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Abstract: We present a novel design for a noise-tolerant, ultra-broadband
electro-optic switch, based on a Mach-Zehnder lattice (MZL) interferometer. We analyze the switch performance through rigorous optical
simulations, for devices implemented in silicon-on-insulator with carrierinjection-based phase shifters. We show that such a MZL switch can be
designed to have a step-like switching response, resulting in improved
tolerance to drive-voltage noise and temperature variations as compared to a
single-stage Mach-Zehnder switch. Furthermore, we show that degradation
in switching crosstalk and insertion loss due to free-carrier absorption
can be largely overcome by a MZL switch design. Finally, MZL switches
can be designed for having an ultra-wide, temperature-insensitive optical
bandwidth of more than 250 nm. The proposed device shows good potential
as a broadband optical switch in reconfigurable optical networks-on-chip.
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1.

Introduction

Over the past decade, impressive progress has been made in the field of silicon photonics,
witnessed by the demonstration of silicon-based, passive optical devices such as wavelengthdivision-multiplexing (WDM) filters [1]-[3], as well as active devices such as high-speed silicon modulators [4]-[6], silicon-integrated germanium detectors [7]-[9] and hybrid silicon-III-V
laser diodes [10]. As a result, short-range optical interconnects based on silicon are being considered as a promising technology for alleviating the chip-level interconnection bottleneck,
anticipated in future, massively parallel computing systems [11, 12]. Optical network-on-chip
(ONoC) architectures capable of providing reconfigurable communication paths between the
processor cores and memory systems on a chip multiprocessor have been proposed [13]-[17].
In order to obtain an ONoC with sufficiently high bandwidth capacity, the use of aggressive
wavelength-division multiplexing (WDM) is believed to be inevitable. The proposed ONoC architectures include both approaches using wavelength-selective routing schemes [13]-[16], as
well as non-wavelength-selective implementations [17].
A key device for non-wavelength-selective ONoC architectures as proposed in [17] is the
broadband optical switch, capable of routing an optical data stream encoded in multiple parallel wavelength channels. Previously, resonant, ring-based optical switches have been proposed
for routing such data streams in on-chip interconnection networks [6, 18, 19]. Alternatively,
non-resonant switches based on a Mach-Zehnder (MZ) interferometer could be used for this
purpose. The non-resonant interference mechanism inherent to such devices is ideally suited to
enable spectrally broadband operation, as well as temperature-insensitive switching.
In this paper, we analyze the performance of MZ-based electro-optic switches in silicon,
based on carrier injection in a p-i-n diode phase shifter. First, in section 2, we review the
switch requirements for a non-wavelength-selective ONoC. We emphasize the need for a digital
switching response, which enhances the tolerance to drive-voltage noise and temperature variations, as well as the need for a wide optical switch bandwidth, which enhances the throughput
capacity of the network. Next, in section 3, we assess the switching performance of the conventional single-stage MZ electro-optic switch and outline some of its shortcomings with respect
to the previously identified device requirements. Subsequently, in sections 4 and 5, we propose a novel switch design based on a multi-stage Mach-Zehnder lattice (MZL), which has a
largely improved tolerance to drive-voltage noise owing to its step-like switching reponse, as
well as a substantially larger optical bandwidth. In section 6, we discuss and quantify the tolerance against voltage noise and temperature variations of the proposed switches. In section
7, we briefly discuss the tolerance against fabrication imperfections. Finally, in section 8, we
summarize the device performance of the various switch designs and draw a conclusion.
2.

Device requirements for broadband switches in a reconfigurable ONoC

2.1. Optical bandwidth and crosstalk
The required core-to-core communication bandwidth in future multicore processors is expected
to be on the order of a few Tbps, while the clock rate anticipated in such systems is in the range
5-10 GHz [20]. As such, it is unlikely that the data rate of an individual optical channel in the
proposed ONoC will exceed 10 to 20 Gbps. Therefore, WDM schemes with a large number of
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wavelength channels will have to be employed, in order to reach the desired aggregate core-tocore data rates while keeping the number of parallel waveguides between cores manageable. At
the same time, the WDM channel spacing should not be too aggressive, in order to enable WDM
filters with reasonable tolerance against temperature variations and fabrication imperfections [2,
21]. Therefore, the optical switches implemented in non-wavelength-selective ONoCs should
preferably have a very wide optical bandwidth, allowing for a large number of coarsely spaced
WDM channels to be simultaneously routed by a single switch. Assuming a channel spacing of
2 nm and a single-channel data rate of 10 Gbps, an optical bandwidth of 200 nm or more would
be required for routing a 1-Tbps data stream in a single waveguide.
In order to avoid communication errors due to crosstalk from aggressor channels at any given
receiver in the ONoC, the switches at the nodes of the ONoC should have crosstalk levels well
below the worst-case insertion loss of any optical path in the ONoC. This insertion loss has
contributions from the waveguide propagation loss, the loss due to waveguide crossings and
the insertion loss of the optical switches along the path, and can for reasonably sized ONoCs
quickly add up to 10 dB and more [22]. As such, in this paper, we require the switches to have
a crosstalk level of -20 dB or lower, for both the ‘on’ and ‘off’ switch states.
2.2. Switching speed, power and voltage
A silicon-based optical switch with a switching speed in the nanosecond range is a key device for enabling flexible, circuit-switched optical interconnection fabrics [23] at the chip scale
[17, 24]. The implementation of fast switches would enable the ONoC to quickly react to dynamically changing requests for communication bandwidth between the cores of a chip multiprocessor (CMP). The implementation of a circuit-switched ONoC with a reconfiguration time
in the range of a few tens to a few hundreds of nanoseconds could potentially result in substantial performance gains for many applications running on a CMP [17, 25].
The total energy budget for a complete on-chip optical interconnect is estimated to be
100 fJ/bit and lower [12, 26]. Therefore, the available energy budget for routing an optical bit
through the ONoC will be a few tens of femtojoules per bit at most. Since an optical path in
the ONoC may involve many active switches, the energy budget per bit and per switch will be
most likely only a few femtojoules. For a broadband switch with a 1-Tbps throughput capacity,
this is equivalent with a steady-state power consumption of a few milliwatts. The drive voltages
should be compatible with the output voltages of drive circuits implemented in complementary
oxide-semiconductor-metal (CMOS) technology, and should preferably be 1 V or less.
Given the requirements for speed, power and voltage, the preferred switching method is
based on free-carrier injection in a forward-biased p-i-n diode [5, 27]. Phase shifters based on
such diodes allow for large phase shifts to be obtained with short phase shifters and low drive
voltage, and with switching speeds up to 10 GHz [5]. However, the use of phase shifters based
on carrier injection into a p-i-n diode has implications for the crosstalk, insertion loss and noise
tolerance of the switches, as we will discuss in this paper.
2.3. Tolerance to noise: a digital switching response
It is known that temperature fluctuations on a CMOS chip can be on the order of several tens
of degrees, and that they typically appear as local hot spots [29]. Moreover, densely populated
CMOS chips also suffer from power-supply noise, which can be as large as several tens of
millivolts peak-to-peak [30]. Optical switches, integrated with CMOS circuits on the same chip,
should be tolerant to such temperature and drive-voltage fluctuations.
A noise-tolerant switch is often referred to as a ‘digital’ optical switch [28]. Such a switch is
designed to exhibit a step-like switching response as illustrated in in Fig. 1a, where the transmittance curves T11 (V ) and T12 (V ) are plotted as a function of drive voltage V . The transmittance
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Fig. 1. (a) Example of a digital switching response [28], featuring a step-like transition
from the ‘off’ to the ‘on’ state as a function of applied voltage. This step-like response
provides tolerance against voltage noise ∆V , both for the ‘off’ as well as for the ‘on’ state.
(b) The transmission coefficients Ti j are defined as the power transmittance from inport ai
to output port b j .

curves Ti j (V ) are defined as Ti j (V ) = |Si j (V )|2 , where Si j (V ) are the voltage-dependent, complex transfer functions of the optical field from input port ai to output port b j (i, j = 1, 2), as
illustrated in Fig. 1b. The step-like switching response ensures tolerance against voltage fluctuations ∆V , both for the ‘off’ state of the switch, as well as for the ‘on’ state.
3.

Review of the Mach-Zehnder switch

First, we review the switching response of a MZ switch, used here as a reference. The MZ interferometer is assumed to be balanced and to have two 50-% directional couplers (at the 1.55-µ m
design wavelength), as shown in Fig. 2a. The switch also contains a 500-µ m-long p-i-n diode
phase shifter. The switching response was evaluated by calculating the transmission coefficients
Ti j (λ , N) = |Si j (λ , N)|2 , where λ is the wavelength and N the density of free carriers, injected
into the phase shifter by forward biasing the p-i-n diode. The transfer-matrix method was used
for these simulations (see appendix for more details). In order to include the effect of both
free-carrier dispersion (FCD), which provides the phase shift ∆φ (N), as well as the effect of
free-carrier absorption (FCA), which results in a propagation loss α (N), the real part as well
as the imaginary part of the carrier-plasma effect was considered according to Soref’s empirical coefficients [27], at a wavelength of 1.55 µ m. Passive optical losses due to scattering and
bending were not included. Therefore, any obtained insertion loss is completely due to FCA.
3.1. Switching response
First, the switching response was calculated at the design wavelength λ = 1.55 µ m, as a function of the injected-carrier density. The result is shown in Fig. 2b. As expected, in the ‘off’ state
(Noff = 0), the optical signal arriving at the input port a1 (a2 ) is fully transferred to the b2 (b1 )
output port (‘cross’ state). The ‘on’ state is obtained when a π phase shift is induced in the
phase shifter (Non = 5 × 1017 cm−3 ), causing the optical input signal from a1 (a2 ) to destructively interfere at the b2 (b1 ) output port, and effectively switching it to the b1 (b2 ) output port
(‘bar’ state). It should be noted that T11 = T22 and T12 = T21 as a result of the symmetry of the
MZ switch.
With increasing phase delay, the MZ device switches back and forth between the ‘cross’ and
the ‘bar’ state in a raised-cosine-like fashion, owing to the interference mechanism involving
just two optical paths. Also, at higher injected-carrier densities, both crosstalk and insertion
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Fig. 2. (a) Schematic of the MZ switch, consisting of two 50-% couplers, with a 500-µ mlong phase shifter based on a p-i-n diode. (b) Switching response of the MZ switch shown
in (a) as a function of the density N of free carriers in the phase shifter. The ‘on’ state is
reached for N = 5×1017 cm−3 , with a crosstalk of -22 dB and an insertion loss of 0.7 dB.
The ‘on’-state noise tolerance ∆Npp, -20 dB for maintaining -20-dB crosstalk is only 10 % (c)
Cross section of the directional couplers (DC) used in the simulations. The silicon waveguides have 450×200-nm2 cross-sectional dimensions including a 50-nm-thick bottom slab.
The DC gap width is 300 nm. (d) Spectral switching response of the MZ switch using the
DCs illustrated in (c), both for the ‘off’ state as well as for the ‘on’ state. The -20-dB optical
bandwidth is only 30 nm.

loss increase, as a result of the increasing optical loss due to FCA in the phase shifter, which is
sampled by 50 % of the input light. For the ‘on’ state, the crosstalk is approximately -21.3 dB
and the insertion loss is about 0.7 dB. While the ‘on’-state crosstalk could be reduced by pushpull operation or by adjusting the couplers to compensate for the FCA-related optical loss, this
would result in higher ‘off’-state insertion loss and crosstalk.
The oscillatory nature of the MZ switching response is clearly in conflict with the requirement for having a digital switching response. The obtained crosstalk level is very sensitive to
noise on the carrier density as a result of the analog switching response, as illustrated in Fig.
2b. It can be seen that ‘on’-state crosstalk levels of -20 dB can only be maintained if the relative peak-to-peak noise ∆Npp, -20 dB on the injected-carrier density is kept below 10 %. Such a
tight ‘on’-state tolerance results in a weak tolerance to temperature and voltage fluctuations, for
switches based on carrier injection in a forward biased p-i-n diode. Indeed, as we will discuss
in section 6, a small variation ∆V on the voltage Von applied to the diode in the ‘on’ state or a
small temperature variation ∆T can result in a large variation ∆N of the injected-carrier density.
3.2. Optical bandwidth
In order to assess the optical bandwidth of the MZ switch, the transmission coefficients
Ti j (λ , N) were evaluated for wavelengths λ in the range 1.4-1.7 µ m, both for the ‘off’ state
(Noff = 0) and the ‘on’ state (Non = 0.5×1017cm−3 ). These simulations included the wavelength
dependence of the employed directional couplers (DC), as well as the first-order dispersion of
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the effective index of the fundamental guided mode in the employed SOI rib waveguides. We
assessed the optical bandwidth of the DCs by calculating their 100-% coupling length LC (λ )
using a commercially available eigenmode-expansion tool. An analytical fit to these simulation
results was consequently used in the wavelength-dependent transfer-matrix calculations (see
appendix for more details). All simulations were done for transverse-electric (TE) polarization. The waveguides considered in these simulations were rib waveguides with 450×200-nm2
cross-sectional core dimensions, and a 50-nm thick lateral slab at the bottom of the waveguide
core, which accomodates the p-i-n diode in the phase shifter. The waveguides were assumed
to be embedded in SiO2 , and the width of the directional-coupler gap was fixed at 300 nm, as
shown in Fig. 2c.
The resulting spectral switching response is shown in Fig. 2d. The optical bandwidth is
mainly limited by crosstalk in the ‘off’ state, which is substantial for wavelengths strongly
detuned from the 1.55- µ m design wavelength, due to imbalanced power splitting in the directional couplers. The optical bandwidth with -20-dB ‘off’-state crosstalk is about 30 nm. This
bandwidth is clearly much lower than the 200-nm optical bandwidth desired for broadband
switches in an ONoC aplication.
4.

Design and simulation of a digital Mach-Zehnder lattice switch

The poor ‘on’-state noise tolerance obtained for the single-stage MZ switch can be improved by
adding interferometric stages to the switch, essentially forming a Mach-Zehnder lattice (MZL)
switch. The multiple interference paths available in a multi-stage MZL structure allow for engineering a more desirable, digital switching response, very much in analogy to the design of
WDM filters based on MZL structures [31]. Furthermore, as we will show, the parasitic effect
of FCA can be largely overcome with a MZL switch design, resulting in substantially lower
crosstalk levels for the switch ‘on’ state as compared to the single-stage MZ switch.
The proposed switch consists of a Mach-Zehnder lattice containing S delay stages and S + 1
directional couplers with power coupling coefficients κi (i = 1, 2, . . . , S + 1), as illustrated in
Fig. 3a. In the switch ‘cross’ (‘off’) state, the delay arms of each stage are balanced by design,
and the coupling coefficients κi of the directional couplers are chosen such that all input light at
a1 is fully coupled to output port b2 . In this configuration, the MZL can basically be considered
as a discretized directional coupler (DC): the lengths of the individual DCs in every stage add
up to the 100-% coupling length LC of the employed DC. In order to switch the input light to
the b1 output port (‘bar’ or ‘on’ state) carriers are injected in the lower arms of each delay stage,
causing a phase delay δ φ (N) in the individual, identical phase shifters, for a total phase delay
∆φ (N) = S δ φ (N). The operation principle can be considered as the discrete version of ∆β
switching in a contiguous directional-coupler switch [32]: by creating a phase delay between
the two arms, the optical beams going through the different optical paths no longer interfere
constructively in the cross output waveguide and light is forced to stay in the input waveguide
a1 -b1 .
4.1. MZL switches with uniform coupling coefficients
As a first example, we calculated the switching response of an MZL switch with S = 8 and
uniformly distributed coupling coefficients (κi = 3 %). In order to allow straightforward comparison with the MZ switch, the aggregate length of the S phase shifters was again fixed at
L = 500 µ m, such that each individual phase shifter had a length of LS = L/S.
The simulation results are shown in Fig. 3b. It can be seen that the oscillatory nature of
the switching response is strongly reduced, when compared to the MZ switching response.
Indeed, the MZL switching sidelobes are suppressed to less than -10 dB for carrier densities
higher than the ‘on’-state carrier density Non = 8.2 × 1017 cm−3 . At the same time, the T11
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Fig. 3. (a) Schematic of the MZL switch, consisting of S interferometric stages, each having
a coupling coefficient κi (i = 1 . . . S + 1) and a p-i-n diode providing a phase shift δ φ (N).
The total length of the individual diodes adds up to 500 µ m. (b) Switching response of
an MZL switch with S = 8 and uniform coupling coefficients κi = 3 %. The ‘on’ state is
reached for N = 8.2×1017 cm−3 , with a crosstalk of -24 dB and an insertion loss of 0.34 dB.
The noise tolerance ∆Npp, -20 dB is 18 %. (c) Switching response of an MZL switch with
S = 3 and normally distributed coupling coefficients (σ = 0.5). The ‘on’ state is reached
for N = 1.79×1018 cm−3 , with a crosstalk of -34 dB and an insertion loss of 0.37 dB. The
noise tolerance ∆Npp, -20 dB is 90 %.

insertion loss remains low, even for carrier densities as high as N = 4 × 1018 cm−3 (0.21 dB),
despite the substantial optical propagation loss α (N) induced in the phase shifters. As such,
it is clear that the MZL design largely decouples the parasitic effect of FCA from the useful
FCD effect, by preventing the majority of the input light from propagating in the lossy phase
shifter(s). This results from the spatially distributed coupling along the MZL stages, with all
individual coupling coefficients κi well below 50 %. On the downside, the insertion loss for the
T22 transmittance in the ‘on’ state has increased considerably to several decibels at high carrier
densities, as all FCA loss is concentrated in the a2 -b2 waveguide. Therefore, an MZL switch is
best used as a 1 × 2 switch. The best ‘on’-state crosstalk level reached at Non = 8.2 × 1017 cm−3
is -24 dB, and the ‘on’-state T11 insertion loss is 0.33 dB, which are both slightly better as
compared to the MZ switch. The noise tolerance ∆Npp, -20 dB is increased to about 18 %.
The suppression of the switching sidelobes is essential for obtaining the desired digital
switching response as shown in Fig. 1a. That said, the switching response obtained here is
not digital in a strict sense, as the ‘off’-state crosstalk remains very sensitive to fluctuations of
the injected-carrier density. However, as we will discuss in section 6, the rectifying behavior of
the employed p-i-n diode phase shifter helps to enhance the noise tolerance in the ‘off’ state. As
such, for the remainder of the paper, we focus on further reduction of the switching sidelobes,
thereby increasing the tolerance of the MZL interferometer against noise in the ‘on’-state carrier density. This approach indeed results in MZL switches with a digital switching response as
a function of the drive voltage, as we will show in section 6.
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Fig. 4. (a) T12 switching response of three MZL switches with S = 8 and normally distributed coupling coefficients. The switching sidelobes can be suppressed to -10 dB, -36 dB
and lower than -50 dB, for distribution variances σ = 1000, σ = 0.35 and σ = 0.25 respectively, as illustrated in (b). The inset in (a) shows the T11 switching response of the same
devices. The ‘on’-state insertion loss can be suppressed to lower than 0.2 dB.

4.2. MZL switches with apodized coupling coefficients
Apodizing the coupling coefficients of a passive, wavelength-selective MZL filter is a wellknown technique to optimize its spectral response, for instance to reduce the amplitude of the
spectral sidelobes of a channel-dropping WDM filter [31]. Simultaneous apodization of the
coupling coefficient and phase mismatch along a directional-coupler switch is also known to
produce ∆β switches with a digital switching response [32]. Typically, the apodization is done
according to a window function, which can take uniform, normal, raised cosine, Hamming or
other forms [32].
Likewise, the apodization technique can be equally beneficial for suppressing the switching
sidelobes of the MZL switch. As the individual phase delays δ φ (N) in the proposed MZL
switch are all equal, the MZL switch belongs to the class of ‘Fourier’ filters [33]. As such, there
exists a Fourier-transform relation between the switching response as function of the aggregate
dephasing term ∆φ (N) = L ∆β (N), and the window function of the coupling coefficient.
As an example, we compared the response of the eight-stage, uniform MZL switch with the
response of an eight-stage MZL switch with power coupling coefficients κi apodized according
to a normal distribution
"

 #
1 i − 1 − S/2 2
κi = κ0 exp −
,
(1)
2
σ S/2
where σ 2 is the variance. The results for σ = 0.25 and σ = 0.35 are shown in Fig. 4a, with the
respective coupling coefficients shown in Fig. 4b. It can be seen that the switching sidelobes
can be strongly suppressed by decreasing the variance of the normal distribution. At the same
time, both crosstalk and insertion loss are strongly reduced at these higher injection levels, as a
result of the more adiabatic exposure of the input light to the lossy phase shifters. The ‘on’-state
T11 insertion loss for σ = 0.25 is reduced to less than 0.2 dB (inset of Fig. 4a) and the ‘on’-state
crosstalk can be lower than -50 dB.
Considering these results, it is clear that apodization of the coupling coefficients further suppresses the switching sidelobes, which helps to increase the ‘on’-state noise tolerance. It also
helps to further reduce the impact of FCA, yielding superior ‘on’-state crosstalk and insertion loss. The main drawback of the apodization is the increase in carrier density required for
switching.
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Fig. 5. (a) Schematic of the seven-stage WIMZL switch, which includes four passive,
wavelength-insensitive coupling stages and three active phase-tuning stages. (b) Spectral
switching response of the WIMZL switch with (κ0 , κ1 , ∆φ0 ) = (4.4 %, 10.6 %, 3.89) and
(κ2 , κ3 , ∆φ1 ) = (58.2 %, 23.2 %, -4.06), for N = 0 (solid lines) and N = 1.3, 1.6 and
1.9 × 1018 cm−3 (dashed, dotted and dashed-dotted lines respectively). The -20-dB bandwidth is more than 250 nm. (c) Switching response versus carrier density N of the same
WIMZL switch, for three different wavelengths (λ =1.45 µ m, 1.55 µ m and 1.65 µ m, in
dashed, solid and dotted lines respectively). The noise tolerance ∆Npp, -20 dB is 75 %, for all
three wavelengths.

4.3. Low-order MZL switches
For many switching applications, it is of paramount importance to have low insertion loss. A
real-world, high-order MZL switch could suffer from excessive (fabrication-related) insertion
loss, as each stage will add losses due to the additional bending and linear propagation loss in
these stages. Therefore, it is also worthwhile to investigate the potential benefits of an MZL
switch with only a limited number of stages. As an example, we show the response of a threestage MZL switch with normally distributed coupling coefficients (κ1 = 4.8 % and κ2 = 28.6 %,
σ = 0.5) in Fig. 3c. While the response of this low-order MZL has a substantial sidelobe at
N = 3.8 × 1018 cm−3 , the ‘on’-state insertion loss for T11 is fairly low at 0.34 dB and ‘on’-state
crosstalk is lower than -29 dB, for carrier densities in the range N = 1.1 − 2.2 × 1018 cm−3 . As
such, the -29-dB noise tolerance ∆Npp, -29 dB is as high as 67 %. The noise tolerance ∆Npp, -20 dB
is 92 %.
From these results, it is clear that the MZL design concept can be applied to obtain superior switching characteristics including reduced crosstalk and improved noise tolerance, while
staying within the practical design constraints of device footprint and insertion loss.
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5.

Design and simulation of wavelength-insensitive Mach-Zehnder lattice switches

While the MZL switch design offers improved ‘on’-state switching characteristics, including
improved noise tolerance and reduced crosstalk and insertion loss, the optical bandwidth is
equally affected by the wavelength sensitivity of the employed DCs as for the case of the reference MZ switch. The bandwidth of these switches could be improved by either using broadband
directional couplers with a reduced gap width, multimode-interference splitters, or specifically
designed, tapered directional couplers [34]. Alternatively, the wavelength sensitivity of a single
DC can be partially offset by a second DC, if a well chosen phase delay is implemented in
between the couplers [35]. As such, some stages of the MZL switch could be dedicated to form
wavelength-insensitive couplers, intermixed with the active phase tuning sections required for
switching. The resulting device is a wavelength-insensitive MZL (WIMZL) switch.
As an example, we analyzed the performance of a seven-stage MZL switch with four passive
stages and three active stages, as shown in Fig. 5a. The proposed WIMZL structure has point
symmetry, which is essential to maximize the bandwidth of the switch [36]. In essence, the
device behaves as a wavelength-insensitive, three-stage MZL switch with normally-distributed,
effective power coupling coefficients κ0eff and κ1eff (4.8 % and 28.6 % respectively, σ = 0.5).
First, the parameter sets (κ0 , κ1 , ∆φ0 ) and (κ2 , κ3 , ∆φ1 ) were optimized separately to yield the
desired values for κ0eff and κ1eff in the 1.45−1.65- µ m spectral window. This was done using
MATLAB®’s genetic-algorithm toolbox gatool to minimize an error function, which was
defined as the square of the deviation of the obtained coupling with the desired coupling, integrated over the targeted spectral window. The obtained values were then inserted in the matrix
code describing the seven-stage structure and further fine-tuned for obtaining minimal crosstalk
both for the ‘off’ and ‘on’ states, the latter being defined as N = 1.3 − 1.9 × 1018 cm−3 . The obtained values for (κ0 , κ1 , ∆φ0 ) and (κ2 , κ3 , ∆φ1 ) are (4.4 %, 10.6 %, 3.89) and (58.2 %, 23.2 %,
-4.06) respectively.
The resulting spectral response is shown in Fig. 5b. The T11 and T12 transmittance spectra
are shown for for N = 0 (solid lines) and N = 1.3, 1.6 and 1.9 × 1018 cm−3 (dotted, dashed
and dotted-dashed lines respectively). The WIMZ switch supports an ‘off’-state crosstalk level
below -30 dB over a 200-nm-wide optical bandwidth, whereas an ‘off’-state crosstalk level below -20 dB can be maintained over a 250-nm-wide bandwidth (solid lines). ‘On’-state crosstalk
levels are lower than -29 dB and T11 insertion loss is below -0.44 dB (see inset of Fig. 5b) for
the same 250-nm bandwidth, and for carrier densities in the range N = 1.3 − 1.9 × 1018 cm−3 .
Fig. 5c provides a further illustration of the switching response, showing the T11 and T12 transmittance curves as a function of injected carrier density, calculated for three different input
wavelengths (λ =1.45 µ m, 1.55 µ m and 1.65 µ m, in dashed, solid and dotted lines respectively). For all three wavelengths, crosstalk levels are lower than -29 dB for carrier densities
in the range N = 1.23 − 1.99 × 1018 cm−3 , reflecting a noise tolerance ∆Npp, -29 dB = 47 %. For
-20-dB crosstalk, the noise tolerance is as high as ∆Npp, -20 dB = 75 %.
From these results, it is clear that the multiple optical interference paths available in a MZL
structure can be exploited to obtain 1 × 2 carrier-injection-based switches with ultra-wide optical bandwidth, very low crosstalk levels and a robust tolerance against noise on the ‘on’-state
carrier density, even for a relatively small number of interferometric stages.
6.

Tolerance against voltage noise and temperature variations

6.1. Switching response as a function of applied voltage
As the phase shifters in MZL switches are preferably implemented as forward-biased p-i-n
diodes, the switching response as function of applied forward voltage V will also depend on the
N-V response of the diode. For an ideal p-i-n diode, this response is given by [37]
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MZL switch with S = 3 and σ = 0.5. Von is approximately 0.96 V and ∆Vpp, -20 dB is as high
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qV
N(V, T ) = Ni (T ) exp
2kB T



∼T

3/2



Eg − qV
exp −
,
2kB T

(2)

where Ni (T ) is the temperature-dependent intrinsic carrier density in silicon, q is the elementary
charge, kB is the Boltzman constant and Eg is the bandgap of silicon. The switching response of
the MZ switch as well as the response of an MZL switch with S = 3 and σ = 0.5 as introduced
in section 4.3 were calculated as function of drive voltage V using equation (2) at room temperature (T0 = 300 K, Eg = 1.12 eV, Ni = 1.45 × 1010 cm−3 ). The results are shown in Fig. 6. It
can be seen that the ‘on’ state of the MZ switch is indeed highly sensitive to voltage noise: the
max
maximum allowable peak-to-peak voltage noise ∆Vpp,
-20 dB for obtaining -20-dB crosstalk or
better at a fixed temperature is only 5 mV, around the ‘on’-state voltage Von = 0.9 V. The noise
max
tolerance of the MZL switch is ten times better with ∆Vpp,
-20 dB = 50 mV. It should also be noted
that the expected ‘on’-state voltage Von = 0.96 V of the MZL switch is only slightly larger than
that of the MZ switch. Both switches have a high tolerance to ‘off’-state voltage fluctuations,
as a result of the rectifying, exponential N-V response.
It is clear from expression (2) that the injected-carrier density will also depend on the diode
temperature T . In general, the noise ∆N around a nominally injected-carrier density N0 at a
nominal voltage V0 and temperature T0 , caused by temperature fluctuations ∆T and voltage
noise ∆V can be estimated to first order as

∆N
1
=
4.8 × ∆T + 0.6 × 104∆V ,
N0
300

(3)

where we assumed T0 = 300 K and V0 = 0.95 V, and where ∆T is in Kelvin and ∆V is in Volt.
From this equation, it is clear that the ‘on’-state noise budget ∆Npp of a given device will affect
both its ability to deal with on-chip temperature fluctuations as well as with on-chip voltage
noise.
It should be noted that expression (2) doesn’t include the voltage drop due to the series
resistance of a real-world diode, which is substantial at high diode currents. In the seriesresistance-limited regime of the p-i-n diode, the N-V response is linear, and less sensitive to
voltage fluctuations. As such, the tolerances to voltage and thermal noise calculated with Eq.
(3) should be considered a worst-case estimation.
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6.2. Thermal sensitivity of the optical response
Finally, temperature-insensitive operation also requires the optical response of the MZL switch
to be thermally stable. In general, the temperature sensitivity of interference-based optical devices is determined by the variation of the coupling coefficients and the optical delay lengths
with temperature. To first order, we can neglect the former contribution. For a design without built-in phase delay such as a symmetric MZ switch or MZL switch, the latter effect also
vanishes, assuming that the spatial extent of on-chip thermal hotspots is much larger than the
footprint of the switch. As such, these switches are optically temperature insensitive.
The ultra-broadband seven-stage WIMZL switch does include the phase delays ∆φ1 and
∆φ2 in its wavelength-insensitive coupling stages. However, the length imbalances ∆Li =
∆φi λ0 /2π n0e to obtain these phase delays are small (less than 0.5 µ m), and any additional phase
imbalance due to temperature variations will be negligible (less than 0.02 π , for a peak-to-peak
temperature swing ∆Tpp of 100 K). From these considerations, and given the fact that the MZL
switch is a non-resonant device, the optical response of the MZL switch design can also be
considered as essentially temperature insensitive.
Table 1. Overview of the switching performance of various MZL switch designs
S
window function
σ
Non (1018 cm−3 )
∆φon
XTon (dB)
ILon (dB)
BW-20 dB (nm)
∆Npp, -20 dB
max
∆Vpp,
-20 dB (mV)
max
∆Tpp, -20 dB (K)

7.

MZ
1
n/a
n/a
0.5
π
-22
0.7
30
10%
5
6

MZL
8
uniform
n/a
0.82
1.6π
-24
0.34
30
18%
9
11

MZL
8
normal
0.35
2.2
3.6π
-46
0.19
30
72%
36
45

MZL
3
normal
0.5
1.79
2.9π
-34
0.37
30
92%
46
58

WIMZL
7
normal
0.5
1.73
2.9π
-33
0.38
250
75%
38
47

Tolerance against fabrication imperfections

It is well known that the phase of a lightwave propagating in a submicron silicon waveguide
is very sensitive to variations of the cross-sectional dimensions of the waveguide, owing to the
tight mode confinement [38]. As a result, phase errors arising from variations in etch depth
and waveguide width can accumulate quickly, especially along the longest optical delay paths
of an interferometric device. It should be noted that the proposed (WI)MZL switch design
doesn’t directly enhance the ability to deal with such phase errors, making it equally prone to
degradation in switching performance as compared to the reference MZ switch. The largest
sensitivity to phase errors is most likely to occur in the p-i-n diode phase-shifter sections, as
they comprise the longest optical paths along which relative phase errors can accumulate. As
such, (WI)MZL switches with short phase shifters will most likely exhibit the best tolerance to
fabrication imperfections. However, such devices will require comparably larger carrier densities for switching (Non > 2 × 1018 cm−3 ), which most likely will require the utilization of p-i-n
diode phase shifters with optimized electrical and thermal properties, capable of supporting
these high carrier densities.
8.

Summary and conclusion

An overview of the switching performance of the various switch designs presented in sections
3 to 5 is given in table 1. For each of the switch designs, the ‘on’-state carrier density Non is de#119507 - $15.00 USD
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fined as the carrier density that minimizes the crosstalk between T11 and T12 . Table 1 also gives
an overview of the equivalent ‘on’-state phase delay ∆φon , as well as the obtained ‘on’-state
crosstalk XTon and the T11 insertion loss ILon . The eight-stage MZL with normally distributed (σ = 0.35) coupling coefficients has the lowest XTon (-46 dB) and lowest ILon (0.19 dB).
However, an MZL switch with only three stages and normally distributed (σ = 0.5) coupling
coefficients already offers strongly improved XTon (-34 dB) and ILon (0.37 dB) as compared
to the reference MZ switch (XTon =-22 dB and ILon =0.7 dB). The reduction in crosstalk and
insertion loss comes at the expense of a higher ‘on’-state carrier density, as well as a limitation
to 1 × 2 switching functionality.
In order to compare the switch bandwidth of the various switch designs for an application
requiring lower than -20-dB crosstalk, table 1 also gives an overview of the optical bandwidth
BW-20 dB for which -20-dB crosstalk is maintained, for both switching states. As already discussed in section 5, all MZ(L) switches have a BW-20 dB of only 30 nm, whereas the WIMZL
has a substantially wider optical bandwidth with BW-20 dB = 250 nm.
The noise tolerance is also summarized in table 1 for the various devices, by specifying
the maximum allowable peak-to-peak carrier-density noise ∆Npp, -20 dB for maintaining -20-dB
crosstalk. The MZL designs featuring coupling apodization exhibit an up to ninefold higher
noise tolerance as compared to the MZ switch. Finally, the noise tolerance of the switches
was further illustrated by using Eq. (3) to calculate their maximum allowable peak-to-peak
max
temperature fluctuation ∆Tpp,
-20 dB without any voltage noise (∆V = 0), as well as the maximum
max
allowable peak-to-peak voltage noise ∆Vpp,
-20 dB without any temperature fluctuations (∆T = 0),
both evaluated for obtaining -20-dB crosstalk or better. As already mentioned, the reference MZ
max
max
switch has very poor noise tolerance with ∆Tpp,
-20 dB = 6 K and ∆Vpp, -20 dB = 5 mV, whereas the
max
seven-stage WIMZL switch has much improved ‘on’-state noise tolerance ∆Tpp,
-20 dB = 47 K
max
and ∆Vpp, -20 dB = 38 mV.
In conclusion, we have proposed a novel ultra-broadband digital switch, based on a MachZehnder lattice in silicon-on-insulator, and we have analyzed and optimized the response of
such switches when implemented with carrier-injection based phase shifters. Such MachZehnder lattice switches can be designed to have a digital switching response, which results
in superior ‘on’-state crosstalk, insertion loss, as well as a drastically improved tolerance to
thermal and drive-voltage noise, as compared to a single-stage MZ switch. By incorporating
wavelength-insensitive coupling stages, their optical bandwidth can be improved to more than
250 nm, which would enable simultaneous switching of a large number of coarsely spaced
WDM channels. While the switching performance improves with the number of employed
stages, a MZL switch with a low number of stages already offers substantially improved switching characteristics over the MZ switch. Finally, the optical response of a MZL switch is insensitive to temperature fluctuations, which eliminates the need for power-hungry temperature
stabilization. For the above reasons, we believe that the MZL switch has good potential as a
broadband optical switch in a non-wavelength-selective circuit-switched ONoC.
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Appendix
Wavelength-dependent tranfer-matrix calculations
We analyzed the switching characteristics of the proposed switches using the well-known transmission matrix formalism. The i-th coupler is described by the matrix Ci (λ )


ti (λ ) jri (λ )
Ci (λ ) =
,
(4)
jri (λ ) ti (λ )
where ri (λ ) and ti (λ ) are respectively given by
p
ri (λ ) =
κi (λ )
p
ti (λ ) =
1 − κi(λ ),

(5)
(6)

where κi (λ ) is the power coupling coefficient of the i-th coupler and ri2 (λ ) + ti2 (λ ) = 1 , reflecting lossless coupling. The wavelength dependence of κi (λ ) is given by


π Lκi
κi (λ ) = sin2
(7)
2 LC (λ , g)
where LC (λ , g) is the wavelength-dependent 100-% coupling length of the directional coupler
with gap width g, and Lκi relates to the nominally desired power-coupling coefficient κi of the
i-th coupler at the design wavelength λ0 as
Lκi =

√ 
2LC (λ0 , g)
arcsin κi .
π

The i-th active phase-tuning section is described by the transmission matrix PAi (λ ):


1
0
PAi (λ ) =
,
0 exp[− j∆β (λ , N)LS ]

(8)

(9)

where LS is the length of the individual phase sections and ∆β (λ , N) is the wavelength and
carrier-concentration dependent perturbation of the propagation constant β , given by


2π
j
∆β (λ , N) = Γ
∆n(N) + α (N) .
(10)
λ
2
In Eq. (10), Γ is the effective optical confinement factor of the waveguide core [39]. Soref’s
empirical expressions [27] were used to quantify the free-carrier plasma dispersion effect, both
including the real and imaginary part. Under the ambipolar assumption, ∆n(N) and α (N) are
given by
∆n(N) =

α (N) =

−8.8 × 10−22N − 8.5 × 10−18N 0.8

8.5 × 10−18 + 6 × 10−18 N,

(11)
(12)

reflecting the contributions from electrons and holes respectively. In these equations, N is expressed in [cm−3 ] and α (N) in [cm−1 ]. For simplicity, these expressions were considered to be
wavelength and temperature independent.
The i-th passive phase-tuning section is described by the transmission matrix Pi (λ ):


1
0
Pi (λ ) =
.
(13)
0 exp [− jβ (λ )∆Li ]
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Fig. 7. Simulated (markers) and fitted (solid lines) model parameters ne (λ ) (a) and LC (λ , g)
(b) versus wavelength, for various values of waveguide width w and coupling-gap width g.

In this expression, ∆Li is the nominal length imbalance that corresponds with the desired phase
delay ∆φi , according to
λ0
∆φi .
(14)
∆Li =
2π n0e
The propagation constant β (λ ) is defined as

β (λ ) =




2π
2π 0 λ − λ0
ne (λ ) =
ne −
ng − n0e ,
λ
λ
λ0

(15)

where n0e and ng are respectively the effective index and group index of the SOI rib waveguide
at the design wavelength λ0 .
The complete MZL structure with S stages can then be described by the transmission matrix
M(λ ):
S

M(λ ) = CS+1 (λ ) ∏ Pi (λ )Ci (λ ).
(A)

(16)

i=1

Parameters for the submicron SOI rib waveguide
We used the commercially available eigenmode-expansion tool FimmWave to assess the model
parameters n0e , ng , Γ and LC (λ , g). The simulated waveguide cross section for a DC is shown in
fig. 5. A Sellmeier model [40] was used for evaluating the bulk refractive indices as function of
wavelength, both for the Si core and the SiO2 cladding. The coupling length LC (λ , g) was derived from the calculated effective indices nSe (λ ) and nAe (λ ) of the symmetric and antisymmetric
supermode of the DC as
1
λ
LC (λ , g) =
.
(17)
2 nSe (λ ) − nAe(λ )
LC (λ , g) was accurately fitted to the simulations using the expression


g
LC (λ , g) = [a (λ − λ0 ) + b]exp
,
c (λ − λ0 ) + d

(18)

where a, b, c and d are fitting parameters, and λ and g are in micrometer. The results of the
fitting are shown in table 2 and in Fig. 7, both for ne (λ ) and LC (λ , g).
Table 2. Fitting parameters for a 450-nm-wide waveguide, with λ0 = 1.55 µ m.
Parameter
Γ
n0e
ng
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Value
0.94
2.37
4

Parameter
a
b

Value
-5.44
3.53 µ m

Parameter
c
d

Value
0.185
0.15 µ m
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