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ABSTRACT

In this work, we address a chip-scale polarimeter in which the measurement frame remains optimal over a
wavelength range of 200 nm in the presence of Gaussian and Poisson shot noise. The optimization includes
equalized variances of each Stokes parameter, and minimal equally weighted variance. The proposed device
contains only four photodetectors, which is the minimum number required for full-Stokes reconstruction. It
includes broadband asymmetric power splitters and phase shifters. Notably, the broadband phase shifters are
designed based on the subwavelength grating waveguides.
Keywords: polarimetry, chip-level, silicon, optimization problem, photonic integrated circuit

1. INTRODUCTION
The accuracy of a polarimeter is determined by its architecture as well as the noise of the photodetector (PD).1
Due to the fact that significantly decreasing PD noise is costly, improving polarimeter performance through its
architecture is typically preferred. Recently, we reported several chip-level polarimeters that perform optimally
in the presence of Gaussian and Poisson shot noise.2–4 Our previously designed polarimeter that has six PDs is
able to maintain its optimal performance over a wide range of wavelengths.3 However, according to our previous
analyses, the division-of-amplitude polarimeters (DOAP) with four PDs have the minimum equally weighted
variances (EWV) in the presence of the same Gaussian noise.2 Due to the absence of a broadband non-90 degree
phase shifter (PS), we were unable to create a broadband optimal polarimeter with four PDs.2
Several broadband PSs have been reported, including tapered PS, asymmetric PS, and asymmetric subwavelength grating (SWG) PS.5, 6 Recently, the SWG PS has been demonstrated to be the best choice for substantially
expanding the operational wavelength range of an integrated PS.6 In our previous work, we used the conventional waveguides to generate phase differences. However, the phase difference was inversely proportional to the
wavelength. Thus, our previous four-PD polarimeter could not remain optimal over a broad wavelength range.2
Here, we propose a broadband four-PD polarimeter based on SWG waveguides. The SWG PSs used in our device
are more complicated than the conventional ones because of the need to compensate for the phase differences
generated by the asymmetric power splitter. Therefore, we will first systematically study the optical properties
of the SWG waveguide and SWG PSs. Then, we will present the various PSs that can be formed. Finally, we
will design a broadband polarimeter using these PSs.

2. WAVELENGTH-INDEPENDENT PHASE SHIFTER
In this paper, all structures are designed for the standard 220-nm-thick silicon-on-insulator (SOI) material
platform. Three-dimensional finite-difference time-domain (FDTD) simulations were performed to study the
optical properties of our devices. In the simulations, the dispersion of Si and SiO2 was taken into account. The
mesh used for our 3D-FDTD simulations was 10 nm in all directions.
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2.1 SWG waveguide
Figure 1(a) presents the schematic of the SWG waveguide. The width of the interconnection waveguide is
Win = 500 nm. We set period Λ of the grating at 200 nm. A duty cycle of 50% is applied, i.e. a = b = 100 nm.
Firstly, we set the length of the input and output tapers at LT = 3 µm. We then fixed the number of periods at
50 and changed the width W of the SWG waveguide. Figures 1(b)-(e) show the field distributions at 1550 nm
in the SWG waveguides when W = 1.3 µm, 1.5 µm, 1.6 µm, and 1.8 µm, respectively. In all these figures, the
light propagates from left to right. The higher order modes are not excited until W is larger than 1.6 µm. In
other words, the phenomenon of multimode interference in not a concern when W is smaller than 1.6 µm.
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Figure 1. (a) The schematic of the SWG waveguide. (b)-(e) are the electrical field distributions of the SWG waveguides
for W = 1.3 µm, 1.5 µm, 1.6 µm, and 1.8 µm, respectively. For all SWG waveguides, LT = 3 µm.
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Figure 2. (a) Insertion losses of SWG waveguides as a function of the number of period when W = 1.5 µm and LT = 3 µm
(W 1.5@LT 3), W = 1.8 µm and LT = 3 µm (W 1.8@LT 3), W = 1.8 µm and LT = 6 µm (W 1.8@LT 3), respectively. (b)
and (c) are the electrical field distributions of W 1.8@LT 3 when the number of period is equal to 30 and 50, respectively.

To design a PS in which the phase shift can be arbitrarily selected, multimode interference in the waveguide
needs to be avoided because it induces significant variations in the insertion loss associated the length of the
waveguide. As shown in Fig 2(a), when W = 1.5 µm and LT = 3 µm, the insertion loss is insensitive with the
number of periods. However, there is a significant change in the insertion loss associated with the number of
periods (Np ) when theLT is short and the W is wide. Figures 2(b) and 2(c) present the field distributions of the
SWG waveguide with a width of 1.8 µm and a taper length of 3 µm, when the insertion loss achieves maximum
and minimum values, respectively. The green, blue, and dark gold lines in Fig 2(a) illustrate that an increasing
LT can weaken the amount of the multimode interference.

2.2 Asymmetric SWG PS
Figure 3 is a schematic of the asymmetric SWG PS. It consists of two SWG waveguides with different widths
(WU and WL ). Here, we denote the accumulated phase difference between two SWG waveguides as Φ. GonzálezAndrade et al. used a design where WU = 1.8 µm, WL = 1.6 µm, and LT = 3 µm to achieve a broadband
90◦ phase shift between two waveguides.6 As discussed above, the SWG waveguide when WU = 1.8 µm and
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Figure 3. (a) A schematic of the SWG PS. (b) The phase difference as a function of the wavelength when WU = 1.8 µm,
WL = 1.6 µm, and LT = 3 µm.

1 0

U

1 .4 @ N p5 0
U

1 .5 @ N p5 0
U

1 .8 @ N p5 0

W
W
W

0
2

(c )

4

6

L T ( µm )

8

Φ(D e g re e )

4 0
U

1 .4 @ N p0
U

1 .5 @ N p0
U

1 .8 @ N p0

W

2 0
W
W

2

4

6
8
L T ( µm )

1 .4 @ L T 3
U

1 .5 @ L T 3
U

1 .8 @ L T 1 1

W
W

5

0
0

2 0

(d )

6 0

U

W

1 0

1 0

Φp e r p e rio d (D e g re e )

5

∆Φ ( D e g r e e )

(b )



∆Φ ( D e g r e e )

(a )

4 0
6 0
8 0
N u m b e r o f p e rio d

1 0 0

1 .5

1 .0

1 0

1 .4

1 .5
W

U

1 .6
1 .7
( µm )

1 .8

Figure 4. (a) ∆Φ as a function of LT for the architectures with different WU . (b) ∆Φ as a function of the number of
periods for the architectural with different WU and LT . (c) The phase difference caused by the taper regions as a function
of LT . (d) The phase difference per period as a function of WU .

LT = 3 µm shows a large variation in the insertion loss, depending on the length of the waveguide. Moreover,
its phase shift has a variation ∆Φ of ∼ 3◦ when the wavelength changes from 1.45 µm to 1.65 µm. Here, ∆Φ is
given by ∆Φ = max [Φ (λ)] − min [Φ (λ)].
In some cases, a completely wavelenth-independent PS (i.e., ∆Φ = 0) or a PS with other ∆Φ must be
designed. To develop such PSs, we will study the influences of WU , WL , LT , and Np on Φ and ∆Φ. In the
following simulations, we use WU − WL = 200 nm and a wavelength range of 1.45 µm to 1.65 µm.
When Np = 50, ∆Φ varies with LT for WU = 1.8 µm, 1.5 µm, and 1.4 µm, respectively, as shown in Fig.
4(a). We can observe that ∆Φ is linear with LT when there is slight multimode interference. As shown in Fig.
4(b), ∆Φ also shows a variation with the number of periods except when WU = 1.8 µm. Fig. 4(c) depicts
the variation of the phase difference caused by taper regions with LT for WU = 1.8 µm, 1.5 µm, and 1.4 µm,
respectively. The relationship between phase shift per period and WU is shown in Fig. 4(d). Figure 4 provides
information useful for designing an arbitrary PS.

2.3 Dual Asymmetric SWG PS
From Fig. 4(b), we know that when WU = 1.8 µm, ∆Φ is insensitive to the number of periods. Based on this
property, we propose a dual asymmetric SWG PSs that consists of two asymmetric SWG PS as shown in Fig.
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5(a). The second asymmetric SWG PS is used to compensate for ∆Φ of the first asymmetric SWG PS so that we
set its Np at zero. Through compensating in this way, a completely wavelength-independent PS can be achieved.
Figure 1(b) indicates that we can obtain any phase shift by changing the Np . In this section, we provide an
example of how to design a completely wavelength-independent PS using SWG waveguides. We additionally
note that arbitrary PSs can also be built using these SWG waveguides. In the following section, we demonstrate
how to design a broadband polarimeter with two different PSs.

(a)

(b)

Figure 5. (a) A schematic of the proposed dual asymmetric SWG PS. (b) The phase difference between two paths as a
function of the wavelength for different Np .

3. DESIGN OF POLARIMETER USING SWG WAVEGUIDE
A schematic of the proposed polarimeter is depicted in Fig. 6. A surface polarization splitter is used to couple
the incoming light from free space into a PIC chip. Simultaneously, two orthogonal linear polarization states
of incoming light are split into two waveguides, respectively. Then, in the PICs, the light sequentially passes
through an asymmetric power splitter and crossed coherent analyzer. For the asymmetric power splitter, the
output power ratio of the weaker paths and the relatively stronger paths are denoted by P R and (1 − P R),
respectively. We set the corresponding phase shift in two paths as ϕw and ϕs , respectively. The crossed coherent
analyzer consists of four SWG waveguides. The phase shifts of the four SWG waveguides are represented as θ1 ,
θ2 , θ3 , and θ4 , respectively.
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Figure 6. The schematic of the proposed silicon photonic polarimeter.

According to our previous work,2 when (θ1 − θ3 ) − (ϕw − ϕs ) = 2nπ ± π/4 and (θ4 − θ2 ) + (ϕw − ϕs ) =
2nπ ± 3π/4, or (θ1 − θ3 ) − (ϕw − ϕs ) = 2nπ ± 3π/4 and (θ4 − θ2 ) + (ϕw − ϕs ) = 2nπ ± π/4 (where n is an
integer), we can obtain an optimal polarimeter in the presence of Gaussian and Poisson shot noise. Here, we
select the parameters of (θ1 − θ3 ) − (ϕw − ϕs ) = π/4 and (θ4 − θ2 ) + (ϕw − ϕs ) = 3π/4 as an example
to design
√
a broadband optimal polarimeter. The optimal polarimeter also requires P R/ (1 − P R) = 2 − 3 ≈ 0.2679.
Figure 7(a) shows the P R/ (1 − P R) and (ϕw − ϕs ) of the asymmetric power splitter as a function of wavelength. The variation of the P R/ (1 − P R) is less than 0.05 over a wavelength range of 1.45 µm to 1.65 µm.
The mean and variation of the (ϕw − ϕs ) are 12.81◦ and 8.28◦ , respectively. More information about the
asymmetric power splitter can be found in our previous work.7 To compensate for (ϕw − ϕs ), the mean and
variation of (θ1 − θ3 ) should be 57.81◦ and 8.28◦ , respectively. An asymmetric SWG PS with W1 = 1.5 µm,
W3 = 1.3 µm, LT1 = LT3 = 5.4 µm, and Np1 = Np3 = 11 was selected to realize such a phase shift. As
shown in Fig. 7(b), the variation of (θ1 − θ3 ) − (ϕw − ϕs ) decreases to 4◦ after compensation. Similarly, the
mean and variation of (θ4 − θ2 ) should be 122.19◦ and −8.28◦ , respectively. To achieve a variation of −8.28◦ ,

Proc. of SPIE Vol. 11284 112841K-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 30 Mar 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

1 6

0 .3 0

1 4

0 .2 5
1 2

0 .2 0

1 0

0 .1 5
0 .1 0

8
1 .4 5

1 .5 0
1 .5 5
1 .6 0
W a v e l e n g t h ( µm )

1 .6 5

P h a s e d iffe re n c e (D e g re e )

0 .3 5

(b ) 1 8 0
P h a s e d iffe re n c e (D e g re e )

1 8

P R /(1 -P R )

( a ) 0 .4 0

( 4 -

1 3 5



2

) + ( w -



)
s

9 0
( 1 -

4 5



3

) − ( w -



s

)

0
1 .4 5

1 .5 0
1 .5 5
1 .6 0
W a v e l e n g t h ( µm )

1 .6 5

Figure 7. (a) P R/ (1 − P R) (red line), and phase difference between two output paths (blue line) of the proposed asymmetric power splitter vary with the wavelength. (b) After compensating, (θ1 − θ3 ) − (ϕw − ϕs ) and (θ4 − θ2 ) + (ϕw − ϕs )
of the proposed polarimeter vary with wavelength.

we cascaded two SWG PSs together as shown in Fig. 6. The structural parameters of the two SWG PSs were:
W21 = 1.3 µm, W41 = 1.5 µm, LT21 = LT41 = 3 µm, Np21 = Np41 = 108, and W22 = 1.5 µm, W42 = 1.3 µm,
LT22 = LT42 = 6.8 µm, Np22 = Np42 = 0. The (θ4 − θ2 ) + (ϕw − ϕs ) as a function of the wavelength is presented
in Fig. 7(b).

4. THE PERFORMANCE OF THE PROPOSED POLARIMETER
The incoming Stokes vector S can be related to the measured optical intensities by an analysis matrix W that
I = W · S,

(1)

T

T

where S = (S0 , S1 , S2 , S3 ) is the input Stokes vector, and I = (I1 , I2 , ..., IN ) is an N -dimensional vector
representing the measured intensities. The influence of noise on the measured accuracy of the polarimeter can
be described by two parameters: condition number κ and equalization factor ∆γ.2
The condition number κ is given by,
κ = kWk · kW† k,

(2)

where W† is the pseudoinverse matrix of W and k ∗ k is the matrix norm. Here, we will select Frobenius norms
to calculate the condition number.8 The influence of noise on the measurement accuracy will be√at its minimum
level when the condition number is minimized. The minimum
condition number is equal to 20 when using
√
Frobenius norms. The minimum condition number will be 3 if it is calculated by√L2 norms. As shown in Fig.
8(a), the condition number (blue line) of the proposed polarimeter keeps close to 20 over a wavelength range
of 1.45 µm
√ to 1.65 µm. In contrast, the condition number of the polarimeter using traditional waveguide PSs is
close to 20 only near 1.55 µm.
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Figure 8. (a) the condition number and (b) ∆γ of the proposed (blue line) and traditional
(red line) devices over a
√
wavelength range of 1.45 µm to 1.65 µm.√The minimum condition number is equal to 20 when using Frobenius norms.
The minimum condition number will be 3 if it is calculated by L2 norms.
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In the presence of Poisson shot noise, the variance of each Stokes parameter is sensitive to the incoming
polarization state except for when the equalization factor ∆γ is equal to zero.2 ∆γ can be obtained by,
∆γ =

3
3
 2X
1 X max
·
kui k,
γi
− γimin =
3 i=1
3 i=1

(3)

T

where ui = (Qi1 , Qi2 , Qi3 ) , and
Qij =

4 h
i2
X
†
W(i+1)n
Wn(j+1) .

(4)

n=1

As shown in Fig. 8(b), compared with the polarimeter using the traditional waveguide PSs, ∆γ of the proposed
polarimeter is insensitive to the wavelength and remains close to zero from 1.45 µm to 1.65 µm.

5. CONCLUSION
We have theoretically demonstrated the efficacy of a broadband silicon photonic polarimeter based on SWG
waveguides. The measurement frame of our proposed device can remain optimal over a wavelength range of
200 nm. The optical properties of the SWG waveguide and the asymmetric SWG PS have been systematically
studied, including insertion loss, phase shift caused by taper region, wavelength-dependence of the phase shift,
and phase shift per period. Based on these properties, two different PSs were designed to form the proposed
device. The broadband device can be integrated with four chip-level spectrometers to create an optimal spectropolarimeter.9, 10 Moreover, this also can work together with the polarization emitter to achieve a chip-scale
polarization lidar.4, 11
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