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Abstract: Building a large-scale Mach-Zehnder-based silicon photonic switch circuit (LS-MZS)
requires an appropriate choice of architecture. In this work, we propose, for the first time to our
knowledge, a single metric that can be used to compare different topologies. We propose an accurate
analytical model of the signal-to-crosstalk ratio (SCR) that highlights the performance limitations of
the main building blocks: Mach-Zehnder interferometers (MZI) and waveguide crossings. It is based
on the cumulative crosstalk and total insertion loss of the LS-MZS. Four different architectures: Benes,
dilated Bene$, switch and select, double-layer network were studied for the reason that they are mainly
referenced in the literature. We compared them using our developed SCR indicator. With reference to
the state-of-the-art technology, the analysis of the four architectures using SCR showed that, on a
large scale, a high number of waveguide crossings significantly affects the performance of the switch
matrix. Moreover, better performance was reached using the double-layer-network architecture.
Then, we presented a 2 x 2 MZI using two electro-optic phase shifters and a waveguide crossing
realized in LETI's silicon photonics technology. Measured performances were quite good: the switch
circuit had a crosstalk of —31.3 dB and an insertion loss estimated to be less than 1.31 dB.

Keywords: signal-to-crosstalk ratio; switch architectures; Mach-Zehnder-based silicon photonic
switch circuit; waveguide crossing

1. Introduction

Data switching networks are facing increasing difficulties in handling the exponential growth of
traffic [1]. The scaling up of traditional network-on-chip capacity is severely limited by overheating
problems [2]. Silicon photonics is believed to be a potential solution to improve the performance
of interconnects and computing systems, specifically allowing larger bandwidth and lower power
consumption. Data switching networks can thus benefit from several advantages of Si-technology
such as large-area wafers, CMOS-compatibility, large-scale dimension device integration, high-level
integration process and device density, heterogeneous integration such as electro-optic modulators
and germanium photodetectors, low-cost, high volume, and compactness. Planar photonic switches
have been largely fabricated on Silicon platforms, based on thermo-optic (TO) or/and electro-optic
(EO) phase shifters. The first ones have a micro-second switching transient time, which matches the
requirements of telecommunication network nodes and inter-data center connections. In contrast,
the second ones have a nano-second switching transient, which fits the requirements of CPU/CPU
and CPU/memory interconnections as well as intra-data center connections [3]. Mach-Zehnder
interferometer (MZI) is a critical building block for scalable silicon photonic systems, whether in optical
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switching or in other applications like optical sensing [4]. The non-resonant interference mechanism
for such devices is suitable for spectral broadband operation and temperature-insensitive switching.
Many promising achievements have been performed, 32 x 32 electro-optic (EO) and 64 X 64 thermo-optic
(TO) Mach-Zehnder-based switches were fabricated by CAS [5]. To the best of our knowledge, this is
the largest scale realized for these types of switches. A 4 x4 EO + TO Mach-Zehnder-based switch
monolithically integrated in a CMOS logic process was demonstrated for the first time by IBM [6].
However, the scalability of switches is still limited mainly by the optical path loss and cumulative
crosstalk [7]. An appropriate choice of architecture, which impacts strongly on the overall performance
of the switch, can reduce these limitations [8]. In several publications, the comparison of architectures
takes into account only the effect of MZIs [3,9] or is mainly based on the calculation of the total insertion
loss, without considering any crosstalk [10]. These approaches may not be sufficient to estimate which
architecture matrix is the most appropriate for a given technology. In this paper, and for the first time
to our knowledge, the two basic performance parameters—optical crosstalk and insertion loss—of
both MZIs and waveguide crossings, are considered in one single metric to select the most suitable
architecture. Then, after defining the signal-to-crosstalk ratio expression, we show that this metric
can be used as a tool for architecture evaluation and comparison. This paper is organized as follows.
In the next section, the performance of the switch fabric building blocks is defined. In the third section,
we describe four architectures very popular in literature. In the fourth section, we introduce our
analytical model of SCR, and we detail the calculus necessary to apply it to the four architectures.
This is followed, in the fifth section, by a comparison between architectures, using the proposed SCR
metric, when scaling up the numbers of inputs/outputs. The last section presents our Si-based 2 X 2
MZI and waveguide crossing characterization results. Then, we conclude.

2. Performance Limitations of LS-MZS

This section will discuss the two main performance parameters that should be optimized to
commercialize large-scale switch fabrics: insertion loss and optical crosstalk. We will model these
limitations for MZI and waveguide crossing, which will also be useful to introduce our formalism later.

2.1. Insertion Loss

Insertion loss is a major challenge that limits the scaling up of the switch fabric. Losses can reach
up to 2 dB per MZI and 0.2 dB per waveguide crossing. Unfortunately, these two components are
needed in high numbers to design any switch matrix. Therefore, the architecture chosen must limit the
number of cascaded MZIs and waveguide crossings. The power attenuation can be modeled by a loss
factor Ip1z; and Ix in the case of an MZI and a waveguide crossing, respectively.

Poutriz; = Pinlmzr (1)

PoutX = Pian (2)

where P;, is the optical input power, Pyyt,,,, and Py, are the output powers of each component,
respectively (Figure 1). Insertion loss is then defined as the loss factor in dB, noted Lossp1z; and Lossx
in the following.



Appl. Sci. 2020, 10, 8688 30f16

Bar-state
Py Pouthg =1 —m) Pinlyzs

T m Piplyzs

Cross-state

m PinlMZS

PoutMZg = (1 - m)PfTLEMZS

Pin X Pi?llX

(c)
>< PoutX = (1 —x)Pylx

Figure 1. Unwanted powers are denoted in blue, m and x represent, respectively, the factors of the
leaked power portions in the MZI (a) and (b), and waveguide crossing (c).

2.2. Optical Crosstalk

Optical crosstalk occurs when a portion of the signal power leaks into an unwanted output, which
could be generated in both MZI and waveguide crossing because of their design. We model these
leakages by a factor m in MZI and x in waveguide crossing (see Figure 1). The values of m and x are
usually less than 0.01. Crosstalk ratio is defined as the difference, in logarithmic scale, of the output
power on the destructive port to the one on the constructive port. The crosstalk issue in MZI is largely
due to phase errors or power imbalance inside the arms of the Mach-Zehnder. The phase error can
be corrected by introducing heaters on both sides [11], whereas the power imbalance is produced by
intrinsic absorptions in waveguide when using electro-optic phase-shifting diode junctions [12] and
by the imbalance in 3-dB couplers. Optical crosstalk ratio in MZI and waveguide crossing, named
Xtalkpiz; and Xtalky, can be written as follows:

Xtalkpz = 10loglo(%) ~ 10log,, (m) (3)
m

Xtalkx = 1010g10(%) ~ 10log;,(x) 4)
m

In the rest of the paper, the unwanted power, written in blue in Figure 1, will be called crosstalk
power. It is worth mentioning that there are generally two types of crosstalk, leakage from other signal
sources and multi-path interference of the original signal. In this work, they will be treated as purely
additive crosstalk.

3. Large-Scale Photonic Switch Architectures

We review four architectures-Bene$, dilated Benes$, double layer network, switch and select—that
are widely discussed in literature. In the following, we will use the words Stage to refer to a stack of
MZIs in the same line, and interconnection to describe the set of waveguides connecting two stages.

The Benes network [13] is a recursive architecture. To construct N X N—Bene$, two blocs of
N/2x N/2-Benes§ are put in the center, and themselves connected to the input/output stages with the
interconnection shown in Figure 2. Although it has the smallest overall number of MZIs and stages
amongst the four different architectures studied in this paper, it generates first-order crosstalk because
each MZI is crossed by two signals, drastically decreasing the overall performance.
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N/2 x N/2
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Figure 2. (a) N X N-Benes, (b) 8 X 8-Benes.

In order to mitigate the crosstalk in Benes, Padmanabhan and Netravali have proposed a dilated
Benes topology [14]. The recursion of this architecture is similar to the Benes$ one, but only one signal
travels through any MZI (Figure 3), so that the first-order crosstalk can be fully avoided.

o 2X2
N/2 X N/2 E ’;
e ____
N/2 X N/2 i -
________________________ —
(a)

(b)
Figure 3. (a) N x N-Dilated Benes, (b) 4 x 4-Dilated Benes.

The double-layer network (DLN) was proposed by Lu and Thompson [15]. AN x N-DLN
consists of two layers, each one composed of two N/2 X N/2-DLN and connected to the input/output
stages with the interconnection shown in Figure 4. The number of stages is as low as in Benes, but the
total number of MZIs increases rapidly for a large value of N.

2X2
N/2 x N/2 s
J—"
N/2 % N/2 j:l:
N/2x NJ2 E':
—J
N/2 % N/2
(a) (b)

Figure 4. (a) N x N-DLN, (b) 4 x 4-DLN.

The switch and select (S&S) consists of 1 X N and N X1 switch units, shown in Figure 5 [16].
To build a Nx N structure, N (1xN) and N (N x 1) blocks are used and connected via a central
interconnection. This topology has the lowest crosstalk caused by MZIs. Nevertheless, the calculation
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of the number of waveguide crossings exhibits quadratic growth. Table 1 shows the number of MZIs
and waveguide crossings we find for the worst path, and for each topology.

1xN 1xN

ol = 1x4 4x1
= @ =

Gal, I
1xN o 1xN

. =
(I = = -

e R
(a) (b)

Figure 5. (a) N X N-S&S, (b) 4 X 4-S&S.

Table 1. Topology comparison for the first case in terms of stage and waveguide crossing counts N is
the number of inputs/outputs.

Stage Count W. Crossing Count
Benes 2logr(N) —1 2(N-1logs(N)-1)
Dilated Benes 2log>(N) 2(2N - logy(N) = 3)"
DLN 2logr(N) -1 3N —2logy(N) —4
S&S 2log>(N) (N-1)

*Valid for N > 2, for N = 2: Crossing count = 1.

4. Analytical Model: Signal-to-Crosstalk Ratio

In this section, we introduce an analytical model of the SCR of a switch network. Then, we show
how to apply it to Benes, dilated Benes, switch and select, and double-layer network.

4.1. Signal-to-Crosstalk Ratio Model

We start by calculating the SCR of a simple example: a 4 X 4-BeneS. Then, we propose a general
equation that can be adapted to any architecture. The 4 X 4-Bene$ structure is shown in Figure 6.
The four inputs Pj,1, Pip, Pins, Pina are connected to the four outputs through the appropriate colored
paths. In this example, we have chosen the worst combination connection among the 4! possible ones.
We are working on the assumption that the first order crosstalk caused by MZI (m) and waveguide
crossing (x) is not negligible, and so is the second-order crosstalk generated by MZI (m?). The other
contributions are neglected: for instance, optical crosstalk caused by an MZI could be the origin of
another optical crosstalk generated at a waveguide crossing, or vice versa. This case is not considered
here because it has a small influence on the total SCR. Table 2 details the output power following each
stage of the structure in Figure 6. The wanted-signal is written in black, crosstalk generated by MZI
and waveguide crossing are respectively mentioned in blue and red. Assuming that all signals are
coherent and in-phase, we can write for the input signals P = Pj;;; = Pjp = Piyz = Pina. The SCR at
the worst output (out2 or out3) is then:
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Figure 6. 4 X 4-Benes, all MZIs are in bar-state.

PlyizPlx?
10log 5 > B ©)
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which simplifies to:
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Table 2. Signal and cumulative crosstalk generated by MZIs and by waveguide crossings after each
stage, for a 4 X 4-Bene$ when all MZIs are in bare-state. The wanted-signal is written in black, while
crosstalk generated by MZI and waveguide crossing are respectively written in blue and red.

Input and
Path Number After 51 After S2 After S3
Py 1M2122 Pyl
Pyl +mPalpiz)? +
h +m11321>41\i;1~ mPﬂiéAI%;X + +mPalyzi® +mPslvzi’lx + m*Pylvzilx
m*Pylyiz%lx. +mPalyziPIx? + m?Prlvzlx® + m*Palyzrx.
P3lyizi?l
+m134?1/\[/122112i< + - p ZZMZI3I)§2 , \
P, PZZMZI mPllMZIZ +m2P21MZ12 +mP11MZI lX +mP4ZMZI ZX—|—m P3ZMZI ZX
Pz FxPalyizl +mPiliz® + m*Palyizr +m*PalyzIx
2MZI X +XP3ZMZISZX2 +XPSZMZ[3ZX2-
Palmzi’lx PalyiziPlx?
Ds Pslyzi +mPylyzi’lx + +mPalpziPlx? + mPilviziPlx + m*PalyiziPlx
+mPylyizr  mPylyizi® + m*Palyzi +mPylpizr® + m?Palyzr® + m?PalpzPlx
+xP3lnzi?lx. +xPalizPlx® + xPolyvizi Pl
p 41M2122 Pulngss?
Pyl +mP3lpiz1? +
P +m;ﬁ;;1 szli/gﬁéx + +mPslyzr +mPalyz lx +m* Pzl
m?P1lyiziPlx. +mP3lyz 1x* + m*Palyzi 1x* + m*Pilyz’lx.

Note that if we neglect the effect of waveguide crossings, i.e., x ~ 0, Ix = 1 and crosstalk of
second-order m? ~ 0, SCR is equal to —10log(3m), which is the equation obtained in [15]. Based on
the example of 4 X 4—Bene$ structure, we notice that the wanted-signal travels through 3 MZIs and 2
waveguide crossings, which represents the worst path. It can also be noted that crosstalk powers at a
given output come from different paths that have the same number of stages but a different number
of waveguide crossings, so the total insertion loss for each crosstalk power is not always the same.
In a large-scale network, it will be difficult to calculate the exact path of each crosstalk power, thus,
we assume for simplification purposes that all crosstalk powers pass through an average number of
waveguide crossings. Conversely, the number of stages is always the same for all crosstalk powers.
All parameters we have taken into consideration in our model are included in Equation (7).

P'ZMZInumMZI anumX

SCR = 10!
8 Knizi (N, m) Plygzpmmzi [yMx + Kx (N, x) Plygzp™mmzi [y Mx

@)
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We note numyyz; and numy respectively the number of stages and waveguide crossings in
the worst path for a given architecture (Table 1). Kyzi(N,m)P and Kx (N, x)P are, respectively,
the total cumulative crosstalk powers at the worst-output generated by MZIs and waveguide crossings.
The wanted-signal is weighted in the expression by Ip1z;""MzI[x™"X which corresponds to the worst
path, while the cumulative crosstalk powers are weighted by lyz;""™211xMx_ My is the average of the
number of waveguide crossings in the worst and the best paths. We add a hat operator on SCR to
highlight an approximation. N is the size of the topology. The equation can be simplified as follows:

n anumX—Mx
SCR = 1OZog( ) (8)
Kmzi(N,m) + Kx(N, x)
The loss factor Ipz;""M2I is canceled out as a common factor in the numerator and denominator.
In the example of 4 X 4-Benes: Kyiz;(4,m) = 3m + 3m?, Kx(4,x) = 2x and My = nmznx = 1 because

the number of waveguide crossings equals two in the worst path and zero in the best path, hence,

. Ix
SCR = 1°Zog(m) ©)

It is important to note that Equation (9) is equivalent to Equation (6), considering that the factor Ix
is very close to 1 (waveguide crossing losses varying between 0.03 dB and 0.21 dB in the literature).
We should keep in mind that our model is based on two main assumptions. The first one is that all
crosstalk powers pass through the same number of MZIs, which is always the case in the multi-stage
architectures studied. The second one is that all crosstalk powers also pass through the same number
of waveguide crossings (=Mx), which enables us to keep the calculus simple. The latter assumption
could decrease the accuracy of our model, especially when crossing losses are significant. However,
we will see in Appendix A that our model remains valid even with relatively high crossing losses,
0.2 dB. Now, our general analytical model is completely defined by Equation (8), we can then apply
it to Benes, dilated Benes, switch and select, and double-layer network. To do so, the numy — Mx
exponent that we need for each architecture can be easily calculated from Table 1. All that remains
is to compute the terms Kyjz;(N, m) and Kx (N, x), what we are going to do in the next subsection.
For simplification purposes, the terms Kyiz;(N,m) and Kx(N, x) will be simply called cumulative
crosstalk powers generated by MZIs and waveguide crossings, respectively.

4.2. Cumulative Crosstalk Power Terms

We first calculate the cumulative crosstalk power generated by MZIs. As seen before, for 4 X
4-Benes: Kpzi(4,m) = 3m + 3m?. Benes is a recursive structure, thus, it is not difficult to determine
Kpzi(N,m) for a higher scale. For 8 x 8-Benes, we find 5m + 10m?. Then, we can derive a general
formula for N X N-Benes, with N = 2" where € N*:

Kuizi(N,m) = (2k = 1)m + (2k* = 3k + 1)m? (10)

We note k = log>(N). The results for the other three architectures are mentioned in [15,17] and
summarized in Table 3. We still have to calculate cumulative crosstalk power from waveguide crossings.
In the Benes matrix, all waveguides are crossed by optical power, so all crossings are contributors to
crosstalk. In the worst case:

Kx(N,x) =2(N—-k-1)x (11)

For dilated Benes$ (Figure 3), only one signal passes through each MZI, and therefore not all
waveguide crossings are crossed by signals for a given network configuration. The cumulative crosstalk
power induced by waveguide crossings in the worst case is:

Kx(4,x) = 4x (12)
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Kx(8,x) = §x+ Kx(4,x) + gx (13)
Kx(N,x) =N/2x+Kx(N/2,x) + N/2x (14)
By adding up:
Kx(N,x) =2(N-2)x (15)
Similarly, for DLN (Figure 4):
Kx(4,x) = %x +x (16)
8 8
Kx(8,x) = PR Kx(4,x) + i (17)
Kx(N,x) =N/2x+Kx(N/2,x) + N/4x (18)
We get:
Kx(N,x) =3(N/2-1)x (19)

For N x N-S&S (Figure 5), each 1 x N-bloc is crossed by only one signal. Therefore, it is not
difficult to find:
Kx(N,x) = (N-1)x (20)

The following table summarizes the values corresponding to each topology. Note that an
architecture’s total crosstalk power could be slightly reduced by introducing intelligent algorithms [18].

Table 3. Topology comparison in terms of cumulative crosstalk generated by MZIs and waveguide
crossings for each topology.

Kpiz1(N,m) Kx(N,x)
Benes (2K = 1)m + (2k% = 3k + 1)m? 2(N-k-1)x
Dilated Bene$ k(2k - 1)m? 2(N-2)x*
DLN m+ (k—1)m? 3(N/2-1)x
S&S kim? (N-1)x

*Valid for N > 2, for N = 2: Kx(2,x) = x.

All the expressions needed are now computed for the four architectures. We will depict SCR
values as a function of N for the four architectures in order to compare them; this will be the subject of
the next section.

5. Architecture Comparison

In the following section, we calculate SCR of the four architectures based on the component
performances found in the literature. Today’s best results are presented in Table 4.

Comparison between the four topologies shows a significant impact of waveguide crossings on
the overall performance of the network. S&S is the best to reduce first-order and second-order crosstalk
powers generated by MZIs. Nevertheless, it does not scale well because its central interconnection
contains a high number of waveguide crossings, as shown in Figure 7a. The waveguide crossing count
in the dilated Benes$ is also important; this has a strong impact when its insertion loss is not optimized.
Indeed, in Figure 7b and for Lossx = 0.21 dB [19], the dilated Benes SCR (solid red line) decreases
more rapidly and becomes lower than Bene SCR for N = 32. In general, each architecture can be badly
affected if the waveguide crossing performances are not sufficiently optimized, as seen in Figure 7c,
with Xtalkx = —20 dB [20]. The four architectures have similar performances with a SCR lower than
17 dB for N > 4. DLN seems to be the most favorable architecture, whose SCR value decreases more
slowly. Its major challenge is the overall number of MZIs, which is relatively large.
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Figure 7. SCR of the four topologies using the state-of-the-art loss and crossing values (a), a significant
crossing loss Lossx = 0.21 dB (b) and using a non-optimized crossing crosstalk Xtalkx = —20 dB (c).

Table 4. State-of-the-art loss and crosstalk of MZI and waveguide crossing.

Metric Value Ref.

Waveguide crossing loss (Lossx) 0.03 dB [21]
Waveguide crossing crosstalk (Xtalkx) <—40 dB [21]
MZI Loss (Losspizr) 0.8 dB [22]

MZI Crosstalk (Xtalkyzy) -28 dB [22]

6. MZI and Waveguide Crossing Characteristics

In this section, we present the performances of our MZI and waveguide crossing fabricated in
LETT’s 200 mm silicon photonics fabrication platform, with which we will plot the SCR values of the

four topologies.

We designed a 2 x 2 MZI circuit, Figure 8 [23]. The structure has 3-dB multimode interference
couplers (M1 and M2), a 250 um-length PIN diode phase shifter in each arm (PS1 and PS2),
a 50 pm-length heater in each arm too (H1 and H2) and a photodetector at each output-side (P1 and
P2). A loop-back waveguide was added for fiber alignment and for evaluating the insertion losses of
MZI. Measurements of optical power on Outl and Out2 were performed using a fiber array feeding
the input Inl. The bar-state and cross-state were observed depending on the change in phase shift.
For that, a current of up to 12 mA is first injected into PS1, and then the same protocol was applied to
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PS2. The obtained results of the two-phase shifters were combined and depicted in Figure 9a. It is
important to point out that our MZI operates using the two electro-optic (EO) phase shifters (PS1 and
PS2), whereas the two heaters (H1 and H2) were specifically integrated to correct static phase errors.
The results presented below were obtained without phase corrections, that is to say, only EO phase
shifters were operated.

Loop-back
waveguide

250 um
5

Figure 8. Image of 2 X 2 MZI circuit: M1 and M2 are 3-dB MMI couplers; the phase shifters (PS1 and
PS2) are commonly grounded and symmetrically integrated; H1 and H2 are the heaters, P1 and P2 are
the photodetectors.

For the best die, we measured a crosstalk of —33.4 dB in bar-state, and a crosstalk of —31.3 dB in
cross-state. The transmission spectrum in both states and for the loop-back waveguide is depicted
in Figure 9b, the insertion loss recorded in the MZI equals 6.42 dB at the best wavelength, but this
value includes the grating coupler losses. In the loop-back waveguide, the insertion loss is 5.11 dB.
Therefore, the MZI insertion loss is estimated near 1.31 dB. It is important to note that, at the wafer
scale, the calculated mean value of crosstalk is =25 dB, and by testing the other input (Out2 instead of
Outl), the same value was found. It is noteworthy that these measurements were carried out at room
temperature. We did not change the temperature to investigate its effect on the MZI, but we think that
it is quite resistant to temperature changes. Waveguide crossing was also characterized; the results
obtained are shown in Figure 9c. The measured crosstalk is lower than —42 dB, with an insertion loss
of 0.1 dB. Our best components in performances are summarized in Table 5.

Table 5. Best component performances.

Metric Value

Waveguide crossing loss (Lossx) 0.1dB
Waveguide crossing crosstalk (Xtalkx) <—42 dB
MZI Loss (LOSSMZI) ~1.31dB
MZI Crosstalk (Xtalkpzp) -31.3dB

Compared to Table 4 values, our technology has better performances in terms of crosstalk,
but lower performances in terms of loss.
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Figure 9. (a) Insertion loss measured of 2 x 2 MZI by varying the biased current separately in the
two-phase shifters. (b) Transmission signal spectrum (in dB) of the loop-back waveguide and the MZI
in bar and cross-states. (c) Measured transmission spectra (in dB) of waveguide crossing (dark lines)
and crosstalk recorded (blue lines).

We compared the four topologies discussed before, based on these performances; Figure 10 shows
SCR values for each of them. DLN scales better than the others did, a 32 x 32 switch can be fabricated
with an SCR > 20 dB. However, we can notice that it is badly impacted by the first-order MZI crosstalk
generated at the center stage, unlike dilated Bene$ and S&S, whose SCRs are over 40 dB for N = 4.
SCR values of dilated Benes is quite good on a small scale (N < 16), but waveguide crossings loss
(0.1 dB/crossing) badly affect its performance for the higher scale. Benes is a good topology because its
SCR does not drop quickly. Nevertheless, it requires further optimization of first-order MZI crosstalk.
The high number of waveguide crossings in S&S is still a real issue; we think it is not adequate for
our technology. Other topologies could be analyzed using our SCR analytical model to choose the
most suitable.
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Xtalk,,,, =-31.29 dB, Xtalk,=-42 dB, Loss,= 0.1 dB
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Figure 10. SCR expected using our technology.

7. Discussion

By using our simple metric in order to evaluate and compare between architectures, we found
that waveguide crossings are critical components, especially in large-scale switches. Lu and Thompson
in [15] and Kabacinski in [17] did not consider the effects of waveguide crossings in their SNR
calculations. With these obtained results, we underline its strong influence on the LS-MZS performances.
Indeed, S&S is a simple architecture that reduces the crosstalk induced by MZlIs, but the central
interconnection, composed of a large number of waveguide crossings, considerably limits the overall
performance of the network. The high number of waveguide crossings also influences the performance
of dilated Benes. DLN offers the right compromise in terms of stage count, crossing count, and total
cumulative crosstalk. Yet, the total number of MZIs increases rapidly. Furthermore, we can also
determine the maximum crosstalk and loss values of each component in order to design an LS-MZS of
order N.
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Appendix A

Here, we show how we simulated Benes and dilated Benes numerically in order to test the
accuracy of our SCR expression. Also, we discuss the results of the simulations.

A switch topology can be represented as a matrix decomposition of multiple stages and
interconnections, as shown in Figure Al.
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Figure Al. Switch network represented by a matrix decomposition of multi-stage of MZIs and
interconnections, S; is a matrix of MZIs in a stage. T} is the interconnection matrix connecting two

stages, Sj_1 and Sj,1.
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With (m, n ]-) € N*x N*and j € {1, m}. The transfer matrix of the switch network can be seen as a

product of the stage matrices:

m
Ln-j+1
=1
With,
I — Sjif jan odd number
I T otherwise
We define,
My
My;
S;=
L Mﬂ]‘j
Fori € {1, nj}:
1-m
ZMZI(
m 1-m
Mij - m 1-m
Imzr lem m

) in bare state

) in cross state

(A)

(A2)

(A3)

(A4)

The State of each M;; depends on the network configuration. T is the interconnection matrix
connecting two following stages, S;_1 and S;1. This matrix model is detailed through the example of

4 x 4 — Benes (Figure 6). The following interconnection in Figure A2 can be modeled with the matrix T

defined as:

XZX
(1-x)lx

o O O =

Figure A2. Example of an interconnection between 4 MZIs, used in 4 x 4 — Benes.

_ o O O

(A5)
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We note: Poys1 , Poura , Pouts , Pouta, the four powers of the structure outputs. The expression of
4 x 4 — Benes can therefore be written as follows:

Poutl Pinl

Pour ( Mis ) ( M3 ) ( My ) Pip
= T T A6
Pouts Mp>s Mo; Mo )| Pinz (46)

Pout4 Pin4

and,
1 _

M;j = zMZI( mm 1’_”m )for i,jef1,2}x({1,3,5} (A7)

We have applied the matrix approach to implement Bene$ and dilated Benes for 2, 4, 8, and
16 switch sizes. Then we have tested several permutations of MZIs, corresponding to various
possible paths, with the consideration that only one signal passes through an MZI in dilated Benes.
The performance parameters used are: Xtalkyz; = —20 dB, Xtalkx = —25 dB, Lossx = 0.03 dB.
The implementation of the matrix models was developed with Python, and the simulations were
limited to N < 16 because of the time requirement. The matrix simulation results, in black square
dots on Figure A3 for both architectures, fit well to our SCR model ones plotted as the solid blue line.
In order to investigate the waveguide crossings effects, Figure A3a traces the SCR values of Benes
without taking into account the effects of waveguide crossings (solid red line),i.e., x = Oand [, = 1.
As we can notice, the difference between the two curves increases with the number of inputs/outputs;
this is due to the number of waveguide crossings becoming high in a large network. For dilated Benes,
the results are presented in Figure A3b. We observe that the gap between the two curves is even higher
(from 15 to 18 dB to be compared to 5 dB max for Benes), that is because the waveguide crossing count
in this architecture is much higher.

Xtalkuyz)= — 20 dB, Xtalkx= —25dB, Lossy=0.03 dB Xtalkyz)= — 20 dB, Xtalkx = —25dB, Lossy=0.03 dB
5 45
—— SCR Model " —— S5CR Model
—— Zero-crossing Model —— Zero-crossing Model
2 o Simulation results 35 O Simulation results
30
- 15 —
g g >
4 4
< ‘ 20
15
5 10
5
0 T T v v v r 0 T T T T T T
5 10 15 20 =3 30 5 10 15 20 25 30
N inputs/outputs N inputs/outputs
(a) (b)

Figure A3. SCR values of Benes (a) and dilated Benes (b): solid blue curves for the complete model;
solid red curves for the zero-crossing model. Black square dots are the simulation results.

As mentioned in Section 4.2, the accuracy of our model could decrease when waveguide crossing
losses are important. For verification purposes, we simulated Bene$ considering Lossx = 0.2 dB,
relatively high losses. The results are shown in Figure A4. We can see that our SCR model still gives a
good approximation (less than 1.5 dB difference between SCR value and simulation result in the case
of Benes of order 16). This shows that our mathematical model remains valid even if the waveguide
crossing losses are significant.
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Xtalkuzi= — 20 dB, Xtalkx = —25dB, Lossx=0.2 dB

25
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Figure A4. SCR values of Benes considering Lossx = 0.2 dB, the solid blue curve. Black square dots are
the simulation results.

References

1.

10.

Kachris, C.; Bergman, K.; Tomkos, I. Introduction to Optical Interconnects in Data Centers. In Optical
Interconnects for Future Data Center Networks; Kachris, C., Bergman, K., Tomkos, I., Eds.; Optical Networks;
Springer: New York, NY, USA, 2013; pp. 3-13. [CrossRef]

Bergman, K.; Carloni, L.P.,; Biberman, A.; Chan, J.; Hendry, G. Photonic Network-on-Chip Design; Integrated
Circuits and Systems; Springer: New York, NY, USA, 2014.

Tu, X.; Song, C.; Huang, T.; Chen, Z.; Fu, H. State of the Art and Perspectives on Silicon Photonic Switches.
Micromachines 2019, 10, 51. [CrossRef]

Xie, Y.; Zhang, M.; Dai, D. Design Rule of Mach-Zehnder Interferometer Sensors for Ultra-High Sensitivity.
Sensors 2020, 20, 2640. [CrossRef]

Qiao, L.; Tang, W.; Chu, T. Ultra-Large-Scale Silicon Optical Switches. In Proceedings of the 2016 IEEE
13th International Conference on Group IV Photonics (GFP), Shanghai, China, 24-26 August 2016; pp. 1-2.
[CrossRef]

Dupuis, N.; Doany, F; Budd, R.A.; Schares, L.; Baks, C.W.; Kuchta, D.M.; Hirokawa, T.; Lee, B.G.
A Nonblocking 4 x 4 Mach-Zehnder Switch with Integrated Gain and Nanosecond-Scale Reconfiguration
Time. In Proceedings of the 2019 Optical Fiber Communications Conference and Exhibition (OFC), San
Diego, CA, USA, 3-7 March 2019; pp. 1-3.

Lee, B.G.; Dupuis, N.; Pepeljugoski, P.; Schares, L.; Budd, R.; Bickford, J.R.; Schow, C.L. Silicon Photonic
Switch Fabrics in Computer Communications Systems. J. Lightwave Technol. 2015, 33, 768-777. [CrossRef]
Dupuis, N.; Lee, B.G. Impact of Topology on the Scalability of Mach—Zehnder-Based Multistage Silicon
Photonic Switch Networks. . Lightwave Technol. 2018, 36, 763-772. [CrossRef]

Cheng, Q.; Bahadori, M.; Glick, M.; Rumley, S.; Bergman, K. Recent Advances in Optical Technologies for
Data Centers: A Review. Optica 2018, 5, 1354-1370. [CrossRef]

Suzuki, K.; Konoike, R.; Suda, S.; Matsuura, H.; Namiki, S.; Kawashima, H.; Ikeda, K. Low-Loss,
Low-Crosstalk, and Large-Scale Optical Switch Based on Silicon Photonics. J. Lightwave Technol. 2019.
[CrossRef]


http://dx.doi.org/10.1007/978-1-4614-4630-9_1
http://dx.doi.org/10.3390/mi10010051
http://dx.doi.org/10.3390/s20092640
http://dx.doi.org/10.1109/GROUP4.2016.7739115
http://dx.doi.org/10.1109/JLT.2014.2371616
http://dx.doi.org/10.1109/JLT.2017.2775563
http://dx.doi.org/10.1364/OPTICA.5.001354
http://dx.doi.org/10.1109/JLT.2019.2934768

Appl. Sci. 2020, 10, 8688 16 0f 16

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Dupuis, N.; Lee, B.G.; Rylyakov, A.V.; Kuchta, D.M.; Baks, CW.; Orcutt, ].S.; Gill, D.M.; Green, WM.J.;
Schow, C.L. Design and Fabrication of Low-Insertion-Loss and Low-Crosstalk Broadband 2 x 2 Mach-Zehnder
Silicon Photonic Switches. J. Lightwave Technol. 2015, 33, 3597-3606. [CrossRef]

Soref, R.; Bennett, B. Electrooptical Effects in Silicon. IEEE ]. Quantum Electron. 1987, 23, 123-129. [CrossRef]
Benes, V.E. Mathematics in Science and Engineering | Mathematical Theory of Connecting Networks and Telephone
Traffic; Academic Press: New York, NY, USA, 1965.

Padmanabhan, K.; Netravali, A. Dilated Networks for Photonic Switching. IEEE Trans. Commun. 1987, 35,
1357-1365. [CrossRef]

Lu, C.-C.; Thompson, R.A. The Double-Layer Network Architecture for Photonic Switching. J. Lightwave
Technol. 1994, 12, 1482-1489. [CrossRef]

Spanke, R. Architectures for Large Nonblocking Optical Space Switches. IEEE . Quantum Electron. 1986, 22,
964-967. [CrossRef]

Kabacinski, W. Modified Dilated Benes Networks for Photonic Switching. IEEE Trans. Commun. 1999, 47,
1253-1259. [CrossRef]

Qian, Y,; Mehrvar, H.; Ma, H.; Yang, X.; Zhu, K.; Fu, H.Y,; Geng, D.; Goodwill, D.; Dumais, P.; Bernier, E.
Crosstalk Optimization in Low Extinction-Ratio Switch Fabrics. In Proceedings of the 2014 Optical Fiber
Communications Conference and Exhibition (OFC), San Diego, CA, USA, 9-13 March 2014; pp. 1-3.
[CrossRef]

Zhang, Y.; Yang, S.; Lim, A.E.; Lo, G.; Galland, C.; Baehr-Jones, T.; Hochberg, M. A CMOS-Compatible,
Low-Loss, and Low-Crosstalk Silicon Waveguide Crossing. IEEE Photonics Technol. Lett. 2013, 25, 422—-425.
[CrossRef]

Sanchis, P; Galan, ].V.; Brimont, A.; Griol, A.; Marti, J.; Piqueras, M.A.; Perdigues, ]. M. Low-Crosstalk in
Silicon-on-Insulator Waveguide Crossings with Optimized-Angle. IEEE Photonics Technol. Lett. 2007, 19,
1583-1585. [CrossRef]

Dumais, P.; Goodwill, D.J.; Celo, D.; Jiang, J.; Bernier, E. Three-Mode Synthesis of Slab Gaussian Beam in
Ultra-Low-Loss in-Plane Nanophotonic Silicon Waveguide Crossing. In Proceedings of the 2017 IEEE 14th
International Conference on Group IV Photonics (GFP), Berlin, Germany, 23-25 August 2017; pp. 97-98.
[CrossRef]

Dupuis, N.; Proesel, ].E.; Ainspan, H.; Baks, C.W.; Meghelli, M.; Lee, B.G. Nanosecond Photonic Switch
Architectures Demonstrated in an All-Digital Monolithic Platform. Opt. Lett. 2019, 44, 3610-3612. [CrossRef]
[PubMed]

Kouissi, M.; Charbonnier, B.; Algani, C. Fast 2x2 Mach-Zehnder Switch for Optical Interconnect Applications.
Opt. Soc. Am. 2020, PsTh2E5. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/JLT.2015.2446463
http://dx.doi.org/10.1109/JQE.1987.1073206
http://dx.doi.org/10.1109/TCOM.1987.1096722
http://dx.doi.org/10.1109/50.317538
http://dx.doi.org/10.1109/JQE.1986.1073032
http://dx.doi.org/10.1109/26.780462
http://dx.doi.org/10.1364/OFC.2014.Th1I.4
http://dx.doi.org/10.1109/LPT.2013.2241049
http://dx.doi.org/10.1109/LPT.2007.904330
http://dx.doi.org/10.1109/GROUP4.2017.8082214
http://dx.doi.org/10.1364/OL.44.003610
http://www.ncbi.nlm.nih.gov/pubmed/31368925
http://dx.doi.org/10.1364/PSC.2020.PsTh2F.5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Performance Limitations of LS-MZS 
	Insertion Loss 
	Optical Crosstalk 

	Large-Scale Photonic Switch Architectures 
	Analytical Model: Signal-to-Crosstalk Ratio 
	Signal-to-Crosstalk Ratio Model 
	Cumulative Crosstalk Power Terms 

	Architecture Comparison 
	MZI and Waveguide Crossing Characteristics 
	Discussion 
	
	References

