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Abstract�We present a novel compact asymmetric bent di-
rectional coupler polarization beam splitter (PBS) fabricated on
a silicon-on-insulator (SOI) platform using third-order polyno-
mial interconnected circular (TOPIC) bends. The TOPIC bend
design provides continuous curvature and curvature derivatives
throughout the structure, which minimizes mode transition
losses at connection interfaces. This approach allows for the
implementation of tight bend radii to enhance extinction ra-
tio performance without compromising insertion loss, thereby
resolving the conventional trade-off limitation in bent-coupler
PBS designs. The device performance was characterized through
cascaded measurements involving up to 40 PBS units, with single-
device loss parameters extracted via linear regression analysis.
Comprehensive wafer-level testing across 61 dies con�rmed ex-
cellent design reproducibility and manufacturing tolerance. The
optimized PBS achieves insertion losses as low as 0.017–0.007 dB
for TE and 0.019–0.018 dB for TM polarizations, accompanied
by extinction ratios of 25.5–0.5 dB and 29.6–6.1 dB, respectively,
at 1295 nm wavelength. These results establish new performance
benchmarks for silicon photonic PBS devices and demonstrate
signi�cant potential for advanced polarization-handling applica-
tions in integrated photonic systems.

Index Terms�silicon photonics, polarization management,
PBS, low-loss

I. INTRODUCTION

Silicon photonics has emerged as a leading technology
for integrated photonic circuits, offering a cost-effective and
scalable solution for a wide range of applications. The industry
has evolved into a platform that utilizes waveguide technolo-
gies to enable the creation of photonic integrated circuits
(PICs) [1], [2]. The silicon-on-insulator (SOI) platform, in
particular, enables the development of compact and highly
integrated devices due to its high refractive index contrast
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and compatibility with CMOS fabrication processes [3]. This
makes SOI-based photonic circuits especially attractive for
optical communication systems, where increasing data trans-
mission capacity and integration density are critical. One of
the main challenges in SOI-based PICs is the strong birefrin-
gence inherent to silicon waveguides, which arises from both
geometric and stress-induced factors and leads to signi�cant
polarization dependence and can limit device performance [4].
To address this, a range of polarization-handling devices have
been developed, including polarization beam splitters (PBSs)
which enable the separation and recombination of different
polarization states.

Various silicon PBS devices have been implemented uti-
lizing Mach-Zehnder interferometers (MZIs) [5]�[7], Multi-
Mode interferometers (MMIs) [8]�[10], Sub-Wavelength Grat-
ings (SWGs) [11], [12], photonic crystals [13], [14], and
freeform structures [15]. However, these approaches often
come with high insertion loss (IL) of >0.5 dB for both
polarizations [11]. More recently, there has been growing
interest in PBS designs based on Asymmetric Directional
Couplers (ADCs) due to its potential for low IL [16]�[32].
The working principle behind ADCs is to introduce geometric
asymmetry to a directional coupler so that only one polariza-
tion state is phase-matched and thus ef�ciently coupled, while
the other polarization remains phase-mismatched and largely
uncoupled. Various ways have been proposed to introduce
asymmetry, including slot [16], [17], partially etched [18],
[19], and SWG assisted [20]�[22] waveguides. Using these
techniques, signi�cant improvements in PBS IL have been
achieved, with the lowest reported IL of 0:17(0:22) dB for
TE(TM) polarization [18]. It is challenging to improve the IL
further, as these approaches have added a signi�cant amount

Fig. 1. Schematic of the proposed bent-DC PBS, in which all bends are
designed using the TOPIC bend approach.
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Fig. 2. The ne�R of the outer and inner bends as a function of waveguide
width for (a) TM, and (b) TE mode.

of etched interfaces overlapping with the light, which causes
loss through surface roughness from etching.

Another approach to introduce asymmetry is to bend the
waveguides [23]�[30]. Bent-DC PBSs have the potential for
ultra-low IL because no additional etched interfaces are in-
troduced compared to a straight strip waveguide that is the
most commonly used single mode waveguide. However, the
practically demonstrated IL is still limited to >0.35(0.1) dB for
TE(TM) polarization [30]. The main source of IL is the mode
mismatch induced by circular bending. When a waveguide
is bent, the light propagating inside it undergoes distortion
and shifts toward the outer boundary of the bend, instead of
being symmetrically centered as in a straight waveguide [33].
In bent-DC PBSs, these bent waveguides need to be connected
with straight waveguides or other bent waveguides with dif-
ferent bending directions as shown in Fig. 1. Mode mismatch
losses occur at all these connections. Moreover, the smaller the
bend radius, the larger the mode mismatch, and thus the higher
the mode mismatch loss. On the other hand, the smaller the
bend radius, the larger the phase-mismatch for the uncoupled
polarization, and thus the higher the extinction ratio (ER).
Different bending strategies have been proposed to mitigate
mode transition losses, such as using Euler adiabatic bends
[34], [35]; however, no low-loss bends have been introduced
to PBSs based on bent-DC. Therefore, there is still an existing
trade-off challenge between achieving high ER and low IL in
bent-DC PBSs.

In this paper, we propose a bent-DC PBS based on third-
order polynomial interconnected circular (TOPIC) bends [33],
[36]. The TOPIC bends feature continuous curvature and con-
tinuous curvature derivative everywhere, including at all con-
nection points required in a bent-DC PBS, which minimizes
mode transition losses. Being freed from mode transition loss
constraints, small bend radii can be utilized to achieve high ER
while maintaining ultra-low IL. The experimentally demon-
strated PBS reported here exhibits an IL of 0.017�0.007 dB
with an ER of 25.5�0.5 dB for the TE polarization at peak
wavelength, and for TM, an IL of 0.019�0.018 dB and an ER
of 29.6�6.1 dB reliably over a wafer-scale measurement.

II. PRINCIPLE AND THEORY

As shown in Fig. 1, the proposed bent-DC PBS consists
of two parallel bent strip waveguides forming the coupling
region, with input and output routing bends for separation.
All bends are designed using the TOPIC bend approach with
constant width to minimize bend-induced loss [33]. To ensure
fabrication compatibility with many popular silicon photonics
foundries, the waveguides are designed with 220-nm-thick SOI
with silicon oxide as the cladding, and the coupling gap g
is set to 250 nm. The outer waveguide width w2 is �xed to
380 nm, the commonly used single-mode waveguide width in
O-band. The outer waveguide radius R2 is �xed to 10 �m
and the routing bend radius R3 is set to have the radius of 9
�m at the center of the routing waveguides, to enable high-ER
potential while no signi�cant bend-induced loss occurs. The
inner waveguide width w1 and the coupling angle �c are the
free parameters for performance optimization, while the inner
waveguide radius R1 is determined as R1 = R2 �g�w1. The
inner waveguide width w1 is optimized to satisfy the phase-
matching condition for the TM polarization.

Fig. 3. 3D simulation of the PBS, using COMSOL Multiphysics 6.1, showing
the normalized electric �eld propagation for (a) TM and (b) TE input. The
PBS is simulated with an outer bend radius R2 = 10 �m, a routing bend
radius R3 is set to have the radius of 9 �m at the center of the routing
waveguides, and coupling gap g = 0:25 �m. The outer waveguide width
is maintained at w2 = 0:38 �m, while the inner waveguide width is set to
the phase-matched width w1 = 0:56 �m. The TOPIC bending angle of the
coupling region in the outer waveguide is �c = 83� with a TOPIC transition
angle of 5� and circular angle of 73�. The two routing bends in the outer
waveguide are also TOPIC bends with a total angle of 45� and transition
angle of 22:5�. The inner waveguide taper length is set to Lt = 3 �m. To
maintain separation between the taper and the coupling region, an additional
30� is added to the circular segment of the inner coupling bend. The material
refractive indices of silicon and silicon dioxide are set to 3.5044 and 1.4662,
respectively, with a working wavelength of 1310 nm in this simulation. The
total PBS footprint is 27� 10 �m2.
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Fig. 4. Microscopic image of the cascading of 10 PBSs for the loss measurement with TM (a) and TE (b) input. (c) The measured raw transmission of the
cascaded PBS circuits with denoised trend lines. The colored lines are the raw measurements, while the black lines are denoised by Savitzky-Golay �lter. (d)
Example of the linear regression performed at wavelength of 1295 nm. (e) Extracted single PBS loss spectrum for TM input.

In order to achieve full coupling for the TM polarization,
the phase-matching condition must be satis�ed [38], which
can be expressed as:

ne�2R2 = ne�1R1; (1)

where ne�1 and ne�2 are the effective indices of the inner
and outer coupling bends, respectively. Note that ne� is not
well-de�ned for bent waveguides; therefore, the ne�R product
is used instead. The ne�R product can be directly calculated
from the eigenvalues when the waveguide eigenvalue equation
is solved in a cylindrical coordinate system. The simulated
values for both TM and TE polarizations as a function of
waveguide width are shown in Fig. 2. At w2 = 0:38 �m,
the phase-matching condition is satis�ed for TM polarization
when w1 = 0:56 �m. Simultaneously, a substantial phase-
mismatch is maintained for the TE polarization, ensuring

minimal cross-coupling for TE input light. To transition this
inner waveguide width to the single-mode width of 0:38 �m,
a straight taper with a length (Lt) of 3 �m is employed as
shown in Fig. 1. The remaining parameter to be optimized
is the coupling angle �c, which must be set to achieve
complete coupling for TM polarized light. As demonstrated
by the optical �eld evolution in Fig. 3, the TM polarization
is fully cross-coupled from the bottom input port to the top
output port, while the TE polarization pass through the bottom
waveguide without signi�cant coupling when the coupling
angle is properly selected.

III. FABRICATION AND CHARACTERIZATION

The proposed PBS was fabricated using imec’s most ad-
vanced 300 mm silicon photonics platform (iSiPP300), which
enables high waveguide quality through 193 nm immersion

Fig. 5. (a) Microscopic image of the fabricated PBS, with nominal inner waveguide width w1 = 0:5 �m and coupling angle �c = 95� while the other
parameters are the same as described in the context earlier. The measured power transmission at the through and cross ports for TM (b), and TE (c) input.
In order to be able to handle and measure TM and TE modes, a I/O unit, comprising a TE grating coupler, a TM grating coupler, and the PBS, is employed
[37]. The TE grating coupler connects to the top input port of the PBS, while the TM grating coupler connects to the bottom input port. The output is taken
from the PBS dominant output, which corresponds to the cross port for TM input and the through port for TE input. An identical unit is mirrored at the
output side of the circuit.
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Fig. 6. Wafer maps showing the ER (a), and IL (b) of the TM input at peak wavelength. Wafer-level statistics of the PBS output for TM (c) and TE (d)
input, and the zoomed-in view of the dominant outputs (e). The curves are the mean values while the bands with light colors are the standard deviations of
the measurements for all 61 dies in one wafer.

lithography. All fabricated waveguides are SOI strip waveg-
uides with a nominal silicon thickness of 220 nm and a 2 �m
top oxide cladding layer. To precisely quantify the IL of the
PBS, multiple identical PBSs were cascaded to amplify the
total loss to a measurable level. Figures 4(a) and 4(b) show
microscope images of the cascaded PBS con�gurations used
for IL measurements with TM and TE inputs, respectively.
For TM loss measurement, the TM mode couples to the
cross port; therefore, the through port is terminated with
an inverse taper to prevent back-re�ections. The cross port
is then routed to the subsequent PBS, which is vertically
mirrored to enable compact and ef�cient routing. For TE
loss measurement, transmission is measured directly at the
through port, while the cross port is terminated. For TM IL
measurement, different numbers (n= 0, 10, 26, and 40) of
PBSs were cascaded, with the raw spectra shown in Fig. 4(c).
These spectra were then processed using the Savitzky-Golay
�lter to reduce measurement noise [39]. Subsequently, the
transmission of a single PBS at each wavelength was extracted
using linear regression analysis on the �ltered data, as exem-
pli�ed in Fig. 4(d) for wavelength 1295 nm. The slope of
the linear regression represents the single PBS transmission
at that wavelength. The extracted TM transmission spectrum,
indicating PBS IL for a single PBS, is shown in Fig. 4(e). For
TE IL measurement, the same procedure was followed with

n=0 and 40.

PBS ER measurement, on the other hand, is more straight-
forward. The input light was launched into the bottom input
port of the PBS, and the output power was measured at the
cross-talk port (through for TM input, and cross for TE input),
as shown in Fig. 5(a). The measured PBS transmission spectra
are shown in Fig. 5(b) and Fig. 5(c) for TM and TE input
light, respectively. The PBS exhibits an ER of 39.5 dB and IL
of 0.020 dB at 1295 nm wavelength for TM input. Over the
1270�1320 nm wavelength range, it maintained an ER >10
dB and IL <0.40 dB. The 20-dB bandwidth (BW), de�ned as
the wavelength range with ER>20 dB, of the PBS is around
18 nm. For the TE mode, an IL of 0.008 dB and ER of 25.4
dB were achieved at 1295 nm wavelength; and it maintained
excellent performance with an ER >24.5 dB and IL <0.030
dB over the entire measurement range. The spectrum for
TM mode shows greater wavelength sensitivity than the TE
mode due to the wavelength-dependent nature of evanescent
coupling. Since the bent-DC PBS relies on phase-matched
coupling for the TM mode, this condition is only met at the
center wavelength. As the wavelength deviates from this center
point, the phase-matching condition is no longer satis�ed,
resulting in reduced coupling ef�ciency, lower ER, and higher
IL. This effect is further ampli�ed with larger coupling gaps
and longer coupling lengths, resulting from smaller bend radii.
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On the other hand, since the TE light propagates directly
to the through port without coupling, it exhibits a relatively
�at spectral response with excellent performance over the
entire measurement range. To the best of our knowledge, this
represents the lowest IL reported for a PBS device.

To verify the fabrication tolerance and robustness of the PBS
design, measurements were performed on all 61 dies across
a single wafer. To visualize performance variations across
the wafer, the ER and IL values for the TM mode at peak
wavelength are shown in Fig.6(a) and Fig.6(b), respectively.
Several outermost edge dies exhibit relatively higher insertion
loss and lower ER due to higher process variations that
typically occur at the wafer edge. Excluding these outlier
edge dies, the TM mode maintains an ER >23 dB and IL
<0.035 dB at peak wavelength across the wafer. The variations
in peak ER across the wafer originate from the directional
coupler’s sensitivity to small geometrical variations, which are
ampli�ed by the relatively long coupling length of the PBS,
leading to deviations from the phase-matching condition at
peak wavelength. From wafer-level measurements, statistical
analysis on the transmission spectra for TM and TE input is
performed and extracted in Fig.6(c) and Fig.6(d), respectively.
The mean and standard deviation are extracted to characterize
the statistical performance variations across the wafer. For TM
input, the PBS demonstrates an ER of 29.6�6.1 dB at peak
wavelength and maintains a mean ER > 10 dB over the 50
nm measurement wavelength range (1270�1320 nm). For TE
input, the PBS maintains excellent performance across all dies
with an ER of 25.5�0.5 dB at peak wavelength and exceeds
24.5 dB over the entire measurement wavelength range.

Fig.6(e) provides a detailed view of the PBS IL varia-
tions across dies for both TE and TM modes. For the TM
mode at peak wavelength, the IL is 0.019�0.018 dB, while
for the TE mode, it remains at 0.017�0.007 dB. Over the
1270�1320 nm wavelength range, the mean IL for the TM
mode remains below 0.450 dB, while for the TE mode, it
remains below 0.020 dB. Overall, these results demonstrate
the stability and robustness of the proposed design for large-
scale manufacturing. Compared to the literature, our design
distinguishes itself as an ultra-low loss PBS, as summarized
in Table I. The PBS also demonstrates high ER and excellent
fabrication tolerance, making it a practical building block for
polarization-diverse photonic circuits and low-loss integrated
transceivers. For future improvement, the limited bandwidth of
the PBS can be further enhanced by employing a smaller gap
and a shorter coupling length, thus reducing the wavelength-
dependency resulting in the coupling region. The relation
between the coupling length and the bend radius can be further
investigated to accommodate the trade-off between the ER and
bandwidth. For overall ER improvement, various techniques
can be implemented such as adding a sharp bend, which acts
as a TM polarizer, or using cascaded bent-DCs [40].

IV. CONCLUSION

We have demonstrated a bent-DC PBS with ultra-low in-
sertion loss while maintaining high extinction ratio. A novel
low-loss TOPIC bend was employed to minimize bending and

TABLE I
PERFORMANCE COMPARISON OF EXPERIMENTALLY DEMONSTRATED

ADC-BASED PBS AT PEAK WAVELENGTH.

Ref.
TE IL
(dB)

TM IL
(dB)

TE ER
(dB)

TM ER
(dB)

20dB BW
TE/TM (nm)

[25] 0.6 0.3 >30 >30 90/90
[30] 0.35 0.1 37 46 135/135
[20] 0.31 0.3 19 40 -/60
[18] 0.17 0.22 30 40 175/175
[26] >0.1 >0.1 >20 >20 90/-
This work 0.017�0.007 0.019�0.018 25.5�0.5 29.6�6.1 50/18

transition losses, enabling the use of small bend radii without
compromising performance. To accurately evaluate the ultra-
low insertion loss, up to 40 PBS devices were cascaded, and
the loss of a single PBS was extracted using linear regression
analysis. The fabricated PBS performance was characterized
across the entire wafer to provide an accurate assessment of the
design robustness and fabrication tolerance. The PBS demon-
strated excellent performance, achieving an IL of 0.017�0.007
dB and ER of 25.5�0.5 dB for TE input, and an IL of
0.019�0.018 dB with ER of 29.6�6.1 dB for TM input at peak
wavelength. To the best of our knowledge, this represents the
lowest insertion loss ever reported for a PBS device in silicon
photonics. The proposed PBS design is therefore well-suited
as an ef�cient low-loss building block for polarization-diverse
circuits in high-density optical communication systems.
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