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Abstract: Polarization sensitivity is a severe problem in photonic integration devices and
chips based on the high-index contrast Si/SiO2 system. In this paper, a broadband silicon
polarization splitter-rotator (PSR) comprised of a bi-level taper and a counter-tapered coupler
is proposed with a large fabrication tolerance. The measured insertion loss is lower than
0.7 dB/0.73 dB for the wavelength range from 1470 to 1580 nm with a crosstalk lower
than −12.1 dB/−14.7 dB for TE and TM polarization input, respectively. By integrating the
PSR with silicon arrayed waveguide gratings and germanium photodetectors (PDs) on a
single chip, a polarization-insensitive wavelength-division-multiplexing (WDM) receiver is
demonstrated with a polarization-dependent loss as low as 1.21 dB. High-speed operations
are also achieved with clear eyes at 10 Gb/s.

Index Terms: Polarization splitter-rotator, silicon photonics, integrated photonic chips.

1. Introduction
In the past decades, silicon photonics technologies are greatly put forward for its small devices
footprint, complementary metal oxide semiconductor (CMOS) process compatibility, and high in-
tegration level [1], [2], motived by the increasing demand from optical communications and inter-
connections [3]. WDM is an important solution to expand the data transmission capacity for both
on-chip and off-chip optical networks [4], among which WDM receiver are one of the most critical
component [5]. In a WDM receiver, optical signals carried by different wavelengths are transmitted
in the same fiber or waveguide, and then demultiplexed and converted to electrical domain for
subsequent processing.

One of the main challenges in the WDM receivers arises from polarization sensitivity. The large
refractive index contrast between Si and SiO2 results in strong polarization dependencies for silicon
photonics devices based on nano-scale waveguides [6]–[8]. A polarization-diversity scheme has
been proposed to address this issue [9], that is, the input light with arbitrary polarizations is first
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Fig. 1. Schematic of the proposed PSR comprised of a bi-level taper and a counter-tapered coupler.
For the TM0 mode input to the device, the bi-level taper works as a TM0-TE1 mode converter. Then
through the counter-tapered coupler, the TE1 mode is separated from the TE0/TE1 hybrid mode and
convert to TE0 mode. For the TE0 mode input to the device, it remains unchanged in both bi-level taper
and counter-tapered coupler.

split into two orthogonal components, and then one polarization state is rotated 90 degrees while
the other component remains unchanged. The key components in this solution are the PSRs to
split and rotate the beam polarization [10]. Tremendous efforts have been made in this field, and
the mechanism of PSRs can be concluded into two groups based on mode coupling and mode
hybridization respectively. Phase matching principle is used in mode-coupling designs such as bent
directional coupler [11], [12] and taper-etched directional coupler [13], [14], which makes the type
of devices extremely compact but wavelength and fabrication sensitive. On the contrary, devices
based on mode hybridization usually have advantages in fabrication tolerances and insertion loss.
The difference between the two groups lies in that the input TM polarization is first transferred
to high order modes such as TE1 before converted to TE0. For instance, a PSR made on Si3N4

is demonstrated in Ref. [15], which has a bandwidth about 80 nm. In Ref. [16], a PSR based on
bi-layer taper and Y junction with 50 nm bandwidth is proposed. In Ref. [17], a tapered waveguide
followed by a 2 × 2 multimode interferometer was demonstrated with a wider operation bandwidth
(∼100 nm). These works are all based on mode hybridization principle, which have low loss and low
crosstalk properties, while the operating bandwidth can be further improved to meet the requirement
of practical applications.

In this work, a broadband silicon PSR comprised of a bi-level taper [18] and a counter-tapered
coupler [19] is demonstrated. The bi-lever taper is designed with an asymmetric cross section, acting
as a TM0 -TE1 mode converter. To separate the TE1 and TE0 modes, a counter-tapered coupler
is used for its large bandwidth and fabrication tolerance. The device is completely compatible with
CMOS platform. Benefitting from the asymmetric cross-section of the rib waveguide, SiO2 cladding
is used without the needs of silicon nitride or air cladding, facilitating large scale integrations with
other photonic devices and even electronics parts. By integrating the silicon PSR with two 1 × 8
silicon AWGs and eight germanium photodetectors (PDs), the 8-channel WDM receiver is further
demonstrated with PDL as low as 1.21 dB, achieving crosstalk below −15 dB.

2. Operation Principle and Simulation Results
The schematic structure of the PSR is shown in Fig. 1. The device is composed of an adiabatic
bi-level taper and a counter-tapered coupler [20]. The blue regions represent fully-etched Si waveg-
uides, and the green regions represent the partially etched slab waveguides. The thickness of the
top silicon layer is 220 nm, and the slab height Hslab is 90 nm.

As can be seen in Fig. 1, to clearly interpret the working principle of the device, we intentionally
divide the bi-level taper into two parts. The width of the Si waveguide is continuously increased
from W0 to W1 in Part 1. There is a hybrid mode region for TM0 and TE1, where the principal and
secondary components of the electric field of the hybrid modes are comparable. Ridge structures
are employed to break the vertical symmetry of the waveguide. Therefore, the mode conversion
of TM0-TE1 occurs during the light propagate from the input to the part 1 region. Part 2 of the
bi-level taper is to adiabatically transmit the light wave from the double-layered waveguide to the
slab waveguide. In this part, the width W2 is carefully chosen to ensure low-loss transmission as
well as to prevent the TE1 mode returning to the TM0 mode.
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Fig. 2. Simulated electric field distributions at 1550 nm in the PSR for the (a) TE-and (b) TM-polarized
inputs respectively. The fundamental TE mode passes through the device directly and exit from the
lower port. While the fundamental TM mode convert to TE1 mode first, after that the TE1 mode couple
to the cross port and convert into TE0 mode.

TABLE 1

Parameters of PSR

A directional coupler is connected to the bi-level taper for TE1-TE0 mode conversion. Directional
coupler is widely used for its compact size and simple structure, however, strict phase matching is
required, leading to a narrow bandwidth and stringent fabrication accuracy. In order to broaden the
bandwidth and improve the fabrication tolerance, a counter-tapered structure is used in our design
as shown in Fig. 1, whose two same slab waveguides are substituted by two parallel waveguides
that gradually changed in the width. There exist a cross point that the effective refractive index of the
TE1 mode in the upper waveguide equals that of the TE0 mode in the waveguide below. According
to the mode evolution principle [20], mode coupling will occur so long as the two-waveguides system
is long enough. Thus, even a small range of wavelength or width and thickness of the fabricated
device changes, the effective refractive index cross points will shift, but mode coupling still occurs
within the counter-tapered coupler. The overall performance will not be affected, indicating a large
fabrication tolerance and broadband properties. A more detailed information of counter-tapered
coupler can be referred to [21].

An arc waveguide is deliberately designed at the start section of the cross waveguide, connecting
the bi-level taper and the counter-tapered coupler with the length Ltp4, which is utilized to reduce
the coupling loss and radiation loss introduced by the discontinuity of the waveguide. At the end, an
S-type waveguide is used between the counter coupler and the thru-port to reduce the crosstalk.
Fig. 2 shows the simulated electric field distributions for TE0 and TM0 modes excited in the PSR. It
can be clearly seen that the TE0 mode passes through the device directly and exit from the through
port, while the TM0 mode will be converted to the TE1 mode by the bi-level taper and then coupled
to TE0 mode in the cross port. All the parameters of device are shown in Table 1.
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Fig. 3. Simulation results of the PSR. The simulated results shows the insertion loss is about 0.2 dB,
and crosstalk is lower than −19 dB in the waveband from 1470 nm–1590 nm.

3. Measurement and Results
The proposed PSR was fabricated on a 0.13 µm CMOS platform. A silicon nitride (SiN) film is
first deposited on the wafer surface using low-pressure chemical vapor deposition (LPCVD), which
acts as a hard mask layer for the subsequent Si etching. 248 nm lithography is used to define the
waveguide pattern. Silicon waveguides are formed using inductively coupled plasma reactive ion
etching (ICP-RIE). To protect the waveguides from particles and damages, a thick silicon dioxide
layer is deposited on the wafer surface finally. The measurement setup is shown in Fig. 4.

In the testing system, a tunable laser range from 1470 nm to 1580 nm is used. The input
polarization state is set by a polarization splitting prism with a polarization controller. A straight
waveguide is used as a control sample to align the output polarization plane with the input. The
output polarization state is set by tuning the linear polarizer system in the dashed box. When the
power-meter reaches its maximum value during the tuning, the output polarization state is regarded
as the same with the input beam. The linear polarizer system consists of two fiber collimation
devices and a NIR Polarizer. For the fabricated chip samples, the polarization components of the
output light are selected by rotating the polarizer correspondingly [22].

The testing results of the fabricated PSR is shown in Fig. 5(a) and (b). The output is measured
at the thru and cross ports with TE and TM polarization respectively. The overall loss of a reference
straight waveguide is about −17 dB, including the coupling losses at both ends, linear polarizer
system loss, and the total connection loss in the external system. The coupling loss can be further
reduced by optimization of the edge couplers. As shown in Fig. 5, the TM polarization output at both
ports are well below −15 dB, even for TM polarization input. The TM0-TE0 polarization conversion
loss is lower than 0.73 dB in the wavelength range from 1470 nm to 1580 nm, and the loss that
measured at the thru-port for TE0-TE0 is lower than 0.7 dB. The crosstalk for TM and TE input
are lower than −14.7/−12.1 dB, respectively. The experimental results accords with the theoretical
predictions shown in Fig. 3. The crosstalk test results are not as low as expected, which is attributed
to the low polarization extinction ratio (around 16 dB) of the laser used in the testing.

4. Design of WDM Receiver
The definition for a high performance integrated receiver includes low loss, low crosstalk, and
polarization insensitivity. Polarization insensitive waveguide is a candidate in order to reduce the
polarization dependence of a WDM system, while this solution needs specific designed structures,
for instance, to make the cross section of the waveguide vertically and horizontally symmetric,
which is often not compatible to integration with other devices based on planar CMOS process.
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Fig. 4. Experimental setup for on-chip PSR. The test system includes a tunable laser, a polarization
controller (for adjusting the polarization state of incident light), a linear polarizer system (to adjust the
polarization of the output light), and a power-meter.

Fig. 5. Testing results at cross and thru ports of (a) TE-polarization light input (b) TM-polarization light
input. The measured TE/TM polarization conversion loss is lower than 0.7 dB/0.73 dB with cross talk
lower than −12.1 dB/−14.7 dB in the wavelength range from 1470 nm to 1580 nm. All the results are
normalized by a reference straight waveguide.

Specifically designed structures [23], [24] can also overcome the polarization-sensitive issue, but
this will inevitably leads to performance degradation, as well as complicated fabrication process.
In this paper, we use the polarization diversity scheme on the basis of the PSR we proposed to
construct the WDM receiver.

Some works are demonstrated to implement the on-chip WDM functionalities, such as etched
diffraction gratings (EDGs) [25], [26] AWGs [27], [28], micro-ring resonators (MRRs) [29], [30], and
Mach-Zehnder interferometers (MZI) [31], [32]. AWG is widely used in planar integrated optics for
its high integration and low cost [33]. A low-loss and low-crosstalk AWG is designed with a channel
spacing of 3.2 nm in this work. To reduce the modes mismatch between arrayed waveguides and
FPR region, a bi-level taper with its width linearly tapered from 0.45 µm to 2.5 µm is used at the
interface which works as a mode converter. The width of the arrayed waveguides is designed to be
1 µm to further reduce phase noises and sensitivity to fabrication errors. Arrayed waveguides with
a width of 450 nm are used at bends in order to maintain a small bending radius of 5 µm [34]. At
the end, germanium PDs are integrated in each channel to convert the demultiplexed optical signal
into electrical signal.

The layout of the integrated WDM receiver is illustrated in Fig. 6(a). An 8-channel monolithically
integrated WDM receiver is fabricated on a SOI wafer, which is constructed by a PSR, two 1 ×
8 silicon AWG demultiplexers and a germanium PD for each channel. The TM0 mode signals
will convert to TE0 mode and then enter to the input port of upper AWG demultiplexer, while the
TE0 mode signals will directly enter the bottom AWG demultiplexer. The upper and bottom AWGs
demultiplexer are identical. At last, the de-multiplexed optical signals of the two polarizations for
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Fig. 6. (a) Layout of the WDM receiver chip. The receiver contains a PSR, two identical 1 × 8 silicon
AWG and eight germanium PDs. (b) Microscope image of the integrated WDM receiver.

Fig. 7. (a) The measured spectra of the fabricated standalone AWG (b) The measured spectra of WDM
receiver at TE (red) polarization, TM (blue) polarization and PDL (black). The fabricated AWG exhibits
the maximum insertion loss of 2.88 dB and crosstalk of −18 dB.The test results of WDM receiver shows
a polarization dependent loss (PDL) between 1.25 and 2.01 dB and crosstalk of −15 dB.

the same wavelength are sent to the same germanium photodetectors from opposite directions. To
reduce the influence of phase differences between two arms, the optical path of two arms after the
PSR were identical. Our calculation shows that the time difference is so small even less than 1 ps
that it can be ignored.

5. Experimental Results of WDM Receiver
Fig. 7(a) shows the measured spectra of a standalone AWG which has same design with the device
used in the WDM receiver. The separate device is tested with the TE polarization input, indicating
the maximum insertion loss less than 2.88 dB and crosstalk less than −18 dB. The microscope
image of the integrated WDM receiver is demonstrated in Fig. 6(b).The light output from the tunable
laser enters the WDM receiver after a polarization controller. The I-V characteristics of the receiver
is tested under TE and TM polarization state, respectively. The testing results of the integrated
WDM receiver is depicted in Fig. 7(b). Responsivity with TE (red) and TM (blue) polarization state
are tested from 1540 nm to 1567 nm. A polarization-dependent loss (PDL) [3], [35] between 1.21 dB
and 1.75 dB is shown by the top black line. The calculation method of the PDL refers to formula 1.
The PDL contains fabrication errors between the upper and bottom AWG and test errors. The
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Fig. 8. I-V curves of WDM receiver (red: dark current, black: photocurrent). At −2 V bias, the dark
current is about −1.7 µA and photocurrent is about 280 µA.

Fig. 9. Exprimental setup for testing eye diagram of WDM receiver.

crosstalk is lower than −15 dB as shown in Fig. 7(b).

PDL = 10 ∗ log
r esponsi vi ty of TE
responsi vi ty of TM

(formula 1)

responsivity of (TE/TM) = p hotocur r ent of TE /TM
inci dent ligh t p ow er − coupli ng loss

(formula 2)

The dependence of photocurrent and dark current with the voltage of the WDM receiver at room
temperature is shown in Fig. 8. The input wavelength is set to 1561.2 nm in the photocurrent test. A
photocurrent of 280 µA is generated at −2 V for TE polarization, corresponding to the responsivity
of 0.34 A/W (insertion loss of PSR(0.7 dB) and AWG(2.88 dB) included). The calculation method
of the responsivity refers to formula 2. The dark current is about −1.7 µA at −2 V.

Eye diagrams are tested with the system shown in Fig. 9. Light output from a tunable laser is first
modulated with a commercial LiNbO3 modulator. After that, an EDFA is added to amplify the optical
signals. The introduced spontaneous emission noise from the EDFA is filtered out with an optical
narrowband filter. Finally, the optical signal is picked up by the sample chip and converted into
electrical domain. A polarization controller is also added in the light path to verify the polarization

Vol. 11, No. 1, February 2019 6600310



IEEE Photonics Journal Broadband Polarization Splitter-Rotator

Fig. 10. The measured 10 Gbps electrical eye diagrams of integrated WDM receiver. The Eye diagrams
of eight demultiplexed channels are measured with 231−1 pseudorandom binary sequence (PRBS)
signal under the reverse bias of 2 V with random polarization state.

Fig. 11. The measured 3 dB OE bandwidth of WDM receiver of random polarization state and standalone
PD of TE polarization state under the reverse bias of 2 V.

TABLE 2

Comparison of Various WDM Receiver.
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dependence of the device. It is set at a random position with a fixed polarization state. Random
hand tuning of the polarization controller is also done during the test for further verifications.

Eye diagrams of the eight demultiplexed channels are measured with 231−1 pseudorandom
binary sequence (PRBS) signal at 10 Gbps under the reverse bias of 2 V. The wavelength of each
channel is shown in Fig. 10. As illustrated in Fig. 11, the 3 dB bandwidth of WDM receiver and
standalone Ge PD are both about 7 GHz. The limited bandwidth is attributed to the design of Ge PD,
which has a large size and thus a high RC constant. For further optimization, the length and width
of Ge active area in PD can be reduced to achieve greater bandwidth. The clearly opened eyes and
7 GHz 3 dB bandwidth test under the random polarization state means the external polarization
state has little impact on the WDM receiver when the proposed PSR is integrated.

Compared to the systems with other polarization-insensitive devices [36]–[39], the complexity of
the devices structures and fabrication difficulties are remarkably reduced with the introducing of a
PSR.

Table 2 shows the summarized results of WDM receivers. Comparing with these results, a high
performance polarization-insensitive WDM receiver is demonstrated based on our silicon PSR and
AWG in terms of low channel-crosstalk and PDL. The performance of the WDM receiver could be
further improved by optimizing the AWGs and germanium PDs for future applications.

6. Conclusions
A broadband PSR comprised of a bi-level taper and a counter-taper coupler is proposed in
this paper, and polarization conversion loss as low as 0.7/0.73 dB and cross talk less than
−12.1 dB/−14.7 dB for TE and TM polarizations are achieved respectively, covering a broaden
wavelength range from 1470 nm to 1580 nm. An integrated 8-channel WDM silicon receiver is
demonstrated by combining the PSR with silicon AWGs and Germanium PDs. The receiver shows
polarization insensitive property with PDL as low as 1.21 dB by the polarization diversity scheme.
The responsivity of WDM receiver is 0.34 A/W and crosstalk is lower than −15 dB. Clear eye opening
at 10 Gbps and 3 dB bandwidth better than 7 GHz in all the eight channels are demonstrated.
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