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Abstract

For connecting two distant nodes of a quantum network, the state of polarization (SOP) of

single photon pulses propagating in optical �bers is often used for quantum state transfer.

However, random birefringence in the �ber is created due to thermal �uctuations, which

causes a drifting polarization rotation on the photons and thus a loss of information.

In this work, an automatic compensation of polarization drifts in optical �bers has been

realized. Two reference light pulses with well-de�ned SOPs are sent through the optical

�ber, after which their SOPs are measured. In this way, full information about the polari-

zation transformation induced by the optical �ber is acquired. An optimization algorithm

gives feedback to a polarization controller, which allows to manipulate the polarization

rapidly by creating additional birefringences in the �ber.

The compensation procedure has been tested to reduce the polarization drifts in a 60

meter �ber over 18 hours by a factor of 30, when activated for 7.2 seconds every 10 min-

utes. Thus, it was possible to constantly maintain an overlap between the measured SOPs

and the reference SOPs of higher than 99.5%.
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1 Introduction

The realization of quantum networks is an active �eld of research leading towards quantum

communication or quantum computing, with promising applications in the future. They

provide various advantages over classical networks such as the exponential increase in the

representable states with the number of constituents [1] [2].

An elementary quantum network of two nodes has been realized at the Max-Planck-

Institute of Quantum Optics in 2012 [3], capable of sending, receiving and storing quantum

states. Several di�erent experiments such as quantum state transfer or quantum telepor-

tation have been carried out successfully [4]. Another step towards full quantum networks

is to perform remote quantum gates, which additionally allow to process and operate non-

locally on logical quantum states [5].

For an implementation of such gates, the experimental setup from Ref. [3] is planned

to be used. Two nodes are each formed by a single rubidium atom trapped in a high

�nesse cavity. Both of the atoms represent a logical qubit. For quantum state transfer, the

polarization degree of freedom of single photon pulses is used, also representing a qubit,

onto which information can be stored. The two cavities are located in di�erent laboratories

seperated by 21m and connected by an optical �ber of 60m length, enabling the single

photon pulses to travel from one node to the other.
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Figure 1.1: Light with a known SOP transmits a 60m optical �ber. After the �ber, the
Stokes parameters S1,S2 and S3, which de�ne the state of polarization (see Ch. 2.2), are
measured and the overlap of a state at time t with the initial state at t=0 is calculated.
The origin of the sudden changes at t ≈ 6.75 h and t ≈ 10.75 h is not know yet.

Fluctuations in temperature, i.e. thermal expansion, can create stress being applied to the

�ber. This changes the birefringence in the optical �ber, which leads to a random polari-

zation transformation that is slowly changing over time. In Fig. 1.1, such a polarization

drift and the overlap of a SOP at time t with he initial SOP at t = 0 is shown. In order

not to lose the information encoded onto the photonic state of polarization, these drifts

need to be compensated.

In the past, three waveplates in a rotation mount had to be adjusted by hand about

every ten minutes. In order to establish a faster way than the tedious manual procedure,

an automatic polarization drift compensation has been set up and tested in this work. The

idea for the compensation procedure closely follows Ref. [6], where a scheme for this auto-

matic procedure has been worked out, making long distance photon entanglement possible

[7]. In this thesis, a similar approach with a few adaptions is presented.



2 About Polarization

Polarization describes the spatial orientation of the oscillations of an electric wave in light.

In this chapter, the de�nition and di�erent representations of polarization as well as some

methods to manipulate polarization are introduced.

2.1 Jones Space

From Maxwells equations, it follows that the electric �eld vector E of an electromagnetic

wave is perpendicular to the direction of propagation [8, Ch. 4.6]. An arbitrary plane wave,

which propagates in z-direction, can be written as

E =


Ex(z, t)

Ey(z, t)

0

 =


Ex,0 cos(kz − ωt)

Ey,0 cos(kz − ωt+ φ)

0

 . (2.1)

Light is de�ned as being horizontally polarized, when Ey,0 = 0, and vertically polar-

ized, when Ex,0 = 0. When light consists of both these components equally, such that

Ex,0/Ey,0 = 1, its polarization is called diagonal (antidiagonal), when the relative phase

shift between the horizontal and vertical component φ = 0 (φ = π), and right circular (left

circular), when φ = −π/2 (φ = π/2). While for these cases, the electric �eld vector traced

over a full oscillation describes a straight line or a circle, the general form of polarization

is an ellipse.

The global phase and the maximum amplitude E0 =
√
E2
x,0 + E2

y,0 of the wave contain no

information about its state of polarization. Any SOP can therefore be described by the

Jones vector [6]

J =
1

E0

(
Ex,0

Ey,0e
iφ

)
=

(
cos(θ/2)

sin(θ/2)eiφ

)
with θ := 2 arctan

(
Ey,0
Ex,0

)
(2.2)

3
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and Eq. 2.1 can then be rewritten as

E = E0

(
Re(ei(kz−ωt)J)

0

)
. (2.3)

Commonly, the unit vectors are written as

|H〉 :=

(
1

0

)
and |V 〉 :=

(
0

1

)
(2.4)

representing horizontal and vertical polarization, respectively. This allows to write any

SOP as

|ψ〉 = cos(θ/2) |H〉+ eiφ sin(θ/2) |V 〉 . (2.5)

Figure 2.1: A SOP |ψ〉 is represented on the Poincaré Sphere.
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2.2 Stokes Space

The complex C2-Jones-space can be mapped to the real R3-Stokes-space. The components

of the Stokes vector are de�ned as

S =


S1

S2

S3

 :=


|〈ψ|H〉|2 − |〈ψ|V 〉|2

|〈ψ|D〉|2 − |〈ψ|A〉|2

|〈ψ|R〉|2 − |〈ψ|L〉|2

 =


cos(θ)

sin(θ) cos(φ)

sin(θ) sin(φ)

 , (2.6)

where |D〉, |A〉, |R〉 and |L〉 represent diagonal, antidiagonal, right circular and left circular
polarization [9]. In analogy to two-level-systems being visualized on the Bloch sphere, every

SOP can be mapped onto a point on the Poincaré sphere as illustrated in Fig. 2.1. The

radius of the Poincaré sphere is 1 and its center is located at the origin of the space spanned

by the Stokes vectors. For a better overview, di�erent representations of the most often

used SOPs are summarized in Tab. 2.1.

So far, only fully polarized light was considered. Unpolarized light is a mixture of di�erent

SOPs without a certain phase relation. In practice, light is always partly polarized, a

mixture of a pure SOP and unpolarized light. The degree of polarization (DOP) is de�ned

as the ratio between the intensity of fully polarized light and the total intensity. Considering

this, a SOP |ψ〉 in Jones space is given by

|ψ〉 = DOP
1
2 (cos(θ/2) |H〉+ eiφ sin(θ/2) |V 〉), (2.7)

while in Stokes space, the DOP equals the length of the Stokes vector,

DOP = |S| =
√
S2

1 + S2
2 + S2

3 . (2.8)

Therefore, Stokes vectors with a DOP of smaller than 1 lie inside the Poincaré sphere.

State in Jones space in Stokes space

|H〉 |H〉 (1, 0, 0)T

|V 〉 |V 〉 (−1, 0, 0)T

|D〉 1√
2
(|H〉+ |V 〉) (0, 1, 0)T

|A〉 1√
2
(|H〉 − |V 〉) (0,−1, 0)T

|R〉 1√
2
(|H〉+ i |V 〉) (0, 0, 1)T

|L〉 1√
2
(|H〉 − i |V 〉) (0, 0,−1)T

Table 2.1: Di�erent states of polarizations are listed with their representations in Jones
space and in Stokes space
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Figure 2.2: a) The initial SOP S is sent through a half (quarter) waveplate, which is
rotated by an angle α between horizontal polarization and the ordinary axis about the
optical axis. S is therefore rotated by π (π/2) about the rotation vector r, which lies
in the S1-S2-plane, resulting in the state Sλ/2 (Sλ/4).
b) Horizontally polarized light transmits a rotating λ/2 (red) or λ/4 (blue) waveplate.
The theoretically expected state of polarization after the respective waveplate is shown
on the Poincaré sphere for α ∈ [0, π].
It follows that half waveplates enable rotations in equatorial planes, changing from one
linear SOP to another, while quarter waveplates allow to interchange linear polarization
with circular polarization.

2.3 Polarization Transformations

2.3.1 Waveplates

Possibly the most widely used optical device for maniulating polarization is the waveplate.

It is a birefringent crystal with di�erent refractive indices for the polarizations components

parallel and perpendicular to the ordinary axis of the crystal. When light passes the

waveplate, a phase shift of ∆φ is induced between these two polarization components. By

rotating the waveplate about the optical axis, the phase shift ∆φ is induced on di�erent

orhogonal polarization components. In Stokes space, the transformation of polarization is

represented by a rotation [9, Ch. 4.6].

The thickness of a λ/x-waveplate is chosen, such that ∆φ = (2/x+ 4n/x)π, n ∈ N0 [8]. In

this setup, λ/2-waveplates and λ/4-waveplates, also called half and quarter waveplates, are

used. Their e�ects on the polarization are visualized on the Poincaré sphere in Fig. 2.2.
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2.3.2 Glan-Taylor Polarizers

Polarizers let only pass one linear polarization component. Therefore, they can be used as

creators of highly linearly polarized light or as analyzers in conjunction with a photodiode.

In this setup, Glan-Taylor polarizers are utilized for their high speci�ed extinction ratio of

100 000:1. This is a measure for the quality of a polarizer and is de�ned as the ratio between

maximum and minimum transmittance of perfectly linearly polarized light, when the po-

larizer is rotated about the optical axis. Glan-Taylor polarizers consist of two birefringent

calcite prisms, which are separated by a small air space. Light polarized perpendicular to

the transmission axis of the crystal is totally re�ected at the calcite-air-surface, whereas

light polarized parallel to the transmission axis can transmit the polarizer[10, Ch. 3].

2.3.3 Optical Fibers

Optical �bers are typically made of silica and used for a �exible guidance of light. Under

stress or because of thermal changes, birefringences appear in the optical �ber, which sim-

ilarly to waveplates lead to phase shifts being induced upon transmitted light. When light

with a �xed SOP is coupled into the �ber, the polarization of the light coupling out of it

will change depending on potential thermal �uctuations [10, ch. 10].

Polarization maintaining (PM) �bers are able to prevent the change of polarization by

introducing an intentional large birefringence in the �ber. Nevertheless, PM �bers can-

not be used for connecting the two nodes, because also circular polarizations need to be

maintained during transmission. Splitting circular polarized light into two orthogonal po-

larization components, sending them through a PM �ber, and reuniting them afterwards

does not work, because the phase between these two polarization components cannot be

maintained [6].

By applying controlled stress on a non PM �ber, a phase retardation can be induced, such

that the SOP of light passing through the �ber can be controlled very precisely. This is

the working principle of the polarization controller described in Ch. 3.5.



3 Experimental Realization

Figure 3.1: The three parts of the automatic compensation: An optical setup creating
two reference SOPs, a setup measuring the SOP, and the polarization controller, which
is integrated in the �ber connecting either the cavities A and B or the two setups
necessary for the compensation.

3.1 Working Principle

The automatic polarization drift compensation consists of three parts (see Fig. 3.1): An

optical setup preparing light with two di�erent SOPs entering the optical �ber, another

setup measuring the SOP of the light coming out of the �ber and the polarization con-

troller, which is able to correct the polarization drifts induced by the �ber. A self-written

python program is used to communicate with the needed devices, namely two shutters, the

polarimeter and the polarization controller, as well as to optimize the overlap between the

SOPs of the incoming reference polarizations and the measured SOPs of the light after the

�ber by a simple coordinate descent algorithm.

Two known orthogonal states of polarization need to be compared on both sides of the �ber

in order to get the full information about the �ber-induced polarization transformation.

Such a transformation can be expressed as a rotation R on the Poincaré sphere. If the two

8
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reference beams are in a state of polarization described by the Stokes vectors Sr1 and Sr2,

then the transformed Stokes vectors can be written as

St,1 = R · Sr,1 and St,2 = R · Sr,2. (3.1)

By measuring the two vectors St,1 and St,2, full information about the rotation matrix R

is acquired. Only one of the two above equations cannot uniquely determine R, because

there is an in�nite amount of di�erent rotation matrices rotating one vector to another.

Therefore, two reference SOPs are needed and their Stokes vectors need to be linearly

independent. This excludes the possibly intuitive choice of |H〉 and |V 〉[6]. Two perpen-

dicular Stokes vectors allow for the most accurate determination of R and thus the least

error-prone compensation. In this work, |H〉 and |D〉 are used.

3.2 Measuring Polarization

When di�erent states of polarization are compared, it is important to have a common

measure of how similar they are. For two pure states of polarization |ψa〉 and |ψb〉, the
overlap

O := |〈ψa|ψb〉|2 (3.2)

gives the probability to measure the state |ψa〉 to be in the state |ψb〉
It can be shown that in Stokes space, the overlap is given by [6]

O = cos2(
]SaSb

2
) =

1 + Sa · Sb

2
. (3.3)

If two Stokes vectors S1 and S2 are rotated to S1,r = R · S1 and S2,r = R · S2 and have

an overlap of O1 and O2 with the initial states, the minimum possible overlap Omin of all

other Stokes vectors with their rotated vectors is given by

Omin =
1 + (S1 · S1,r)(S2 · S2,r

2
) ≈ O1O2, (3.4)

which is in derived in App. A.3.

Another formula is useful, when working with polarizers as analyzers. If light is known to

have an intensity ratio r = IH
IV

< 1 between the part of light being polarized horizontally

and vertically, then its SOP can be written as |ψ〉 = 1√
1+r

(
√
r |H〉 + |V 〉 and its overlap

with perfectly vertically polarized light is given by

O = |〈ψ|V 〉|2 =
1

1 + r
≈ 1− r +O(r2). (3.5)
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3.2.1 Polarimeter

The polarimeter (Thorlabs PAX5710) that is used for measuring polarization consists of a

λ/4-waveplate, a polarizer and a photodiode. The waveplate is rotated about the optical

axis with a constant frequency, therefore periodically changing the SOP of the light, which

passes the waveplate and is incident on the polarizer. The polarizer only lets part of the

light transmit and the photodiode produces a periodic photocurrent. Making use of Fourier

analysis of this signal, the normalized Stokes parameters are calculated by the integrated

software [11].
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Figure 3.2: Flucutations in the Stokes parameters and the resulting minimum overlap
are measured over 18 hours. The initial Stokes parameters are S1 ≈ −1, S2 ≈ 0 and
S3 ≈ 0.

The speci�ed precision is ±0.25° on the Poincaré sphere, which is equivalent to a minimum

overlap of cos2(0.25°/2) = 99.9995% between two measurements of the same polarization.

In order to be sure about the quality of the polarimeter, it is tested to produce very stable

measurement results over long time periods by placing a polarizer directly in front of it

and recording the measurement results over 18 hours (see Fig. 3.2). The �uctuations in

the Stokes parameters are small, such that the overlap between the measured SOP at time

t and the SOP at t=0 is always higher than 99.9999% and thus even higher than the

speci�ed precision.
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Care needs to be taken in regard to the alignement of the polarimeter. If the beam is

incident on the polarimeter at a slightly di�erent angle, the measurement results might

change strongly. Polarizers can be used to align the polarimeter the same way in di�erent

positions A and B. For that, two di�erently rotated polarizers are successively placed

directly in front of the polarimeter positioned in A and the Stokes vectors are measured for

both polarizers. When the polarimeter is moved to B, the same two polarizers are placed

alternately in front af the polarimeter, whose alignment is adjusted, until the measured

Stokes vectors are the same as measured in A. Using this procedure, a minimum overlap

between the measurements of the same SOP in two di�erent positions of 99.9966% has

been achieved.

The polarimeter allows for di�erent settings, such as the samples to average or the rotation

frequency. In this work, the polarimeter is set to average over 5 full rotations at a waveplate

rotation frequency of 35Hz. Therefore, new measurement data is available every 150ms.

3.2.2 Measuring with Polarizers and Photodiodes

Another way to compare the SOPs before and after the �ber is implemented, using two

Glan-Taylor polarizers and a photodiode. The polarizers are �rst characterized to possess

an extinction ratio of at least 50 000 (see Appendix A.1). This high value facilitates the

following procedure. The reference polarizations are created in such a way, that they are

made extinct nearly completely directly before the �ber by one polarizer each. After the

compensation procedure, these two polarizers (PH and PD) are placed after the �ber. If

both reference SOPs are also extinguished by their respective polarizer in this position, the

compensation is cross-checked to work properly. This is performed as a consistency check

of later calculations as well as to exclude unknown error sources.
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Figure 3.3: Optical setup for creating |H〉 and |D〉 polarizations. See main text for
more details.

3.3 Creating Reference States of Polarization

Fig. 3.3 shows a sketch of the �rst part of the setup. A Glan-Taylor polarizer ensures a high

DOP, which for the high extinction ratio, can be approximated to be one. A laser beam

(780 nm) transmits the polarizer and is then seperated into two beams by a non-polarizing

beam splitter cube (NPBS). One of them passes a half waveplate, the other one a quarter

and a half waveplate. The shutters, which can be controlled by the PC, allow to choose,

which reference SOP is sent through the �ber. Utilizing two seperate beampaths allows

for a stable and repeatable way to alternately switch between the reference SOPs. The

two beams are overlapped with a second NPBS and couple into the optical �ber via two

mirrors. When the setup is integrated with the cavity setups, a �ip mirror will be used to

change between coupling photon pulses from the cavity or the reference polarizations into

the optical �ber.

The half waveplates in the short and long arm are used to change the polarization state

in such a way that horizontal and diagonal polarizations are created, respectively. They
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are furthermore aligned carefully such that the two polarizers PH and PD extinguish the

horizontal and diagonal SOP as well as possible in front of the �ber with an overlap of

OH,ref = 99.997% and OD,ref = 99.989% (3.6)

according to the calculations from App. A.2.

The polarimeter is placed directly before the �ber and the Stokes vectors are measured to

be

S1,before =


0.997

0.078

0.014

 and S2,before =


−0.031

0.999

0.008

 . (3.7)

3.3.1 Shutters

Two self-built shutters consisting of a relay glued on top of a 1/2-inch post were used

initially. If current is applied to the coil, the connector changes its position. This movement

is scaled up by a wire of about 5 cm length. At the end of this wire a quadratic piece of

black aluminum foil is glued, which can move by approximately 1 cm. This allows to totally

unblock or block the beam depending on whether current is being applied to the coil or

not. The mechanical vibrations upon opening and closing the shutter on the optical table

are tested not to disturb the cavity with the trapped atom.

Unfortunately, the relay created some problems. Upon switching the shutters, either due to

a change of the magnetic �eld or the current, voltages on the Arduino Board, responsible

for the communication with the polarization controller, were randomly induced. Thus,

the communication with the polarization controller was disturbed. Therefore, they have

been replaces by commercial Stanford Research System (SRS) shutters. No more problems

occurred while working with the SRS system.
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Figure 3.4: Setup for measuring the polarization and cross-checking the measurement.
See main text for more details.

3.4 Measurement Setup

In Fig. 3.4, the second part of the setup is sketched. Again, the �ip mirror allows to

connect either the cavity or the measurement setup to the optical �ber. A NPBS splits

the light coupling out of the optical �ber into two beams. One of them directly enters the

polarimeter, which is carefully aligned according to the description in 3.2.1. The second

beam enters a photodiode, which measures the intensity of the incident light.

Because non-polarizing beam splitters still have slightly di�erent transmission and re-

�ectance coe�cients for |H〉 and |V 〉, and additionally induce strongly di�erent phase

shifts for both these polarizations, the SOP of light is changed when transmitted through

the beam splitters.

A full compensation of this e�ect is achieved in the following way. Two polarizers creating

linearly independent SOPs are placed once before and once after the NPBS. The Stokes

vector is measured by the polarimeter for all four situations. From these measurements

and considering the e�ects of the re�ection, the polarization transformation matrixMNPBS

in Stokes space is calculated to be (see App. A.4 for details)

MNPBS =


0.991 0.111 −0.070

0.131 −0.861 0.492

−0.005 −0.497 −0.868

 . (3.8)
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Figure 3.5: Measurements of the SOP with a rotating quarter waveplate placed before
the NPBS (orange) and after it (blue) are visualized on the Poincaré sphere. The
corrected values are shown in red.

Clearly, this matrix changes horizontal and vertical polarization only slightly, whereas cir-

cular and diagonal polarization components are mixed strongly.

By applying the inverse of this rotation matrix to the Stokes vectors measured by the po-

larimeter, the initial SOP before the NPBS is known. This is tested by placing a polarizer

followed by a quarter waveplate before and after the NPBS and measuring the Stokes vec-

tors for a full rotation of the waveplate. Using a precise rotation stage, the rotation could

be performed equally both times. In Fig. 3.5, this is visualized on the Poincaré sphere. The

overlap between the corrected SOPs and the SOPs, when the waveplate is followed directly

by the polarimeter, is on average approximately 99.95% and even higher (O > 99.999%)

for the two reference SOPs. This procedure can be applied to measure the polarization

transformation of any set of optical elements. When the setup is integrated into the main

experiment, the �ip mirror and other possible optical elements can be characterized and

their polarization transformation compensated with this method.

3.5 Polarization Controller

The polarization controller (General Photonics, PCD-M02) implemented in this setup con-

sists of four piezoelectric �ber squeezers and an electric circuit board, which is used to read

the input signals for the four channels and create high voltages needed for the piezoelectric

actuators. The four squeezers are positioned at di�erent angles about the optical �ber.

When voltage is applied to any of the squeezers, the stress on the �ber creates a local
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Channel 4

Figure 3.6: A constant SOP enters the polarimeter and for each of the four channels
the voltage is increased from zero to the maximum possible voltage in steps of four
times the minimum possible voltage increment. Each measurement result is shown as
a colored dot on the Poincaré sphere
(dark red = Channel 1, blue = Channel 2, orange = Channel 3, green = Channel 4.

birefringence, such that a phase retardation between the polarization component parallel

to the plane of the squeezer, and the component pependicular to that plane is induced

[12] [13]. In Stokes space this is equivalent to a change of the angle φ (Fig. 2.1) and can

be visualized as rotations on the Poincaré sphere about rotation vectors lying in the S1-

S2-plane (see Fig. 3.6). This behaviour is similar to rotations induced by waveplates from

Fig. 2.2 with the di�erence that the phase retardation is not necessarily π/2 or π/4 but

an arbitrary value.

Three channels are needed, because with these three degrees of freedom, any rotation on

the Poincaré sphere can be realized and thus any polarization transformation can be com-

pensated. The fourth channel allows for an easier procedure of permanently changing the

SOP without the need to reset, if one of the squeezers reaches the voltage minimum or

maxium. Since typically only slight adjustments need to be done for the polarization drift

compensation, the voltage limits should not be reached and the fourth channel is not im-

portant for this work.

The full range of each of the channels is four rotations on Poincaré sphere. Because the

input signals have a 12 bit resolution (see Ch. 3.6.1), the smallest possible change of a

SOP is 4 · 360°/4096 ≈ 0.35°, which corresponds to an overlap of O ≈ 99.999% between

two nearest SOPs.
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Figure 3.7: The Stokes parameters are shown over 18 hours for two measurements.
First, the polarization controller is turned o� (straight lines) and second, a constant
voltage is applied to all four channels of the polarization controller (dashed lines).

The polarization controller is tested not to create additional polarization drifts when a

constant voltage is applied to the �ber squeezers. In Fig. 3.7, the �uctuations of the

Stokes parameters over 18 hours are seen for two di�erent situations. First, the Stokes

parameters are recorded with the polarization controller completely turned o�, and later

again with a constant voltage level being set to all four channels. The �uctuations for both

situations are of the same order of magnitude. Thus, if there are any �uctuations produced

by the polarization controller, they can be neglected in comparison to the �uctuations in

the optical �ber.

3.6 Program

3.6.1 Communcation with the Devices

Polarimeter

Thorlabs provides a software package with the necessary functions compiled in a C-library.

This is imported to Python, such that sending and recieving data to and from the po-

larimeter is possible in a Python interface.
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Polarization Controller

The four channels of the polarization controller can either be controlled via four analog

inputs or a TTL input. For this work, the TTL input is used. An on-board integrated 12

bit analog-to-DC changer translates TTL signals to voltages, which are then ampli�ed and

passed to the piezoelectrical �ber squeezers. Twelve data bits, two bits for selecting one of

the four channels, and three more bits for writing and resetting are needed. An Arduino

Due, which can be controlled by serial communication with Python, is used for sending

the 17 TTL signals to the polarization controller.

The Arduino also sends TTL signals to the Stanford Research System shutters. Thus, they

can also be switched on and o� in the Python interface.

3.6.2 Optimization Algorithm

The algorithm is a multi-dimensional minimization algorithm in the space of the four

control-voltages. The function to be minimized is de�ned as

f(Sm1, Sm2) = 1− S1 · Sm1 + S2 · Sm2

2
(3.9)

and depends on the desired Stokes vectors S1 and S2 as well as the Stokes vectors Sm1

and Sm2 measured during the compensation. S1 and S2 are calculated by multiplying the

Stokes vectors S1,before and S2,before from Eq. 3.7 with the matrix MNPBS from Eq. 3.8.

Si = MNPBS · S1,before , i ∈ {1, 2}. (3.10)

This compensates for the e�ects of the NPBS. The function in Eq. 3.9 is called error

function. It has one global minimum, when S1 = Sm1 and S2 = Sm2, and no local minima

otherwise, because it is monotonously becoming smaller, when Sm1 and Sm2 adjust more

and more to S1 and S2. Therefore it is well suited to be used as a minimization function [6].

The gradient of this error function between two sets of measured Stokes vectors vecS∆1,

S∆2 and S1, S2 when a voltage di�erence of ∆V is applied, is given by

g(S∆1,S∆2,S1,S2) =
f(S∆1, S∆2)− f(S1, S2)

∆V
. (3.11)

In App. A.3, it is shown that for the minimum overlap from Eq. 3.4 the following inequality

holds:

Omin & 1− f. (3.12)

Therefore, the error function gives a lower bound for the error of the compensation.
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Algorithm 1: This pseudocode gives an overview of the compensation procedure.

See main text for a detailed description.

input : max. iteration steps I, limit ε, stepsize ζ, voltage increment ∆V , desired

Stokes vectors S1 and S2

1 if �rst compensation then

2 set voltage of four channels to Vi = 0.5Vmax

3 while iterations < I do

4 for i=1,2,3,4 do

5 measure Sm1

6 switch reference SOP

7 measure Sm2

8 calculate error=f(Sm1,Sm2)

9 if four successive errors < ε then

10 end compensation procedure

11 set voltage of channel i to Vi + ∆V

12 measure S∆2

13 switch reference SOP

14 measure S∆1

15 calculate gradient G = g(S∆1,S∆2,S1,S2)

16 set voltage of channel i to Vi = Vi −G · ζ
17 iterations+=1

The chosen optimization algorithm is a cyclic coordinate descent algorithm [14]. An

overview is given in Alg. 1. After initializing the connections to the devices, when com-

pensating for the �rst time, all four channels are set to half the maximum possible voltage

Vmax. Otherwise, the voltages stay as they are. Every iteration begins with measuring

the current Stokes vectors after the �ber for both reference SOPs. The error is calculated

according to Eq. 3.9. If the errors of this iteration and the three iterations before are

below a previously set limit ε, the compensation is ended. If not, the voltage of the current

channel is increased slightly by ∆V and the two Stokes vectors are measured again. From

the four measured Stokes vectors the gradient can be calculated according to Eq. 3.11.

Next, the voltage for this channel is decreased by the product of gradient and a de�ned

stepsize ζ. This procedure is repeated until the condition in line 9 of the code is ful�lled

or a maximum number of iterations is reached.
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Additional changes to the parameters stepsize ζ and increment ∆V can be implemented,

if the error function is in a certain range. For example, the increment ∆V should be de-

creased, when the error function becomes small, in order to search for the minimum in a

closer area.

If at any time a voltage limit is reached, this channel is simply set to the mid of the volt-

age range again. Because the full range for each channel of the polarization controller is 4

rotations on the Poincaré sphere, and only slight deviations need to be compensated, this

should happen only very rarely.

One iteration takes approximately 1.5 seconds. The main constraint is that before record-

ing new measurement data, a delay of 0.3 s is needed for the shutters to close and for new

voltages applied to the �ber squeezers to take its e�ect. This includes the measurement

time of 0.15 s of the polarimeter. The minimum possible delay time is found by switching

between both reference SOPs or by setting two di�erent voltages alternately to one of the

channels of the polarization controller, and taking new measurement data after waiting for

a time t. Only for times t ≥ 0.3 s, the measurement results remain constant in both cases.

Since there are four measurements to be taken in each iteration, this makes up 1.2 seconds

of the iteration time. Most of the rest of the time is necessary for the communication with

the devices.

Di�erent parameters for the algorithm have been tested. Well working settings are for

example: ζ = 2.4 · 10−3V 2
max and ∆V = 12 · 10−3Vmax. The latter is equivalent to 5 times

the smallest possible voltage increment and thus corresponds to a rotation of about 1.75°

on the Poincaré sphere. The ending condition ε can be chosen accordingly to the desired

accuracy. Typically, the error function can easily converge to values below 0.01 but not

necessarily below 0.001.



4 Results and Conclusion

The compensation setup is tested in di�erent ways. First, the cross-check using the po-

larizers and the photodiode is carried out successfully. Second, the general convergence to

any desired SOPs is probed. Last, the results of the compensation procedure applied to its

actual purpose, compensating the polarization �uctuations in a 60m �ber, are presented.

4.1 Measurement Cross-Check

The Stokes vectors S1 and S2 after correcting for the polarization transformation of the

NPBS (Eq. 3.10) are handed to the minimization algorithm as the desired output SOPs.

The compensation procedure is activated and results in a �nal error function value of

f = 0.0026 (Eq. 3.9). Next, the polarizers PH and PD (see Ch. 3.2.2) are placed successively

directly after the �ber and the intensities of the transmitted light are measured with the

photodiode, which is integrated in the measurement setup. According to the deriviation

in App. A.2, the overlap between the SOPs after the �ber with perfect horizontal and

diagonal polarizations is calculated to be

OH ≈ 99.83% and OD ≈ 99.94%. (4.1)

Considering the non-ideal creation of the reference polarizations, the minimum overlap is

thus

Omin ≈ OHODOH,refOD,ref = 99.76% (4.2)

(Eq. 3.4 and Eq. 3.6). This is in good agreement with the error function, which indeed

serves as a good approximation for the minimum overlap, since Eq. 3.12 reads

99.76% = Omin & 1− f = 99.74%. (4.3)

21
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This shows that the e�ects upon polarization of optical elements in between the �ber

and the polarimeter are taken into account correctly and additionally that the di�erent

estimations for errors and overlaps are self-consistent.

0 10 20 30 40 50 60
Iterations

10−2

10−1

100

Er
ro

r
fu

nc
tio

n

95thpercentile
90thpercentile
70thpercentile
50thpercentile
30thpercentile
10thpercentile
Average

Figure 4.1: The compensation procedure is activated 343 times, each time aiming for
di�erent output SOPs. The di�erent percentiles show the part of all compensation runs
that have a smaller value of the error function than the respective lines. Additionally,
the average is plotted (black, dashed line).

4.2 Convergence of the Algorithm

The convergence of the algorithm is tested by activating the compensation procedure with-

out any abortion condition for 343 times, while each time, di�erent desired vectors S1 and

S2 are given to the algorithm and 60 iterations are performed. This is done by apply-

ing uniformly distributed rotation matrices to the initially measured Stokes vectors. In

Fig. 4.1, the average as well as di�erent percentiles of the error function over the number

of iterations are shown. On average and in more than 90% of the tries, the error function

decreases to below 0.01. Less than 5% of the compensation runs did not converge properly.

One of the possible reasons for this is that for this measurement the shutters were used,

which sometimes cause problems with the communication with the polarization controller.
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Also, since integer numbers need to be applied to the polarization controller, the algo-

rithm in some situations might not change the voltage because the measured gradient is

too small. Finally, there are some well known general limitations to the coordinate descent

algorithm [15].
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Figure 4.2: The compensation procedure is activated every 10 minutes. The measured
Stokes parameters of both reference polarizations after the �ber are shown as well as
their minimum overlap with the initial state.

4.3 Compensation of Polarization Drifts

Finally, the compensation is applied to its actual task, maintaining the desired SOP of

light transmitting a 60m �ber for long time scales. From Fig. 1.1 or Fig. 3.7, an average

drift in overlap of 0.8% per hour can be inferred. A suitable time interval between two

successive compensation procedures is therefore 10 minutes, preventing large polarization

drifts but providing enough time in between for the actual experiment to be performed.

An abortion condition of ε = 0.01 is set. An adjustment to the algorithm is that every

procedure will at least do 5 iterations. The resulting Stokes parameters and the drift of

the calculated minimum overlap of a SOP at time t with the initial state at time t = 0 is

plotted for a measurement over 17.5 hours in Fig. 4.2.
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Figure 4.3: Same as Fig. 4.2, but only the �rst 4 hours are shown. In the �rst 2.5
hours, every 10 minutes, a compensation procedures causes one of the sharp edges.

The larger drift during the �rst hour is not compensated completely but remains in the

allowed range of f < ε = 0.01, sinceO > 99% (see also Fig. 4.3 for a closer view). Therefore,

the procedure stops after the minimum number of 5 iterations, which on average takes 7.2

seconds. From hour 1 to hour 2.5, when the drift is smaller, still only 5 iterations are

performed, but this time, one compensation procedure improves the overlap more than it

is worsened during 10 minutes of polarization drift. This leads to an increasing overlap over

several compensation runs. From hour 2.5 on, the overlap is kept at a level of O > 99.84%.

This shows that a smaller limit of for example ε = 0.002 can be set in future experiment.

This would increase the number of iterations performed every 10 minutes, but on the other

hand, this would likely result in an overlap of higher than 99.8% over the full time. Already

with the mentioned imperfect settings, the compensation in a proof-of-principle experiment

can suppress the drift of the overlap by a factor of 30 from 15% to 0.5% taking up only

1.2% of the full time.
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4.4 Discussion and Outlook

Apart from the sudden changes in the polarization �uctuations (see Fig. 1.1 or Fig. 3.7),

which need further investigation, several adaptions can be made to the automatic polari-

zation drift compensation.

Possible Improvements of the Algorithm

First of all, the algorithm can be improved from the simple coordinate descent algorithm

as implemented so far. This straightforward approach provides the advantage that any

occurring problems can be understood and solved more easily for a �rst test of the com-

pensation setup. The disadvantage, however, is the possibly slow convergence rate of the

algorithm [15]. Also the parameters of the algorithm should be adapted to the current

value f of the error function. While for large f , a relatively big stepsize and voltage incre-

ment is needed in order to advance quickly to the direction of the minimum, for small f ,

the stepsize and voltage increment need to be decreased such that no oscillations around

the minimum appear.

Implementing a di�erent minimization algorithm such as the Downhill-Simplex or Powell's

method could speed up the compensation and increase its accuracy. With additional in-

formation about the scale of the limiting error sources in the quantum gate experiment,

the used algorithm can be additionally specialized in either speed or accuracy.

Furthermore, the delay times before taking new measurement data can be shortened. The

waveplate in the polarimeter can be driven at a higher rotation frequency and less samples

can be taken to average. Thus, new measurement data is available faster. Of course, too

little samples to average might decrease the precision of the polarimeter. The other con-

straint is the time needed to send data to the polarization controller and let the applied

voltage take its e�ect as well as time needed to switch the shutters. From the experience

in this work, this is already at its limit.

Reaching for Higher Overlaps

Currently the algorithm is the limiting factor for the maximum possible overlap. When

higher overlaps of O > 99.9% need to be achieved, the alignement of the polarimeter and

the compensation of the e�ects of the �ip mirror might be the limitations and should

be performed very precisely. The methods proposed in this work are still suited for this

requirement.

Additionally, the stability and repeatability of the �ip mirror needs to be characterized

well. Not only the coupling e�ciency of the reference polarizations could su�er but also
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the accuracy of the polarimeter. If the �ip mirror does not reproduce its position precisely,

the beam is re�ected di�erently and the polarimeter measures di�erent values for the same

SOP.

The DOP, which is adequately approximated to be one for the current overlaps O ≈ 99.9%,

might also need to be considered for higher desired precisions. If the DOP decreases when

transmitting the �ber, this also reduces the minimum overlap between the SOP before and

after the �ber.

Furthermore, it is worth to think about implementing a separate reference beam on the

side of the �ber with the measurement setup, in order to check the polarimeters calibration

in certain time intervals. As an alternative, a second polarimeter can be used to ensure

that the polarimeter implemented in the setup measures properly.

Conclusion

Even without these improvements, the setup in this work is tested to highly suppress

polarization drifts in an optical �ber. Thus, it is su�cient to be implemented as-is in the

remote quantum gate experiment and enable a stable link between the two nodes of the

quantum network.



A Appendix

A.1 Characterization of Polarizers

The minimum extinction ratio of the Glan-Taylor polarizers, which is speci�ed to be at

least 100.000, is measured to be higher than 50 000 using two of the polarizers (in the

following called A and B). First, A is positioned in a beam of already linearly polarized

light and rotated about the optical axis until the transmission measured by a photodetector

is maximized. B is placed in between A and the photodiode and rotated until the measured

intensity is maximized (Imax). Then A is rotated by approx. 90° about the optical axis

until the measured intensity of the light after both polarizers is minimized (Imin). For

this, the integrated switchable gain of the photodiode is employed as intensities in a range

from nanowatts to microwatts need to be measured. Let both polarizers have the same

transmission of light polarized parallel (t||) and perpendicular (t⊥) to the transmission

axis with extinction rate e =
t||
t⊥

> 1 and the initial incident light was mainly vertically

polarized (Iv) and partly horizontally polarized (Ih). Because

Imax = Ivt⊥t⊥ + Iht||t|| and Imin = Ivt⊥t|| + Iht||t⊥, (A.1)

the ratio can be written as

r :=
Imax
Imin

=
Ive

2 + Ih
Ive+ Ihe

. (A.2)

Since r < e and Iv � Ih, the measured ratio r gives a lower bound for the extinction value

e & r.

This way, for the polarizers used in this setup, an extinction ratio greater than 50.000 is

con�rmed.

27
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A.2 Measuring a SOP with a Polarizer and a Photodiode

A polarizer and a photodiode are used to acquire the overlap O between the SOP of

the analysed light and the SOP of light being linearly polarized perpendicular to the

transmission axis of the polarizer.

From Eq. 3.5 already follows the overlap, when the ratio r = Imin
Imax

< 1 of the intensities of

the part of light being polarized perpendicular and parallel to the polarizers transmission

axis is known. This formula needs to be adjusted for the non-in�nite extinction ratio

e =
t||
t⊥
> 1 of the polarizer. By rotating the polarizer about the optical axis and measuring

the minimum and maximum possible intensity (I ′min and I ′max) of the transmitted light,

the ratio m of these two is

m =
I ′max
I ′min

=
t||Imax + t⊥Imin

t⊥Imax + t||Imin
=

e+ r

1 + er
. (A.3)

It follows that r is given by

r =
em− 1

e−m
, (A.4)

which can be inserted into Eq. 3.5. Clearly, this reduces to r = m for e → ∞, i.e. for a

perfect polarizer.

For large ratios m, the maximum intensity I ′max can be estimated by measuring the total

intensity without the polarizer and multiplying this value with the maximum possible

transmittance, which is measured to be t|| ≈ 0.93%. This is useful, because the de�ning

polarizers PH and PD do not have to be turned.

A.3 Calculation of the Minimum Overlap

After a compensation, the respcective overlaps of the measured Stokes vectors with the

desired Stokes vectors are known . But any other initial state might have a smaller overlap

with its transformed SOP. Therefore, it is important to know the minimum possible overlap

of any SOP for a certain transformation.

Let the overlap between the two reference SOPs SH and SD and the transformed SOPs S′H

and S′D be OH and OD respectively. If the transformation T is composed of the rotations

RH and RD about the S2-axis and the S1-axis, the overlap of a third SOP S3 with its

transformed SOP S′3 is smallest, when it is orthogonal to the two others, e.g. right circular

polarized: S3 = SR. Each of the two reference polarizations are only a�ected by one



A.4. Calculation of the Polarization Transformation Matrix 29

rotation, whereas the orthogonal Stokes vector is changed by the accumulated e�ect.

The rotations can be written as

RD =


1 0 0

0 cos(εD) − sin(εD)

0 sin(εD) cos(εD)

 and RH =


cos(εH) 0 sin(εH)

0 1 0

− sin(εH) 0 cos(εH)

 , (A.5)

where εH/D is de�ned as

εH/D = arccos
(
SH/D · S′H/D

)
. (A.6)

With Eq. 3.3, the overlap between the initial SOP and the transformed SOP of SR can be

calculated as

Omin = OR =
1 + (T · SR) · SR

2
=

1 + cos(εH) cos(εD)

2
=

1 + (SH · S′H ∗ SD · S′D)

2
, (A.7)

which reproduces the �rst part of Eq. 3.4. The second part follows for large overlaps close

to one, because

OHOD & OH +OD − 1 (A.8)

and thus

Omin = 1 + 2OHOD −OH −OD & OHOD. (A.9)

Eq. A.8 also leads so Eq. 3.12:

Omin & OH +OD − 1 = 1− f. (A.10)

A.4 Calculation of the Polarization Transformation Matrix

Given two vectors S1 and S2 and their rotated vectors

SR
1 = R · S1 and SR

2 = R · S2, (A.11)

the rotation matrix R is found by decomposing it into two individual rotations,

R = R2 ·R1. (A.12)

R1 denotes a rotation that aligns S1 to SR
1 independently of the vectors S2 and SR

2 . The

second matrix, R2, rotates S
′
2 = R1 ·S2 to SR

2 about the axis SR
1 , therefore not changing

the already well aligned vector R1 · S1.
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In order to compute R1 and R2, Rodrigues' rotation formula is used, which calculates the

matrix M that performs a rotation by an angle α about an arbitrary unit vector v. With

v =


v1

v2

v3

 ; T =


0 −v3 v2

v3 0 −v1

−v2 v1 0

 , (A.13)

M is given by

M = I + sin(α)T + (1− cos(α))T · T, (A.14)

where I denotes the 3 × 3 identity matrix.

R1 can thus be computed with the two above equations using

v =
S1 × SR

1

|S1 × SR
1 |

and α = arccos

(
S1 · SR

1

|S1| · |SR
1 |

)
. (A.15)

Similarly, R2 is a rotation about the axis

v =
SR

1

|SR
1 |

by an angle α = arccos

(
S′

2,⊥ · SR
2,⊥

|S′
2,⊥| · |SR

2,⊥|

)
(A.16)

and can also be calculated with Eq. A.13 and Eq. A.14. Here, S′
2,⊥ and SR

2,⊥ are the

respective parts of S′
2 and SR

2 that are perpendicular to SR
1 .

In this way, R, as the product of R1 and R2, performs the unique rotation that simul-

taneously aligns both S1 to SR
1 and S2 to SR

2 .
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