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Abstract—We experimentally demonstrate a silicon 4 × 4 non-
blocking thermo-optic (TO) switch using a generalized Mach–
Zehnder interferometer constructed on multimode interferome-
ters. All the 24 switching states for nonblocking switching are
characterized. The device fabricated using CMOS technologies has
a footprint of 2.8 × 0.65 mm2. The measured average on-chip in-
sertion loss is 9 ± 2 dB and the crosstalk for all switching states is
better than –12 dB. The average TO switching power consumption
is 109 mW. The switching functionality is verified by transmission
of a 40-Gb/s quadrature phase-shift keying optical signal.

Index Terms—Integrated optics, optical interconnections,
optical switches.

I. INTRODUCTION

INTEGRATED optical switches are practically demanded
for both long-haul telecommunications and on-chip opti-

cal interconnects [1]–[3]. N × N optical switches are usu-
ally constructed by 1 × 2 or 2 × 2 switch elements, such as
Mach-Zehnder interferometers (MZIs) [4]–[9] and microring
resonators (MRRs) [10]–[12]. In comparison with MRRs, MZI-
based switches have a broader optical bandwidth and better
tolerance to environmental variations. In addition to directional
couplers, one can also use multimode interferometers (MMIs)
to form a MZI. The MMI is based on the self-image effect [13]
and features compact size, broadband operation, and high tol-
erance to geometric deviations. It also supports multiple input
and output ports. By connecting multi-port MMIs using an ar-
ray of phase shifters, the so-called generalized Mach-Zehnder
interferometer (GMZI) can be formed. The GMZI can function
as a 1 × N or N × N switch [14]–[16]. Compared with switches
formed by cascaded 2 × 2 MZIs, the GMZI switches have a
simpler structure and a smaller footprint.

So far, most GMZI-based optical switches have been ex-
perimentally demonstrated on the III-V semiconductor plat-
form [17]–[19] and the silica planar lightwave circuit (PLC)
platform [20], [21]. The silicon platform, due to its high
index contrast, low waveguide loss, and compatibility with
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complementary metal-oxide–semiconductor (CMOS) technol-
ogy, has recently shown its potential for integrated optical
switches [4]–[8]. To date, a few silicon switches based on GMZI
have been reported. H. Zhou, et al., proposed a silicon 1 × 4
GMZI switch [22]. W. Wang, et al., demonstrated a 3× 3 silicon
thermo-optic (TO) switch with a single combined phase shifter
[23]. Unfortunately, a single N × N GMZI switch only has N
independent switching states [24] and hence cannot provide N
× N non-blocking switching. This issue can be addressed by
cascading a N×N GMZI with 2 × 2 MZIs. Such an architecture
has balanced non-blocking light paths and no waveguide cross-
ings [25], which eliminate crossing-induced loss and crosstalk,
a merit more notable for large-scale optical switches. To the best
of our knowledge, there has been no experimental demonstra-
tions of N × N non-blocking GMZI switches yet.

In this paper, we report the first experimental realization of a
silicon 4 × 4 non-blocking optical switch based on GMZI. The
device footprint is 2.8 × 0.65 mm2. The measured crosstalk for
all switching states is better than −12 dB and the on-chip inser-
tion loss is within 9 ± 2 dB at the optical telecommunication
band. The switching functionality is verified by transmission of
a 40 Gb/s quadrature phase-shift keying (QPSK) optical sig-
nal. The rest of the paper is organized as follows. Section II
gives the detail of the switch architecture. Section III presents
an overview of the device structure and the fabrication process.
Next, we present the experimental measurement and characteri-
zation of the device in Section IV. In Section V, we discuss how
the power imbalance of MMIs affects the switch performances.
Finally, we make our concluding statements in Section VI.

II. SWITCH ARCHITECTURE

A. 4 × 4 GMZI Switch

Fig. 1(a) shows the schematic of a typical 4 × 4 GMZI. Two
identical 4×4 MMIs are used as the optical power splitter and
combiner, which are connected by four waveguides each incor-
porating a phase shifter. This kind of structure can be used for
either power splitting or switching depending on the phase shifts
applied to the waveguide array [24]. The output of the GMZI is
related to the input by multiplication of transfer matrices:
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Fig. 1. (a) Schematic of a typical 4×4 GMZI. (b) Four switching states of the
4×4 GMZI switch.

TABLE I
PHASE RELATIONSHIPS OF THE 4×4 GMZI

Switching state φ1 φ2 φ3 φ4

1 π /2 0 0 π /2
2 0 π /2 π /2 0
3 0 π 0 π

4 0 0 π π

where Eout
i and Ein

i (i = 1, 2, 3, 4) are the complex electric
fields at the output and input ports, respectively, M 4×4

φ is the
phase modulation of the GMZI, and M 4×4

c is the transfer matrix
of the 4 × 4 MMIs. M 4×4

φ can be expressed as:

M 4×4
φ =

⎡
⎢⎢⎢⎢⎣

e(iφ1 ) 0 0 0

0 e(iφ2 ) 0 0

0 0 e(iφ3 ) 0

0 0 0 e(iφ4 )

⎤
⎥⎥⎥⎥⎦

(2)

where φi is the phase shift of the ith waveguide, and M 4×4
c can

be expressed as [24]:
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where r = e(iπ /4) and the constant phase offset has been omitted
without loss of generality.

When one connection is specified, all the other three connec-
tions for that switching state are uniquely determined. Therefore,
the phases of the 4 arms can be solved given the connection of
input port 1 to one of the output ports. The 4 × 4 GMZI has only
4 switching states denoted as “1”, “2”, “3”, and “4” in Fig. 1(b).
The phase relationships of the four states are listed in Table I.

Fig. 2. (a) Schematic of a 2×2 MZI switch element. (b) “Cross” and “bar”
states of the 2×2 MZI. (c) Schematic of the 4×4 non-blocking switch. The four
active switch elements are labeled as “SE1”, “SE2”, “SE3”, and “SE4”.

B. 4 × 4 Non-Blocking GMZI Switch

As one 4 × 4 GMZI only has four switching states, it is
incapable to form a 4 × 4 non-blocking switch with 24( =
4!) switching states. To provide the complete connections, we
cascade the GMZI with 2 × 2 MZIs at the input and output
ends. The 2 × 2 MZI consists of two 2 × 2 MMIs connected by
two phase shifters, which is essentially the simplest version of
GMZI, as shown in Fig. 2(a). By changing the phase difference
of the two arms from 0 to π, the MZI is switched from the “cross”
to the “bar” state corresponding to the “0” and “1” switching
states, respectively, as illustrated in Fig. 2(b). Cascading three 2
× 2 MZIs to the 4 × 4 GMZI can already generate 4 × 2 × 2 ×
2 = 32 permutations, covering the 24 essential states needed for
non-blocking switching. Fig. 2(c) shows the topology of the 4
× 4 non-blocking switch. Note that we add one more passive
2 × 2 MZI without phase shifters at the input end in order to
balance the switch architecture. Each routing path from an input
port to an output port passes two 4 × 4 MMIs and four 2 × 2
MMIs. Table II lists the 24 permutations, the switching states of
the 4 switch elements, and the power consumption.

III. DEVICE STRUCTURE AND FABRICATION

The waveguides in the switch have a width of 500 nm. They
are tapered to 1.2 μm in a 10-μm-length before connecting with
the MMIs in order to reduce the transmission loss. The 2 × 2
MMIs are 5 μm wide and 29.7 μm long, and the 4 × 4 MMIs
are 12 μm wide and 269.3 μm long. The device is optimized for
transverse electric (TE) polarization using the three-dimensional
beam propagation method (BPM). Phase shifters based on sil-
icon resistive microheaters are integrated in all switching ele-
ments. Phase shift can also be realized via the free carrier plasma
dispersion (FCD) effect. Although it is faster and more power
efficient than the TO effect, the accompanied free carrier ab-
sorption, however, inevitably brings about additional loss. As a
result, the crosstalk due to unbalanced interference of MZI will
increase [7]–[9]. Hence, we used the TO effect to design our
device. Fig. 3(a) shows the cross-sectional view of the silicon
resistive microheaters. The design detail of the microheater can
be found in [26]. The length of the phase shifters is 400 μm. The
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TABLE II
OPERATION STATES AND POWER CONSUMPTION OF THE 4 × 4 NON-BLOCKING

SWITCH

State ID O1 O2 O3 O4 SE1 SE2 SE3 SE4 Power (mW)

1 I3 I1 I2 I4 0 1 1 0 35.8
2 I3 I1 I4 I2 0 1 1 1 62.8
3 I1 I3 I2 I4 0 1 0 0 62.7
4 I1 I3 I4 I2 0 1 0 1 89.7
5 I3 I2 I1 I4 1 1 1 0 56.8
6 I3 I2 I4 I1 1 1 1 1 83.8
7 I2 I3 I1 I4 1 1 0 0 83.7
8 I2 I3 I4 I1 1 1 0 1 110.7
9 I2 I4 I3 I1 0 2 1 0 84.5
10 I2 I4 I1 I3 0 2 1 1 111.5
11 I4 I2 I3 I1 0 2 0 0 111.4
12 I4 I2 I1 I3 0 2 0 1 138.4
13 I1 I4 I3 I2 1 2 1 0 104.9
14 I1 I4 I2 I3 1 2 1 1 131.9
15 I4 I1 I3 I2 1 2 0 0 131.8
16 I4 I1 I2 I3 1 2 0 1 158.8
17 I4 I3 I1 I2 0 3 1 0 115.9
18 I4 I3 I2 I1 1 3 1 0 90.4
19 I3 I4 I2 I1 1 3 0 0 117.3
20 I3 I4 I1 I2 1 3 0 1 144.3
21 I2 I1 I4 I3 0 4 0 0 145.2
22 I2 I1 I3 I4 0 4 0 1 172.2
23 I1 I2 I4 I3 1 4 0 0 121.9
24 I1 I2 I3 I4 1 4 0 1 148.9

Oi and Ii (i = 1, 2, 3, 4) are the output and input ports of the 4×4 non-blocking switch,
respectively. SEi (i = 1, 2, 3, 4) is the switch element as labeled in Fig. 2(c). SE1, SE3
and SE4 have 2 switching states: “0” and “1”, and SE2 has 4 switching states: “1”, “2”,
“3”, and “4”.

ridge waveguide has a high resistivity working as a microheater,
so heat is generated inside the waveguide and directly inter-
acts with the optical mode. Compared to conventional metallic
heaters, it has higher tuning efficiency and faster temporal re-
sponse [27]. The waveguide region in the heater is lightly N−

doped for low voltage operation while the free carriers induced
absorption loss is negligible [26].

The device was fabricated on a silicon-on-isolator (SOI) wafer
with a top silicon layer thickness of 220 nm and a buried oxide
layer thickness of 2 μm. 248-nm deep ultra-violet photolithogra-
phy was used to pattern the waveguides, and plasma dry etching
was used to etch∼160 nm of the top silicon layer. Subsequently,
ion implantation of phosphorus was used to form the N− doped
regions with a doping concentration of 8 × 1016 cm−3, and the
N+ doped regions with a concentration of ∼1020 cm −3 for
ohmic contact. Rapid thermal annealing at 1030° for 5 sec was
used after ion implantation. After that, a 1.5 μm thick oxide was
deposited as the upper cladding layer on the waveguide by using
the plasma-enhanced chemical vapor deposition. Finally, con-
tact holes were etched and aluminum connection was formed by
sputtering and dry etching. The whole fabrication was carried
out using a CMOS compatible process.

Fig. 3(b) shows the optical microscope image of the fabricated
4 × 4 switch. The footprint of the device is 2.8 × 0.65 mm2,
which is mainly resulted from the 400-μm-long phase shifters
and 160×160 μm2 electrical pads with a separation of 60 μm
(limited by our wire-bonding machine). The device footprint
can be reduced by designing shorter phase shifters and smaller

wire-bonding pads. Grating couplers with a 630 nm period and a
70 nm shallow etch depth are used for input and output coupling.
It should be noted that in our design we insert a directional
coupler in each output waveguide so that light can be coupled
out of the chip from both the left side (fiber array coupling) and
the right side (individual fiber coupling) for easy testing. The
directional coupler is designed to have a gap of 200 nm and a
coupling length of 13 μm. The splitting loss at the fiber array
end is about 4.8 dB based on the finite-difference time-domain
simulation. The electrical pads were wire-bonded to a printed
circuit board (PCB). Fig. 3(c) shows the image of the switch
chip attached to a PCB with Au wire-bonding.

IV. EXPERIMENTS

A. Switch Characteristics

The switching performance of the device was characterized
at 1532.2 nm wavelength, instead of 1550 nm, due to the fab-
rication deviation as will be explained in Section V. Light was
launched to one input port, and a routing path from the input
port to a specific output port was set up by applying proper
voltages on all switch elements. We measured the transmitted
optical power from this path by a power meter to obtain the
device loss. The ratio of the input optical power to the output
power is defined as fiber-to-fiber loss of the light path. Apart
from the main path, the optical power is also partially coupled
to the other three output ports, leading to crosstalk. For each
switching state, we measured the loss and crosstalk of the four
optical paths. The TO power consumptions of all 24 switching
states are listed in Table II with the average being 109 mW,
which can be further reduced by, e.g., using air trenches around
the phase shifters [28]. The varied power consumption among
all the 24 states is due to the different phase shifts required in
each switching state as well as the random phase errors due to
imperfect fabrication.

Fig. 4 shows the measured fiber-to-fiber losses of all the 24
states of the device. The coupling loss per facet is 9.6 dB at
1532.2 nm, which is estimated by measuring a straight wave-
guide with the same grating couplers. The large coupling loss
is mainly attributed to the uniform grating design centered at
1550 nm wavelength with a 1 dB bandwidth of 17 nm. The
coupling efficiency can be improved by nonuniform grating de-
sign [29]. An extra splitting loss of about 4.8 dB brought by the
directional couplers is included in the transmission loss. The
average on-chip insertion loss of the switch is hence 9 dB, with
a variance of ±2 dB. The losses are mainly from the four 2 ×
2 MMIs and two 4 × 4 MMIs. We attribute the variation of
on-chip insertion loss to the difference in coupling efficiency
of grating couplers and the unequal power splitting of the six
MMIs. The on-chip insertion loss of the switch can be further
reduced by optimizing the MMIs.

The crosstalk induced by the input port m (m �= i) to the
routing path Ii-Oj (i, j = 1, 2, 3, and 4), is defined as the ratio
of the leaked output power, Pout(m→j ) , to the output power,
Pout(i→j ) [17], [22]. One may note that there are different def-
initions of crosstalk [6], [30]. We use the above definition to
favor fair comparison with other similar works. According to
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Fig. 3. (a) Cross-sectional schematic of the silicon resistive microheaters. (b) Optical microscope image of the 4×4 non-blocking switch with input and output
waveguides all routed to the left side for fiber array coupling. (c) Image of the 4×4 switch after wire-bonding to a PCB.

Fig. 4. Measured fiber-to-fiber loss of all 24 switching states of the 4×4
switch.

Fig. 5. Measured crosstalk of all 24 switching states of the 4×4 switch.

the definition, the leaked power for one specific routing path
may come from three other input ports, so there are totally 12
crosstalk values for a switching state. The worst crosstalk of
all the routing paths is defined as the switch crosstalk.Fig. 5
shows the crosstalk of all switching states at 1532.2 nm

wavelength, where the crosstalk for each state is categorized
into four groups according to the output ports. From the graph,
the switch crosstalk is −12 dB, mainly resulted from the power
imbalance of MMIs. In the next section, we will establish a the-
oretical model to investigate the influence of power imbalance
on the switch crosstalk.

Table III compares our 4 × 4 switch with other GMZI-based
optical switches demonstrated on various platforms. We note
that the performance of our device is extracted by measuring all
the 24 switching states. The power consumption of our device
is high because we use TO effect rather than FCD effect for
tuning. Silica-based PLC switches present very low crosstalk.
However, they require even larger driving power.

Fig. 6 shows the measured transmission spectra of the switch
for switching states #2, #14, #17 and #24, which cover the
complete four switching states of the central 4 × 4 GMZI. As
the two outer arms of the 4 × 4 GMZI are 56 μm longer than
the inner arms, the spectra exhibit periodic interference patterns
with a free-spectral-range (FSR) of 11.3 nm. The interference
pattern can essentially be eliminated by designing a balanced
waveguide array.

B. High-Speed QPSK Data Transmission

In order to verify the routing function of the 4 × 4 non-
blocking switch, we performed optical data transmission exper-
iments using high-speed QPSK optical signals. The experimen-
tal setup is shown in Fig. 7. A continuous wave (CW) light at
1532.2 nm wavelength is generated by a tunable laser source,
and subsequently modulated by a LiNbO3 based IQ modulator
to generate the QPSK signal. The modulator is driven by two
20 Gb/s 231–1 pseudo-random bit sequence radio frequency sig-
nals from a pulse-pattern generator, so the optical signal bit rate
is 40 Gb/s. The optical signal is amplified by an erbium-doped
fiber amplifier (EDFA) followed by a polarization controller to
set the TE polarization before it is coupled into the chip by grat-
ing couplers. In order to compensate the loss of the device, the
output optical signal is amplified by another EDFA followed by a
band-pass filter to suppress the amplified spontaneous emission
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TABLE III
COMPARISON OF GMZI-BASED SWITCHES

Technologies Port numbers Blocking characteristics Insertion loss (dB) Crosstalk (dB) Power consumption

GaAs/AlGaAs [17] 10×10 Blocking 12.2 −10 12.4 V/ 2π 1

InGaAsP/InP [18] 1×4 Non-blocking Not mentioned −14.47 Not mentioned
Silica PLC [20] 8×8 Non-blocking 6 −34 290 mW/π 1

Silica PLC [21] 4×4 Non-blocking 2.8 −35 Not mentioned
SOI [22] 1×4 Non-blocking 1.7 −11.38 31.7 mW 2

SOI [23] 3×3 Blocking Not mentioned −11.1 97.5 mW 3

SOI [this work] 4×4 Non-blocking 9 −12 109 mW 2

1 : voltage or power needed for 2π or π phase shift; 2 : average power consumption; 3 : maximum power consumption.

Fig. 6. Four typical switching states and their corresponding transmission spectra of the 4 × 4 switch. (a)-(e): State #2; (f)–(j) State #14; (k)–(o): State #17;
(p)–(t) State #24.

noise from the EDFAs. A variable optical attenuator is used to
adjust the optical power before the optical signal is received and
analyzed by an optical modulation analyzer (Agilent, N4392A).
The error-vector-magnitude (EVM) and the bit error rate (BER)
are obtained from the measured constellation diagrams.

We measured the optical signal transmission for switching
states #2, #14, #17 and #24. Fig. 8(a) shows the constellation
diagram of the system back-to-back (BtB) transmission, with
an EVM and a BER of 13.0% and 8.2 × 10−15, respectively.
Figs. 8(b)–8(e) depict the constellation diagrams of the four
output ports. The measured EVMs are all smaller than 13.9%,

indicating the signal is degraded by less than 1% after pass-
ing through the device. The BERs of the measured 16 paths
are degraded by less than 2 orders compared to the BtB trans-
mission. Therefore, our 4 × 4 switch is capable of switching
40 Gb/s QPSK signal with high signal quality, even though it
has a relatively high insertion loss.

V. DISCUSSIONS

We use a heuristic model based on transfer matrix and random
error statistics to estimate the crosstalk of the 4 × 4 switch [22].
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Fig. 7. System setup for optical signal transmission through the 4×4 switch.

Fig. 8. Measured constellation diagrams of a 40 Gb/s QPSK signal. (a) Back-
to-back transmission; (b) State #2; (c) State #14; (d) State #17; (e) State #24.

As the loss of MMIs only affects the insertion loss of the 4 ×
4 switches, the power imbalance of the 2 × 2 and 4 × 4 MMIs
is the main source for the deterioration of switch crosstalk.
Here the power imbalance of a MMI is defined as the power
ratio between the highest and the lowest powers at the output
ports. We neglect the losses of the MMIs and only consider
the effect of power imbalance on device performances. Random
values between 0 and 1 are used to represent simulation and
fabrication uncertainties, while two variables σ2×2

m and σ4×4
m are

used to represent the largest power imbalance of the 2×2 and
4×4 MMIs, respectively. Considering both amplitude and phase
variations, the elements M 2×2

n,l , M 4×4
n,l in the transfer matrices

of the 2 × 2 and 4 × 4 MMIs are written as:

M 2×2
n,l =

√
2

2
[
1 − σ2×2

M rand()
]
exp

{
i

[
ψ2×2

n,l

+σ2×2
M

(
rand() − 1

2

)]
π

}
(4)

M 4×4
n,l =

1
2

[
1 − σ4×4

M rand()
]
exp

{
i

[
ψ4×4

n,l

+σ4×4
M

(
rand() − 1

2

)]
π

}
(5)

where ψ2×2
n,l and ψ4×4

n,l are the ideal phases of the 2×2 and 4×4
MMIs, respectively. By using the transfer matrix method, the
output matrix Mtrans of the 4 × 4 switch is given by

Mtrans = M 2×2
out · M 4×4

mid · M 2×2
in

= diag(M 2×2
c ,M 2×2

c ) · M 2×2
φ1 diag(M 2×2

c ,M 2×2
c )

·M 4×4
c M 4×4

φ M 4×4
c

·diag(M 2×2
c ,M 2×2

c ) · M 2×2
φ2 · diag(M 2×2

c ,M 2×2
c )

(6)

where M 2×2
c is the transfer matrix of the 2×2 MMIs, M 2×2

φi (i =
1, 2) and M 4×4

φ represent the phase modulation of the 2×2 and
4×4 switch elements, respectively.

With the phases of all the switch elements set for a certain
switching state, the crosstalk of each routing path can be derived
by Eq. (6). As defined, the worst one is the switch crosstalk. We
repeated the above process 1000 times with random power ratio
fluctuations and calculated the average value of the crosstalk.
The result is shown in Fig. 9. In practice, it is relatively easier
to control the power imbalance of 2 × 2 MMIs than that of 4×4
MMIs. Therefore, we used a smaller scale for 2 × 2 MMIs than
that for 4× 4 MMIs in Fig. 9. From the contour plot, one can see
that, in order to achieve a crosstalk below −20 dB, the power
imbalance of the 2 × 2 and 4 × 4 MMIs must be smaller than
0.8 and 0.5 dB, respectively.

As BPM with the slowly-varying envelope approximation is
not accurate enough to simulate the high index contrast silicon
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Fig. 9. Tolerance analysis of power imbalance of the 4 × 4 and 2 × 2 MMIs
on the crosstalk of the device. The asterisk represents the simulation of our fab-
ricated device and the triangle represents the targeted design to lower crosstalk.

waveguides [31], the 2× 2 and 4× 4 MMIs designed using BPM
incur certain power imbalance. Using the eigenmode expansion
(EME) method which is more accurate in solving the Maxwell’s
equations [32], we obtain the power imbalance of our 2 × 2 and
4 × 4 MMIs to be 0.01 and 1.2 dB, respectively. This leads to
about −12.5 dB crosstalk according to our model as shown in
Fig. 9, which is in good agreement with the experiment. Based
on the EME, it is possible to further optimize the design of 4 ×
4 MMI and reduce the power imbalance to 0.27 dB, which as a
result will give a crosstalk of better than −25 dB according to
Fig. 9.

VI. CONCLUSION

We have designed, fabricated, and experimentally demon-
strated a 4 × 4 silicon TO non-blocking switch based on MMI.
The switch architecture is present and the non-blocking charac-
teristic is analyzed. Experimental results show that the average
on-chip insertion loss of the 24 states is within 9 ± 2 dB at
1532.2 nm, the crosstalk is better than −12 dB, and the av-
erage power consumption of all 24 states is 109 mW. Optical
transmission spectra show periodic interference patterns with a
FSR of 11.3 nm due to the unbalanced waveguide array design.
We conducted optical signal transmission experiments using a
high-throughput 40 Gb/s QPSK signal and no significant deteri-
oration was observed on constellation diagrams. We also studied
the influence of power imbalance of MMIs on switch crosstalk
by using the transfer matrix method. The performance of the 4
× 4 optical switch can be further improved by reducing the loss
and improving the power splitting uniformity of the 4 × 4 and
2 × 2 MMIs.
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