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Abstract—We demonstrate an FPGA-based controller for Si
MZI-based Spanke-Benes 4 × 4 optical switch fabric that can
automatically calibrate each individual switching cell and select
the desired routing configuration. In order to minimize the power
consumption for optical switching operation, the optimal heater
voltages for the cross and the bar state of each switching cell is
determined during the calibration. The operation of our controller
is successfully verified with a Si MZI-based Spanke-Benes 4 × 4
optical switch.

Index Terms—Optical switch calibration, optical switch fabric,
Si mach-zehnder interferometer (MZI), Spanke-Benes.

I. INTRODUCTION

THE wide spread of mobile services, high-definition video
streaming, and AI-based services is significantly increas-

ing the amount of data traffic in data centers, resulting in the
exponential increase in the total bandwidth required in data
center networks. In order to keep up with this bandwidth in-
crease, many electrical wireline interfaces within data centers
are being replaced with optical interconnects. Additionally, there
is a growing interest in the optical switch fabric that enables
complete optical domain routing [1], [2], [3]. Among these,
the optical switch fabric based on the Si photonic platform is
gaining attention because it can provide high performance in a
cost-effective manner provided by the well-established Si fab-
rication technology [4], [5], [6]. Furthermore, Si-based optical
switch fabric can be used for other emerging applications such
as photonic FPGAs [7], quantum computing [8], [9], machine
learning accelerators [10], and photonic neural networks [11].

Most optical switch fabrics rely on non-blocking switches
that enable flexible I/O assignment. Fig. 1 shows examples
of non-blocking optical switch configurations such as Benes
[12], Spanke-Benes [13], and more recently reported PILOSS
structure [14]. 4 × 4 configuration is shown in the figure for
simplicity. Each structure has its own advantages and disadvan-
tages. Benes architecture is widely used in switching networks
due to its simple structure. However, as the number of ports
increases, the number of waveguide crossings increases signifi-
cantly. PILOSS architecture has the uniform loss characteristics,
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Fig. 1. Block diagrams of 4 × 4 switch fabric, (a) benes (b) spanke-benes
(c) PILOSS structure.

but the power consumption of the calibration/control system can
be very high since as many switching cells as the port number are
required. In contrast, Spanke-Benes architecture has no wave-
guide crossings and can provide reduced calibration/control
power consumption since it has fewer switching cells, although
it suffers from the non-uniform loss characteristics. In this study,
we select the Spanke-Benes configuration as our target optical
switch fabric for which an electronic controller is implemented.

To efficiently control the optical switch fabric, there is a need
for energy-efficient electronic controllers. This is particularly
important for large-capacity switching systems consist of nu-
merous switching cells. Moreover, since there is unavoidable
uncertainty in the initial state of each switching cell due to pro-
cess variations in Si photonic integrated circuit (PIC) fabrication,
a calibration technique is required with which the initial state
of each switch is monitored. Various techniques for automated
calibration of the optical switch fabric have been reported. In
[15], the approximation and predictive search method is used
for automatic calibration of 32 × 32 Si MZI-based PILOSS
optical switch fabric, which can significantly reduce calibration
time. However, the heater power required for the π phase shift
must be known in advance and the linear heater driver operation
is necessary as the operating power of another state is calculated
by adding Pπ to the operating power of one state. [16] proposes
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the automatic calibration technique for 4 × 4 Si MZI-based
Benes optical switch fabric, in which the individual switching
cell is calibrated with multiple laser inputs and measuring all
the output ports. Since the output signals are summed during
calibration in this method, the monitoring signal quality can be
improved. However, using all the output ports for calibrating
each switching cell can increase the complexity of the monitor-
ing system. Some optical systems utilize complex calibration
methods using machine learning [17] or iteration algorithm [18]
techniques, which can be an excellent solution especially for
large-scale systems. However, they typically require a significant
amount of computation, which may not be desirable for certain
applications.

In this article, we demonstrate an electronic control system
based on FPGA that performs the initial calibration in which the
minimum heater voltage required for the cross or the bar state
is determined for each switching cell. This article is organized
as follows. Section II discusses the calibration scheme for Si
MZI-based 4 × 4 optical switches and how it can be extended
to larger systems. Section III explains the implemented control
system and presents the measurement results. Section IV gives
the conclusion.

II. CALIBRATION SCHEME

Switching cells used in the Si-based optical switch fab-
ric include Mach-Zehnder Interferometers (MZI) [19], ring-
resonators [20], MEMS [21], and photonic crystals [22]. Among
these, the MZI-based optical switch is often used due to its
simplicity and relative robustness against temperature variation.
An MZI switching cell having two 3-dB directional couplers
as shown in Fig. 2(a) should be in the cross state if both arms
are of the same length. In order to convert this into a bar state,
one MZI arm can be heated. However, the process variation that
occurs during fabrication causes the length and/or the effective
index difference between two arms unknown, making the initial
switching cell state uncertain and thus requiring calibration.

Fig. 2(b) shows how the output optical power at the cross
port, represented by T in Fig. 2(a), changes when either top
heater or bottom heater is heated. The red curve represents T
when the top heater is heated by the amount of PUP and the
blue curve represents T when the bottom heater is heated by
the amount of PDN. The MZI switching cell is in the cross-state
when T = Tmax and in the bar-state when T = Tmin as shown
in the figure. With the process variation, the initial state of the
switch when no heating nor bias is applied cannot be predicted
and, consequently, a certain amount of PUP or PDN is needed to
bring the switch to the cross or the bar state. For this, depending
on the initial state, selecting the up or the down heater can save
heater power. For example, for the case shown in Fig. 2(b), the up
heater should be used for bringing the switching cell to the cross
state as PUP,cross < PDN,cross and the down heater for the bar
state as PDN,bar < PUP,bar. For the case shown in Fig. 2(c),
the down heater should be used for the cross state and the up
heater for the bar state. To determine the required PUP or PDN,
both heater powers are scanned and the optimal PUP and PDN

values are identified and stored during calibration, and used for
switching operation.

Fig. 2. (a) MZI-based cross-bar switch having 3-dB directional couplers with
2 heaters. (b), (c) cross-state output power characteristics with two different
initial condition.

To apply the above calibration method to the Spanke-Benes
optical switch fabric, sequential calibration of individual switch-
ing cells is required. For this, it is desirable if the number of the
input and output ports used for calibration can be reduced as
much as possible. For the 4 × 4 Spanke-Benes optical switch
fabric, initially any input port can be selected, for example, In-1
in Fig. 3(a). Then, the output monitoring port of Out-4 is selected
so that the resulting monitoring path shown in red line in Fig. 3(a)
contains three switching elements, SW1, SW3, and SW5. Al-
though their states are unknown, there is a good possibility that
the optical power monitored at Out-4 is sufficient enough for
performing calibration of SW1 in the manner described above.
Then, the SW1 state can be brought to the cross state so that
the monitoring power at Out-4 can be maximized, and SW3 is
calibrated. After this, SW3 is brought to the cross state and SW5
is calibrated. If the monitored output power at Out-4 is not large
enough because any of SW1, SW3 or SW5 is initially in the bar
state, then another monitoring path with a different output port
can be used. Because the input power should come out at output
ports except the loss, more than one monitoring path can be
created for one input regardless of the initial state of switching
cells. For example, monitoring paths consisting of SW1 (bar),
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Fig. 3. (a) Example of I/O placement and its first monitoring path for 4 × 4
spanke-benes optical switch fabric and (b) its second monitoring path. (c) N×N
example of I/O placement and its monitoring path.

SW4 (cross), SW6 (bar) states with Out-2, or SW1 (cross), SW3
(bar), SW4 (cross) with Out-1 can be used for calibrating three
switching cells. Once three switching cells are calibrated in this
manner, the remaining three switching cells can be calibrated by
using a different input port. For example, after calibrating SW1,
SW3 and SW5, the laser source can be moved to In-3 as shown
in Fig. 3(b), and SW2, SW4, and SW6 can be calibrated.

Above sequential calibration scheme can be in principle ex-
tended to N × N as shown in Fig. 3(c), where N is a multiple
of 2. In this case, N/2 input ports have to be used, and for each
input port, N-1 switching cells can be calibrated. In addition,
this calibration method can be also applied to any non-blocking
switch architecture such as Benes or PILOSS switches.

III. CALIBRATION AND CONTROL DEMONSTRATION

To demonstrate the feasibility of our calibration system, a
Si MZI-based 4 × 4 Spanke-Benes optical switch fabric is
implemented. Fig. 4 shows the fabricated chip microphotograph.
It is realized with the Si Photonics fabrication process on 220-nm
SOI provided by Applied Nanotools. All switching cells are
based on the MZI having nominal 300-μm arm length with two
Ti-W metal heaters located above two MZI arms. Grating cou-
plers are used for input and output optical coupling. The resis-
tance of the built-in heater is 337-Ω and each MZI can consume
up to 47-mW for calibration, which corresponds to the P2π .

Fig. 5(a) and (b) shows the measured normalized characteris-
tic curves obtained for each switching cell in the fabricated 4× 4
optical switch fabric. For these measurements, I/O placement

Fig. 4. Chip microphotograph of fabricated Si MZI-based 4 × 4 spanke-benes
optical switch fabric.

Fig. 5. Measured normalized characteristic curves of each MZI switching cells
in fabricated 4 × 4 optical switch fabrics for (a) SW1, SW3, SW5 and (b) SW2,
SW4, SW6.
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Fig. 6. (a) Block diagram of designed calibration system for 4 × 4 spanke-
benes optical switch fabric (b) and its PCB board implementation.

and monitoring paths shown in Fig. 3(a) and (b) were used. By
measuring the output power while scanning PUP and PDN for
the target switching cell, the MZI characteristics were measured.

An electronic control board is realized on the standard FR4
PCB, which contains circuits for output port monitoring and
driving circuits for the heaters. Fig. 6(a) shows the block di-
agram of the controller, which is implemented with an FPGA
for the digital core, buffer/ADC for monitoring circuits, and
DAC/driver for driving circuits. Through GPIOs on the PCB
board, the FPGA processes the digital bits used for the mon-
itoring circuit and the driving circuit. The monitoring circuit
converts the PD current into the voltage (VPD) and then into
8-bit digital codes through the unity-gain buffer and 25-MS/s
ADC. The driving circuit converts the 12 6-bit parallel data bus
from the FPGA into the driving voltage through 12 DACs and
drives the heaters through a unity-gain driver having bandwidth
of 2.7-MHz.

Fig. 7. (a) Timing diagram of MZI-based optical switch calibration scheme.
(b) Measurement result of MZI switching cell calibration process.

The calibration flow of MZI-based optical switch imple-
mented in FPGA is shown in Fig. 7(a). First, a voltage sweep is
performed at intervals of 62.5-mV up to 4-V for the heater of
each arm. During this process, the points where the monitoring
value becomes the maximum and the minimum are found and
the corresponding DAC codes are saved. After that, the DAC
codes of two heaters for the cross-state are compared, and the
one with the smaller code is stored for the cross-state operation.
The other heater is used for the bar-state operation.

As an example of its operation, Fig. 7(b) shows heater voltages
applied to SW3 as well as the monitored PD output signal for the
monitoring path shown in Fig. 3(a). For this measurement, SW1
and SW5 are placed in the cross state. 8-dBm, 1540-nm C-band
tunable laser source (TLS) is used for the input source. The
sample rate of data acquisition (DAQ) is 1-kHz. After calibration
is done, the switch is brought to the cross state and the bar state
so that the calibration results can be confirmed.

Fig. 8 shows the measurement results of the sequential cali-
bration of 4 × 4 Spanke-Benes optical switch fabric. The exper-
imental environment is the same as the calibration verification
of a single switching cell, except for TLS output power is set to
5-dBm. Fig. 8(a) shows the result obtained during the calibration
using the monitoring path shown in Figs. 3(a) and 8(b) using
the monitoring path shown in Fig. 3(b). For our controller, the
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Fig. 8. Measurement result of sequential calibration process of 4 × 4 spanke-benes optical switch fabric obtained from (a) the monitoring path passing through
SW1, SW3, SW5 and (b) SW2, SW4, SW6.

Fig. 9. Measured output optical power of output ports for given routing
configuration of calibrated optical switch fabric for (a) In-1, (b) in-2, (c) in-3
and (d) in-4.

minimum optical power at the monitoring output port required
for calibration is about −25.7-dBm. Fig. 9 shows the measured
power for every possible routing condition realized with the
controller after the calibration. The x-axis represents applied

input-output configuration, and y-axis the normalized power
measured at each output port identified with the different. Below
each figures, the cross-bar states of the individual switching
cells for each routing configurations are specified, which X mark
means don’t care. The range of measured crosstalk suppression
is 10.68-dB to 32.53-dB.

IV. CONCLUSION

We present an electronic controller the for Si-MZI based
Spanke-Benes 4 × 4 optical switch fabric. The controller is
capable of monitoring the initial state of the MZI switching
cell and determines which heater to use for the cross or the
bar operation for the minimum power consumption. It can also
perform sequential calibration of individual switching cells with
the minimum calibration cost. We experimentally demonstrate
the controller can correctly calibrate and properly route signals
for 4 × 4 Si MZI-based Spanke-Benes optical switch fabric.
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