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Abstract: Polarization processors with versatile functional-

ities are needed in optical systems, which use or manip-

ulate polarized light. In this paper, we propose and real-

ize an integrated polarization processor based on a coher-

ent 4-port micro-ring resonator. The arbitrary unknown

polarization state is input to the polarization processor via

a 2-dimensional grating coupler (2DGC), which serves as

a polarization beam splitter. The coherent 4-port micro-

ring resonator (MRR) operates as a unitary processor and

is formed by one crossbar micro-ring resonator and two

thermally tunable phase shifters, one of which tunes the

micro-ring while the other tunes the coherent interference

between the two inputs from the 2DGC. The 4-port system

can be used to control the input polarization states that

appear at the two output ports and, therefore, can be used to

implement a multi-function polarization processor, includ-

ing polarization descrambler, polarization switch, polariz-

ers, and polarization analyzer (both division of space (DOS)

and division of time (DOT)). In this paper, we experimentally

demonstrate the use of coherent 4-portMRR for polarization

mode switching and for polarization mode unscrambling.

The polarization unscrambler was capable of separating

two polarization-multiplexed 40 GHz data lanes from the

input fiberwith crosstalk levels below−21 dB and is suitable
for use in the receiver for polarization-multiplexed direct-

detection optical communications systems. The same pho-

tonic circuitmaybeused as a polarization analyzer, either as

a DOS polarization analyzer or a DOT polarization analyzer.

The DOS polarization analyzer measured the polarization

withmeasured deviation of the orientation angle (2𝜓 ) vary-
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ing from −0.5◦ to 1.3◦and deviation of ellipticity angle (2𝜒 )
varying from−0.98◦ to 7.27◦. The DOT polarization analyzer
measured the polarization with a deviation of the orienta-

tion angle (2𝜓 ) that varied from −2.93◦ to 3.49◦ and devia-
tion of ellipticity angle (2𝜒 ) that varied from −3.5◦ to 3.05◦.
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1 Introduction

Silicon photonics is now a mainstream platform for

photonic-integrated circuits because of its advantages, stem-

ming from its high index-contrast waveguides, which allow

tight bends for compact photonic circuits, and the use

of the mature CMOS fabrication technology and supply

chain, offering the proven scalability to large-volume low-

cost manufacturing and high-yield integration and packag-

ing [1–3]. Polarization-multiplexed (pol-mux) optical fiber

communications are already widely deployed in long-haul

coherent optical communications, enabling a doubling of

the information carrying capacity of long distance opti-

cal fiber networks [4–7] while relying on the high-speed

digital signal processing (DSP) needed in coherent optical

communication systems for recovering and demultiplexing

the different data lanes transmitted in orthogonal polariza-

tions. Polarization manipulation is also needed in quantum

information processing [8–11], optical sensing, such as in

target detection [12, 13], and geological events observation

[14, 15] and wideband test equipment, which use nonpolar-

ization maintaining optical fibers for testing polarization-

dependent devices. Polarized light is typically scrambled

by transmission in standard single mode optical fibers and

the waveguide birefringence [1] of the silicon-on-insulator

nanowire platform, which leads to polarization mode

dispersion, polarization-dependent loss, and polarization-

dependent wavelength characteristics [16]. To recover the

original polarization basis states without the use of high

power-consumption high-speed DSP, one possible approach

involves the use of a polarization diversity receiver, which

captures two arbitrary orthogonal polarization states (not
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necessarily the original polarization basis) and process the

orthogonal polarizations optically using polarizers [17–19],

polarization beam splitters [16, 20–23], polarization rota-

tors [24–26], polarization switches [27–32], and variable

phase shifters. Polarization processors that can tune both

the phase difference and the ratio of the two orthogonal

polarization components can be used to recover the original

polarization basis states and offer a more power-efficient

and lower-latency solution for direct detection communi-

cation systems, which do not require the use of high-speed

DSP for recovering the complex amplitudes of the optical

fields that is needed in coherent optical communications

[4–7]. The ability to dynamically adapt to changes in the

state of polarization is important and useful because the

SOP can vary rapidly under conditions such as mechanical

vibrations, strain in the optical cables, change of tempera-

ture, or other disturbances in the optical fiber [33–35]. The

random selection of two arbitrary orthogonal polarization

states at the receiver will in general introduce polarization

crosstalk between the original data channels. Full recovery

of the transmitted optical fields in a coherent receiver typ-

ically uses the polarization tracking capability in the DSP

algorithms. Pol-mux communications has not yet been

deployed in direct-detection optical fiber communications

links short reach data center interconnects because of the

high-power consumption of high-speed coherent DSP, and

there is not yet a deployable solution to recover the original

polarization data channels in direct detection pol-mux com-

munication links. The ability tomonitor the SOPof polarized

light is also required for optical sensing systems [12–15],

which utilize the SOP as an indicator of various external

perturbations to the fiber. On-chip polarization analyzers

used for SOP monitoring have been previously developed

based on Stokes vector receivers [36, 37], photonic crystal-

like meta-structure [38], surface plasmon polaritons [39],

Mach–Zehnder interferometers (MZI) [27], and MRR [40].

In this paper, we propose and demonstrate reconfigurable

polarization processors, which can be used to control and

monitor of SOP after transmission in an optical fiber. One

approach to recover the original polarization basis states

is via the use of a coherent network of MZI processors

[27]. Coherent MZI networks can perform matrix opera-

tions and have found applications in deep learning [41],

quantum information processing [42], and spatial modes

unscrambling [43]. Recently, we proposed the use of coher-

ent MRR networks as an alternative to the MZI for unitary

matrix operations, with the advantages of energy efficiency,

smaller latency, and more compact size [44].

In this paper, we propose and demonstrate a reconfig-

urable silicon photonics–integrated polarization processor.

The device comprises a coherent 4-port MRR integrated

with a 2DGC. The 2DGC couples two orthogonal polarization

states from a single mode optical fiber to the TE0 mode of

two separate inputwaveguides of the 4-portMRR. The direc-

tional couplers are designed to overcouple light into MRR.

The devices use two thermally tunable phase shifters: one

phase shifter tunes theMRR resonancewhile the other tunes

the phase difference between the two input buswaveguides.

The tuning of the MRR can effectively control the output

split ratio. The independent control of split ratio and inter-

ference between the input two bus waveguide enable the

polarization state to be effectively manipulated as desired.

The device was fabricated at the commercial foundry pro-

cesses, and we used it to realize a multi-functional polariza-

tion processor, i.e., polarization descrambler, polarization

switching, polarizer, and polarization analyzer (DOS and

DOT). The experimental results for the polarization mode

unscrambling achieved crosstalk levels below −21 dB for a
40 GHz high-speed optical communications signal. Polariza-

tion analyzer shows good performance configured either as

a DOS or DOT analyzer.

2 Principle and device design

The basic element of the proposed polarization polarizer

is the 4-port coherent MRR as shown in Figure 1(a) and (b)

and schematically in Figure 1(c). It comprises a dual-bus

crossbar MRR. The ring waveguide is integrated with a

thermally tunable phase shifter (PS) formed by a resistive

metal heater embedded in the top oxide cladding above the

ring waveguide. This PS is used to tune the resonance of

the MRR. The MRR, therefore, can be regarded as a 2 by

2 lattice element providing a variable beam splitting ratio.

The power coupling ratio from the bus waveguide into the

MRRwas designed to be between 0.3 and 0.4, and the radius

of the ring waveguide is 10 μm. There are negligible bend
losses in the single mode waveguide with this radius bend.

We used a 2DGC to couple two orthogonal polarizations

from the input single mode fiber. The 2DGC serves as a

polarization diversity input as shown in Figure 1(b) and (c).

The 2DGC couples light to the TE0 mode of the two input bus

waveguides of the MRR. Another thermally tunable phase

shifter was integrated to tune the phase difference between

the two input waveguides. The 4-port MRR can be used to

realize arbitrary 2 by 2 unitary matrix operations. The out-

put optical field in the two output ports is produced by the

interference between the two input waveguides and is also

dependent on the splitting ratio as determined by the detun-

ing of the ring resonator from its resonance. The 4-portMRR
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Figure 1: Micrograph image and schematics. (a) Micrograph image of the fabricated MRR. (b) Micrograph image of the proposed network. PS, GC

represents phase shifter and grating coupler. (c) Schematic of the proposed network. (d) Experimental setup of the proposed system. PC, VOA, PBS,

DUT, and VSA represent polarization controller, variable optical attenuator, polarization beam splitter, the device under test, and voltage source array.

was fabricated by a commercial foundry (CUMEC) in amulti-

project wafer (MPW) shuttle run. The MPW used 220 nm

thick top silicon in a silicon-on-insulator (SOI) wafer with

a buried oxide (BOX) of 2 μm. Micrograph images for the

fabricated 4 port MRR, its input and output ports, and bond

pads for the thermal phase shifters are shown in Figure 1(a)

and (b), respectively. The width of the fully etched strip

waveguidewas designed to be 450 nm. The gap and coupling

length of the directional coupler was designed to be 230 nm

and 10 μm. The metal heater embedded in the oxide above
the ring waveguide was designed to be 2.5 μm wide and

40 μm in length and had a measured resistance of 206Ω.
The heater length for the input waveguide PS was designed

to be 2.5 μmwide and 80 μm in length and had a measured

resistance of 408Ω.

3 Experimental design

3.1 Device characteristics

The experimental setup is shown in Figure 1(d). Light from

a continuous-wave laser was split into two paths and used

as the optical source for two transmission lanes formed by

two polarization channels (CH1 and CH2). On each path, a

polarization controller (PC) was used to adjust the polariza-

tion before combining the two channels using a fiber-optic

packaged polarization beam splitter (PBS). In each path,

we used a variable optical attenuator (VOA) to vary the

power and measure the scattering matrix of the system. In

this way, two independent data channels were coupled to

the orthogonal modes in the single mode fiber. After the

PBS, another PC enabled the setting of different test input

polarizations orientations before coupling into the device

under test (DUT). A simplified schematic of DUT is shown in

Figure 1(c). Before applying the control algorithmon the two

PS, the performance of the MRR and PS was characterized

independently. Figure 2(a) and (b) shows the transmission

spectra of the fabricated MRR, the resonance of the MRR

was fittedwith the Lorentz curve, and the loaded quality (Q)

factor of the MRR was measured to be 1185. The tunability

of the MRR is shown in Figure 2(d) and (e). The power con-

sumption to tune the MRR over one free-spectral range was

59.5 mW. Figure 2(f) shows transmission spectra from port

“IN” to port “OUT1.” With electrical power of 49.6 mW, the

transmission spectra repeated, i.e., the input waveguide PS

was tuned from 0 to 2π with 49.6 mW power.

3.2 Polarization descrambler and switching

We performed two experiments to demonstrate the polar-

ization switching and the polarization mode unscrambling

using the whole system, respectively. To facilitate the test-

ing of polarization switching, the input fiber polarization

controller was manually adjusted to maximize the coupling

from TE mode into port “OUT1” (S11) and from TM mode

into port “OUT2” (S22) as shown in Figure 3(c). To achieve

polarization switching, we used particle swarm optimiza-

tion to optimize the applied voltages on the PS and MRR in

order to completely switch the output to the other output

port “OUT2.” During the optimization process, we set the

FOM= S12 + S21 − S11 − S22. The value of FOM evolved with

optimization epochs are shown in Figure 3(a). Sij represents

power transmission from port “CHi” to port “OUTj”. Scatter-

ingmatrix Sij evolvedwith epochswas shown in Figure 3(b).

FOM value was optimized from −40 dB to over 40 dB. This
shows that the system can be configured as a polariza-

tion switch with polarization extinction ratio of 16 dB. The

optimized scattering matrix is plotted in Figure 3(d) with

crosstalk level<−16 dB. To achievemodeunscrambling,we
used particle swarm optimization to optimize the applied

voltages on the PSs. During the optimization process, we

set the FOM = min((S12 − S11), (S21 − S22)). The value

of FOM evolved with optimization epochs was shown in
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Figure 2: Device characteristics. (a) Transmission spectra of the through port of MRR. (b) Transmission spectra of the drop port of MRR. (c) Lorentz fit

of the resonance of MRR, the quality factor was extracted to be 1185. (d) Transmission spectra of the through port of MRR and (e) transmission spectra

of the drop port of MRR when applied with voltage from 0 V to 3 V. (f) Transmission spectra from port “IN” to port “OUT1” in Figure 1(c) when the PS

was applied with a voltage range from 0 V to 3 V.

Figure 3: The training process of mode switching. (a) FOM value evolved with epoch number. (b) Scattering matrix evolved with epoch number.

(c) Scattering matrix before switching and (d) scattering matrix after switching. (e–h) The training process of polarization unscrambling.

(e) FOM value and (f) scattering matrix evolved with epoch number. Scattering matrix (g) before and (h) after polarization unscrambling.

Figure 3(e). Scattering matrix Sij evolved with epochs was

shown in Figure 3(f). FOM value was optimized from−7 dB
to 21 dB. The scattering matrix after optimization is plotted

in Figure 3(d) with crosstalk level < −21 dB. This shows
that two arbitrary input orthogonal modes in the fiber, irre-

spective of external disturbances and rotation in the fiber

transmission, can always be unscrambled and restored to

two different spatial outputs with crosstalk level lower than

−21 dB in the proposed system. The same algorithm based

on pilot tones can be used to adapt dynamically to changes

in the state of polarization during the period of high-speed

data transmission of a data packet. Continuous tracking of
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changes in the polarization state is limited by themaximum

phase shift of about 2π in the integrated thermo-optic phase
shifters, as there is a need to reset to zero phase shift beyond

2π, but the reset can be carried out during the initial setup
for data packet transmission. The polarization processor

can be suitable for data packet transmission such as the

100 G Ethernet standards used in data centers. The connec-

tion setup to establish the two lanes of data transmission

can be established during the data link initiation protocol

using the algorithms we mentioned above. The results also

show that arbitrary polarization canbe coupled to anoptical

fiber from the 2D GC if we operate the device in reverse and

send light fromport “OUT1” or port “OUT2” back to the 2DGC,

because we can always tune the ratio and phase difference

of the x- and y-polarization launched into the fiber.

3.3 High speed data transmission

One question wewish to address experimentally is to assess

the limitation on signal bandwidth introduced by the use

of the MRR in the polarization processor, and whether the

polarization processor can be used to unscramble the pol-

mux data lanes in a high-speed optical communication sys-

tem. The important parameter in this application scenario

is the optical bandwidth of the polarization processor. The

optical bandwidth is determined by the optical path length

difference within the system and the Q of the MRR (which

had a loaded Q of 1185). Intersymbol crosstalk will be intro-

duced if the delay time is too large. The system should have

large bandwidth (small path length difference) if it was

aimed at supporting high-speed data communication. The

bandwidth of MRR Δf can be estimated by the photon life

time 𝜏 within the MRR by Δf = 1/𝜏 . Photon lifetime 𝜏 of an

MRR can be derived from theQ of theMRR by 𝜏 = neffQ𝜆/𝜋c,

where neff represents the effective index of waveguides, 𝜆

is the resonance wavelength. In this scenario, the system’s

bandwidth was estimated to be around 200 GHz. To fur-

ther investigate the bandwidth and the ability of the sys-

tem to support high-speed communications, we carried

out the experiment as shown in Figure 4(c). In Figure 4(c),

we generated 40 GHz none-return-to-zero pseudo-random

binary sequence signals and fed the two channels of pol-

mux 40 GHz data into the optical fiber transmission link. On

the receiver side, the two output channels were monitored

by the power meters and the high-speed real-time oscillo-

scopes. Figure 4(a) and (b) shows the spectra of Sij before

and after being unscrambled by the MRR-based coherent

network. Figure 4(d) shows the eye diagram generated by

the Mach–Zehnder Modulator (MZM). Figure 4(e) and (f)

shows the eye diagram acquired before being processed

by the network, while Figure 4(g)–(h) shows the eye dia-

grams after the unscrambling of the data lanes by the

Figure 4: Transmission spectra of Sij (a) before and (b) after being unscrambled by the coherent network. (c) Experimental setup of high-speed optical

communication system using coherent network to do polarization unscrambling. TLD, MZM, PRBS, PM, EDFA, and OSC represent tunable laser diode,

Mach–Zehnder modulator, pseudo-random binary sequence generation pattern, power monitor, erbium-doped fiber application amplifier, and

high-speed oscilloscope. (d) Eye diagram generated by the MZM without going through the PIC system. Eye diagram before being scrambled by

the optical system acquired by (e) OSC1 and (f) OSC2. Eye diagram unscrambled by the optical system acquired by (g) OSC1 and (h) OSC2.
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integrated polarization processor. The unprocessed eye dia-

gram is completely closed because the arbitrary choice

of orthogonal polarization basis at the receiver does not

match the original transmitter polarization basis and severe

crosstalk is present in the two unprocessed output chan-

nels. However, after processing by the integrated 4-port

MRR coherent network, the eye diagramsbecomeopenedby

the reduction of crosstalk. Besides, we can initially observe

that the shape of the eye diagram was not changed after

transmitting through the optical system, which shows that

the 4-port MRR processor can support high-speed optical

communication at speed of at least 40 GHz. Furthermore,

we applied this setup to showcase an all-optical transceiver

system to implement PAM4 and polarization multiplexing

in a direct-detection transceiver operating at 400 Gb/s [45].

The experimental results are consistent with system being

transparent to both data rates and modulation formats for

signals that occupy a frequency band under 200 GHz.

3.4 Polarization analyzer

3.4.1 Division-of-space polarization analyzer

In this section, we show that the 4-port coherent MRR sys-

tem can be configured as a DOS polarization analyzer. The

schematic of the system is shown in Figure 5(a) and (b)while

the experimental setup is shown in Figure 5(c). It can be

proved that there exists a linear relationship between the

Stokes parameters vector S and the four measured spatial

outputs I (from O1 to O4) related by the matrix equation

S = TI. The transmission matrix T can always be cali-

brated by four known polarization states. Then, any polar-

ization state can be retrieved by measuring the spatial

intensity vector I. The normalized Stokes parameter can

be retrieved by S = TI and ⃖⃗S = (S1, S2, S3)∕S0. Figure 5(d)
illustrates the Poincare sphere containing the recovered

and reference points. The reference parameters are those

defined by the commercial polarization generator/analyzer.

Figure 5(e) depicts the recovered Stokes parameters, and

Figure 5(f) shows the corresponding deviations from the

reference parameters. One can see that the systems work

well with only small measurement errors: the deviation of

the orientation angle (2𝜓 ) measured by the polarization

analyzer varied from −0.5◦ to 1.3◦ and the deviation of

ellipticity angle (2𝜒 ) varied from −0.98◦ to 7.27◦.

3.4.2 Division-of-time polarization analyzer

In this section, we show that the 4-port MRR system can

be configured as a DOT PA. The schematic of the system is

shown in Figure 6(a) and (b) while the experimental setup

is shown in Figure 6(c). There exists a linear relationship

between the Stokes parameters vector S and the four mea-

sured temporal output I (from O1) related by S = TI. The

transmissionmatrix T can also be calibrated by four known

polarization states. Then, any polarization state can be

retrieved by measuring the temporal intensity vector I. The

normalized Stokes parameter can be retrieved by S = TI,

and Figure 6(d) illustrates the Poincare sphere containing

Figure 5: Division-of-space polarization analyzer. (a) Micrograph image and (b) schematic of the system when it was configured as a DOS polarization

analyzer. (c) Experimental setup of the polarization analyzer. (d) The Poincare sphere shows the recovered polarization state. (e) The recovered Stokes

parameters and (f) deviations of polarization parameters.
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Figure 6: Division-of-time polarization analyzer. (a) Micrograph image and (b) schematic of the system when it was configured as a DOT polarization

analyzer. (c) Experimental setup of the polarization analyzer. (d) The Poincare sphere shows the recovered polarization state. (e) The recovered Stokes

parameters and (f) deviations of polarization parameters.

the recovered and reference points. The reference param-

eters are those defined by a commercial polarization gen-

erator/analyzer. Figure 6(e) depicts the recovered Stokes

parameters, and Figure 6(f) shows the corresponding devi-

ations from the reference parameters. One can see that the

measurement error of orientation angle relative to the ref-

erence is slightlyworse than theDOSmeasurement: theDOT

measurements had deviation of the orientation angle (2𝜓 )

varied from −2.93◦ to 3.49◦. However, the DOT measure-

ment had slightly better performance than the DOS mea-

surement for the ellipticity angle (2𝜒 ): the DOT measure-

ment had deviation of ellipticity angle (2𝜒 ) that varied from

−3.5◦ to 3.05◦.

4 Discussion and conclusions

4.1 Discussion

Table 1 summarized and compared the state-of-the-art

techniques that were utilized for polarization processing.

Comparing with the traditional method using coherent

receiver with DSP, the advantages of using integrated pro-

cessor for polarization processor is lower latency and lower

power consumption for the high data rate signals. Com-

pared with the MZI-based integrated photonic processor,

the MRR-based photonic processor has smaller footprint

with rings of radius as small as 3 μm and possible of high-

speed configuration without further sacrificing footprint.

The other advantage is due to the smaller finesse (F) of

MRR, the thermal power required to tune from 0 to 1 in

MRR is finesse (F) times lower than that required for MZI.

F is defined as the ratio of the FSR (Free Spectral Range)

and the resonance full width at half maximum (FWHM), i.e.,

F = FSR/FWHM. It should be noted that normally F should

be larger for MRRs compared to MZI and increases with

the resonance Q-factor. The disadvantage of MRR is that

the resonances are sensitive to fabrication errors. This is

a well-known and well-studied problem. To address fabri-

cation errors, there are three primary solutions commonly

employed. One approach involves phase trimming [46]

by laser annealing of germanium-implanted waveguides.

Table 1: Comparison of different schemes for polarization processing.

Scheme Footprint Crosstalk Speed Bandwidth Power consumption

Coherent receiver [49] – – – Limited by DSP 420 mW/Gbit/s

MZI [27] ∼100 μm in length <−20 dB KHz Unlimited (within DC constraints) PFSR
MRR [this work] ∼20 μm in radius <−21 dB KHz <200 GHz PFSR/F

Denote: F represents the finesse of MRR. DC represents the 3 dB splitters (directional couplers) that constrain the wavelength range of operation of

MZI. PFSR denotes the power required to tune across one free spectral range.
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Additionally, employing lithography with a higher resolu-

tion (<45 nm) can mitigate fabrication errors and enhance

the consistency of MRR characteristics [47]. While these

methods can reduce the spread of resonances ofMRRs, ther-

mal heaters are needed anyway to realize reconfigurable

circuits. Notably, efforts have been undertaken to employ

feedback loops for adaptive tuning of MRRs, aimed at mit-

igating the impact of environmental fluctuations [48].

4.2 Conclusions

In conclusion, we have proposed and experimentally vali-

dated a novel high-performance polarization processor by

using coherent 4-port MRR integrated with a 2DGC. The

4-port MRR can be used to tune the splitting ratio and

phase difference between two polarization components

and, therefore, can be configured to control andmonitor the

polarization states. The polarization processor can be used

as polarization descrambler, polarization switch, polariz-

ers, and polarization analyzer. This paper reports the first

experimental demonstration of the coherent 4-port MRR

for polarization mode switching and polarization mode

unscrambling. We demonstrated how two pol-mux data

channels can be recovered after transmission in nonpo-

larization maintaining optical fiber (introducing arbitrary

polarization rotation during transmission) and that the inte-

grated receiver can reduce the crosstalk level between the

two data lanes to below −21 dB. These results show that

pol-mux communications can be used for direct-detection

optical fiber interconnects in data centers, without the need

for using polarization maintaining optical fibers nor high-

speed DSP to recover the transmitted polarization chan-

nels. The device demonstrates the successful use of the

4-port coherent network for matrix multiplications to pro-

cess 40 GHz polarization-multiplexed communications sig-

nals. For the polarization analyzer, the DOS polarization

analyzer achieved good accuracy in themeasurement of the

orientation angle (2𝜓 ), with measurement errors varying

from−0.5◦ to 1.3◦, and reasonable accuracy inmeasurement
of the ellipticity angle (2𝜒 ), with errors varying from−0.98◦
to 7.27◦. The DOT polarization analyzer achieved the devia-

tion of the orientation angle (2𝜓 ) is from−2.93◦ to 3.49◦ and
deviation of ellipticity angle (2𝜒 ) is from −3.5◦ to 3.05◦.
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