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Outline
• Introduction
• Performance in presence of noise

• Full-Stokes polarimeters in silicon photonics
• Spectropolarimeter on a silicon chip 
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Parallel processing of 
polarization & intensity
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Samuel P. Smithers et al., SCIENCE ADVANCES, 2019.
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Polarization conveys some unique information
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Astronomy: magnetic field 
distribution 

Material: optical 
constant

Target detection: identify the 
object from the background



Stokes polarimetry: measurement principle
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Stokes polarimetry: influence of noise
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𝐒 = 𝐖- + 𝐈

rank (𝐖-) = 4, full-Stokes vector can be reconstructed

𝐒′ = 𝐖- + (𝐈 + ∆𝐈) ∆𝐒 = 𝐖- + ∆𝐈

∆𝐈 is Gaussian noise:
∆𝐒
𝐒

≤ 𝐖- + 𝐖
∆𝐈
𝐈
Condition number:

Minimum value  3

∆𝐈 is Poisson noise:
(∆𝐈)𝟐 ∝ I
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Stokes polarimetry: optimal frame
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∆𝜸 = 𝑬(∆𝐒 ∆𝐒 𝑻) 𝒎𝒂𝒙 − 𝑬(∆𝐒 ∆𝐒 𝑻) 𝒎𝒊𝒏

𝜅 : condition number

Gaussian noise

Poisson noise:

Measurement frame:

[1] M. R. Foreman, A. Favaro, and A. Aiello,  Physical review letters 115, 263901 (2015).

A polyhedron can be built



Polarimeters in silicon photonics: why?
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• Large
• Expensive
• Non-portable

• Compact
• Low-cost
• Portable
• COMS-compatible
• Low power consumption



Polarimeters in silicon photonics: how? 
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Polarimeter with 6 photodetectors
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[1] Lin Z, et al. Optics express, 2019, 27(4): 4867-4877.

APL Photonics ARTICLE scitation.org/journal/app

FIG. 11. (a) is the SEM image of the improved device. (b)
and (c) are the enlarged SEM images of APS and 2-port
SPS, respectively. (d) The measured results of our device
and their corresponding input SoPs at the wavelength of
1550 nm.

condition number. The regular tetrahedron is a spherical 2-design39
with N = 4, which has been proven not able to realize noise variance
equalization except for two particular orientations [i.e., the tetrahe-
drons are shown in Fig. 12(c)]36 in the presence of Poisson noise.
However, this limitation can be broken via the regular octahedron,
which is the simplest spherical 3-design. The regular octahedron
presented in Fig. 12(d) is one example: when rotated to another
orientation, it remains such a property.36

FIG. 12. The measurement frames for (a) the proposed SiP-4PD-DOAP without
the APS, (b) the polarimeter given by Savenkov,35 (c) the proposed SiP-4PD-
DOAP with the APS (including Wb and Wb ′ ), and (d) the optimally conditional
SiP-6PD-DOAP.21 The vertexes of the polyhedrons are located on the surface of
the Poincaré sphere.

All the polyhedrons shown in Figs. 12(c) and 12(d) can realize
a minimal and equalized Poison noise variance but suffer from dif-
ferent additive Gaussian noise. Here, we examine the impact of the
detection numberN on the total variance of the four Stokes channels
(termed equally weighted variance, EWV). Consider the cases of Pla-
tonic polyhedrons. The optical power received by each PD is propor-
tional to S0/N (i.e., the DOAP and the division of time polarimeter,
DOTP, which is used in the scenario of “photon-starved”). In these
cases, the analysis matrixW has the following properties:36

∀ i (i = 1, 2, . . . , N), Wi1 = 1
N (16)

and

WTW = 1
3N

�����
3 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

�����
, (17)

whereWT is the transpose ofW.
For AWGN, EWVadd is given by40

EWVadd = σ2n ⋅ Tr��WTW�−1�, (18)

where σ2n is the variance of the additive noise and Tr(∗) means the
sum of the elements on the main diagonal (the diagonal from the
upper left to the lower right) of ∗. Based on Eqs. (17) and (18), we
can obtain that

EWVadd = 10Nσ2n . (19)

For Poisson noise, EWVPoi has the following expression:40

EWVPoi =W11 ⋅ S0 ⋅ Tr��WTW�−1�. (20)

Based on Eqs. (16), (17), and (20), we can obtain that

EWVPoi = 10S0. (21)

From Eq. (19), we can know that in the presence of the additive
noise, EWVadd increases withN. Therefore, the regular tetrahedrons
in the two specific orientations are the best architectures [Fig. 12(c)].

APL Photon. 4, 100806 (2019); doi: 10.1063/1.5098492 4, 100806-7

© Author(s) 2019



Polarimeter with 6 PDs: experiment
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300 μm



Polarimeters with 4 PDs
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Equally Weighted Variance (EWV):

Gaussian noise:

Poisson noise:

Number of intensity measurements

The advantage of  6 intensity measurements to 4 intensity measurements:

Less photodetectors

4 PDs
∆𝜸 = 𝟎, 𝜿 = 𝟑

Division of amplitude

Optimal performance



Polarimeters with 4 PDs: design
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Only 
Two Matrices

κ = 3
∆𝛾 = 0

PR/(1-PR)=2- 3
Splitting ratio

[1] Wei Shi, et al. APL Photonics 4.10 (2019): 100806.
[2] Z. Lin and W. Shi, “Broadband, low-loss silicon photonic Y-junction with an arbitrary power splitting ratio,” Optics Express 27, 14338–
14343 (2019).



Polarimeters with 4 PDs: experiment
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Polarimeters with 4 photodetectors
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Root-mean-square=0.147Root-mean-square=0.081

Optimal General 

[1] Wei Shi, et al. APL Photonics 4.10 (2019): 100806.



Spectropolarimeter
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spectrometer



Integrated spectrometers
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Fourier transform 
spectrometers

Nat Commun 2018, 9, (1), 665

2W tuning

AWG 
spectrometers

Many PDs
Resolution-BW trade-off

Digital FTS

Complex control

Nat Commun 2018, 9, (1), 4405.

Optics Letters 2019, 706 (5).

Spatial heterodyne 
FTS



Spectropolarimeter : design of spectrometer
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Spectropolarimeter : design of spectrometer
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Spectropolarimeter : prototype
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Calibration of the spectrometer
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Performance of the spectrometer
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Characterization of a chiral material
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Summary
• Ultra-compact full-Stokes polarimeter using a CMOS-compatible 

fabrication process. 
• The optimal frame (in presence of both Gaussian and Poisson noises) is 

achieved, for the first time, in a silicon photonic circuit.

• Spectropolarimeter: on-chip probing information carried by both 
wavelength and polarization

• Promising for a broad application thanks to their compact footprint, 
low power consumption, low cost, and robustness
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Spectropolarimeter : design of spectrometer
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Advantage:
Small footprint, low power consumption

Problem:
(1) the inverse relationship between the size 
and free spectral range (FSR)

FSR=50 nm Diameter = 2 μm

(2)
∆𝜆 = I

JKLL
× NJKLL

NO
∆𝑇

1 nm 10 ºC

50 nm 500 ºC
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Broadband and optimal polarimeter
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Broadband and optimal polarimeter

Gaussian noise Poisson noise



Introduction
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Had been studied for a 
long history

[1] Wehner, R. J Exp Biol 2001, 204, (Pt 14), 2589-96.
[2] Wang, X.; Yan, X.; Lv, G.; Fan, T. Infrared Physics & Technology 2013, 58, 5-11.

Color (Frequency) 

Polarization state

Intensity

Stokes vector is used to 
describe the polarization 

since 1850s 


