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Abstract: An ultra-broadband polarization beam splitter (PBS) consisting of cascaded
Mach-Zehnder interferometers (MZIs) is proposed on 220 nm-thick silicon-on-insulator
(SOI) platform. The configuration of the cascaded MZIs has a point symmetry in order to
broaden the bandwidth of the cross-coupling for the TM polarization. The sub-wavelength
grating (SWG) structures act as effectively anisotropic cladding to enhance the separation of
the two fundamental polarizations. Two filters with cascaded bends and a Bragg reflection
structure at the two outputs, respectively, are used to further improve the extinction ratio
(ER). The proposed PBS has a remarkable performance with ER > 20 dB over a record
broad bandwidth of 310 nm (IL < 0.5 dB) or 350nm (IL < 1 dB) for both TE and TM
polarization inputs.

Index Terms: Polarization beam splitter (PBS), sub-wavelength grating (SWG), anisotropic
metamaterial, ultra-broadband.

1. Introduction
Over the last decade, silicon photonics based on silicon-on-insulator (SOI) has attracted more and
more interests due to the advantages of high index contrast, compact footprint and compatibility to
the complementary metal oxide semiconductor (CMOS). However, the high index contrast results
in waveguide birefringence and makes the silicon nanophotonic devices polarization dependent.
In order to solve this problem, polarization management is required. One of the most important
devices for polarization management is polarization beam splitter (PBS), which can separate the
two orthogonal polarizations. Various PBSs on silicon chip have been reported by using different
structures, such as Mach-Zehnder interferometers (MZIs) [1], [2], multi-mode interference (MMI)
couplers [3]–[5], and directional couplers (DCs) [6]–[12]. Among these structures, DC is often used
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Fig. 1. Schematic configuration of the proposed PBS.

due to its simple design and good performance. However, DC is wavelength dependent and the
bandwidth of a PBS based on such a structure is often limited to 100 nm.

Recently, the sub-wavelength grating (SWG) structure has attracted much attention due to its
robust freedom for index and dispersion engineering. The SWG structure is formed by different
index materials alternating periodically and the grating period is much small than the wavelength.
For light propagating in the SWG structure, according to Rytov’s formulas, the equivalent refractive
indices for the electric field polarizations parallel and perpendicular to the periodic interfaces are
different. Therefore, the SWG structure can be treated as equivalent homogeneous material and we
can control the dispersion relation of the mode in the SWG waveguide by adjusting its period and
duty cycle, which can be used to improve the device performance greatly [13]–[16]. A PBS formed
by SWG structures, working as two isolated waveguides for the TE polarization and MMI for the
TM polarization, has achieved ER >20 dB and IL <1 dB over a bandwidth of 200nm experimentally
[17]. In [18], a PBS using cascaded adiabatic dual-core tapers assisted by SWG structure gives
ER > 20 dB over a bandwidth of 240 nm experimentally.

In our previous work, by taking advantage of polarization-dependent evanescent wave control via
the SWG as effectively anisotropic structures in the cascaded DCs, we have designed theoretically
a PBS with ER > 20 dB and IL < 0.4 dB over a bandwidth of 250 nm [19]. In this paper, by using the
cascaded MZIs assisted by SWG structures and two filters at the two outputs, we further improve
the bandwidth and reduce the footprint of the PBS than before.

2. Design and Analysis

Fig. 1 shows the schematic configuration of the proposed PBS, which consists of cascaded
MZIs and two filters shown in the first and second white dashed frames, respectively. It is on a
220-nm-thick SOI platform with silicon dioxide upper-cladding. When light inputs to port 1, the TE
polarization will go through three DCs along its original waveguide and output from port 7 with
negligible coupling, while the TM polarization will cause some interference in MZIs and output from
port 8 finally. The configuration of the cascaded MZIs has the point symmetry, which guarantees
the broadband output from port 8 for the TM polarization. The bend structure at port 7 and the
Bragg reflection structure at port 8 would filter out the remaining TM and TE powers, respectively.

2.1 DC Used in the Proposed PBS

Fig. 2(a) shows the configuration of the single DC used in the PBS. This DC consists of a normal
DC and SWG structure in the coupling region. By inserting the SWG structure in the coupling region
of a normal DC and selecting the period �1, the duty cycle of silicon ρ1 and the total number of
periods N1 of the SWG structure, the decay rate of the TE polarization or the TM polarization can
be suppressed or enhanced [19]–[21]. Therefore, when light travels in the coupling region in a DC,
there is almost no coupling for the TE polarization but strong coupling for the TM polarization. Due
to the coupling existing in S-bend waveguides, the length of the SWG structure Lc+2Lt is larger
than the length of the straight coupling region Lc. Fig. 2(b) shows the cross section of the straight
coupling region in DC.
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Fig. 2. (a) Schematic configuration of the DC used in the proposed PBS. (b) The cross section of the
straight coupling region in DC. (c) Simulated light propagation of the TM polarization in DC with Lc =
8 μm at wavelength λ = 1.55 μm. (d) Simulated light propagation of the TE polarization in DC with
Lc = 8 μm at wavelength λ = 1.55 μm.

TABLE 1

List of the Design Parameters for the Proposed DC

For the proposed DC, the width of the coupled waveguides is set at W1 = 0.55 μm and the
S-bend waveguides are based on the second order Bezier curve (the corresponding four points
are (0,0), (Lx1/2,0), (Lx1/2, Ly1), (Lx1, Ly1) or (0, Ly1), (Lx1/2, Ly1), (Lx1/2, 0), (Lx1, 0)) with Lx1 =
10 μm, Ly1 = 0.6 μm to reduce the bending loss. The parameters of the SWG structure should
be optimized to enhance the coupling for the TM polarization and make the coupling of the TE
polarization negligible in the whole cascaded structure. The optimized parameters are �1 = 210
nm, ρ1 = 130/210, N1 = 2 and Lt = 8 μm so that the gap of the SWG structure is 80 nm and
the width of the SWG structure waveguide is S1 = 130 nm, which also ensures that the SWG
structure works in deep-subwavelength region and can be fabricated with existing nanometer-scale
fabrication techniques. Fig. 2(c) and 2(d) show the simulated light propagation for the TE and TM
polarizations in the proposed DC with Lc = 8 μm at wavelength λ = 1.55 μm, respectively. One can
see that the TE polarization goes through the DC with negligible coupling while the TM polarization
totally couples across the DC. Table 1 summarizes the design parameters for the proposed DC.

2.2 Point Symmetrical Configuration Constructed by Cascaded MZIs

An effective way to reduce the wavelength dependency of DC is to use MZI configuration, which
consists of two DCs and two phase delay arms with a small difference. A broadband coupling in
the MZI configuration can be achieved due to the phase compensation in different wavelengths
[22]–[24]. Consisting of two cascaded MZIs, the point symmetrical configuration is shown in the
first white dashed frame in Fig. 1 and is described in detail in Fig. 3(a). The three DCs have the
same parameters as described in Part 2.1 except the length of the straight coupling region (the
length of the straight coupling region of three DCs are Lc1, Lc2, and Lc1 respectively). The DC1

and one half of DC2 with a small path difference �L in the two arms between them form the first
MZI, and the other half of DC2 and DC3 with a small path difference -�L in the two arms between
them form the second MZI, as shown in the first and second yellow dashed frames in Fig. 3(a)
respectively. If the TM polarization is split by 50:50 by the first MZI, then it would be combined by
the second MZI and outputs from port 6 [25]. As for the TE polarization, the coupling in DCs is so
weak that the TE polarization would go through the three DCs and output from port 5. Finally, the
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Fig. 3. (a) Detailed description of the point symmetrical configuration. (b) Transmission of the first MZI
for the TM polarization.

two fundamental polarizations are separated and the bandwidth mostly depends on the bandwidth
of the MZI splitting 50:50 for the TM polarization.

For this cascaded structure, it is convenient to use transfer matrix to calculate [19]. For a single
DC with straight coupling length Lc in Fig. 2(a), its transfer matrix can be written as

ALc+L0 =
[

cosθ jsinθ

jsinθ cosθ

]
=

[
cos (k (Lc + L0)) jsin (k (Lc + L0))
jsin (k (Lc + L0)) cos (k (Lc + L0))

]
(1)

where k is the coupling constant in the straight coupling region and L0 is the equivalent coupling
length introduced by S-bend waveguides.

According to the supermode theory, the coupling constant in the straight coupling region can be
expressed as

k = k0

2
(neff,even − neff,odd) (2)

where k0 is the wave vector in free space and neff,even, neff,odd are the effective indices of even and
odd modes in straight coupling region, respectively.

For two arms with a small path difference �L between two DCs, the transfer matrix can be written
as

B�L =
[

e j�ϕ 0
0 1

]
=

[
e jβ�L 0
0 1

]
=

[
e jneffk0�L 0
0 1

]
(3)

where �ϕ = β�L is the phase shift introduced by �L, β and neff are the propagation constant and
effective index of an uncoupled waveguide mode, respectively.

Thus, the transmission of the first MZI and point symmetrical configuration can be expressed as[
E3

E4

]
= A(Lc2+L0 )/2 B�LALc1+L0

[
E1

E2

]
(4)

[
E5

E6

]
= ALc1+L0 B−�LALc2+L0 B�LALc1+L0

[
E1

E2

]
(5)

where ALc1+L0 is the transfer matrix of DC1 and DC3, ALc2+L0 is the transfer matrix of DC2, A(Lc2+L0 )/2

is the transfer matrix for half of DC2, E1 and E2 are the input amplitudes in ports 1 and 2, and E3,
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Fig. 4. Calculated IL and ER of the point symmetrical configuration. (a) IL for the TE and TM polariza-
tions. (b) ER for the TE and TM polarizations.

E4, E5, E6 are the output amplitudes from ports 3, 4, 5, 6. When light inputs at port 1, we have E1

= 1 and E2 = 0. Using Eqs. (4) and (5), we can obtain the output power portions from port i (i = 3,
4, 5, 6) by Ii = |Ei|2.

For the point symmetrical configuration, the uncertain parameters are Lc1, Lc2 and �L, and we
must optimize them with Eq. (4) or (5) to make sure that the MZI can split the TM polarization by
50:50 in an ultra-broadband. The calculation process is summarized as follows: Firstly, we simulate
a single DC with Lc = 0 by Lumerical FDTD solutions to get its transmission and loss. Secondly, we
calculate the effective indices neff,even, neff,odd and neff by Lumerical MODE Solutions. According to
the supermode theory, we can obtain L0 for DC. Finally, the outputs can be calculated through Eq.
(4) or (5) and the parameters are optimized to Lc1 = 0.1 μm, Lc2 = 18.1 μm and �L = 0.58 μm.
Fig. 3(b) shows the transmission of the first MZI at the optimized parameters for the TM polarization.
One can see that in an ultra-broadband bandwidth from 1.4 μm to 1.7 μm, the outputs from ports
3 and 4 vary between -3±1dB.

We then calculate the IL and ER for TE and TM polarizations based on the optimized parameters.
Here, the IL and ER are defined as

ILTE = −10log10I5, ERTE = −10log10

(
I6
I5

)

ILTM = −10log10I6, ERTM = −10log10

(
I5
I6

)
(6)

Fig. 4(a) and 4(b) show the calculated IL and ER of the point symmetrical configuration for the
TE and TM polarizations. For the TE polarization, it has IL < 0.25 dB over a bandwidth of 400 nm
and ER > 20 dB over a bandwidth of 280 nm. The ER deteriorates at longer wavelength due to
the stronger coupling for long wavelength in DCs. For the TM polarization, we have achieved IL <

0.5 dB over 350 nm but the ER is not good in some bands because splitting ratio in the first MZI is
not exactly 50:50 in the whole ultra-broad bandwidth.

2.3. Improvement With Filters

In order to achieve better ERs, we introduce some simple filters at the two outputs, as shown by
the second white dashed frame in Fig. 1. The detailed description is shown in Fig. 5(a) and 5(b).

When the waveguide cross section is 550 nm × 220 nm, the TM polarization has a larger bending
loss than the TE polarization. Therefore, two cascaded 180° bends based on four 90° Euler curves
are used to filter the remaining power of the TM polarization from port 5, as shown in Fig. 5(a).
Bends based on Euler curves have varying radium of curvature, which can reduce the generation
of high-order modes compared to traditional bends [26], [27]. Here, we set Rmin = 0.72 μm to make
sure that the loss of these bends is large for the TM polarization but small for the TE polarization.
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Fig. 5. (a) Two cascaded 180° bends used to improve the ER for the TM polarization. (b) Interleaved
SWGs used to improve the ER for the TE polarization. (c) Transmission of the two cascaded 180°
bends. (d) Transmission of the interleaved SWGs. Inset in (c) is the crosstalk of the first-order TE
polarization (TE1).

The transmission of the two cascaded 180° bends is shown in Fig. 5(c). One can see that these
bends have small loss for the TE polarization but very high loss for the TM polarization in an ultra-
broad bandwidth. Inset in Fig. 5(c) is the crosstalk of the first-order TE polarization (TE1), which is
less than −30 dB. This means that the crosstalk of high-order modes in these two cascaded 180°
bends is negligible and almost has no impact on the performance.

Two interleaved SWGs are introduced in the strip waveguide to filter the remaining power of the
TE polarization from port 6, as shown by blue and yellow squares in Fig. 5(b). One should note
that the blue and yellow squares are full etched squares filling with silicon dioxide upper-cladding
and different colors are used just to describe the shapes and distinguish them. S2 is the width of
the SWGs, W2 is the width of strip waveguide, ρi, �i are the duty cycle of silicon and period of the
i-th (i = 2, 3) SWGs and the total period is �total = �2+�3. By optimizing these parameters, this
structure can support Bloch mode for the TM polarization only [28]. Hence, the TM polarization can
travel along the strip waveguide with rather low loss while the TE polarization would be completely
reflected by the embedded SWG structure due to the Bragg reflection. As shown in Fig. 4(b), the
ER for the TE polarization degrades as the wavelength increases. Therefore, we optimized the
parameters to let the central wavelength for the reflected TE polarization light be located near
1.75 μm. The optimized parameters are S2 = 100 nm, W2 = 0.6 μm, ρ2 = 0.5, ρ3 = 0.7, �2 =
�3 = 400 nm and the total number of periods is N2 = 5. Since W2 is a bit lager than W1 of DC,
a taper should be used to connect them. The transmission of the interleaved SWGs is shown in
Fig. 5(d). One can see that the interleaved SWGs have very small loss for the TM polarization in an
ultra-broad bandwidth but reflect the TE polarization strongly in 1.65-1.75 μm wavelength range.
Table 2 summarizes the design parameters for the filters.

Due to the nonuniformity of filtering, Lc1, Lc2 and �L should be optimized again to get the best
results. The re-optimized parameters are Lc1 = 1.8 μm, Lc2 = 22 μm and �L = 0.55 μm. Fig. 6(a)
and 6(b) show the ILs and ERs of the proposed PBS for the TE and TM polarizations. One can
see that the bandwidth of ERs > 20dB for both TE and TM polarizations is 360 nm (1.39-1.75 μm),
which is much better compared to the results of the point symmetrical configuration. The filters also
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TABLE 2

List of the Design Parameters for the Filters

Fig. 6. Calculated IL and ER of the proposed PBS. (a) IL for the TE and TM polarizations. (b) ER for
the TE and TM polarizations.

introduce some additional but acceptable loss. For both TE and TM polarizations, the bandwidth
for IL < 0.5 dB and ER > 20 dB is over 310 nm (1.39-1.7 μm) and the bandwidth for IL < 1 dB and
ER > 20 dB is over 350 nm (1.39-1.74 μm). To the best of our knowledge, these are the largest
bandwidths that have ever been reported.

3. Tolerance Analysis
The fabrication tolerance of the proposed PBS is analyzed, as shown in Fig. 7 and 8.

In Fig. 7, we assume that all waveguide widths in the proposed PBS, including W1, S1, W2 and
S2, have the same variation �W while the center-to-center distance of waveguides is fixed, which
would also change ρ1, ρ2 and ρ3. From Fig. 7(a) and 7(b), one can see that the IL and ER for the TE
polarization vary only slightly when �W changes by ±5 nm and ±10 nm, which means that the TE
polarization is insensitive to the change �W. This is because the TE polarization goes through the
three DCs with negligible coupling. Compared to the TE polarization, the TM polarization is more
sensitive to the change �W, as shown in Fig. 7(c) and 7(d), due to the change in the transmission
of the MZI caused by �W. When �W changes by ±5 nm and ±10 nm, the bandwidth for IL < 0.5
dB and ER > 20 dB is over 250 nm and 210 nm, respectively, which still covers a broad bandwidth.

Since the main principle of the proposed PBS is based on the interference of the TM polarization
and the MZI is very sensitive to the phase shift caused by the two arms, the influence of the width
variation between the two arms in the MZI is also investigated. Here, we set L = 60 μm, Lx2 =
30 μm and Ly2 = 3.42 μm (the S-bend arm of L+�L is also based on the second order Bezier
curve) so that �L = 0.55 μm and the S-bend has negligible loss and negligible impact on effective
index compared to straight waveguide. The width of straight arm (length is L) is kept W1 and the
S-bend arm (length is L+�L) has a width of W1±�W�L. Fig. 8(a) and 8(b) show the IL and ER
for the TM polarization when �W�L is ±1 nm and ±2 nm in the MZIs in the proposed PBS. When
�W�L is +1 nm and +2 nm, the IL and ER for the TM polarization become deteriorated near
1.45 μm. When �W�L is -1 nm and -2 nm, the IL and ER for the TM polarization is still excellent
in an ultra-broaden band but the first two peaks of the ER curve in 1.35-1.55 μm wavelength range
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Fig. 7. Calculated ILs and ERs of the proposed PBS when �W changes by ±5 nm and ±10 nm. (a) IL
for the TE polarization. (b) ER for the TE polarization. (c) IL for the TM polarization. (d) ER for the TM
polarization.

Fig. 8. Calculated ILs and ERs of the proposed PBS when �W�L changes by ±1 nm and ±2 nm. (a)
IL for the TM polarization. (b) ER for the TM polarization.

disappear due to the increasing IL at these two peak wavelengths. A shorter L can reduce the
influence of �W�L but would increase the bending loss in the S-bend arm and phase error.

4. Conclusion
In summary, we have proposed an ultra-broadband PBS consisting of cascaded MZIs on 220 nm
thick silicon-on-insulator platform. The point symmetrical configuration of the cascaded MZIs can
broaden the working bandwidth for the TM polarization. The SWG structures in DCs act as some
effectively anisotropic cladding to enhance the separation of the two fundamental polarizations.
At the two output ports of the point symmetrical configuration, two filters with two cascaded 180°
bends and Bragg reflection structure have been used to improve the ER further. Calculated results
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have shown that our proposed PBS has the remarkable performance with ER > 20 dB over a record
broad bandwidth of 310 nm (IL < 0.5 dB) or 350nm (IL < 1 dB) for both TE and TM polarization
inputs. The fabrication tolerance analysis has shown that our proposed PBS can work well in the
present of some fabrication errors.
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