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Measuring the states of polarization (SoP) of light is fundamentally important for applications ranging from communication, sensing, spectroscopy, imaging, to navigation. Superconducting nanowire single-photon detectors (SNSPDs)
are ideal detectors of choice for faint-light detection and measurements, but SNSPDs themselves cannot resolve the
SoP of photons. Here, based on a fractal SNSPD, we demonstrate a full-Stokes polarimetric measurement system that
can measure arbitrary SoP of faint light. The measured SoPs are in excellent agreement with those of a state-of-the-art
commercial polarimeter, but the sensitivity of our system reaches −86.6 dBm, which is 26.6 dB better than that of the
commercial counterpart. As a direct application, we further demonstrate remote polarimetric imaging (i.e., polarimetric
LiDAR) with a complete set of polarimetric contrast. © 2022 Optica Publishing Group under the terms of the Optica Open
Access Publishing Agreement
https://doi.org/10.1364/OPTICA.451737

1. INTRODUCTION
Polarization is a fundamental property of light, which describes
the vectorial nature of the electrical-field oscillation and represents
a degree of freedom of light, in addition to its frequency, intensity, and spatial and temporal modes [1]. In nature, some insects
can sense the states of polarization (SoP) of scattered sunlight or
moonlight in atmosphere for navigation [2,3]. In scientific and
technological applications, polarization measurements have been
widely used in the telecommunications [4], imaging [5], spectroscopy [6], sensing [7], quantum entanglement [8], navigation [9],
and astronomy [10,11]. Therefore, polarimetry has been extensively explored [5,7,12–18]; in particular, a significant amount of
recent research effort has been focusing on making in-line and integrated polarimeters using metasurfaces [15], metallic plasmonic
structures [17,19], and integrated photonic circuits [13,14]. In
the faint-light regime and photon-starved applications, traditional
polarimetry would not be competent due, mainly, to the limited
sensitivity of the photodetectors. Single-photon detectors, for
example, silicon single-photon avalanche diodes (SPADs), have
been used in polarimetric observations and studies of black holes
and pulsars [10,11], and they have also been used in airborne and
space-based polarimetric LiDARs [20,21].
Superconducting nanowire single-photon detectors (SNSPDs)
have in recent years attracted tremendous research interest, since
they were invented in 2001 [22]. Now they have outperformed
2334-2536/22/040346-06 Journal © 2022 Optica Publishing Group

other photon-counting technologies at infrared telecommunication wavelengths, and they are considered ideal detectors of choice
for faint-light detection and measurements, with their sensitivity
down to the single-photon level. They have been widely used in
applications ranging from quantum-key distribution [23], quantum computation [24], LiDAR [25], to biomedical sensing [26].
Although SNSPDs exhibit the merits of high system detection
efficiency (SDE) [27–30], high counting rate in the free-running
mode [31], low dark count rate (DCR) [32], and low timing jitter
[33], these detectors themselves cannot resolve the SoP of light or
photons. Recently, Sun et al. made progress along this avenue and
successfully demonstrated a four-quadrant polarization-sensitive
SNSPDs for resolving linear SoP and imaging at the wavelength
of 1550 nm [12]. However, to date, full-Stokes polarimetric
measurements for arbitrary SoP of light in the faint-light regime
using SNSPDs are still absent. Full-Stokes polarimetric measurements are important because, for example, in remote sensing and
imaging, scattered light or echo photons from the objects are not
necessarily in the linear SoP, but, generally, they could be elliptically polarized, partially polarized, or even unpolarized. Accurate
measurements of arbitrary SoP in the faint-light regime can help
obtain more types of polarimetric contrast and reveal rich information about the structure, material composition, and texture of the
objects, as well as the orientations of surfaces [5], and therefore they
would have broad application space.
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In this paper, we demonstrate photon-counting full-Stokes
polarimetric measurement of arbitrary SoP on and inside the
Poincaré sphere, using a single-element fractal SNSPD [34–37]
with low polarization sensitivity. The measured SoP show excellent
agreement with those measured by a Thorlabs polarimeter, but
the sensitivity of our polarimetric system has reached −86.6 dBm,
which is 26.6 dB better than the state-of-the-art commercial one.
As a direct application, we further demonstrate remote full-Stokes
polarimetric imaging at the telecommunication wavelength using
a time-multiplexed scheme [8] and obtain images with a complete
set of polarimetric contrast as well as time-of-flight (ToF) depth
contrast. We believe that this work could impact many relevant
fields and applications including remote sensing, meteorology, and
imaging, where polarimetric measurements play the central roles.
2. MEASUREMENTS OF STOKES PARAMETERS
The method of our measurement is the division-of-amplitude
(DoA) polarimetry [18], which generally consists of two steps:
(1) measurement and determination of the instrument matrix F of
the DoA optical system and (2) measurement of the count rates by
the SNSPD and determination of the full-Stokes SoP of the input
faint light.
Figure 1(a) presents the schematics of the experimental setup,
which consist of two parts: (1) the DoA optical system, shown in
the purple dashed box, and (2) the polarization-insensitive fractal
SNSPD system [34–37]. The input light was from a femtosecond
fiber laser, with a repetition rate of 82 MHz, a central wavelength
at 1560 nm, and average optical power of 17 dBm. After attenuated and collimated, the input light entered the DoA optical
system and was split into four channels. Without attenuation, its
SoPs were directly measured by a commercial polarimeter from
Thorlabs (PAX1000IR2/M), whose dynamic range was from −60
to 10 dBm, according to its specification [38]. A piece of singlemode fiber (SMF) after the first beam splitter (BS) was for spatial
filtering, which was necessary for polarimetric imaging as we will
present later. Four linear polarizers (P) were placed between the
collimators and the beam splitters with orientation angles of 0◦ ,
90◦ , 45◦ , and 135◦ . The 0◦ axis is horizontal and in parallel with
the optical table. A quarter-wave plate (QWP) was used between
the beam splitter and the 135◦ polarizer, with its fast axis aligned
to 0◦ . The four channels were combined into a single-mode fiber
by a 4 × 1 fiber coupler and then were sent into the fiber-coupled
fractal SNSPD.
The fractal SNSPD, made of NbTiN, was the key element in
our setup, and it featured high SDE, low polarization sensitivity,
and high timing resolution [34,35]. The fractal design aimed to
eliminate the polarization dependence of SDE that commonly
used meandering SNSPD exhibited [27–30] while preserving
other major merits of SNSPDs. The reduced polarization sensitivity originated from the fractal topology of the nanowires.
Figure 1(b) presents its false-colored scanning-electron micrograph
(SEM) and the equivalent electrical circuit [34]. The white dashed
box shows a second-order Peano fractal structure, and the entire
device is composed of 64 such structures, electrically connected
into a 16 cascaded unit, each with a two superconducting nanowire
avalanche photodetector (16-2SNAP) [34]. The chip was etched
into a keyhole shape for self-aligned packaging. For this particular device, Fig. 1(c) presents the polarization-maximum SDE
(SDEmax ) and polarization-minimum SDE (SDEmin ) at the base
temperature of 2.1 K, at the wavelength of 1560 nm, and with false

Vol. 9, No. 4 / April 2022 / Optica

347

counts subtracted. The fractal SNSPD was biased at 19.17 µA
throughout this work; at this bias current, SDEmax = 69.9%,
SDEmin = 68.4%, the resulting polarization sensitivity was 1.02.
Section I in Supplement 1 details the characterization of this fractal
SNSPD system.
First, we determined the instrument matrix F of the DoA optical system. To do so, we used 18 polarization states on the Poincaré
sphere with known (measured by the Thorlabs polarimeter) Stokes
vectors Xi′ = [1, S1′i , S2′i , S3′i ]T (i = 1, 2, ..., 18), including linear polarization states as well as left- and right-handed circular
and elliptical polarization states [16]. For each polarization, we
measured and calculated the normalized optical power in the
i
i
i
four output ports Yi = [ P̃0i , P̃90
, P̃45
, P̃135
]T (i = 1, 2, ..., 18),
using the setup presented in Fig. S2 (see Section II in Supplement
1), where P̃ ji (i = 1, 2, ..., 18, j = 0, 45, 90, 135) is the optical power of output ports P ji , normalized to optical power of
input light Pini . In these measurements, Pini was controlled
to be between 0.14 and 10.75 dBm. We obtained F by solving the least-squares problem Yi = FXi′ (i = 1, 2, ..., 18).
The concrete expression of F is presented in Eq. S1 (see
Section II in Supplement 1). To evaluate the accuracy of
F, we recalculated Xi = [1, S1i , S2i , S3i ]T by F−1 Yi = S0i Xi
′
and compared Xi with
q X i . We use the distance between Xi
2

2

2

and
X′ i ,
1i = (S1i − S1′i ) + (S2i − S2′i ) + (S3i − S3′i )
(i = 1, 2, ..., 18), to quantify the error. We found that the
error is within 0.03; or, on
√ average, the error of each S parameter is approximately 1/ 3 = 0.017 (Table S1 in Section II in
Supplement 1).
Then we used the experimental setup in Fig. 1(a) to measure
the Stokes parameters, in particular, in the faint-light regime
where the Thorlabs polarimeter became incompetent due to
its limited sensitivity. We further attenuated the input light by
approximately 70 to 80 dB so that Pini was controlled to be between
−80.17 and −85.16 dBm. Table S2 of Supplement 1 lists the
count rate of the fractal SNSPD at each polarization state. The
integration time was 5 s for measuring the completely polarized
light and 10 s for measuring the partially polarized and completely
unpolarized light. We alternatively measured the count rates of
each of the four channels with the other three channels blocked,
obtaining the vector Yi = [CR0i , CR90i , CR45i , CR135i ]T .
The Stokes vector of the input light at the wavelength of 1560 nm
was calculated by F−1 Yi = S0′i [1, S1′i , S2′i , S3′i ]T = S0′i Xi . To test
the effectiveness of our method, we generated 50 SoP, including
completely and partially polarized states as well as the unpolarized state. Section III in Supplement 1 details the method
for generating these states. We compared the Stokes parameters S1i , S2i , S3i (i = 1, 2, ..., 50) measured by the SNSPD
polarimetric system and S1′i , S2′i , S3′i (i = 1, 2, ..., 50) measured by the Thorlabs polarimeter. Figure 2 presents the results,
and the full data set is presented in Section IV in Supplement
1. We quantified the difference between Xi = [1, S1i , S2i , S3i ]T
and Xi′ = [1, q
S1′i , S2′i , S3′i ]T by once again using the dis2

2

2

(i =
tance 1i = (S1i − S1′i ) + (S2i − S2′i ) + (S3i − S3′i )
1, 2, ..., 50). The largest distance was 0.12. Or, to better compare with other polarimeters reported in reference [19], on
average,
within
√ the error on each S parameter is approximately
1/ 3 = 0.069. q
Based on the Stokes vectors X and X′ , we calp
culated DoP = S12 + S22 + S32 , DoP′ = S1 ′2 + S2 ′2 + S3 ′2 ,
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Fig. 1. Full-Stokes polarimetric measurements of faint light using a fractal SNSPD. (a) Schematics of the experimental setup. The instrument matrix
F of the division-of-amplitude optical system in the purple dashed box was measured. The count rates of four channels, labeled as 0◦ , 90◦ , 45◦ , and 135◦ ,
were measured alternatively. The figure shows the configuration to measure the count rate in channel 0◦ with other three channels blocked. VOA, variable optical attenuator; BS, beam splitter; SMF, single-mode fiber; QWP, quarter-wave plate; P, linear polarizer. (b) False-colored scanning-electron micrograph and equivalent electrical circuit of the fractal SNSPD. (b1) A false-colored scanning-electron micrograph of the fractal SNSPD. The white dashed box
shows a second-order Peano structure. The arrows show the direction of the flow of the supercurrent. (b2) Equivalent electrical circuit of the fractal SNSPD.
(c) Measured polarization-maximum and minimum system detection efficiency (SDE) of the fractal SNSPD at the wavelength of 1560 nm.

S1, S1

(a)

1
0.5
0
-0.5
-1
0

S2, S2

(b)

S 3 , S3

(c)

SNSPD
Thorlabs

1
0.5
0
-0.5
-1

10

20

30

40

10

20

30

40

50

SNSPD
Thorlabs
0

1
0.5
0
-0.5
-1

50
SNSPD
Thorlabs

polarization states and the unpolarized state. The AoPs in these
cases are not well defined because, theoretically, S1 = S1′ = 0 and
S2 = S2′ = 0. To measure the sensitivity of the SNSPD polarimetric system, we kept decreasing the optical power of the input
light. We found that the error 1 increased as the power decreased;
see Section V in Supplement 1. We calculated the average error 1̄
of the 50 SoP measurements and the standard deviation σ , and
we defined the sensitivity as the optical power at which the error
becomes 1̄ + 3σ . The sensitivity of the SNSPD polarimeter was
measured to be −86.6 dBm.
3. POLARIMETRIC IMAGING
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Fig. 2. Measured Stokes parameters (a) S1 , S1′ ; (b) S2 , S2′ ; and (c) S3 ,
S3′ by the SNSPD polarimetric system and the Thorlabs polarimeter.
Note that light measured by the SNSPD polarimetric system was further
attenuated by approximately 70 to 80 dB. These SoPs include completely
polarized states, partially polarized states, and an unpolarized state.

p
p
DoLP = S12 + S22 , DoLP′ = S1 ′2 + S2 ′2 , DoCP = |S3 |,
DoCP′ = |S3 ′ |,
AoP = 0.5 arctan(S2 /S1 ),
and
AoP′ =
′
′
0.5 arctan(S2 /S1 ) as presented in Fig. S6 in Section IV in
Supplement 1. We found excellent agreement between the measurements using the SNSPD polarimetric system and those using
the Thorlabs polarimeter, except for the AoP for the circular

As a direct application of the photon-counting polarimeter, we
reconfigured the experimental setup to perform polarimetric
imaging as schematically shown in Fig. 3(a). The femtosecond
fiber laser was still used as a light source. After split by a 90/10 fiber
coupler, one channel, with 10% of light, went through a variable
optical attenuator (VOA) and was detected by a fast photodetector.
Its output provided the start signal for the time-to-amplitude
converter (TAC). The other channel, with 90% of light, was collimated. The collimated beam passed through a linear polarizer
and a 50/50 BS. It was steered by a beam-steering mirror (BSM)
and illuminated the object, which was 3.5 m away from the BSM.
Therefore, the setup was essentially configured as a polarimetric
LiDAR. After replacing the mirror in Fig. 1(a) with the BSM in
Fig. 3(a), we still assumed that the instrument matrix F for the DoA
optical system in the purple dashed box remained the same. The
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as the stop signal for the TAC. The bin size of the TAC was set to be
4 ps. The light spot size at the object was approximately 5.2 mm,
the step size of the raster scanning in the x −y plane was 2 mm, and
the dwell time for each pixel was 500 ms. Figure 3(b) presents an
example histogram of the coincidences accumulated for 500 ms
and the full widths at half-maxima of the Gaussian fitting to those
peaks are between 48 and 51 ps.
Our experimental setup allows us to simultaneously obtain
images with a full set of polarimetric contrast as well as ToF images.
The first object we used is a dolly duck with its hairy body, a pair
of plastic glasses, a cloth jacket, a metallic key and a chain, and a
polyamide hat. The dolly duck was sitting on a plastic file box,
and the background plate was made of bonded foam. Figure 4(a)
shows the ground-truth photograph. Figures 4(b)–4(f ) show the
normalized intensity (i.e., S0 /S0max ), CR0 (the photon counts with
false counts subtracted in 500 ms in channel 0◦ ), DoLP, DoCP,
and AoP images, respectively. More polarimetric images with other
types of contrast are presented in Section VI in Supplement 1.
In Fig. 4(g), we fused the DoP and ToF images. We can see that
the polarimetric as well as ToF images reveal rich information
about the materials, texture, surface orientations, and profile of the
object. For example, the body of the dolly duck exhibits relatively
low DoP (and therefore, low DoLP and DoCP), showing the hairy
feature that depolarizes light. In contrast, the plastic glases, the
metallic key, and the chain show high DoP as well as DoLP, making
them easy to be identified. We note that in Fig. 4(g) some points
show DoP slightly larger than 1, due to the measurement error of
the instrument matrix F.
Polarimetric imaging provides additional contrasts in some
applications in which ToF imaging fails. As an example, the second
object we used is a papercut showing a Chinese character “Fu”
(meaning good luck and good fortune) attached to a board. The
thickness of the papercut was measured to be 0.2 mm, too thin to
be resolved by ToF. Figure 5(a) presents the false-color DoP image,
clearly showing the papercut. In comparison, in the ToF image
presented in Fig. 5(b), the papercut is not recognizable. Section
VI in Supplement 1 presents additional polarimetric images with
other types of contrast as well as the ground-truth photograph.

Fig. 3. Schematics of the division-of-amplitude polarimetric imaging
system with a fractal SNSPD. (a) Schematics of the experimental setup.
(b) An example histogram of the coincidences. VOA, variable optical
attenuator; PD, photodetector; BS, beam splitter; BSM, beam-steering
mirror; SMF, single-mode fiber; P, linear polarizer; QWP, quarter-wave
plate; TAC, time-to-amplitude converter.

reflected light from the object went back and was coupled into a
collimator connecting with the SMF for spatial filtering. We used a
time-multiplexed scheme [8] to perform photon counting for four
channels. To temporally separate the light in four channels, we used
optical fibers with lengths of 1, 5.2, 10, and 15.5 m as delay lines.
Light in four channels was combined by the 4 × 1 fiber coupler.
After going through a VOA, light was sent to the fiber-coupled
fractal SNSPD system. The output of the SNSPD system worked
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Fig. 4. Full-Stokes polarimetric and time-of-flight (ToF) images of a dolly duck. (a) Photograph; (b) false-color normalized intensity image; (c) falsecolor CR0 image; (d) false-color DoLP image; (e) false-color DoCP image; (f ) false-color AoP image; (g) fused DoP and ToF image.
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Fig. 5. Polarimetric and ToF images of a papercut attached on a board.
(a) DoP image of the papercut. (b) ToF image of the papercut.

4. CONCLUSION
In summary, we have demonstrated full-Stokes polarimetric
measurements and imaging at the wavelength of 1560 nm using
a fractal SNSPD. The full-Stokes measurements of SoP of light
showed excellent agreement with those of the state-of-the-art
commercial polarimeter; however, our system exceeded in its sensitivity by 26.6 dB, reaching −86.6 dBm. For imaging, the full set
of polarimetric contrast provided important information about
the texture, materials, and surface orientations of the objects and
presented objects that ToF imaging fails to discern.
We believe that this work will not only find direct applications
in remote sensing and metrology, but also, based on this work,
several extensions are possible to further enhance the functionality
of the system and broaden its application space: (1) An array of
polarization-insensitive fractal SNSPDs can be integrated with
metasurfaces to avoid using the free-space optics so that the insertion loss could be minimized, the sensitivity could be further
enhanced [19], and the footprint and weight of the optical setup
could be reduced. Waveguide-integrated SNSPDs [39,40] can be
combined with the miniature polarimeters based on integrated
photonic circuits [13,14] to similarly minimize the insertion loss
and reduce the footprint and weight of the optical setup. (2) The
system can be further extended to a longer-distance one, maybe
also for applications in foggy environment and underwater [7].
(3) The system, after necessary reconfiguration, can be applied
in polarimetric microscopy [5]. (4) Polarimetric imaging can be
extended to other technologically interesting wavelengths, thanks
to the broad-spectrum single-photon sensitivity of SNSPDs.
(5) Computational imaging and deep learning can be combined
with this photon-counting polarimetric imaging system to find
more applications [41,42].
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