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Abstract: As Moore’s law approaching its end, electronics is hitting its power, bandwidth, and capacity limits. Photonics is able
to overcome the performance limits of electronics but lacks practical photonic register and flexible control. Combining electron-
ics and photonics provides the best of both worlds and is widely regarded as an important post-Moore’s direction. For stability
and dynamic operations considerations, feedback tuning of photonic devices is required. For silicon photonics, the thermo-
optic effect is the most frequently used tuning mechanism due to the advantages of high efficiency and low loss. However, it
brings new design requirements, creating new design challenges. Emerging applications, such as optical phased array, optical
switches, and optical neural networks, employ a large number of photonic devices, making PCB tuning solutions no longer suit-
able. Electronic-photonic-converged solutions with compact footprints will play an important role in system scalability. In this pa-
per, we present a unified model for thermo-optic feedback tuning that can be specialized to different applications, review its re-

cent advances, and discuss its future trends.
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1. Introduction

Due to both physical and economic limits, Moore’s law is
approaching its end. Meanwhile, new applications are emer-
ging rapidly, raising energy efficiency, capacity, and data rate
challenges. Many post-Moore's directions are proposed to ad-
dress the above challenges. Integrated photonics is among
the most promising ones, as it offers the benefits of high
data rate, low transmission loss, wide spectrum range, etc. In-
tegrated photonics, especially silicon photonics, has made tre-
mendous progress in the past few years. By leveraging the mi-
croelectronics fabrication platform, large-scale device fabrica-
tion and integration is made possible with silicon photonics.

Nevertheless, integrated photonics lacks practical photon-
ic registers and flexible control and needs to be combined
with electronics for any practical purpose. Integrated photon-
ic devices suffer from many uncertainties, such as fabrication
errors, supply voltage changes, and temperature variations.
In many situations, these uncertainties prevent the devices
from reliable operations.

Feedback tuning is an effective approach to maintain reli-
able operations of these photonic devices. For example, the
resonant wavelength of a micro-ring is strongly affected by
the process and temperature variations, and a feedback stabil-
ization loop is required to fix the wavelength. For dynamic op-
erations, a feedback mechanism is also required to ensure
that the photonic devices are operating at the desired operat-
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ing point. For example, we monitor the status of optical
switches and set it to the expected operating state. Thus, for
both stability and dynamic operations considerations, feed-
back photonic parameter tuning is required. Many tuning
mechanisms have been proposed in the literature. The
thermo-optic effect is among the most frequently used ones
due to the advantages of high efficiency and low loss. Up to
now, most thermo-optic feedback tuning solutions use PCB-
level or benchtop solutions. These conventional solutions are
no longer suitable for large-scale integration, and the conver-
gence of electronics and photonics is an irresistible trend"
and is listed as one of the ten grand engineering challenges
of 2020 by the China Association for Science and Technology.
Electronic integrated circuits (EIC) focuses on the interaction
between electrons and electrons, and photonic integrated cir-
cuits (PIC) focuses on the interaction between light and mat-
ter. As shown in Fig. 1(a), electronic-photonic convergence
(EPC) includes electronics and photonics as key ingredients
but focuses more on the interaction between electrons and
photons. As shown in the design hierarchy [Fig. 1(b)], EPC is
moving to the next design hierarchy, that is, electronic-photon-
ic heterogeneously-converging integrated circuits.

The remainder of this paper is organized as follows. Sec-
tion 2 proposes a unified model for thermo-optic feedback tun-
ing and discusses its design challenges. Section 3 focuses on
each building blocks. Section 4 reviews the state-of-the-art
designs. Section 5 points out future trends. Section 6 con-
cludes this paper.

2. Unified model and challenges

Fig. 2 shows the unified model for the design and analys-
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Fig. 2. (Color online) The unified model of a thermo-optic feedback tuning system.

is of a thermo-optic feedback tuning system. The photonic
part consists of one or multiple devices, possibly with mul-
tiple photonic inputs and multiple photonic outputs. Further-
more, it may have multiple open-loop electronic input sig-
nals and multiple closed-loop electronic input signals. The
monitors obtain the status information of the photonic
devices, e.g., the wavelength of a micro-ring resonator, beam-
forming direction of an optical phased array (OPA), etc. After
processing the monitoring information, the controller passes
the processed signal to a power management circuit (PMC)
for thermo-optical tuning.

There are multiple challenges for thermo-optic feedback
tuning. From the microelectronics industry's experiences, to
cope with the increasing design complexity, compact device
modeling and design automation tools need to be de-
veloped. Also, we need to develop cost-efficient, reliable, and
efficient monitoring techniques. Furthermore, a low-power
and compact controller is required. Compared with conven-
tional power converters for electronics, thermo-optic tuning
has a different power and voltage ranges, loading conditions,
and bandwidth requirements and brings new design chal-
lenges and opportunities. Many applications, such as optical
phased array and optical switches, requires a large number of
heaters, and scalability is the key challenge. For the thermo-op-

tic phase shifter (TOPS), it is quite challenging to reduce its
power consumption while achieving a wide bandwidth. TOPS
has been used in many applications, such as the wavelength
tuning of micro-ring modulators, bias tuning of Mach-
Zehnder modulators, polarization control, optical neural
network (ONN)B], optical phased array (OPA)M, and silicon
quantum photonic circuits!®!, Different applications have differ-
ent performance requirements and deserve different design
considerations.

3. Building blocks

The performance of thermo-optic feedback tuning critic-
ally depends on that of its building blocks. So far, most build-
ing blocks use PCB or benchtop solutions and very few of
them adopted integrated solutions. In this section, we dis-
cuss the research progress of each building block.

3.1. Thermo-optic phase shifting

A typical thermo-optic phase shifter (TOPS) consists of a
waveguide and a heater (a purely resistive load). The heat gen-
erated by the heater diffuses to the waveguide and changes
its refractive index. Putting the heater closer to the wave-
guide reduces the diffusing time but increases the optical
loss. Vice versa, putting the heater farther from the wave-

M Tan et al.: Towards electronic-photonic-converged thermo-optic feedback tuning
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Table 1. Summary of TOPS designs.

Ref. Undercut Heater Pt (mW) Size (Um2) Bandwidth (kHz) Loss (dB) Resistance (Q)
[7] Yes TiN 0.4 500 x 20 0.2 0.55 -
[8] No Ti 3.0 67 X 28 39 0.9 -
[9] No Metal 1.7 880 x 365 53.8 6 -
[13] No TiN 2.56 109 x 21 10.1 1.23 249.5
[14] No TiN 214 320x 2.5 62.5 <0.4 540
No N++Si 22.8 320%x 2.0 159 <0.4 1100

guide reduces the optical loss but results in more power con-
sumption and reduced bandwidth. The performance of a
TOPS depends on its material and structure. There are
tradeoffs in TOPS designs, and different techniques have
been proposed to optimize the TOPS performances.

The conventional structure is shown in Fig. 3(a)! with
the heater sitting beside the waveguide. There is a cladding
between the waveguide and the heater. However, some heat
would be wasted on the cladding, reducing the heating effi-
ciency. To improve the heating efficiency, Refs. [10-12] re-
move the cladding material and directly integrates the heat-
er within the waveguide. Another popular approach is to isol-
ate the waveguide from the substrate with an air trench, as
shown in Fig. 3(b)7l. However, this approach slows down the
heat diffusion. Both techniques are susceptible to mechanic
stress and require complicated fabrication processes. Anoth-
er option is to apply the multi-bend structure, as shown in
Fig. 3(c)® 131, This structure can recollect the wasted heat in
the cladding. Consequently, it has better heating efficiency.
The heat can transfer into the substrate quickly, achieving
much higher bandwidth than the air-trench structure.
However, the bend radius has to be carefully designed to re-
duce optical loss. Another option is to apply the multi-pass
structure, as shown in Fig. 3(d)®. The light phase is tuned
every time it passes the heated area, and the heating effi-
ciency is enhanced by the number of passes with little addi-
tional loss. Table 1 lists the performances of the state-of-the-
art TOPS designs. Each TOPS s relatively small, ranging from
tens of um? to a few thousand um2. The required output

power is only about tens of mW. The typical bandwidth of
the TOPS is around tens of kHz.

The thermo-optic performance also depends on the ma-
terials of the waveguide and the heater. SOl waveguide has
high absorption in some spectral bands, e.g.,, 532-900 nm
wavelength window!® 3. 11 Silicon nitride (SiN) waveguide
has a broad transparent window with low scattering
loss">-181, but its thermo-optic (TO) coefficient is relatively
low. Polymer waveguide has a large TO coefficient, fast re-
sponse time, high flexibility, and low fabrication cost, but has
poor reliability"® 201, The heater is usually made of metal or
semiconductor. A metal heater is usually put above the wave-
guide; the semiconductor heater usually sits aside the wave-
guide. Heaters of different materials have different resistivit-
ies. For the same physical size and tuning efficiency, the met-
al heater has much lower resistance and Vrr than those of the
semiconductor heater(2",

3.2. Power management circuit (PMC)

Most TOPS designs apply PCB or benchtop power sup-
plies. These solutions are not practical for large-scale integ-
rated systems, and an integrated power supply is the key to
achieve a compact footprint. Low-dropout (LDO) regulator is
the preferred power supply, especially for supplying many
heaters, as it can be fully integrated and has a compact chip
area and accurate output voltage with a small ripple. So far,
power management circuit (PMC) specific to thermal-tuning
is still in its early development stage. Different from conven-
tional LDO applications, thermo-optical tuning has different re-

M Tan et al.: Towards electronic-photonic-converged thermo-optic feedback tuning
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quirements. To support a large temperature tuning range, a
large output range is required. To reduce the unwanted heat
generation, a high efficiency is required. For fast thermo-op-
tic tuning, a wide bandwidth is required. To enable high scalab-
ility, a small chip area is required. The required power for
each TOPS is in the range of tens of mWs. Consequently, the
power stage of the LDO is much smaller than conventional ap-
plications. To reduce the chip area, Ref. [22] proposed to
share the controller between different channels with the
time-division multiplexing (TDM) scheme. Fig. 4 shows the
comparison between the conventional way and the TDM
LDO to drive multiple TOPSs. As each TOPS's required tuning
power is relatively small, the controller occupies a large per-
cent of the total chip area. Sharing the controller saves the
total chip area and improves system scalability.

There are two popular methods to control the LDO: the
output of a DAC*! and the pulse width modulation (PWM) sig-
nallz3. 24, Fig. 4 shows the diagrams of these two driving
schemes. The DAC generates a reference signal for the LDO,
while the PWM method modulates the duty ratio of the
LDO's conducting time. The DAC approach is shown in
Fig. 5(a); the efficiency depends on the actual dropout
voltage. Fig. 5(b) shows the PWM approach. Due to the low-
pass filtering nature of the TOPS, the local temperature of the
TOPS is constant for a fixed duty ratiol23l, We can tune the tem-
perature by modulating the duty ratio of the PWM signal.
The efficiency of the PWM depends on the minimum achiev-
able dropout voltage. The PWM approach usually has better
efficiency than the DAC approach. The accuracy of the PWM
approach depends on not only the TOPS bandwidth but the
duty ratio and the frequency of the PWM signal. According to
calculation!3], for 150 kHz TOPS, the PWM signal should be as
high as 8 MHz to keep the relative output ripple below 0.01.

3.3. Monitor

The monitor senses the operating state of the photonic
devices. Various techniques have been proposed in the literat-
ure: (1) on-chip photodetectors (PDs) to monitor the light in-
tensity at the output ports?5-39; (2) on-chip temperature
sensor31-33%; (3) in-resonator photoconductive heaters (IRPHs)
to monitor the light intensity in the waveguide34-36); (4) Con-
tact less integrated photonic probe (CLIPP) to measure the
light-intensity-dependent change of waveguide's electrical
conductivity[37-39],

On-chip PDs are the most commonly used monitoring
method, but they need to tap a portion of light from the optic-

al path. This increases the insertion loss and makes it not suit-
able for applications with many tapping points. The on-chip
temperature sensor has a negligible loss but cannot determ-
ine the state of the device without knowing its initial state. It
generally needs to be combined with PD-based initial state
monitoring to compensate for the process deviations and en-
vironmental thermal fluctuations. IRPHs are formed by doped
waveguide, as Fig. 6(a) shown. The doping sections allow the
IRPH to be used as a doped resistive heater and also provide
a means of photodetection due to defect state absorptionB34.
This solution has negligible loss too. The feedback loop
based on this method could well compensate for temperat-
ure changes and process deviations. Still, a lot of pre-calibra-
tion work is required to determine the device characteristics.
For example, the dark current changes with different heating
voltages, and every IRPHs must be calibrated to obtain the
device transmission, as shown in Figs. 6(b) and 6(c). This
makes it difficult to be used in large-scale applications. The
CLIPP places two metal electrodes on top of the waveguide,
as shown in Fig. 7, and monitors variations of the waveguide
electric conductance AG that are induced by a carrier genera-
tion effect39, This solution introduces negligible loss, but the
readout circuits are too complicated.

3.4. Controller

So far, most controllers in thermo-optic feedback tuning
are implemented using board-level circuits, especially those
with multiple photonic devices26: 29, 30, 40-421 A few recent
designs with a single photonic device have integrated control-
lerst3-471,

For single photonic device applications, there are some
basic algorithms, e.g., dithering®®, locking to maximum or
minimum!26 29, Jocking to referencel4 45 47,491 and so on. In
the dithering approach, a small dithering signal is applied
thermally to the device, resulting in a small modulation of
the output optical signal. The dithering component of the out-
put signal indicates the operating state of the photonic
devices. Locking to maximum or minimum algorithm is also
called the hill-climbing algorithm. It perturbs the operating
state of the device and determines if the current operating
point needs a positive change or a negative changelB39, It is
limited to applications with a global peak or valley. Locking
to reference needs an external referencel®! or self-refer-
encel* 45 471 The external reference is manually added, and
the self-reference can be achieved via a lookup tablel59 or a
reference point generated by the controller internally®4 45 471,
Depending on the difference between monitoring value and
reference value, the controller determines if the device's cur-
rent operating point needs a positive change or a negative
change.

For applications with multiple photonic devices, most
designs use a single controller to serve a single photonic
devicel% 411, Few designs multiplex the controllers to reduce
area. If all devices share one controller, each device's tuning
speed will be reduced because the tuning of one device has
to wait until the tuning of all other devices is finished. In
Ref. [51], a pipelined time-division-multiplexing (PTDM)
scheme is proposed that takes advantage of the speed mis-
match between heater (~100 us) and controller (~us). The con-
troller tunes other devices before processing the first device’s
heater is finished, as shown in Fig. 8. Note that there is no

M Tan et al.: Towards electronic-photonic-converged thermo-optic feedback tuning
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speed degradation in the PTDM scheme. This scheme re- 4. State-of-the-art designs
duces the chip size significantly without sacrificing the tun-

ing speed. It can potentially be extended to hundreds of The proposed unified model is specialized to different ap-
photonic devices, pointing out a way towards large-scale elec-  plications, including wavelength control of micro-ring (MR) fil-
tronic-photonic convergence. ters, wavelength locking of MR modulators, bias control and
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feedback polarization control of Mach-Zehnder modulators,
and optical phased arrays. Most existing designs are board-
level solutions, and very few designs implemented the control-
ler on-chip. The co-design of related building blocks enables
us to achieve better performance than optimizing each build-
ing block independently. Eventually, all electronic and photon-
ic blocks will be merged together to form the electronic-
photonic-converged thermo-optic feedback tuning.

4.1. Wavelength control of MR filters

The MR can be used as a filter, and MR filters have small
area and low power consumption. However, the resonant
wavelength of the MR filter is sensitive to thermal fluctu-
ations, input laser fluctuations and process deviations.
Thermal-optic feedback control loop is an effective method
for this challenge. Compared with single MR filters, high-or-
der MR filters have better performance in terms of roll-off, pass-
band flatness, and extinction ratio. Most high-order MR fil-
ters are manually tuned to achieve a flat and wide passband.
Few designs could realize automatic wavelength locking.
Fig. 9 shows the block diagram for thermo-optic feedback tun-

ing of MR filters. On the basis of every MR’s resonance state ob-
tained by monitors, the controller optimizes the filter's trans-
mission by PMICs tuning each TOPS inside the MR.

In Ref. [52], the board-level controller obtains as input
the drop port’s optical power of the high-order MR filter and
controls the wavelength of each MR by automatically tuning
the heater of each MR one by one to maximize the drop
port’s optical power. This scheme may exist much iteration
time and convergence problems. In Refs. [34, 35], the pro-
posed scheme performs automatic configuration and
wavelength locking of each MR. It uses IRPHs to simultan-
eously monitor and tune the resonance of each MR. Each MR
is tuned one by one through a feedback loop composed of di-
gital-to-analog converters (ADCs), computers, and analog-to-
digital converters (DACs). After multiple iterations, the align-
ment of the resonant wavelengths of all MRs is achieved. Giv-
en the distance between each MR ranges from tens of nano-
meters to hundreds of nanometers, there is strong thermal
crosstalk between adjacent MRs. The thermal crosstalk will in-
crease the number of iterations of the controller. In Ref. [53],

M Tan et al.: Towards electronic-photonic-converged thermo-optic feedback tuning
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Table 2. Summary of wavelength control of MR filters.

Ref. Monitor Controller PMC TOPS Photonic device Integration method
[52] Photodiode Lock to Max. PCB solution Doping heater 5-order MR filter
[34,35] IRPHs Lock to Ref. PCB solution Doping heater 4-order MR filter PCB/Computer
[54] Photodiode Lock to Min. PCB solution Metal heater 3-order MR filter
[55] Photodiode Lock to Max. PWM Doping heater Single MR filter Monolithic
Electronic parts Photonic parts [TToTooo------ L
| Monitor 1 : outO2E
Sio Souto . ont i
—_— —_— \ !
P | Microring [ . Monitor 2 E
PMC : |
~ TOPS ; |
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Sou(E
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Fig. 10. (Color online) The general model for thermo-optic feedback wavelength locking of an MR modulator.
Table 3. Summary of wavelength locking of a Si MR Modulator.
Ref. Monitor Controller PMC TOPS Photonic device Integration method
[45] Photodiode Lock to Ref./Average DAC Doping heater Depletion MRM Wire-bonding
power detection
[56] Photodiode Lock to Ref./Average PCB solution Metal heater Depletion MRM Off-chip
power detection
[28] Photodiode Lock to Max./OMA DAC Metal heater Depletion MRM Flip-chip
maximum
[46] Photodiode Lock to Ref./Eye DAC ¢-Si heater Depletion MRM Monolithic
maximum
[33] Photodiode/Tem- Lock to Ref/OMA DAC Doping heater Depletion MRM Monolithic
perature sensor maximum
[57] Photodiode Lock to Ref./OMA Power DAC Metal heater Depletion MRM Cu-pillar 3D
maximum integration

a thermal eigenmode decomposition (TED) method that re-
duces the number of iterations of MR adjustment is pro-
posed. However, when the number of MRR increases, it re-
quires that each MR’s heater be adjusted at the same time,
making the controller more complicated and not suitable for
large-scale integration. In Ref. [55], a monolithic PWM-driven
closed-loop wavelength locking circuit for MRR is proposed
to achieve better energy efficiency than linear driver. But the
performance of closed-loop PWM control scheme, such as sta-
bility, accuracy and speed, should be further considered care-
fully. Table 2 summarized the automatic wavelength locking
designs of high order MR filter.

4.2. Wavelength locking of Si MR modulators

Silicon micro-ring modulators (MRMs) have a small size,
high modulation bandwidth, and low power consumption.
Nevertheless, the MRM’s resonant wavelength (A;) is sensit-
ive to thermal, input laser, and process variations. The closed-
loop wavelength locking is an effective method to address
the challenge. Fig. 10 shows the general model for thermo-op-
tic feedback stabilization of a micro-ring modulator. The monit-
ors acquire the information related to the optical signal from
the MRM and outputs the electrical signal to the controller.

The controller calculates the output value through an appropri-
ate locking algorithm. Finally, the integrated heater is driven
by a PMC to tune the resonant wavelength of MRM to the op-
timal point.

In Refs. [45, 56], changes in the mean power of the modu-
lated-signal can be used to detect shifts in the temperature
of the microring modulator. But it may not work efficiently
when non-dc balanced data sequence is transmitted or the
power of input laser has changed. In Ref. [28], a maximum
OMA locking algorithm is proposed, but manual delay adjust-
ment and a specific data transmission sequence are required.
The bit-statistical®! method can be used to achieve
wavelength locking of an MRM when transmitting random
data sequences. This work is the first monolithic integrated
MRR transceiver with a closed-loop wavelength control cir-
cuit. However, a specific training data sequence is also re-
quired to make the tracker work correctly. Furthermore, ex-
tra delay control between the counter and the integrating
front-end is necessary. In Ref. [33], the MRM'’s temperature is
monitored by a temperature sensor, and then its resonant
wavelength is tuned properly with an integrated heater.
However, a high-speed optical modulation amplitude (OMA)
monitor is required for the temperature sensor to determine
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Table 4. Summary of bias control schemes.

Ref. Monitor Controller PMC TOPS Photonic device Integration method

[63] Photodiode (power Lock to Ref PCB solution - LiNbO3; MZM Computer
detection)

[64] Photodiode (power Lock to Ref PCB solution - LiNbO; MZM PCB
detection)

[50, 65] Photodiode (dithering  Lock to Ref PCB solution - LiINbO; MZM Computer
detection)

[62] Photodiode (dithering  Lock to Ref PCB solution Metal heater Silicon MZM PCB
detection)

[66] Photodiode (OMA Max search Charge pump - LiINbO; MZM Integrated controller
detection)

[67] Photodiode OMA + Max search and DAC - LiNbO3; MZM Integrated controller

power detection) PID control

the relationship between the maximum OMA and the temper-
ature, resulting in a high-power consumption. Ref. [57] re-
ports a 112 Gb/s MRM with a high-speed driver and an aver-
age-power-based thermal control immune to input laser
power fluctuations. However, for non-DC-balanced NRZ data,
this method may fail unless it cooperates with bit-statistics in
the data or conditioning the sensor front-end with transmit-
ting datal8l, The precoding schemel>? achieves automatic
wavelength locking of MRM by precoding the transmission
data. This scheme does not require a specific data sequence
and works well with random data transmission sequences. Re-
lated works are summarized in Table 3.

4.3. Feedback bias control

Mach-Zehnder modulator is a widely used high-speed elec-
tro-optic modulator. However, the bias point of an MZM will
drift over time due to various factors (e.g., temperature
change). This bias point drift is independent of materials, be
it lithium niobite (LiNbO3), gallium arsenide (GaAs), indium
phosphide (InP), or silicon, and greatly affects the MZM per-
formancel®% 611, By adjusting the phase shifters on the arms of
the MZM through closed-loop bias control, the bias drift can
be canceled out.

Most of the existing works are designed for LiNbO; MZM.
Very few works are targeted at silicon MZM62], but discrete
devices are used. Due to the large thermo-optic coefficient of
silicon, TOPSs with high efficiency and compact footprint are
used to set the bias point of an MZMU3), Integrated bias con-
troller is the key to large-scale electronic-photonic conver-
gence and is under active investigation.

Various bias control schemes have been proposed and

can be classified into three types depending on the bias drift
extraction methods: output power monitoring method!63. 64,
dithering method (or pilot tone method) 62 65, and optical
modulation amplitude (OMA) monitoring methodI®% 671, The
general models of these bias control schemes are shown in
Fig. 11. A portion of the output light is coupled to the monit-
or. The controller then adjusts the relative phase difference of
the two arms through PMC and heater according to the monit-
or information. Thus, a bias feedback control loop is formed.
Fig. 11(@) shows the model when specialized the output
power monitoring method. This method uses the output optic-
al power or the derivative of output optical power to determ-
ine the current bias point. Different output optical power or
different derivative of output optical power corresponds to
the different bias points. By building a look-up table, it is easy
to identify the current bias point based on the output optic-
al power and compensate for the bias point drift with a
phase shifter!63. 641, Fig. 11(b) shows the model when special-
ized to the dithering method. This method makes use of the
differences in nonlinearities at different operating points of
the MZM transfer function. At different bias points, the trans-
fer function of the MZM has different nonlinearities. By monit-
oring the harmonic components generated by the dithering
signal, the current bias point can be extracted. Furthermore,
to eliminate the influence of the input optical power fluctu-
ation, the ratio between the second-order harmonic compon-
ent and the fundamental component, which is independent
of input optical power, can also be used to identify the cur-
rent bias pointB%, Then the controller adjusts the phase shift
accordingly. Fig. 11(c) shows the model when specialized to
the OMA monitoring method. This method monitors the optic-
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Fig. 13. (Color online) The proof-of-concept prototype in Ref. [69].

al modulation amplitude from the output while modulating
the signal with fixed amplitude. If the MZM is biased at the
quadrature point, the OMA reaches the maximum. Vice versa,
the OMA reaches the minimum if the MZM is biased at peak
point or null point. Thus, the current bias point can be
defined by the current OMA and the feedback bias point stabil-
ization is achieved. Besides, the OMA monitor method can be
combined with the output power monitor method to reduce
the power consumption®7], By utilizing the OMA monitor meth-
od with max search control algorithm to find the optimal bi-
as point and lock it by output power monitor method with
PID control algorithm, the power efficient bias control
scheme can be achieved. Related works are summarized in
Table 4.

4.4. Feedback polarization control

The polarization of light cannot maintain during the
propagation in the fiber due to various factors such as temper-
ature change, external stress, and fabrication error, resulting
in the unstable and time-varying polarization state at the out-
put of the fiber. Photonic devices are polarization-sensitive
since its effective refractive index depends on the polariza-
tion states. The polarization mismatch between the SMF and
the PIC will strongly reduce the signal quality. There are two
main approaches to eliminate the polarization mismatch prob-
lem. One method is called polarization diversity(©8l. This meth-
od requires two identical photonic integrated circuits for inde-
pendent processing of different polarizations, resulting in
large chip area. The other one is active polarization control
(Fig. 12). In this method, the 2DGC? 79 or edge coupler with
the PSRI7'-74lis used to couple and convert the light's horizont-
ally and vertically polarized components into two quasi-TE
modes. Then the two modes are sent to a combiner that con-
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sists of two phase-shifters and two 3-dB couplers. The combin-
er compensates the magnitude mismatch and phase mis-
match between the two modes and combine them into one
output port of the combiner. The other output port of the com-
biner is used for monitoring. For an input with a dynamical po-
larization state, the relative phase shift to achieve magnitude
and phase compensation is time-varying, and feedback con-
trol is required for real-time adjustment. For silicon photon-
ics, thermo-optic phase shifters are used to achieve real-time
phase adjustment. Current polarization control solutions can-
not meet the demand of large-scale integration. Integrated po-
larization controller is the key to large-scale electronic-photon-
ic convergence and is under active investigation.

A proof-of-concept prototype is demonstrated in
Ref. [69], and manual control is adopted to verify the concept
(Fig. 13). The real-time polarization control is successfully im-
plemented in Ref. [71] by the greedy linear descent (GLD) con-
trol algorithm. In Ref. [70], the active polarization control
scheme is used in the WDM link and successfully adapts four
channels into a standard Si photonic integrated circuit with
stable output power. In Ref. [72], active polarization control is
applied to the coherent detection to automatically adjust
and align the polarization state of ach signal light with that
of the LO light. In Ref. [73], the different control algorithm
used in active polarization control is analyzed, verified, and
compared. Furthermore, the active polarization control can
be combined with the wavelength control of micro-ring fil-
ters to achieve a tunable WDM polarization-independent re-
ceiver!74 (Fig. 14). Related works are summarized in Table 5.

4.5. Optical phased array

Optical phased array (OPA) is one of the key compon-
ents in a light detection and ranging (LiDAR) system for optic-
al beam forming and steering. It consists of an array of an-
tenna elements that are controlled by phase shifters. The
phase difference between two adjacent antenna elements is
A®. When the optical path delay in one direction cancels out
with the phase difference, the optical beam forms in a cer-
tain direction. Most OPAs operate in the open-loop mode,
i.e., the control signals are directly generated from the given
register files or lookup tables. However, for practical opera-
tion, the OPA should be calibrated for external influences
e.g., temperatures, process variations, etc. Consequently, it
should operate in the closed-loop mode. Fig. 15 shows the
general model of the closed-loop OPA.

To obtain high resolution and fast speed, hundreds even
thousands of phase shifters are normally required in an
OPAI* 76-791 TQOPS is a great candidate for phase shifting in
OPAs for its compact size and small power consumption.
Each TOPS in the OPA should be controlled by the electron-
ics independently. Most designs only integrate the photonic
devices, and electronic parts are realized in a PCB board8l,
However, it occupies a large chip area and significantly limits
the scalability of the system. To reduce the total chip area,
Ref. [76] integrates the electronic drivers and the photonic
devices separately. In Refs. [4, 79], the electronic and photon-
ic parts are integrated monolithically in a single chip. Ref. [77]
realize the OPA with a 3D integration process. Related works
are summarized in Table 6.

Owing to process variation, every OPA demands calibra-
tion after fabricating and packaging. In addition, the OPA
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Table 5. Summary of feedback polarization control schemes.

Ref.  Monitor Controller PMC TOPS Photonic device Integration method

[69]  Powermeter Manual - Metal heater 2DGC/3 dB coupler -

[711  Photodiode Min search PCB solution Metal heater Edge coupler/PSR/TOPS/3 dB coupler/PD  Computer

[70]1  Photodiode Min search’ PCB solution - 2DGC/GC/OTPS/MMI/PD Computer

[731  Photodiode Min search? PCB solution Metal heater Edge coupler/TOPS/PSR/3 dB asymmetric Computer
coupler/PD

[74]  Photodiode Min search3 PCB solution Metal heater Edge coupler/TOPS/PSR/3 dB Computer

coupler/Micro-ring/Crossing/PD

1. GLD control algorithm. 2. Two-point step size gradient descent-based and two-stage optimization method-based control algorithms. 3. Two-

point step size gradient descent-based control algorithms.

Table 6. Summary of the optical phased arrays.

Ref. Monitor Controller PMC TOPS Photonic device Integration method
[4] Powermeter - DAC Metal heater Grating coupler optical antenna  Monolithic

[76] IR camera - PWMdriver  Doping heater Grating coupler optical antenna  Integrated drivers
[77] Photodetector - DAC Doping heater Apodized grating antenna 3D Integrated

[78] IR camera - PCB solution Metal heater Grating coupler optical antenna  PCB

[79] Photodetector - DAC Doping heater  Grating coupler optical antenna  Monolithic
[81] IRCCD Gradient-search algorithm - Doping heater Emitter -
[82] IRCCD Interference technique - - Grating coupler optical antenna -
[83] Photodetector DSGD? DAC - Emitter -
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Fig. 15. The general model for the closed-loop optical phased array.

PMC

should be calibrated at every steering angle. The calibration
efficiency will impact its manufacturing cost and practical ap-
plications. Many calibration algorithms are proposed in the lit-
eraturel80-831, Ref, [80] presents a modified rotating element
electric field vector method to calibrate the initial condition.
Ref. [81] applies the gradient-search algorithm for initial calibra-
tion. In Ref. [82], it presents an interference-based calibration
method that is physical and has lower requirements on feed-
back systems. Ref. [83] presents a deterministic stochastic
gradient descent (DSGD) method that allows calibration in mi-
crosecond timescales. Each calibration algorithm owns its ad-
vantages and disadvantages with different time spent. Cur-
rently, the convergence rate of the algorithm and the transmis-

mass production based on the existing methods and sys-
tems. An improved algorithm, combining the forms of mul-
tiple methods, should be developed. Besides, as the OPA cur-
rently depends on the hard-to-get far-field pattern for calibra-
tion, mapping the far-field pattern to on-chip information or
simplifying the far-field pattern acquisition process is a prom-
ising method for further performance optimization.

5. Future trends

Feedback photonic parameter tuning is essential to all in-
tegrated photonic systems with stability and dynamic opera-
tions requirements. We point out several future trends. First
of all, most designs still use board-level solutions, and integ-
rated solutions are required as the system scales up. Second,
we can extend it to photonic devices with different materials
and structures, e.g., thin-film lithium niobite (TFLN), indium
phosphide (InP) devices. Third, it is vital to reduce the hard-
ware cost while still obtaining sufficient monitoring informa-
tion. Fourth, we can extend it to multi-dimensional cases that
include different wavelengths, polarization, modes, etc. Fifth,
we can specialize the proposed model to more applications,
such as switches array, optical phased array, and optical neur-
al network. Sixth, we can extend this model from classical
photonics to quantum photonics. Seventh, PMC with a wide
operating range and high scalability deserves further study,
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and more advanced PMC architectures, such as hybrid power
converters and dynamic power management, can be applied
to this model. Eighth, the stability of the hybrid closed-loop
system deserves further investigation. Ninth, it is important
to characterize the non-deal effects (e.g., thermal cross talk)
on system performance and invent methods to mitigate
them. Tenth, we can replace thermo-optical tuning with oth-
er tuning mechanisms, e.g., electro-acoustic-optical tuning,
electro-optic tuning, or combine multiple tuning mechan-
isms. Finally, for performance optimization, a holistic ap-
proach is needed, and the co-design of all building blocks is
essential.

6. Conclusion

The convergence of electronics and photonics is one of
the key post-Moore’s research directions. The rapid develop-
ment of silicon photonics is accelerating this convergence pro-
cess. Thermo-optic feedback tuning forms the foundation of
any stable and dynamic silicon photonic system and is cur-
rently experiencing rapid development. As the convergence
process continues, electronics and photonics will be con-
verged at the circuit level and thermo-optic feedback tuning
eventually will form the electronic-photonic-converged
thermo-optic feedback tuning.
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