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The switching performance of high-speed optical-switching-integrated chips is to a great extent dependent on the
carrier injection technique, which is accompanied by the thermo-optic effect. In this paper, we put forward a
synchronous driving scheme for the silicon-based Mach–Zehnder interferometer (MZI) optical switches, which is
capable of critically compensating for the temperature variation with carrier injection to the p-i-n diode on one
arm of the MZI by applying a synchronous modulating voltage to the silicon resistive heater on the other MZI
arm. The synchronous compensation mechanism is identified by experiments and simulation. Our experimental
data show that, by comparison with the traditional driving scheme, the synchronous driving scheme can improve
the extinction ratio by 1 dB, along with a better switching waveform. © 2017 Optical Society of America
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1. INTRODUCTION

Optical switching structure, as a bridge of connecting different
input and output ports, plays a key role in both long-haul op-
tical communications and short-reach optical interconnects
[1,2]. In current networks, large-scale optical switching nodes
are usually realized in the electrical domain through optical-
electronic-optical (O-E-O) conversion. However, with the de-
velopment of high-speed networks, this way is more and more
limited by an electronic bottleneck, while all-optical switching
technology is deemed to be an effective solution [3,4]. There
are several approaches to configuring all-optical switches, such
as micro-electro-mechanical systems (MEMS) [5,6], and silica
planar light-wave circuits (PLC) [7,8]. Silicon-based electro-
optic (EO) switching chips using the free-carrier plasma
dispersion (FCD) effect have a potential application to high-
speed all-optical networks due to short switching times in
the nanosecond order of magnitude [9–12]. N × N optical
switches are usually constructed by several 1 × 2 or 2 × 2 switch
elements with a specific topological structure. Recently, 16 × 16
non-blocking optical switching silicon chips based on Mach–
Zehnder interferometers (MZIs) or dual-ring assisted MZIs
(DR-MZIs) have been developed [13]. The compensation
for the fabrication errors can be done by two effective methods:

those of applying a small electrical forward bias voltage [14], or
adding thermo-optic tuners to both MZI arms [15,16].

However, the carrier injection process through the p-i-n
diode for high-speed change of the refractive index will also
be accompanied by an inevitable temperature rise since silicon
is of high thermo-optical coefficient (1.86 × 10−4 K−1) at room
temperature. The influence of temperature variation on the
switching performance can be reduced by optimizing the wave-
guide length or the electrode position [17] to a certain extent.
In this paper, we put forward a synchronous driving scheme to
compensate for the temperature variation with carrier injection.
That is, the resistive heater on one arm of each 2 × 2 MZI
switch is driven by a synchronous modulating signal, varying
with the on–off voltages applied to the p-i-n diode on the other
arm. The synchronous mechanism for thermal compensation
is illustrated by experiments and simulation. To test and
verify the idea, we designed a multi-port field-programmable
gate array (FPGA) driver circuit for accurate control of the 4 ×
4 silicon-based MZI optical switching chips. Our experimental
results show that the synchronous driving scheme is capable of
improving the extinction ratio (ER) by 1 dB compared to the
traditional driving method, and that the corresponding switch-
ing waveform becomes better as well.
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The rest of the paper is organized as follows. Section 2 ana-
lyzes the static and dynamic characteristics of a silicon-based
MZI optical switch, which are carried out by simulation and
calculation. Section 3 presents the experimental results of the
device, which are identical with the theoretical results. Next, in
Section 4, we identify the proposed scheme with experiments
and calculation. Finally, we make our conclusions in Section 5.

2. CARRIER INJECTION AND THERMO-OPTIC
CHARACTERISTICS OF SILICON-BASED MZI
OPTICAL SWITCH

Silicon-based MZI optical switches are one of basic units of
high-speed optical-switching-integrated chips. A typical sili-
con-based MZI structure, as shown in Fig. 1 [18], consists
of two 2 × 2 multimode interferometers (MMIs) linked by
two arms with p-i-n diodes for fast EO switching and silicon
resistive heaters for fabrication error correction [16,19]. In our
experiments and simulation, the following parameters are
available. The cross-sectional dimension of the silicon ridge
waveguides is 0.5 μm�width� × 0.22 μm�height� with a slab
thickness of 60 nm. The lengths of the p-i-n diodes and the
silicon resistive heaters are, respectively, l c � 356 μm and
l t � 89 μm, corresponding to the driver voltages uc and ut
(referring to Fig. 1). The doping concentration of the highly
doped p� and n� regions is ∼1020 cm−3, separated from
the waveguide edges by 0.8 μm to avoid free carrier absorption
(FCA) loss. The aluminum metal connection wires have ohmic
contact with the two highly doped regions, and are finally wire-
bonded to a printed circuit board (PCB) for electrical tuning
of silicon-resistive heaters and the p-i-n diodes.

Assume that the two MMIs are ideal 3 dB couplers, and the
transmissivity of the MZI optical switch from the input port I 1
to the output port O1 can be expressed as

T � P1;out∕P1;in �
1

4

�
T 1�T 2 −2

ffiffiffiffiffiffiffiffiffiffiffiffi
T 1T 2

p
cos�Δφ�

�
; (1)

where T 1 and T 2 are the power transmissivity of the two arms,
and Δφ is the phase difference of the two arms.

The MZI optical switch can operate at the best “OFF”
(Cross) and “ON” (Bar) states when Δφ � 0 and π, respec-
tively. To perfectly correct the fabrication errors, a bias voltage
ut is often applied to the silicon resistive heaters in the upper
arm of the MZI switch. In the case when no voltage is applied

to the p-i-n diode, the MZI optical switch is at a good initial
state. We may as well suppose that the switch is at the “ON”
state with Δφ � π induced by the thermo-optic effect, and the
corresponding maximal transmissivity of the “bar” port is

T on �
1

4

� ffiffiffiffiffiffiffiffi
T 1b

p
�

ffiffiffiffiffiffi
T 1

p �
2

� 1; (2)

where T 1t � T 1�uc� � 1 and T 2 � 1 are, respectively, the
transmissivity of the upper and bottom arms at the “ON” state.
Further, by applying a switching voltage (uc � us) to the p-i-n
diode in the bottom arm, the MZI switch converts into the
“OFF” state from the “ON” state, and the minimal transmis-
sivity of the “bar” port becomes

T off �
1

4

�
1 −

ffiffiffiffi
αs

p �
2

; (3)

where αs � T 2�uc � us�∕T 2 is the additional transmission
coefficient of the bottom arm due to carrier injection.
Therefore, at the ideal “ON” and “OFF” states, the ER of
the optical switch has the maximum (intrinsic ER), expressed
by ER � T on∕T off.

In fact, the refractive index and absorption coefficient of the
bottom arm are determined by the carrier concentration. On
the other hand, the process of carrier injection gives rise to joule
heat and then the refractive index of the waveguide is changed
by the thermo-optic effect. The “bar”-port transmissivity is de-
pendent on the voltage uc applied to the p-i-n diode, that is,

T �uc� �
1

4

�
1� α − 2

ffiffiffi
α

p
cos�π � Δφc�

�
; (4)

where the additional transmission coefficient α is associated
with excess loss induced by the FCA effect, and Δφc �
Δneff k0l c is the phase change at the applied voltage uc , where
k0 and Δneff are the wave number and the effective refractive
index change of the waveguide, respectively.

In what follows, the static and dynamic characteristics of the
MZI optical switch are analyzed by simulation. According to
the structure parameters of the p-i-n diode as mentioned above,
the carrier concentration and the p-i-n diode temperature at
different applied voltages are simulated by means of the
DEVICE software (Lumerical Company) [20] and then the re-
fractive index and absorption coefficient of the silicon wave-
guide can be calculated [21,22]. By using the MODE
simulation software (Lumerical Company), we can further ob-
tain the total effective refractive index change Δneff and the
excess loss ΔL � −10 lg α of the silicon waveguide, as well as
the separate contribution of the carrier concentration or the
thermo-optic effect, Δneff ;C or Δneff ;T , as shown in Fig. 2.
It is well known that the effective refractive index change re-
sulting from the thermo-optic effect increases with the applied
voltage, contrary to that from the FCD effect. As a whole,
the total effective refractive index decreases with the increase
of the applied voltage. For the MZI switch with l c � 356 μm,
the “OFF” state can be implemented at the wavelength of
1550 nm when Δneff � −2.18 × 10, corresponding to the
switching voltage of about 1.3 V and the excess loss of
1.82 dB (αs � 0.66).

The dynamic characteristics of the p-i-n diode can be inves-
tigated by means of ΔL�t�, Δneff ;C �t�, and Δneff ;T �t�. When

Fig. 1. 2 × 2MZI switch element and the cross sections of the p-i-n
diode and the silicon resistive heaters.
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the applied voltages rise steeply from 0 V to uc , the optical
switch starts to operate at the “OFF” state, and the above-
mentioned parameters are of the exponential response as
follows:

Δneff ;C �t� � Δneff ;C �∞� × �1 − exp�−t∕tc��; (5a)

ΔL�t� � ΔL�∞� × �1 − exp�−t∕tc��; (5b)

Δneff ;T �t� � Δneff ;T �∞� × �1 − exp�−t∕tθ��; (5c)

where the time constants tc and tθ are, respectively, carrier life-
time and heat dissipation time (tc ≪ tθ), and the stable values
at t → ∞ are dependent on the applied voltage uc . In turn, for
the case from uc to 0 V, the optical switch reverts to the “ON”
state with the time responses as follows:

Δneff ;C �t� � Δneff ;C �0� × exp�−t∕tc�; (6a)

ΔL�t� � ΔL�0� × exp�−t∕tc�; (6b)

Δneff ;T �t� � Δneff ;T �0� × exp�−t∕tθ�; (6c)

where the initial values at t � 0 are also dependent on the
applied voltage uc .

According to Eqs. (4)–(6), the dynamic characteristics of
the optical switch can be calculated. Figure 3(a) shows the time
response of transmissivity with uc � us � 1.3 V and the
dashed line represents the case without the thermo-optic effect,
i.e., only the FCD effect is taken into account. In this paper,
the switching duration of 2 μs is fixed in order to investigate the
long-term stabilization process of the optical switch with the
influence of the carrier injection and thermo-optic effect.
From Fig. 3(a), the FCD effect is dominant over the thermo-
optic effect when t ≪ tθ; on the contrary, the thermo-optic
effect plays an important role in the duration of t ≫ tc. For
the case with t ≫ tθ, the optical switch approaches an ideal
“ON” or “OFF” level. Thus, strictly speaking, the transmissiv-
ity of the optical switch always lags behind the applied voltages
to the p-i-n diode.

By comparison, if the thermo-optic effect is neglected in the
carrier injection, the optical switch would rapidly operate at a
stable state, as shown in Fig. 3(a). However, in that case the

“OFF” state is defective because of larger transmissivity, which
brings about the ER degradation.

According to the same analysis method presented above,
Fig. 3(b) also gives the situation where the “ON” state is
formed by carrier injection. The degradation of the thermo-
optic effect on the switching performance is similar for the two
cases. Without loss of generality, this paper will focus on the
first case as shown in Fig. 3(a), where the carrier is injected
through the p-i-n diode in the “OFF” state.

3. EXPERIMENTAL SETUP OF THE SILICON-
BASED MZI OPTICAL SWITCH

The experimental platform used here is based on a 4 × 4 silicon-
based optical switching chip, composed of six 2 × 2 MZI
optical switches of the Benes structure. The electrodes of the
p-i-n diodes and the silicon resistive heaters integrated in the
two arms of the MZI switch are wire-bonded to a chip plug
base. We developed a programmable FPGA-based driver circuit
for supplying the proper voltages to the p-i-n diodes and resis-
tive heaters. The drive circuit has a low output voltage jitter of
less than 2% and the voltages applied to the p-i-n diodes are in
the range of 1.2–1.4 V for the “OFF” states. For convenience,
the 4 × 4 silicon-based optical switching chip is also packaged

Fig. 2. Variations of the effective refractive index change and excess
losses with the applied voltage.

Fig. 3. Dynamic transmissivity of the optical switch with the
applied voltage. (a) The “OFF” state is formed by carrier injection;
(b) the “ON” state is formed by carrier injection. The dashed line
represents the case in which the thermo-optic effect is neglected.
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into an optical module coupled through the input and output
array fibers. The experimental setup is illustrated in Fig. 4. For
all 24 switching states, the measured fiber-to-fiber insertion
losses are in the range of 23–26 dB, with the maximal crosstalk
of −12 dB.

As an example, we investigated the dynamic characteristics
of a last-order 2 × 2 MZI optical switch, while the other 2 × 2
MZI optical switches are kept fixed in the experiment, as shown
in Fig. 4. The 1550 nm continuous-wave light is coupled into
the input port I 1 of the chip module through a fiber polariza-
tion controller (FPC), and the optical waveform from the out-
put port O1 is detected with an avalanche photodiode. The
measured switching waveforms under the control of different
square-wave voltage signals with the pulse width of 2 μs are
shown in Fig. 5. By comparing Fig. 3 with Fig. 5, the theoreti-
cal curve is identical with the experimental waveform at the
applied voltage of 1.3 V, and the measured ER under stable
state is 18.4 dB, with the fitting time constants tc ≈ 10 ns
and tθ ≈ 0.6 μs. As we can see here, the carrier lifetime is much
smaller than heat dissipation time, resulting in a much faster
switching speed than that of the thermo-optical switches, so
that the silicon-based EO switches are regularly working at
the nanosecond order. However, in order to study in the
long-term stabilization of the carrier injection with the influ-
ence of the thermo-optic effect, the configuration time is set

in the order of microsecond, even though it is much smaller
in practical applications.

In the traditional driving scheme, the optimal voltage
applied to the p-i-n diode is corresponding to the maximum
stable ER in practice, and the driven voltages applied to the
p-i-n diode and the resistive heater are, respectively, us �
1.30 V and ut � 5.49 V in this experiment. From Fig. 5, the
output waveform has a light distortion when us � 1.30 V;
when uc � 1.24 V < us, the thermo-optic effect in carrier in-
jection can give rise to a slow increase of the output optical
power at the “OFF” state, and then the stable ER is degraded
by 4 dB, regardless of small waveform distortion. It should
be pointed out that the traditional driving scheme has two
shortcomings as follows: (1) the existence of the waveform
distortion restricts the switching time to some extent, and
(2) a larger carrier concentration is required to balance the
thermo-optic effect, which will reduce the stable ER due to
larger excess loss induced by FCA.

4. SYNCHRONOUS DRIVING SCHEME

To further improve the switching performance, we propose a
synchronous driving scheme, in which the resistive heater on
one arm of each 2 × 2MZI switch is driven by a synchronously

Fig. 4. Experiment setup. FPC, fiber polarization controller; PD,
photodetector; OSC, oscilloscope.

Fig. 5. Output switching waveforms under different applied volt-
ages. Inset shows the close-up plot of the first ∼100 ns when the
voltage is applied to the switch.

Fig. 6. Comparison between the traditional and synchronous
driving schemes. (a) Applied voltage signals in the traditional driving
scheme. (b) Applied voltage signals in the synchronous driving
scheme. (c) Output waveforms of the traditional (red line) and syn-
chronous (black line) driving schemes. Inset shows the close-up plot of
the first ∼100 ns when the voltage is applied to the switch.
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modulating signal, varying with the on–off voltages applied to
the p-i-n diode on the other arm. Figure 6 gives the output
waveforms from the optical switch and the corresponding
applied voltages in the traditional and synchronous driving
schemes. Just as is done in the traditional driving schemes,
in the synchronous driving schemes, the driven silicon resistive
heater and p-i-n diode are, respectively, positioned on the upper
and bottom arms of the MZI optical switch, and the driven
voltages applied to the p-i-n diode and the resistive heater be-
come ũs � 0∕1.24 V and ũt � 5.49 V∕5.63 V, respectively.
It should be mentioned that the input power in our driving
scheme is slightly higher than that in the traditional scheme,
so as to clearly show the difference between the output wave-
forms of the two schemes. From Fig. 6, when the silicon re-
sistive heater is driven by a synchronously modulating signal
instead of a fixed-bias voltage, a synchronous thermal compen-
sation for the carrier injection process can be realized and then
bring about a better output waveform. Meanwhile, the stable
ER is also improved by 1 dB due to a smaller operating voltage.

We also measured the stable ERs at the different voltages
applied to the p-i-n diode for the two driving schemes, and
the drive voltage applied to the silicon resistive heater is always
optimized so that the phase difference isΔφ � 0 in each test, as
shown in Fig. 7(a). For the synchronous driving scheme, our

experimental results show that the stable ER, as well as the out-
put waveform, can be improved when uc decreases to 1.24 V
from 1.3 V; however, the deterioration of the output waveform
occurs with smaller uc�< 1.24 V� in spite of having a larger
stable ER. In fact, it passes through three stages, those of
thermal under-, critical-, and over-compensation, which can
theoretically be explained by means of Fig. 7(b). For the tradi-
tional driving scheme, the calculated curves I in Fig. 7(b) are
basically identical with the experimental results in Fig. 7(a),
in which the electro-optic effect (including the FCD and
FCA effect) and the thermo-optic effect are considered in
our calculation. By comparison, curves II and III in Fig. 7(b)
are, respectively, the cases that the thermo-optic effect in the
p-i-n diode is neglected and only the FCA effect is considered
while the phase difference is Δφ � 0. From Fig. 7, curve III is
compatible with the experimental data obtained in the synchro-
nous driving scheme, as in the synchronous driving scheme
the thermal compensation will always make the transmissivity
minimal, which means the same condition with curve III. In a
word, the synchronous driving scheme is capable of providing a
critical thermal compensation for the thermo-optic effect in
carrier injection and further improving the stable ER of the
MZI optical switches.

5. CONCLUSION

The thermo-optic effect in carrier injection p-i-n diode silicon-
based optical switches is significant, which will cause waveform
distortion and ER reduction. A 1 dB ER improvement, along
with a better output waveform, is achieved with the proposed
synchronous driving scheme, which is capable of critically com-
pensating for the temperature variation thanks to the same
structure being shared by the p-i-n diode and the silicon resis-
tive heater. It is worth mentioning that the effectiveness of the
proposed driving method on 20 ns in optical packet switching
networks might be cut down due to the low thermal response,
and further research needs to be done in the future. Still, we
believe that the proposed synchronous driving scheme has a
potential application in large-scale optical-integrated switches.
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