Eq. (4)] in order to

induce a maximally flat filter response. The parameters listed in Table 2 have been used to
obtain the Butterworth filter response, and the N = 2 case, not shown, has LB, = LB, (see

Table 1).

Table 2. Coupled Bragg resonators parameters.

Values LB, LB, LB, LB, | LB

N=3 | Parametric value | _{3 x Ll Ll - -

N=4 | Parametric value | _j 75 x Ll ~1.25 x Ll Ll _

N=5 | Parametric value | _1 3 x L] ~1.35 x L] L2 Ll

Hereafter, the length of the first Bragg resonator is given as LB, = M x A, where M is

the number of periods in the Bragg section of the first WBG [Figs. 1(a) and 1(c)]. Under the
above-mentioned design conditions, we simulate in the following two different 2 x 2 MZI
optical switches, designated as Type I and Type II. In the Type I device the MZI is symmetic
having the WBRs of arm-1 and arm-2 [Fig. 1(a)] matched at the same resonance wavelengths
(A, =X, =2, ) with the TO heaters Off. An asymmetric arrangement is realized in the MZI-

Type II [6], where the arms 1 and 2 are constructed, respectively with A, = A, and

0°
X, =X, + 0\ when the heaters are Off. The two TO heaters are addressed independently and a

given heater is either On or Off. Then we need the following addressing of heaters to reach
the following switch states: Type I: Cross = Off, Off; Bar = On, On. Type II: Cross = On, Off;

Bar = Off, On.
0% 0
(b) N=3
-10
-20
— -50
3 £
— £ -30
5 k=
g § 40
= o
= 100
-50
T ME20L 4077 m | | ——M=20;L,,;=40.77 ym
——M=25;L,=50.22 jm 60  M=251_=50.22 um
tot
———M=30; L, =59.77 um —M=30;L,_=59.77 ym
tot
-150 & 9 -70
1540 1545 1550 1555 1560 1540 1545 1550 1555 1560
Wavelength,A [nm] Wavelength, A [nm]
i 0
M=20 (d) \T M=20
-20
m -40
h=A o
5 2
[=]
3 o
= a
L -80
100 ——N=3;L,,=40.77 um
——N=4; L, ,=57.30 ym
of
-120 & i -120
1540 1545 1550 1555 1560 1540 1545 1550 1555 1560
Wavelength, A [nm] Wavelength, A [nm]

Fig. 2. (a) Through spectrum for different values of As, assuming N = 3; (b) Drop spectrum
for different values of M , assuming N = 3; c¢) Through spectrum for 5y =3, and y =4,
assuming M = 20; d) Drop spectrum for N = 3, and ¥ = 4, assuming M = 20. The
simulations are performed by considering: 7 = 450 nm, # = 250 nm, ¥, = 100 nm, A=

315nm, and @, =1 dB/cm.
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The Through and Drop spectra are plotted in Figs. 2(a) and 2(b) for different values of the
periods number M and for a fixed number N of coupled WBRs in each arm of the MZI-
Type 1, respectively.

In the simulations, we have assumed the corrugation width (#,), and the amplitude

propagation loss coefficient (¢, ) of 100 nm and 1 dB/cm [23], respectively. Similarly, Figs.
2(c) and 2(d) show the Type I Through and Drop spectra for a fixed value of M , and
changing N . Inspection of the Figure reveals that the response is maximally flat, and that the
BW and rolls-off are N times narrower and faster than for N = 1. Thus, Figs. 2(a)-2(d)
demonstrate that the desired BW and roll-off can be obtained by selecting opportunely both
LB, and N . Some representative simulation results for /7, = 80 and 100 nm are summarized
in Table 3, suggesting that the combination M =30, and N =3 is the condition for realizing
a good trade-off between higher filter performance and small footprint. The information
frequency bandwidth in Table 3 has also been stated in terms of GHz, indicating that the
switch designer can readily “construct” a device anywhere in the 10 to 100 GHz range.
Moreover, the results listed in Table 3 indicate that for a given footprint the filter bandwidth
decreases by increasing the corrugation width (#,) as a result of the enhancement of the

coupling coefficient ( k) between the forward and backward modes inside the Bragg grating
sections. Although further improvements can be obtained for W¥,>100 nm, we assume in our
investigations W, = 100 nm as the trade-off between filter performances and standard
lithographic process [17].

After attaining the above results, a parametric investigation of the switching mechanism in
terms of IL and CT as a function of the TO-induced refractive index change ( An ) was carried

out, for both cases of interest: i) M =30, N =3, and W, =100 nm; ii) M =30, N =3, and
W, =80 nm. In this context, Figs. 3(a)-3(d) show the Type-I Through and Drop spectra for
An =0.0015 and 0.004, assuming M =30, N =3, and W, =100 (left panels), and = 30, N
=3, and W, =80 (right panels).

Table 3. Filter performance for MZI-Type 1.

Bandwidth (BW) [nm] | Bandwidth (BW) [GHz] | Roll-off [dB/nm]
W, =100 nm N =3 M =20 1.05 131.1 22.9
N =3 M =25 0.4 50.0 58.9
N =3 M =30 0.15 18.7 150.5
M =20; N =4 0.77 96.2 394
W, =80 nm N =3 M =20 1.63 204.0 15.6
N =3 M =25 0.71 88.7 35.7
N =3 M =30 0.3 375 80
M =20; N =4 1.28 159.8 27
Table 4. Calculated 2 x 2 switching performance for MZI-Type 1.
N =3; M =30; W, =100nm | N =3; M =30; W, =80 nm
Insertion Loss (Cross) [dB] —0.48 —0.26
Crosstalk (Cross) [dB] =52.7 -52.9
Insertion Loss | An =0.0015 -0.01 —0.02
(Ban) [dB] ™A= 0 004 ~0.002 0.003
Crosstalk An =0.0015 -50.5 -344
(Ban) [dB] ™A, "0 004 ~75.6 =597
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The main features of the 2 x 2 Type-I MZI crossbar switch operating at A, = A, = A, =

1550 nm are are then summarized in Table 4, where the insertion loss and the crosstalk
parameters are extracted from the curves of Figs. 3(a)-3(d). The IL of the MZI device is the
sum of the N-WBR IL cited in Table 3 and the loss of the other waveguides in the MZI.

Clearly, the larger TO index perturbation leads to superior IL and CT metrics. However,
an important conclusion here is that the “small” 0.0015 perturbation already gives very high
predicted performance, which is a good omen for EO devices.

Turning now to the Type-II MZI, we performed similar investigations with results
presented in Figs. 4(a)-4(c), where the switching for Type-II was for the case M =30, N =
3, W, =100, with A =1 nm assumed.

Solid line:Through; Dashed line: Drop Solid line:Through; Dashed line: Drop
Red: TO=0ff, Blue: TO=0n; (An=0.0015) Red: TO=Off; Blue: TO=On; (An=0.0015)
Green: TO=0n; (An=0.004) Green: TO=0n; (An=0.004)
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Fig. 3. Type-I Through and Drop spectra for ¥ =3, and M =30, assuming , = 100 nm (left
panels) and . = 80 nm (right panels); A zoom plot is shown in (c) and in (d). Red line

represents the cross state, Blue and Green lines indicate the Bar state.

In particular, Fig. 4(a) indicates the predicted Through and Drop spectra for the Off, Off
heater condition. In this context, the switching operative wavelength is set at A, = A, = 1551
nm, while X, is chosen at 1550 nm, that is, A, =X, + 0\, and the Cross state [Fig. 4(b)] is
induced by switching-On TO; (An, = 0.00285) and by turning-Off TO,. The BW in Fig. 4(b)
is 17.4 GHz. The opposite (Off, On) condition is required to induce the Bar state [Fig. 4(c)].
Thus, from Figs. 4(a)-4(c), our results record IL and CT values of about —0.49 dB, and —52.6
dB, and —0.07 dB, and —85.3 dB for the Cross and Bar states, respectively, results that
compare favorably with those in Table 4 and offer superiority to the literature. Figure 4(d)
shows the TO-induced refractive index change needed for the Fig. 4(b)-Cross as a function of
the dA choice up to 1.5 nm. However larger values O\ of are possible by requiring An >
0.004. For different selections of JX, the insertion loss and crosstalk for both Cross and Bar
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states are plotted in Figs. 4(e), and 4(f), respectively, excellent performance that increases
with increasing oA.

If dimensional errors 44 are made in fabricating the period, the resonance will be affected.
Indeed, each resonator in the N-coupled WBR has its individual resonance wavelength which
must be aligned to attain optimum performance in terms of metrics and spectral profile.
However, in practice, errors in fabrication can induce misalignments in resonance
wavelengths. In this context, we have performed a number of simulations assuming the
resonance wavelength misaligned, as induced by the fabrication error 44. We have quantified
that effect and have found with simulations that the actual resonance wavelength of a Type I
MZI will experience a deviation from A, by an amount 44 due to such errors. The specific
result is 41 = 2.8 A4. The likely scenario is the one in which errors occur in the same
direction within the two MZI arms, and then the switch’s passband center-wavelength shifts
away from the design wavelength A, where the input light operates.
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Fig. 4. Type-II Through and Drop spectra for N =3, M =30, and , = 100 nm; (a) All TOs

are switched-off; (b) Cross state: TO, switched-on and TO, switched-off; (c) Bar state:TO,
switched-off and TO, switched-on; (d). TO-induced refractive index change needed for Cross

as a function of O\ selection, (e) Insertion loss for Cross and Bar states as a function of O\ ;
(f) Crosstalk for Cross and Bar states as a function of An .
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As a result, the IL and CT in the cross state are reduced by an amount that depends upon
the switch BW. Our judgement is that a fabrication error of 0.04% is the largest that could be
accepted in order to maintain good performance metrics.

As mentioned above, an increase in period values 4 generally induces an increase of the
center wavelength of the resonance. However, it is interesting to consider the grating periods
that induce the higher-order Bragg condition A=mA/2n, (with m the grating order).

Indeed, in our case, all of the period values 4, equal to m X 315 nm induce the same 1550-
nm resonance. Beneficially, these larger grating periods reduce the influence of fabrication
errors. However, the MZI footprint becomes larger although with faster filter roll-off. In the
following we argue that the additional detrimental effects induced by the silicon thermal
expansion can be consider negligible. Indeed, the temperature increase required to obtain An
= 0.004 is about 21.5 °C. As a result, assuming the silicon thermal expansion coefficient ¢,

=3.6 x 10° K™', we record a thermally induced period change of about 0.024 nm, which
means 0.076% change. Similarly, this increase in temperature induces a change in the Bragg
section length evaluated as ALB, = 0.61 nm and ALB, = 0.71 nm in the case of N = 3.

Although ALB, and ALB, induce deviations from the designed values listed in Table 2, our

simulations indicate that they are small enough to avoid influence on the Butterworth
response. Finally, we guess that a power consumption ranging between 2.5 and 3.5 mW could
be required to tune the proposed filters.

At this point in the paper, we shall change the focus to examine the tunable-filter
opportunities. The narrowband Type I MZI is a continuosly tunable filter, and we have found
that when two such filters are connected in an optical series arrangment or “cascade” that a
variety of filter profiles is feasible at the cascade output ports. These cascaded filters will be
the subject of a future paper, but we can present a schematic preview here. The simplest
arrangment is two “slightly different” MZI Type I filters connected as shown in Figs. 5(a) and
5(b). The quantitive results of our analysis will be presented subsequently, but we can say
qualitatively that the spectral profiles of the composite filter can consist of two peaks or two
notches with tunable spacings and wavelength locations. Also feasible is a movable passband
containing a tunable notch. We also found that a group of filter-MZlIs can be interconnected
into the form of a rectangular M x N mesh that includes some broadband crossbar switches
for mesh reconfiguration. The result is a multiple-signal optical processing network
functioning as a programmable and reconfigurable optical filter bank [29].

Drop-1 Input-2 Drop-2 Drop-1 Input-2 Drop-2
Input-1 — - - —> Input-1 —> —>
MZi-1 Mz1-2 MzI-1 MzI-2
Add-1—» —> — —> Add-1 > »o----0—p »
Through-1  Add-2 Through-2 Through-1  Add-2 Through-2

(a) (®)

Fig. 5. One row of the proposed multi-row reconfigurable filter-cascade mesh. The example of
the 2-cascade of resonant 2 x 2 TO MZI bulding blocks is shown.

4. Performance comparison

How do our grating filter/switch structures compare with their corresponding nanobeam
structures? Each structure includes a 1D photonic lattice, and in a first approximation, the
periodicity or spacing of the lattice is fixed rather than being varied along the waveguide long
axis. The periodicity is determined by the desired center wavelength of the resonance. An
array of air holes or oxide-filled holes is used in the NBR, whereas in the WBR the side
corrugations of waveguide material, also known as “teeth”, form the array. The consequences
of choosing a particular array length are similar in both WGR and NBR. Typically, in the
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NBR, a “zero- point-defect cavity” is utilized and this is constructed by tapering the diameter
of the holes along the long axis; an up-taper followed by a down-taper. By contrast, the WGR
uses a fixed, finite-width cavity defined by a m-phase-shift “segment.” The possibilities for
engineering the teeth in the WBR are slightly larger than the possibilities of engineering the
hole size in the NBR because in the WBR the teeth can extend beyond the fixed single-mode
width W of the unperturbed strip waveguide, or they can be indentations of #,” or they can
be a mixture of positive and negative teeth; outside-and-inside. To be specific, we found in
our simulations that “outside teeth” consistently gave the best performance. Looking at other
features, the waveguided mode clings closer to the strip center line in the NBR than in the
WBR.

The WBR offers an advantage in the photomasks used to manufacture the device because
the WBR has uniform-size teeth as compared to the tapered sizes used in NBR. Moreover,
although the footprint of our device is larger than that proposed in [11], our data record a
significant improvement in the crosstalk for the cross state. Generally, the cross and bar
performances predicted in Table 3 exceed those of the various nanobeam cases reported in the
literature. If we compare the Fig. 3 behavior with the spectral response of the N = 2 coupled
nanobeams in [11] they found oscillations induced in the Drop spectrum having maxima and
minima around —18.5 dB and —25 dB with-18.5 dB CT at resonance; whereas our simulations
do not show any oscillations and only an absolute minimum is observed in our Drop response.
This feature is induced by the opportune choice of the WBR lengths, LB, (see Table 2),

realizing the maximally flat spectral response.

In the Butterworth filter design, important for coupling, where the N resonators are
generally different from one another, the WBR version has an advantage over the NBR
version because the WBR uses simple extensions of uniform-grating length whereas the NBR
requires revised hole-tapering profiles in the modified resonators. Thus, since the maximally
flat filter response requires perfect matching with the Butterworth polynomial coefficients, we
guess that it is more complicated to design the NBR tapering profiles than the WBR LB, (see

Table 2). A detailed comparison of our WBR 2x2 with two, prominent prior-art NBR 2x2
MZI switches is presented in Table 5.

Table 5. Comparison between WBR-MZI and NBR-MZI

Values NBR-MZI NBR-MZI WBR-MZI
Ref [6]. (experimental) | Ref [11]. (theoretical) | Our work (theoretical)
Resonator number N=2 N=2 N=3or4
BW 99 GHz 28.18 GHz 18.7 GHz
Roll-off - 73 dB/nm 150.5 dB/nm
Insertion Loss (Cross state) -0.5dB —0.5 dB —0.48 dB
Crosstalk (Cross state) -22 dB —18.5 dB —52.7
Insertion Loss (Bar state) —0.4 dB -0.3 dB —0.01 dB
Crosstalk (Bar state) -22 dB -28.7 dB -50.5+-75.6 dB
Footprint small small medium
Tuning TO TO TO
Power consumption Low Low Low/medium
depending on N
Butterworth response Medium/high Medium/high Low
complication for N>2 complication for N>2 complication

At this point, it is interesting to perform a comparison with other resonant MZI structures,
specifically, the low-power silicon electro-optic (EO) switch consisting of a double-ring-
assisted Mach—Zehnder interferometer (DR-MZI) 2x2 crossbar [30-31], where active tuning
elements based on p-i-n diodes and silicon resistive micro-heaters embedded in the
microrings were employed for high-speed EO switching and low-loss thermo-optic (TO)
tuning. A detailed comparison of our grating switch with the micro-ring assisted switches is
given in Table 6.
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Table 6. Comparison between WBR-MZI and DR-MZI

Values DR-MZI WBR-MZI
Ref [31]. (experimental) | Our work (theoretical)
BW 56 GHz 18.7 GHz
An 7.31 x 10* 0.0015
Crosstalk -50dB -52.7dB
Footprint medium medium
Tuning EO switching + TO
TO tuning
Power consumption Low Low/medium
depending on N
Butterworth response - Yes

5. Conclusions

In this paper a mixed full-vectorial mathematical model based on the FEM, CMT and
Transfer Matrix approaches has been implemented for investigating the performance of
integrated-photonic single and cascaded 2x2 Mach—Zehnder optical switches, where each arm
of the interferometer is composed of N-coupled Bragg resonators deployed in one single-
mode SOI waveguide that operates around 1550 nm. Simulations indicate that fully-etched
strip waveguides are more suitable than rib waveguides for achieving efficient crossbar-and-
tunable switching by means of a thermo-optic An heater stripe formed on the top of each
interferometer arm. The length of the coupled Bragg resonator array has been opportunely
designed to induce maximally flat spectral response. The N-coupling approach with N < 4 is
found to be a valuable tool for attaining high-quality switch passbands and fairly small switch
footprint. Using the Butterworth filter design and extending the silicon teeth laterally beyond
the 450-nm width of the silicon single-mode channel waveguides allows us to perform grating
engineering that yields very steep side walls on the Bragg filter spectral profile, with a filter
bandwidth that is readily engineered to be in the 5 to 200 GHz range.

Taking a TE, polarization for the input light, output spectra at the Through and Drop
ports have been computed, and the IL and CT metrics are found to be excellent at both low
and medium TO drive levels, for example —0.48 dB IL and —52.7 dB CT and -0.002 dB IL
and -75.6 dB CT for the Cross and Bar states, respectively. Generally, these projections
represent a major improvement in the switching art. We have also proposed Type I and Type
II addressing of the TO heaters and have found similar crossbar IL and CT metrics for the two
methods. Finally we examined the possibilites of tunable narrowband optical filtering that can
be achieved by connecting the Type I MZIs in an optical cascade. We looked at several
interconnections. A variety of pass or block filters with wide TO tunability appears feasible,
and a reconfigurable “mesh” of MZIs can be constructed to give a programmed selection of
many filter profiles at the output ports, including very narrowband filters if desired.

The resonant nature of the 2 x 2 crossbars necessitates tradeoffs in an on-chip N x N
routing matrix made from those elements. Nevertheless, in the context of wavelength-division
systems, we conclude that our N-coupled-Bragg MZIs have great potential for practical high-
perfomance applications in which ultralow (EO) energy and reasonably small footprint are
important. The tunable filter-cascade meshes proposed and analyzed here appear to have high
potential for on-chip applications in microwave photonics and optical sensing.
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