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Abstract: We propose and experimentally demonstrate an automated resonance wave-
length alignment scheme for an O-band 4 x 4 thermo-optic optical switch using dual-ring
resonators. In this scheme, a new control algorithm based on saddle point searching is
employed to align dual-input switching elements (SEs) and therefore the 4 x 4 switch. The
proposed scheme is proven effective by demonstrating eight routing configurations for two
10-Gb/s data channels. The insertion losses of the three-stage SEs are <6.9 dB, and the
crosstalk values are below —13.6 dB. Besides, the tolerance of the switch to the wavelength
misalignment between the two optical input signals is measured. Negligible performance
degradations are observed when the two channels are spaced by 0.05 nm.

Index Terms: Automated resonance wavelength alignment (ARWA), optical switching
devices, resonators.

1. Introduction

To reduce the power consumption and footprints of large-scale switches, optical switching has
emerged as a promising alternative to the conventional electrical switching [1], [2]. Optical switches
based on various structures have been reported, such as Mach-Zehnder interferometers (MZIs) [3],
[4], dual-ring assisted MZIs [5], nanobeam cavities [6], and micro-ring resonators [7]-[9]. In a typical
optical switch design with multiple wavelength layers, each layer operates at a single wavelength
[10], [11]. Therefore, resonator-based switches are attractive candidates as they exhibit lower power
consumption and more compact device footprints [12], [13]. Furthermore, high-order resonators
offer flat passband response and high out-of-band rejection, which are desired in switches employing
multiple wavelengths [7], [14]. However, the resonance wavelengths of the resonator-based switches
are highly susceptible to the fabrication variations and the chip temperature. Thus, thermo-optic
(TO) tuning is often used to control the resonance wavelength. Applying such tuning method to
large-scale switches requires effective automated resonance wavelength alignment (ARWA).
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Fig. 1. (a) Typical WDM switching network architecture. (b) Schematic diagram of the single-wavelength
N x N resonator-based switching layer. B, is the n x n Benes network.

Multiple schemes have been proposed to realize the ARWA for first-order [15]-[19], second-order
[14], and higher-order [20], [21] resonator based filters. The control algorithms used in previous
ARWA schemes include dithering [15]-[17], homodyne locking [18], and maximum/minimum point
searching [14], [19]-{22] techniques. However, these schemes are designed and demonstrated with
single input signal, whereas a typical 2 x 2 switch operates with two input signals. The use of the
second input signal can significantly change the transmission spectra of the 2 x 2 switch. To date,
the ARWA for high-order resonators with two optical input signals has not been demonstrated.

In this paper, we propose an ARWA scheme for dual-input switching elements (SEs) using
dual-ring resonators, and that is extended to a 4 x 4 switch. In the experiment, a 4 x 4 Benes
architecture is used. The switch fabric consists of six switching elements (SEs) based on the dual-
ring resonators. In the dual-ring resonator, the optical power at an integrated monitoring port as a
function of the round-trip phase shifts of the two ring resonators is analyzed. The two-dimensional
function does not follow the single-peak shape as in [14] but a saddle shape. A control algorithm
based on saddle point searching (SPS) is then designed and employed in an off-chip thermal control
sub-system to implement the ARWA. The feasibility of our scheme is verified by a proof-of-concept
switching experiment, where the routing paths of two 10-Gb/s data channels can be simultaneously
reconfigured on a fabricated 4 x 4 silicon photonic switch after the ARWA process. Eight routing
configurations are demonstrated with a maximal insertion loss of the three-stage SEs of 6.9 dB,
and the crosstalk values are below —13.6 dB. The 3-dB operation bandwidth of the 4 x 4 switch
is 46 GHz at 1312.5 nm. The effects of wavelength misalignments between the two optical input
signals are also evaluated. Negligible increases of the insertion loss and the crosstalk are observed
when the misalignment is 0.05 nm, whereas a 1.0-dB additional insertion loss is induced and the
maximal crosstalk value is —7.7 dB when the misalignment is 0.1 nm. Here, the 4 x 4 switch is
designed to operate in O band for the switching applications in short reach communications.

2. Network Architecture and Sub-System Design

Fig. 1(a) shows a typical optical switching network architecture for wavelength division multi-
plexed (WDM) signals. Wavelength de-multiplexers and multiplexers are used so that the multiple-
wavelength switching can be realized with multiple single-wavelength switching layers. In this paper,
we mainly focus on realizing the single-wavelength switching layer using resonator-based devices,
and the results can be further applied to multiple-wavelength switching networks. A schematic di-
agram of the single-wavelength N x N resonator-based switching layer is illustrated in Fig. 1(b),
where Benes architecture is used because of the least number of 2 x 2 SEs to achieve all the N!
routing configurations [4]. As can be seen in Fig. 1(b), 2logoN - 1 stages are used to construct the
switch. A centralized controller is designed for realizing the multi-stage ARWA based on feedback
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Fig. 2. Schematic diagram of the thermal control sub-system applied to the on-chip switch. PDs:
photodetectors, TIAs: trans-impedance amplifiers, ADCs: analog-to-digital converters, DACs: digital-to-
analog converters, TO: thermo-optic.

control and for routing all the SEs. The centralized control is desired for large-scale switches due
to high robustness to the thermal disturbances [21].

The centralized controller in our scheme is implemented as a thermal control sub-system, with
the schematic diagram shown in Fig. 2. In the sub-system, the optical signals at the monitoring
ports of the switch are fed into photodetectors (PDs) for optical-to-electrical conversions. A trans-
impedance amplifier (TIA) array is used for current-to-voltage conversions and amplifications. The
output signals are then sampled by analog-to-digital converters (ADCs) and sent to a centralized
processor. For the routing functionality of the Benes network implemented in the processor, effective
routing methods have been proposed [23], [24]. In this paper, a 2° x 6 look-up table (LUT) is used for
the routing configuration of a 4 x 4 Benes network. Based on the ARWA algorithm and the routing
configuration, the resonance wavelengths of the SEs can then be controlled by the centralized
processor through the TO tuning. In addition, there is possibility to reduce the ARWA cost in the
Benes architecture with power monitors only in the last stage [22].

3. Operation Principle and Algorithm Design

In the thermal control sub-system, the ARWA sub-processes for the SEs in the same stage can
be executed simultaneously, while the ARWA sub-processes for the cascaded SEs are executed in
order. For all the SEs, the control algorithms are the same. Thus, we take the ARWA sub-process
of a single SE to illustrate the operation principle. Fig. 3(a) shows the diagram of the SE, which
consists of a dual-ring resonator while each race-track ring resonator has an integrated monitoring
port by using a directional coupler.

In the dual-ring resonator, the transmission functions from Iy to My and M, are calculated using
the transfer matrix method [25] and can be expressed as

1— Hiiza
Tut = — kiksay* 125% 5 (1)
(titzgay — o) (t1tz82 — o) + K3
1 kot
Tue = — jkiksa,?a3/* 17238 )

(f1 fzay — tg) (t1 t3ao — tg) + kg '

where t; and k; (l‘,-2 + k,-2 =1, i=1, 2, 3) are the transmission and coupling coefficients of the three
directional couplers, respectively. a; = exp(—al — jg;) (i = 1, 2) is the transmission factor along
Ring J, with L denoting the circumference of the ring resonators. « is the waveguide loss factor and
¢i = —2mngl AXj/A5 (i =1, 2) is the round-trip phase shift of Ring i. ng represents the waveguide
group index. A, is the misalignment between the resonance wavelength of Ring jiand the operation
wavelength 1q. Therefore, ¢1 = ¢ = 0 is satisfied when both Ring 1 and Ring 2 are resonant at Ao.
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Fig. 3. (a) Schematic of the dual-ring structure in each SE. (b) Normalized Py 1(¢1, ¢2) for P4 > Pa.

According to (1) and (2), when there are two uncorrelated lights fed into the device, the optical
power Py 1 of the monitored signal out of My as a function of ¢y and ¢, can be written as

|ej¢2 — f4 |2P1 + f22P2
|(efr — f1) (%2 — f1) + f22\2,

Pu1 (p1. ¢2) = |Tu1E 1 + TuzE2l* = KkGe /2

fi1 =t tgt3e’“L s

fo = tikotze™ )

where E; and P; (i =1, 2) are the optical field and optical power of the light launched into I;,
respectively. To achieve a high extinction ratio of the transmission spectrum at the output ports and
therefore low in-band crosstalk [26], [27], we carefully designed the dual-ring resonators based on
a Matlab simulation, which calculates the transmission spectra at the output and monitoring ports
by using the transfer matrix method [25]. The corresponding structural parameters of the fabricated
dual-ring resonator are experimentally measured as follows: the transmission coefficients of the
directional couplers are t; = 0.801, f{, = 0.976, and t3 = 0.990, and the waveguide transmission
loss factor is = 1.98cm~". The radius of each ring resonator is R = 10 um. Then, we constructed
and fabricated the 4 x 4 silicon TO switch using the dual-ring resonators with the same structural
parameters. In the following discussion, we use the above parameters to perform the numerical
calculations. Note that small deviations of these parameters would not affect the ARWA process.

If Py > P is satisfied, normalized Py 1(¢1, ¢2) with different optical input powers are numerically
calculated and shown in Fig. 3(b). It is observed that:

1) Puy1(¢1) has a single local maximum for any ¢s;

2) Pui(¢2) has a single local minimum for any ¢+;

3) Pu1(¢p1, ¢2) has a single saddle point at ¢1 = ¢o = 0.

Consequently, to find the point where ¢1 = ¢» = 0, a SPS process including the following steps
is introduced:

Step 1. Tune ¢4 and find the local maximum of Py (¢1). Note that ¢; ~ 0 at the local maximum
point.

Step 2. Tune ¢, and find the local minimum of Py 1(¢2). Note that ¢o ~ 0 at the local minimum point.

Step 3. Repeat Steps 1 and 2 to minimize ¢ and ¢s.
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Fig. 4. (a) 4 x 4 Benes network. (b) Schematic of the 2 x 2 SE. (c) Micrograph of the fabricated 4 x 4
switch. (d) Photograph of the packaged switch chip.

Furthermore, owing to the symmetrical dual-ring structure, Py2(¢1, ¢2) has a single saddle point
at 1 = ¢o = 0 when Py < P is satisfied. Here, Ring i is defined as the master ring if the input
power of |; is higher than that of I3_; (i = 1, 2), and the other ring resonator is the slave ring. Since
there can be an optical input fed into either of the two input ports of the 2 x 2 SE or two inputs fed
into both of them, the master ring can be either of the two ring resonators. The directional coupler in
each ring resonator is therefore necessary for power monitoring. As a result, the monitored power
of the master ring versus ¢ and ¢, is always subject to the saddle shape. Therefore, the point
where ¢1 = ¢» = 0 can be located by using a master ring identification process and the subsequent
SPS process.

Based on the above principle, an ARWA algorithm for the 2 x 2 dual-ring resonator based switch
is designed as follows:

Step 1. Apply a set of uniformly-distributed TO tuning powers to the two ring resonators simulta-
neously, and measure the corresponding monitored powers of the two ring resonators. The ring
resonator with higher peak monitored power is set as the master ring. Note that once the master
ring is identified, only a single power monitor is used in the following steps.

Step 2. Apply another set of uniformly-distributed TO tuning powers to the master ring, and measure
the corresponding monitored powers of the master ring Pmaster- Set the master ring to operate at
the state with the local maximal Paster-

Step 3. Apply the same set of powers as that in Step 2 to the slave ring, and measure the
corresponding Praster- Set the slave ring to operate at the state with the local minimal Praster-
Note that the ranges of the applied power sets in Steps 1—3 are large enough to find the
resonance wavelengths.

Step 4. Repeat Steps 2 and 3 to minimize the misalignments between the resonance wavelengths
and the operation wavelength.

In order to alleviate the thermal crosstalk effects, the ARWA sub-process of each SE and the
ARWA process of the 4 x 4 switch are carried out for several iterations, thus minimizing the insertion
losses and the crosstalks.

4. Device Design, Fabrication and Experimental Verifications

The switch fabric includes six 2 x 2 SEs, which form an on-chip 4 x 4 Benes network, as shown
in Fig. 4(a). The schematic of the SE is provided in Fig. 4(b). Each SE consists of two coupled
ring resonators, two ~98:2 directional couplers for power monitoring and metal heaters for the TO
tuning. The radius of the micro-ring resonators is 10 um. The coupling gaps between the micro-
ring resonators and the straight waveguides are 217 nm, and the coupling gap between the two
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Fig. 5. (a) Setup of the thermal control sub-system. (b) Photograph of the thermal control sub-system.
LNA: low-noise amplifier. LPF: low-pass filter. LUT: look-up table.

micro- ring resonators is 360 nm. Fig. 4(c) depicts the micrograph of the fabricated switch after wire
bonding. The device was fabricated on a silicon-on-insulator (SOI) wafer with a 220-nm-thick top
silicon layer. Rib waveguides with 440-nm width, 220-nm height and 90-nm slab thickness were
used to construct the photonic circuit, so that the device structure can be extended to an electro-
optic (EO) switch design. In the fabrication processes, E-beam lithography (EBL, Vistec EBPG
5200) was used to define the device pattern. The top silicon layer was then etched by an inductively
coupled plasma (ICP) etching process. A 1-um-thick SiO. layer was then deposited on the whole
device by plasma enhanced chemical vapor deposition (PECVD). 100-nm-thick Ti heaters and
1-um-thick Al pads were fabricated using EBL and lift-off processes. The footprint of the 4 x 4 switch
is 3,472 um x 2,425 um. Fig. 4(d) shows the switch chip after electrical and optical packaging. A
24-channel 127-um-pitch fiber array is mounted on the switch chip by using ultra-violet (UV) light
curable adhesive. The fiber-to-chip coupling loss is around 6 dB.

The switch fabric is controlled by the thermal control sub-system. Given the aforementioned
schematic diagram of the sub-system in Section 2, the implemented sub-system with the setup
provided in Fig. 5(a) is characterized as follows. To control the 12 ring resonators in the 4 x 4
switch, there are 12 feedback circuits in the thermal control sub-system. In each feedback circuit,
a commercial PD (PDCS986) shows responsivity of ~0.8 A/W in O band. In the TIA unit, a low-
noise amplifier (LNA) with a gain of ~10% V/A is placed before a 10-KHz low-pass filter (LPF).
By this means, the following 10-bit ADC (TLC1543) samples the amplified electrical signal with >
28-dB signal-to-noise ratio (SNR) when the optical input power is >—46 dBm. The sampled data
from the 12 ADC channels are then sent to a single-core processor (STM32F407VET6) running
at 168 MHz. The ARWA algorithm implemented in the processor controls the six SEs in order
by executing the aforementioned four-step algorithm in Section 3. After the ARWA process, the
64 x 6 LUT implemented in the processor controls the routing states. During the ARWA or LUT
routing reconfiguration process, 12 control voltages calculated by the processor are applied to
the Ti heaters to control the resonance wavelengths of the 12 ring resonators through 8-bit DACs
(TLC5628) and TO drivers. Fig. 5(b) shows the photograph of the thermal control sub-system.

To observe the automated control process before the switching experiment, the thermal control
sub-system is firstly applied to an individual SE with the same device structure and design parame-
ters as that in the 4 x 4 switch. The setup of this measurement is shown in Fig. 6(a). Two continuous
wave (CW) lights at 1312.5 nm from O-band lasers (Santec TSL-550 and Emcore 1688 A) are ad-
justed to be TE-polarized by polarization controllers (PCs) and subsequently injected into the 2 x 2
SE controlled by the thermal sub-system. The monitored signal Pmaster is detected by the sub-
system and measured by an oscilloscope (Tektronix TBS1102). Before the ARWA algorithm starts,
the initial resonance wavelengths of the ring resonators are ~1311.5 nm with Ppaster & 0. After the
master ring being identified, the following first ARWA iteration consists of maximum and minimum
searching sub-processes, corresponding to Step 2 and Step 3 in the ARWA algorithm. The two
steps are then iterated for two times to alleviate the thermal crosstalk effects. Fig. 6(b) plots the
waveform of the measured Pnaster during the progress of one iteration of the control algorithm. The
duration of each ARWA iteration is ~3 ms.
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Fig. 7. Experimental setup for the 4 x 4 switch. PC: polarization controller. MZM: Mach-Zehnder modu-
lator. AWG: arbitrary waveform generator. EA: electrical amplifier. APD: avalanche photodetector. The
data signals of Channel 1 and Channel 2 are input to |1 and I», respectively.

We then perform a proof-of-concept switching experiment to verify the feasibility of the proposed
ARWA scheme for the 4 x 4 switch with two data channels. The experimental setup is illustrated in
Fig. 7. At the transmitters, the two CW lights at 1312.5 nm are fed into two 25-GHz Mach-Zehnder
modulators (MZMs) (FTM7939EK), respectively. Each MZM is biased at the quadrature point and
modulated by a 10-Gb/s pseudo-random bit sequence (PRBS) data to produce an on-off-keying
(OOK) signal. Here, a 25-GHz arbitrary waveform generator (AWG) (Keysight M8195A) is used
to generate the PRBS signals at a pair of differential output ports, which are then amplified by
electrical amplifiers (EAs). The data streams have the same word length of 2'® —1, due to the AWG
memory limitation. The output signals of the MZMs are injected into the switch chip with the same
input power of 0.4 dBm. On-chip optical signal switching is then achieved based on the thermal
control sub-system. Next, a single receiver is used to measure one of the four output signals at a
time. The received signal is split into three parts. The first one is detected by a ~7-GHz avalanche
photodetector (APD). Due to the lack of an O-band optical amplifier, the low-speed APD is used to
achieve a high receiver sensitivity, thus limiting the data rates. After the detection, the eye diagram of
the electrical signal is tested by a 12.4-GHz sampling oscilloscope (Keysight 86100D). The second
part is sent into a Labview-controlled power meter to obtain the transmission spectra, and the last
part is used for real-time power monitoring.

For a 4 x 4 non-blocking Benes network, there are 24 routing configurations consisting of 32
different routing paths [4], [28]. However, due to fabrication errors of the metal heaters, only the
resonance wavelengths of SEy, SEz and SE4 are reconfigurable. For SE,, SEs and SEg, their
resonance wavelengths are <1311.6 nm while the operation wavelength is fixed at 1312.5 nm.
With the experimentally measured Q factors of the dual-ring resonators being ~3800, SE,, SEs
and SEg therefore operate in the bar state, as observed in the corresponding transmission spectra.
Thus, the feasibility of the proposed control algorithm is experimentally verified for eight of the 24
non-blocking routing configurations, as listed in Table 1. For each routing configuration, all the SEs
operate in proper cross/bar states [29] at the operation wavelength, thus routing the two optical
input signals to the designated output ports. Fig. 8 depicts the normalized transmission spectra
for two of the eight routing configurations. In Configuration 1, all the SEs are set to the bar states
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TABLE 1

Eight of the 24 Non-Blocking Routing Configurations of the 4 x 4 Switch

Configuration Output ports Switching states?®
ID
Channle1 Channle2 SE;y SE; SEz SE; SEs SEg
1 04 (o)} 1 1 1 1 1 1
2 04 Oy 1 1 1 0 1 1
3 [0} 04 0 1 1 1 1 1
4 O, O3 0 1 0 1 1 1
5 O3 O, 1 1 0 1 1 1
6 O3 Q4 1 1 0 0 1 1
7 Oy O 0 1 1 0 1 1
8 Oy O3 0 1 0 0 1 1
2“0” represents the cross state and “1” represents the bar state.
Y C Y Operating Operating TR
i Channel1 bandwidth wavelength Channel 2
: [— Channel1  — Channel 2 b d
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Fig. 8. Normalized transmission spectra for two of the eight routing configurations after the ARWA
processes. (a) Configuration 1. (b) Configuration 8. The insets show the eye diagrams of the received

signals.

without TO tuning power, and the corresponding resonance wavelengths are <1311.8 nm. By the
automated TO tuning, SE, SE; and SE, are set to be resonant at the operation wavelength of
1312.5 nm to achieve the cross states, thus realizing Configuration 8. The available operation
bandwidth of the 4 x 4 switch is 46 GHz, which is the minimal 3-dB bandwidth of all the measured
routing channels. The degradations of the eye diagrams in Configuration 8 are mainly caused by
the increased insertion loss and crosstalk, which limit the application of our ARWA scheme in larger
switches. We believe that our ARWA scheme is possible to be applied in larger switch fabrics if
the insertion losses are reduced with optimized fabrication processes and the crosstalk values are
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Fig. 9. Experimental results of the eight routing configurations after the ARWA processes. (a) Insertion
losses of the three-stage SEs. (b) Crosstalk values. (c) Electrical SNRs. (d) Electrical SNR versus
received optical power. SNR: signal-to-noise ratio.

reduced with mitigated thermal crosstalk effects by using a thermoelectric cooler (TEC). During the
heating process, the experimentally measured thermal tuning efficiency is ~0.10 nm/ mW, which
is designed to be ~0.15 nm/mW by a two-dimensional finite element method simulation for the
heating process [30] and numerical calculations.

Then, for the two routing paths of the eight routing configurations, the insertion losses of the three-
stage SEs and the crosstalks at the operation wavelength are calculated from the corresponding
transmission spectra, as shown in Fig. 9(a) and (b). The insertion loss of each routing path exhibits
a linear relationship with the number of cross-state SEs in the path Noss, with an average insertion
loss per cross-state SE of 3.3 dB. The maximal on-chip insertion loss of the switch fabric is
17.8 dB, with 6.9 dB loss from the SEs and 10.8 dB loss from the straight waveguides fabricated
by EBL. As for the crosstalk of the routing path from I; to O; induced by the m-th input (m = ), it
is defined as the ratio of the leaked output power Pj_,; to the output power P;_; [4], [31]. In this
experiment, we measured the crosstalks of Channel 1 and Channel 2 induced by the signals fed into
I> and |y, respectively. It is observed that the maximal crosstalk value is —13.6 dB. The increased
crosstalk is mainly induced by the increased insertion loss of the three-stage SEs and the thermal
crosstalk effects. In Fig. 9(c), the electrical SNRs of the received signals are calculated from the
eye diagrams using the following equation [32]:

SNR = 20 log <M) : (4)
o1+ 0y

where u; and o; represent the mean value and standard deviation of the eye level i (i =0, 1),

respectively. The measured electrical SNRs shown in Fig. 9(c) are also plotted in Fig. 9(d) versus

the received optical powers with a fitted line. The fitting errors mainly result from the values of

the received optical powers, which are not directly measured at the receiver but calculated from
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Fig. 10. Normalized transmission spectra for Configuration 8 after the ARWA processes (a) with 0.05-nm
misalignment. (b) with 0.1-nm misalignment.

the transmission spectra. It is also found that oy is larger than oy for the measured eye diagrams,
resulting from the in-band crosstalk effects [33].

A further testing on the tolerance of the thermally controlled switch fabric to the wavelength
misalignment between the two input signals is carried out for Configuration 8, as depicted in
Fig. 10. Compared to the misalignment-free case, the measured transmission spectra are similar
to that in Fig. 8(b), but the resonance wavelengths of the SEs have been slightly detuned from each
other. When the two lasers are spaced by 0.05 nm, negligible increases of the insertion loss and
the crosstalk are observed. However, in the 0.1-nm misalignment case, an additional insertion loss
of 1.0 dB is induced for Channel 2, and the maximal crosstalk values of Channel 1 and Channel 2
are —14.4 dB and —7.7 dB, respectively.

5. Conclusion

In summary, we have proposed and demonstrated a new control algorithm to realize the ARWA
for dual-ring resonators with two input signals in a 4 x 4 silicon photonic switch. In this scheme,
the monitored power of each SE versus the round-trip phase shifts of the two ring resonators is
calculated and follows a saddle shape. A control algorithm based on SPS is therefore designed
and experimentally demonstrated on our fabricated O-band 4 x 4 silicon TO switch employing the
dual-ring resonators. Eight routing configurations are demonstrated for two 10-Gb/s data channels.
For each routing configuration, the three-stage SEs are automatically set to proper cross/bar states
based on the ARWA process, and <6.9-dB insertion losses of the three-stage SEs and < —13.6-dB
crosstalk values are achieved. The thermally controlled switch fabric exhibits a 46-GHz operation
bandwidth, with tolerance to 0.05-nm operation wavelength misalignment between two different
data channels.
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