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Protecting Quantum Modes in Optical Fibers
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Polarization-preserving fibers maintain the two polarization states of an orthogonal basis. Quantum
communication, however, requires sending at least two nonorthogonal states and these cannot both be
preserved. We present an alternative scheme that allows for using polarization encoding in a fiber not
only in the discrete, but also in the continuous-variable regime. For the example of a helically twisted
photonic crystal fiber, we experimentally demonstrate that using appropriate nonorthogonal modes, the
polarization-preserving fiber does not fully scramble these modes over the full Poincaré sphere, but that
the output polarization will stay on a great circle; that is, within a one-dimensional protected subspace,
which can be parametrized by a single variable. This allows for more efficient measurements of quantum
excitations in nonorthogonal modes.
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I. INTRODUCTION

Modern communication technology based on light as
the information carrier has proven to be an invalu-
able tool for transmitting large amounts of data at high
speeds [1–3]. The effective transfer of this information
is achieved by modulating some of the parameters of the
radiation, most often amplitude or phase. But the unavoid-
able vector nature of light cannot be neglected and, in
practice, can also affect the performance. For example,
in fiber-based systems [4], small stress-induced birefrin-
gence varying along the fiber leads to polarization mode
dispersion (PMD) [5,6], which ultimately limits the data
rate [7].

For a standard fiber, PMD leads to a wandering of
the excited mode of light over the whole Poincaré
sphere [8–11], so that after a sufficiently long propagation
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the probability of finding the mode at a particular point
is equally distributed over the whole sphere, as sketched
in Fig. 1. This is usually called polarization scrambling.
To overcome this problem, polarizing-maintaining fibers
(PMFs) were developed [12]. They preserve two polariza-
tion eigenmodes, which defines the axis SE of the Poincaré
sphere. In this way, the polarization mode is scrambled
only along a circle perpendicular to SE .

Most commonly, PMFs preserve linear polarization by
having largely differing propagation speeds for two orthog-
onal polarization modes, so that there is no cross-coupling.
In this way, one gets two different information channels
for classical communication without limitation by PMD.
PMFs that preserve circular polarization work similarly,
although these fibers are considerably more difficult to
obtain.

In quantum communication, the situation is different.
An essential ingredient is the possibility to discriminate,
in the simplest case, two nonorthogonal states [13]. These
could be nonorthogonal modes in amplitude, phase, or
polarization. The corresponding type of measurement is
relevant for significant tasks in, e.g., quantum key dis-
tribution (QKD) [14,15] and in entanglement-swapping
protocols [16]. Since amplitude modulation is generally
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FIG. 1. Polarization evolution in an optical fiber plotted on the Poincaré sphere. Left panel: standard fiber, where PMD leads to
wandering of the state of light over the whole sphere. Right panel: PMF with axis SE is defined by the eigenmodes of the fiber. The
evolution occurs along the circle perpendicular to SE containing the initial state.

less reliable and phase modulation requires a very stable
local oscillator to recover the signal, polarization modula-
tion is often the preferred choice [17]. Although a variety
of techniques are at hand, one has to demodulate the sig-
nal, which requires measuring all three Stokes parameters.
Determining the three Stokes parameters introduces two
units of quantum noise due to the attempt to measure
noncommuting variables simultaneously [18,19]. Thus,
searching the whole sphere complicates the detection by
introducing an unavoidable quantum penalty [20,21].

One may think of resorting to a PMF to avoid this extra
noise. If one uses a linear PMF (with axis SE = S1), and
if one chooses the initial state on the great circle defined
by SE , then estimating the signal requires only measur-
ing in a certain linear combination of S2 and S3, that is
elliptical polarization in general. If one had, however, a
fiber-preserving circular polarization (with axis SE = S3),
then measuring one certain linear polarization would be
enough, which is much preferable from an experimen-
tal point of view. Either way, the advantage is clear:
this would require simultaneous measurement of only two
Stokes parameters, which introduces only one unit of quan-
tum noise. Moreover, if one calibrates the system with a
bright signal in one of the preferred modes immediately
before sending the quantum states in these modes, one
could determine which Stokes parameter to measure, and
then no extra units of quantum noise are added.

Since measuring only linear polarization provides
experimental advantages, a preference for PMFs preserv-
ing circular polarization is obvious for quantum informa-
tion processing. These fibers are commercially available;
a typical example are spun fibers [22]. However, for
those found in the market, the single-mode cutoff wave-
length is greater than 1 µm, which seriously limits their

applicability. Therefore, finding robust broadband PMFs
would be of great advantage for many applications.

In this paper we want to set the stage for encoding
nonorthogonal polarization states in a fiber without having
to pay the quantum noise penalty. To this end, we consider
a special type of fiber, i.e., a helically twisted photonic
crystal fiber (PCF), which has been successfully fabricated
in our laboratory and meets the above-mentioned require-
ments. Theoretical analysis has already demonstrated the
favorable capabilities of these fibers [23–25]. Here, we
report on the experimental demonstration of their ability
to preserve circular polarization with the required preci-
sion and on the opportunities open for improving quantum
protocols.

II. HELICALLY TWISTED PHOTONIC CRYSTAL
FIBER

PMFs usually work based on the principle of optical
retardance. The geometry and layout of the fiber help
in maintaining certain polarization states. For instance,
commercially available PMFs can maintain only linear
polarization states polarized along one of the principal axes
of the fiber. This is done, e.g., by introducing stress bars
along one lateral axis of the fiber during fabrication to
induce a difference in the refractive index. This accentuates
the relevance of the alignment of the incoming polarization
with respect to the PMF axes.

Another kind of PMF is the spun optical fiber, which
introduces circular retardance in the fiber through the use
of stress bars spiraling along the core in propagation direc-
tions [26–28]. As the name suggests, this fiber maintains
circular polarization states while systematically rotating
linear polarization, depending on the circular retardance.

054080-2



PROTECTING QUANTUM MODES. . . PHYS. REV. APPLIED 19, 054080 (2023)

FIG. 2. Circular birefringence as a function of wavelength for
the twisted PCF, calculated by finite-element modeling based
on the SEM dimensions. Insets: (left) SEM of the twisted PCF
microstructure; (right) calculated mode field profile at 808 nm.

As already heralded before, the single-mode cutoff wave-
length of commercially available spun fibers is greater than
1 µm, which limits their applicability.

The emergence of PCFs had, and is continuing to
have a tremendous impact on the field of photonics
by offering enhanced modal confinement. It also offers
a widely engineerable group-velocity dispersion, larger
range of birefringence, and the possibility of single-mode
guidance over a broad wavelength range, opening the
door to alternative applications in telecommunications and
beyond [29]. Recently, twisted PCFs (see Fig. 2) were
introduced, providing additional advantages, such as opti-
cal activity and coreless guidance [30].

The twisted PCF in our case is fabricated from fused
silica using the standard stack-and-draw technique, and the
twist (period 3.6 mm) is created by spinning the preform
during fiber drawing. A SEM of the fiber microstructure is
shown in the top left inset of Fig. 2. It consists of a regular
hexagonal array of hollow channels with a diameter d =
1.6 µm and interhole spacing � = 5.2 µm. Since d/� <

0.43, the fiber is single mode over a very broad wavelength
region. The fiber outer diameter is 240 µm, and the axis of
rotation coincides with the center of the fiber.

The circular birefringence �nCB = |n+ − n−| is shown
in Fig. 2 as a function of wavelength. It has been computed
in COMSOL Multiphysics using the finite-element method
to solve Maxwell’s equations in a helicoidal coordinate
system [31] based on the SEM micrograph of the fiber
microstructure. The calculated �nCB is 8 × 10−7 refrac-
tive index unit (RIU) at 808 nm. The calculated mode
field profile at 808 nm is also shown in the top right inset

of Fig. 2. It has an effective area Aeff = 19.2 µm2. For
comparison, a commercial panda-type single-mode PMF
is also studied in the experiment. It has a 4.5 µm core
diameter and the single-mode cutoff wavelength is 700 nm.
The fiber has two round stress elements, which are posi-
tioned on opposite sides of the fiber core. This induces
stress along one lateral direction of the fiber, resulting in
a linear birefringence �nLB in the order of 10−4.

III. POLARIMETRIC ANALYSIS

To understand the optical properties of the two fibers, we
perform a Mueller matrix measurement [32]. An input light
beam of homogeneous polarization is transmitted through
the fiber under study. The polarization state of the trans-
mitted light is a function of the fiber optical properties
and the input polarization state. Input and output polar-
ization states are defined by Stokes vectors Sin and Sout,
respectively [33]. Each Stokes vector consists of four com-
ponents S = (S0 S1 S2 S3)

� (the superscript � denotes the
transpose), with

S0 = IH + IV, S1 = IH − IH ,

S2 = ID − IA, S3 = I+ − I−,
(1)

where I is the intensity of light projected onto the corre-
sponding polarization states with horizontal and vertical
(H and V), diagonal and antidiagonal (D and A) or left-
and right-handed circular (+/−) polarization.

The output and input states are related by the linear
relation [33]

Sout = MSin, (2)

where the 4 × 4 Mueller matrix M , with elements mij ,
contains information about the optical properties of the
fiber under investigation, such as attenuation, diattenua-
tion, and birefringence, which can be extracted by using
decomposition techniques [34–37]. For an unambiguous
determination of the Mueller matrix, different input polar-
ization states, and their respective output states must be
recorded. The projected polarization states can be recorded
by various techniques such as a combination of a polar-
izer and a rotating quarter-wave plate (QWP) or by
using a fixed polarizer together with liquid-crystal variable
retarders [38].

For our experimental setup, sketched in Fig. 3, a laser
emitting at a wavelength of 808 nm is used. The light is
coupled into the fiber under test. The output light is col-
limated using a collection lens. The Stokes vector of the
laser beam before entering the fiber is set to Sin, while the
Stokes vector of the transmitted beam after fiber is given
by Sout. A commercial polarimeter (Thorlabs PAX5710) is
used to record the complete Stokes vector before entering
and after transmission through the fiber.
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FIG. 3. Experimental setup used for polarimetric analysis of the twisted PCF and PMF. Different input polarization states are gener-
ated by the polarization state generator, using a fixed polarizer and liquid crystal variable retarders (LCVRs). Via an applied voltage,
the retardance of the LCVRs can be controlled independently and without changing the in-coupling alignment. An aspheric focusing
lens of numerical aperture (NA) 0.1 is used to couple light into the fiber. The transmitted light, which has traveled a distance l along
the fiber, is then collected using a second lens of NA 0.1. A convex lens and camera with an 8-bit dynamic range are used to image the
fiber end. This helps in making sure that light is guided through the core of fiber. The Stokes vectors of input and output polarization
states are recorded using a commercial polarimeter.

To change the input polarization states, as required
for a complete Mueller matrix retrieval, a fixed polar-
izer together with two liquid-crystal variable retarders
(LCVRs) are utilized. The retardance induced by the
LCVRs can be controlled by applying a voltage across
the cells. By using LCVRs, any beam shifts or deflection
introduced by moving or rotating polarization elements are
avoided, hence keeping the fiber coupling unaffected. In
our technique, six different input polarization states are
generated by aligning the optical axis of the liquid crystals
at 45◦ and 22.5◦, respectively, and using a combination of
different retardances, as shown in Table I [39].

We perform a numerical analysis of the experimental
data to extract the Mueller matrix of each investigated
fiber. The noise in the Stokes vector is calculated over 400
recorded data points. In this study, we are mainly inter-
ested in the retrieval of the circular and linear retardance
of the fibers δCB and δLB. This information is present in the
elements m12, m21, m23, m32, derived from the coherency
matrices and Stokes vector relation [34–37]. Consequently,
we perform a polar decomposition of the extracted Mueller
matrix [34]. This operation helps to untangle the required
optical properties by mathematical operations. Subse-
quently, to calculate the respective circular and linear
birefringence �n we use the following relations:

�nCB = δCBλ

2π l
, �nLB = δLBλ

2π l
, (3)

where l is the length of the fiber, λ the wavelength, and
δCB and δLB are the circular and linear retardances, respec-
tively, calculated from the experimental Mueller matrix.

The extracted birefringence values for the two fibers are
shown in Table II. The measurements are taken for dif-
ferent lengths of the fibers. The results shown here are
retrieved after phase wrapping. The experimental errors
have been estimated using standard uncertainty propaga-
tion and the measured variances in the Stokes parameters.
The table confirms a dominant linear birefringence for
the PMF, while the twisted PCF shows a strong circular
birefringence.

As a result of their respective birefringences, the two
fibers preserve linear (SE = S1) and circular polarization
states (SE = S3), respectively. In Fig. 4, we plot the input
and output states for both fibers on the Poincaré sphere.
As shown in the right panel, the twisted PCF maintains
circular states very well. The minor deviations are a con-
sequence of imperfections in the fiber, which also results
in a residual linear birefringence (see Table II). It should
be noted that, unlike PMF, the coupling of light to the

TABLE I. Generated polarization states resulting from different
retardances set at LCVR-1 and LCVR-2 in our setup.

Retardance LCVR-1 Retardance LCVR-2

State � = 45◦ � = 22.5◦

H λ λ

V λ/2 λ

D λ λ/2
A λ/2 λ/2
+ λ/4 λ

− 3λ/4 λ
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TABLE II. Optical properties of twisted PCF and PMF. Experimental errors are enclosed in parentheses.

Twisted PCF PMF

80 cm 4.6 m (coiled) 2 m 5 m (coiled)

Circular Experiment 7.79(4) × 10−7 8.18(7) × 10−7 1.02(6) × 10−8 1.94(10) × 10−8

birefringence Simulation 8.00 × 10−7 8.00 × 10−7 — —
Linear Experiment 8.20(2) × 10−8 1.46(4) × 10−7 3.00(3) × 10−4 4.18(7) × 10−4

retardance Spec. sheet — — 3.50 × 10−4 3.50 × 10−4

twisted PCF is rotationally invariant, because it has no
principal axes in the transverse plane, easing the alignment
procedure drastically. We can also observe in Fig. 4 that a
linearly polarized input state coupled into the twisted PCF
is rotated along the equator of the Poincaré sphere (S1 − S2
geodesic).

As discussed in the Introduction, the twisted PCF pre-
serves only the two polarization eigenstates of the fiber
(±), so that SE = S3 (see Fig. 1). This implies that a
linearly polarized input state is not scrambled into other
polarizations, such as elliptical or circular, but stays lin-
early polarized. The effect of the twisted PCF is merely
a rotation of the polarization direction. Consequently, lin-
early polarized light is only scrambled along the S1 − S2
geodesic. Hence, the measurement task reduces to mea-
suring one certain linear polarization. As stressed before,
this might be of paramount importance for the QKD appli-
cations since any arbitrary linear input polarization can be
retrieved by evaluating output linear polarization using just
an analyzer.

Many commercially available fibers for preserving
circular polarization states are made by spinning linearly
birefringent fibers. The presence of linear birefringence
has the consequence that the spun fiber does not exhibit
pure circular birefringence [40]. In contrast to previous
works on twist-induced circular birefringence, the PCF
with sixfold rotational symmetry has zero linear birefrin-
gence, provided the structure is perfectly formed [41]. The
twisted PCF’s pure circular birefringence and single-mode
guidance over a broad wavelength range makes it very
convenient for several applications [25]. Since the twisted
PCF is made from a single material (fused silica), it also
provides very stable thermal performance.

Given the experimental numbers for the different types
of birefringence, one should also estimate the coupling
to other modes. The period between coupling between
different modes depends on the difference in the effec-
tive index, which is on the order of Bm ∼ 10−6. This
gives a beat length of LB = λ/Bm = 0.8 m. The power
oscillating between the modes depends on the overlap
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FIG. 4. Experimentally recorded polarization states (input and output) red for the PMF (l = 5 m, coiled; left panel) and for the
twisted PCF (l = 4.6 m, coiled; right panel). The red arrows indicate the direction of the polarization transformation. The data shown
is normalized to the length (l) of the fiber considering multiple retardation cycles. The two orthogonal input (output) polarization states
are plotted on the Poincaré sphere as symbols in red (blue) circles. Right (+) and left (−) circularly polarized input states are preserved
for the twisted PCF, while H and V input polarization states are preserved for the PMF at the output. It is also pertinent to highlight
that unlike twisted PCF, the PMF is sensitive to the alignment of incoming polarization state to the fiber axis. Any deviation results in
polarization beating at the output.
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integral between the modes [42], which in this case we can
estimate to be 7.66 × 10−12 at 808 nm. This is a low value,
indicating that coupling to other modes should be very low
for this fiber.

In the left panel of Fig. 4 it also can be seen that for the
PMF naturally only linear H and V polarization modes (or
the ones parallel to the optic axes of the fiber) are main-
tained, confirming that SE = S1. This again implies that
the input polarization mode is not scrambled all over the
sphere but only along the great circle defined by SE . Hence,
it is going to be scrambled in one-dimensional subspace.
However, in this case, the measurement requires measur-
ing in a certain linear combination of S3 and S2 (elliptical
polarization) and, thus, a combination of QWP and ana-
lyzer is required. From the experimental results, it can also
be inferred that the alignment of the incoming modes with
respect to the optical axes of the PMFs is very crucial
for maintaining polarization states, constituting a major
problem in practical applications, such as fiber-based com-
munication systems. Also in systems not using polarization
as the parameter for encoding information, the discussed
polarization stability and alignment insensitivity can be
experimentally very valuable, too.

The advantages of twisted PCFs in terms of polariza-
tion measurement and single-mode guidance over a broad
wavelength range, make them ideal candidates for versa-
tile point-to-point QKD communication systems. It would
be interesting to investigate their performance in terms of
quantum, thermal, and vibration-based fluctuations. Based
on those results, the current twisted PCF design could then
be fine tuned to match the needs required for alternative
quantum communication systems.

IV. CONCLUDING REMARKS

In summary, we show that PMFs are advantageous for
transmitting quantum states in certain modes, in particular,
if these modes are not the preserved ones. The advantage
is demonstrated for twisted PCFs because this eases the
experiment. For this purpose, we experimentally investi-
gate the optical properties of twisted PCFs with regard to
their suitability for quantum communication protocols. We
demonstrate that they have the ability to maintain circular
polarization with the required fidelity and to systematically
rotate linear polarization modes, leading to potential appli-
cations involving polarization-encoding schemes. This is
in contrast to standard PMFs, which preserve certain lin-
ear polarization modes (if properly aligned with their two
main axes) and also limit the scrambling to a great circle,
but which have the disadvantage that on this great circle
one finds all types of polarization: linear, elliptical, and
circular. This is a clear disadvantage for the experimental
implementation.

Moreover, twisted PCFs are rotationally invariant to
incoming polarization states, further easing their utilization

in real-world setups. Together with their broadband oper-
ation and the stable thermal performance, these advan-
tages render them very useful for robust polarization-based
applications. However, it should be noted that also in sys-
tems utilizing encoding methods other than polarization,
the studied polarization stability and alignment insensi-
tivity can be very advantageous. These special properties
of twisted PCFs might be highly beneficial for QKD
applications.
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