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Abstract: This study presents a theoretical model for polarisation manipulation using electronic polarisation controllers (EPCs)
based on fibre squeezing. A method to calculate the EPC configuration in order to transform between two arbitrary states of
polarisation (SOP) is presented. After, a technique to deterministically generate four SOPs for use in polarisation-encoded
quantum communication systems is proposed. Moreover, the effectiveness of the proposed technique is experimentally
assessed through the generation of two pairs of orthogonal SOPs. The experimental implementation used an field
programmable gate array (FPGA) board to electrically control the four waveplates of the EPC, reaching a rate of 500 qubit/s.
Results show that this polarisation generation process is intrinsically stable, demonstrating its potential for practical

implementations of polarisation-encoding quantum key distribution systems using the BB84 and B92 protocols.

1 Introduction

Communication security is of strategic importance as our sensitive
personal financial and health data, as well as commercial and
national secrets, are routinely being transmitted through the
telecommunication infrastructure. For instance, an optical signal
can be easily tapped, once the physical access to the optical fibre is
available, thus exposing the data of millions of users and billions of
applications to theft or manipulation [1]. Therefore, it is getting
more important, in addition to protecting computer systems and
personal devices, to also Dbetter safeguard our network
infrastructure against data leakage and unexpected service outages.
In this regard, the unique features of quantum physics enable
quantum key distribution (QKD) technology to promise
unconditional security [2].

When using single photons to encode the quantum states,
different physical properties can be selected for encoding [3, 4].
Usually, QKD systems employ polarisation- or phase-encoding
schemes, with the former presenting some practical advantages
over the latter, namely in free-space optics applications. This has to
do with the difficulty to maintain the state-of-polarisation (SOP) of
an optical signal when travelling in an optical fibre due to the
existence of an intrinsic residual birefringence. This residual
birefringence arises in standard single-mode fibres due to loss of
circular symmetry. In practice, such loss of symmetry may result
either from a non-circular geometry of the fibre core or from other
mechanisms associated with the material anisotropy, likewise
asymmetric stresses [5]. In turn, those extrinsic mechanisms make
fibre birefringence to change randomly over time, reflecting the
environmental conditions, which may request for polarisation
rotation compensation schemes [6, 7].

The feasibility of QKD over optical fibres has been investigated
and developed, with promising results in terms of reach, key-rates,
and practical implementation [8, 9]. In this context, a major effort
has been made to develop robust and stable polarisation encoding
and decoding unities [10], envisioning its application in QKD
systems implementing mainly the BB84 or the B92 protocols [11,
12]. In this context, several polarisation modulation schemes have
been proposed to generate fast and stable polarisation states [13,
14]. Active SOP generators and receivers can be implemented
using Pockels cells [15], using electro-optical polarisation
modulators [16] or squeezing the fibre [17]. Besides that,
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polarisation modulation schemes can be obtained with optical
switches, where an optical signal is split in N arms in order to
define N different states of polarisation (SOP) [9, 12].
Alternatively, optoelectronic phase modulators were also employed
for SOP generation without the need to split the signal [14, 18].
Nevertheless, in order to improve the stability of the SOP
generation and detection stages in the QKD systems, fibre based
Sagnac interferometers were proposed using phase modulators [10,
19]. In [20], a polarisation modulation scheme based in an
inherently-stable Sagnac interferometer is presented. That scheme
is free of polarisation-mode dispersion and calibration process, and
it is insensitive to environmental influences. Recently, a self-
compensation scheme was proposed based also in a fibre Sagnac
loop [21]. Nevertheless, due to the complex experimental
implementation of fibre-based Sagnac loops, in [14] authors
present a simple configuration to implement a polarisation-
encoding and -decoding QKD system using two in-line phase
modulators. More recently in [22], authors present a QKD
polarisation-based scheme using only a single-phase modulator and
a passive detection scheme with two single-photon detectors.
Despite the key properties discussed for the dedicated and more
customised solutions, it is worth mentioning that the use of
electronic polarisation controllers (EPCs) devices can represent a
viable solution [17]. In particular, it presents advantages such as
the plug and play versatility, low insertion loss and low cost, small
size, or wavelength insensitivity.

This paper expands our previous work [23], where we proposed
and demonstrated a technique for the polarisation encoding process
in QKD systems employing fibre-squeezing-based EPCs. Using
this technique, we experimentally demonstrate a field
programmable gate array (FPGA)-assisted generation of four SOPs
at a frequency of 500 Hz. Results show that this technique is
suitable for polarisation-coding stages in BB84 and B92 QKD
protocols. The approach consists of using the three first waveplates
(WPs) of an EPC in order to rotate the input SOP to a defined
position. This allows the fourth WP to generate the four different
SOP when loaded with four different voltages, delivering four
retardation angles, corresponding to four different SOPs. By
integrating the EPC driving input voltages into the FPGA board we
can centralise the quantum codifying system along with other
optical signal modulation sub-systems, thus reducing the
complexity of the transmitter side.
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Fig. 1 Evolution of the SOP in EPCs comprised by the concatenation of

fixed-angle WPs

(a) Schematic diagram of SOP rotations in the Poincaré sphere induced by a linear
retarder, assuming two particular orientations for the fast axis of each device: 6 = 0°
and 0 = 45°, (b) Concatenation of four WPs that can be used to control the SOP,
whose principal axes have a relative angle orientation of 6 = 45° between each other

S1

Fig. 2 Schematic diagram of input and output representation in the Stokes
space's si5, plane. Two output notice that the distance x corresponds to the
right hand side of (4)

2 Theoretical EPC's WP model

This section presents a mathematical description of the EPC's WP
and a model to easily compute the EPC configuration, i.e. the input
voltages, in order to transform between an arbitrary input SOP into
an arbitrary output SOP (see (1)) .

2.1 Mathematical description of a linear retarder

In general, the Mueller matrix for a linear retarder with fast axis
orientated with an angle 0 and retardation § can be mathematically
represented by (1). Depending on the employed technology, the
WPs may have a fixed retardation angle and a tunable fast axis, e.g.
the fibre coil (Mickey mouse ears) approach [24], or a fixed fast
angle orientation and tunable retardation phase, likewise the all-
fibre squeezing approach [25]. In this work, we will address the
latter one, where fibre squeezers are driven by an applied voltage
signal. Squeezing the optical fibre produces a linear birefringence
in the fibre, and thus alters the state of polarisation of a light signal
passing through it. Two particular cases occur when the fast axis is

fixed and oriented at angles 8 = 0° and 0 = 45°, with the WPs
rotating the SOPs in the Poincaré sphere around the axes s, and s,,
respectively (see Fig. 1a). Hereafter, these two particular cases will
be represented by the matrices Ry () =R(@=0°6) and
R,(6) = R(O = 45°,6).

2.2 Model to transform between two SOPs

Fig. 15 shows a schematic diagram of a generic EPC, comprised by
the concatenation of four WPs. In the case under analysis, and
without loss of generality, we assume that the fast axes of the first
and third WPs are oriented at 0°, whereas the fast axis of the
second and fourth WPs is aligned at 45°. The SOPs at the input and
output of the EPC can be represented in the Stokes space by the
vectors

in

5
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so=|s" 2)
s

and

S[Ol.ll
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respectively, and si" and s?" are the ith component of the input and

output Stokes vector, respectively. The input SOP is sequentially
transformed by the different WPs that are mathematically
represented by the matrices Ry(5,), Rys(6,), Ry(8:), and R,s5(6,), with
R(5;) representing the ith WP.

Assuming an arbitrary input SOP, §", and a target output SOP,

§°ul, we should be able to compute a set of retardation angles, &, &,,

&8s, 6, capable of transforming between two arbitrary SOPs. The
first step of the proposed method consists in testing the following
condition:

out
2

<Y1’ @)

When condition ((4)) is verified, it means that the output SOP, §O,
lies in the inner area of the s, — s, plane (see Fig. 2); otherwise, it
lies into one of the two dashed areas.

S

2.2.1 Scenario A: For the first scenario (hereafter called as
scenario A), and according to the WP's SOP rotation principles
discussed in the previous subsection, WP1 imposes a retardation

phase &, to rotate the polarisation from §" to M (see Fig. 2),
assuring that

WP 5)

Using some trigonometric operations, we can write the retardation
angle of WP1 as a function of the input and the target output SOPs

sdut
|
X = (")

where x =4/1 — (s}“)z, and £{A, B} denotes the angle between the
vectors A and B.

st

5{‘:4[

cos(20)° + cos(8)sin(26)
R(0,6) = [—cos(20)sin(20)(cos(d) — 1)
sin(20)sin(5)
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—co0s(20)sin(20)(cos(6) — 1) —sin(26)sin(5)
cos(6)cos(20)” + sin(26)
—cos(20)sin(5)

cos(20)sin(5) (D
cos(d)
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Fig. 3 Schematic representation of the SOP evolution in the Poincaré
sphere. In this case, the three first WPs are responsible to rotate the input
SOP in order to allow the fourth WP to codify four qubits in the H-V and
RC-LC bases

After passing through the first WP, WP2 imposes a phase 6, to

rotate the SOP §""' to a polarisation sV = Rz(éz)sA\w1 assuring

that, s)V*? = s?. Regarding the WP2, the retardation angle can be
written as

sin sout

) | sout @

=2

2
X = (s

After the two previous rotations, the first and second Stokes

parameters of the §VP equal to the ones of the desired output SOP.
As rotations are performed over the surface of the Poincaré sphere,
the third component of the Stokes vector is automatically matched,
thus making

AWP2

§"7 = Rs(BHR(S1)s™ = 5, (®)
with §, and &, given by (6) and (7), respectively.

2.2.2 Scenario B: In the second case (hereafter called as scenario

B), the first WP does not need to actuate, i.e. we can set 58 =0and
move to the second WP. As we are going to show later, this avoids
to actuate in more than two WPs to transform between two

arbitrary SOPs. By moving to the second WP, one imposes a
AWP2

retardation phase & in order to rotate the SOP from §"to § (see
Fig. 2), assuring that "> = s?". Similarly to scenario A, the angle
of WP2 can be written as

S?ut

VG + G = 62

in
N

8=z

s

in
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For this scenario B, the WP3 must actuate in order to move VP 1o

<WP3 .
§"°° thus assuring 53"

WP3 can be written as

= s$". In this way, the retardation angle of

o=,

5" Isé’”‘
: — , (10)
sty + sy’ — oy’ | s
After the two previous rotations, the first and second Stokes

parameters of the sV are equal to the desired output SOPs. As
rotations are performed over the surface of the Poincaré sphere, the
third component of the two Stokes vectors is automatically
matched, thus making

§" = R(SP)R(85)s" = 5, (11)
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with 82 and 82 given by (9) and (10), respectively.

The results presented above show that in order to guarantee the
transformation between two arbitrary SOPs, the minimum EPC's
configuration is comprised of three WPs.

3 Using the EPC in polarisation-encoded QKD

Commercial EPCs based in fibre squeezing can be assembled with
four or more WPs. The concatenation of several WPs integrated
into the same device permits large flexibility at the same time that
improves the reliability of its simultaneous usage. This, in
conjugation with the outputs of the model derived in the previous
section, allows concluding that this kind of EPCs can be
straightforwardly employed for quantum bit (qubit) coding in
polarisation-encoded QKD protocols, namely the two-state
protocol B92 and the four-state protocol BB84 [11].

Two approaches can be considered for the generation of
different SOPs with EPCs based in fibre squeezing, as follows.

3.1 Look-up-table approach

A first approach consists of using the four WPs to generate the
desired SOPs in a look-up-table mode, i.e. a set of four voltages are
associated with the different target SOPs. Notice that this approach
is assuming that the SOP at the input of the first WP is known and
fixed. A disadvantage of this operation mode is that we need to
update the voltages of all the four WPs for each coded qubit, which
can be limited by the specification of the EPCs in terms of the
maximum bandwidth of the high-voltage amplifiers.

3.2 Geometric approach

A more efficient approach consists in using the three first WPs to
rotate the input SOP to a defined position, allowing the fourth WP
to generate the four different SOPs when loaded with a set of four
different voltages, delivering four retardation angles, corresponding
to four different SOPs (see Fig. 3). Here, the main advantage is the
possibility to change between the four SOPs by changing the
voltage of a single WP. Notice that this operation maximises the
operation bandwidth of the system as WPs are driven by high-
voltage amplifiers.

4 Polarisation encoding experimental setup

Fig. 4 shows the experimental diagram of the quantum
communication system implemented in our laboratory to generate
and transmit photonic qubits. It uses the polarisation degree of
freedom of single photons to encode information. In a QKD
system, the transmitter is usually called Alice, whereas the receiver
is known as Bob. Alice and Bob use a quantum channel (an optical
fibre) to transmit the single-photons. Moreover, Alice also sends to
Bob a classical optical signal to frame synchronisation purposes,
and to Bob implement synchronised post-processing algorithms to
extract the quantum keys. Fig. 5 shows a lab picture with key
components of the experimental setup schematically represented in
Fig. 4.

In our experimental setup, the different SOPs are obtained using
the EPC to change the polarisation of the quantum states. Each WP
of the EPC is individually controlled by an electrical analogue
signal generated from the FPGA board. We have used the Zynq
UltraScale + RFSoC ZCUI111 Evaluation Kit, from Xilinx. This
board provides a set of digital-to-analogue converter (DAC)
interfaces able to generate voltages with 1 V peak-to-peak (around
2.2 V), which allows completing a full rotation on the Poincaré
sphere of the signal polarisation. In our experimental
implementation each SOP results from a set of four voltage values
(one for each WP), as discussed in the previous section. At the
FPGA board, the electrical signals are generated at higher
frequencies since the sampling frequency of the DACs in the board
is of the order of GHz. However, as the available EPC is only able
to switch between different SOPs at a maximum frequency of 500
Hz (which is bounded by the bandwidth of the high-power RF
amplifiers), we down-sampled the board DACs clock in order to
obtain the aimed qubits repetition rate.
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Fig. 4 Schematic diagram of the polarisation-encoding QKD system. The experimental setup of transmitter-side, Alice, is shown with more detail, whereas,
for simplicity, the receiver side is represented as a single unit receiving the quantum and reference signals, as well as the classical channel. Highlighted blocks
at the transmitter side show the devices used to validate the SOP generation technique as well as to obtain the experimental SOP monitoring data reported in
the following section. The monitoring process is done by either a Polarimeter, able to measure the three Stokes parameters when using low frequencies, and a
polarisation beam splitter (PBS) followed by two PINs to measure the projections on the X and Y axes for higher frequencies. BS — beam splitter, MZM —
Mach-Zehnder modulator, EPC — electronic polarisation controller, PC — manual polarisation controller, WDM — wavelength-division multiplexing, VOA —

variable optical attenuator

Fig. 5 Picture of the experimental setup, schematically represented in
Fig. 4, showing the key components EPC and FPGA board used in the
polarisation encoding subsystem

In QKD systems based in single photons, the Bob detection
system typically operates in the Geiger mode. This means that the
qubits generated by Alice have a finite time duration. To achieve
that, Alice uses an amplitude modulator [we used a Mach-Zehnder
modulator (MZM)]. Therefore, the FPGA board also generates the
RF signals to control the external modulation of the optical signals.
As shown in Fig. 4, the optical pulses of the quantum signal are
generated through MZM1. Moreover, the classical signal used to
synchronise Alice and Bob systems is also a pulsed optical signal
with the same repetition rate as the quantum signal and is generated
by a second MZM2. These two optical signals are generated at
different wavelengths (1547.72 and 1510 nm) to avoid signal cross-
talk, and are combined in the same optical fibre via a wavelength
division multiplexer (WDM) combiner at the end of the Alice
transmitter. In detail, the quantum signal is modulated at the
MZM1 using an RF signal from the FPGA board with a 1 ns width.
On the other hand, the classical signal used for Alice and Bob's
side synchronisation is modulated with a 50% return-to-zero RF
signal, also from the FPGA board.

The proposed technique for deterministic SOP generation was
tested with a four-channel EPC from General Photonics (PolaRITE
III). In order to assess the generation of different SOPs, we have
implemented two monitoring systems. Then, the monitoring
process was done by a polarimeter from Thorlabs (PAX5710VIS-
T), able to measure the three Stokes parameters when using low
frequencies, and a customised optical photonic system. Such
customised optical photonic system comprises a polarisation beam
splitter (PBS) followed by two photodetectors (PINs) to measure
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the projections on the two orthogonal axes. This allows us to
indirectly verify the effectiveness of higher frequencies of SOP
modulation. Then, accordingly to the method described in Section
3, the input light passes through the first three WPs, loaded with
three constant voltages, and its polarisation is modulated at the
fourth WP. Due to the low bandwidth of the polarimeter, we have
firstly generated a set of results at lower frequencies (of the order
of tens of Hz). After that, we have increased the frequency up to
the maximum bandwidth of the EPC (of the order of hundreds of
Hz).

5 Experimental results

Fig. 6 shows the Stokes parameters obtained with the experimental
setup described above. The optical signal was collected in the
polarimeter with a sampling rate of 200 samples/s, carrying a
polarisation modulation frequency of ~10Hz. We repeat the
sequence of SOPs |H), |V), | + 45), and | — 45) in order to emulate
the two non-orthogonal basis suitable for polarisation encoding.
Fig. 6a shows the evolution of the three Stokes parameters as a
function of time. Notice that the parameter s, takes the value zero
for all the selected SOPs. However, for this particular Stokes
parameter, results show a relatively high noise level when
compared with the two other Stokes parameters. When the signal
symbols are represented in the Poincaré sphere (see Fig. 6b), one
observes that the four SOP are accurately generated close to the
equator. Moreover, this representation identifies the states |V) and
| +45) are the SOPs that are more affected by the noise level
observed in Fig. 6a for the parameter s;. This is related to the
relaxation time of the squeezing process of the EPC when the RF
signal from the FPGA board is turned off. As mentioned above, the
usage of the polarimeter is limited to low frequencies. For higher
frequencies, we have developed a customised optical analyser in
order to check the SOP changes.

The experimental results obtained with the customised optical
analyser, comprising a PBS and two PINs, are represented in
Fig. 7. In this set of results, we have increased the coding rate of up
to 500 qubit/s, with a sampling rate of 5 kHz (i.e. 10 samples per
symbol). It is worth noticing that this coding rate is limited by the
bandwidth of the high-voltage amplifiers of the EPC. The PIN
output voltages represented in the two plots (Figs. 7a and b) are
proportional to the projections of the optical signal in the two
orthogonal axes of the PBS (Port X and Port Y). Since the system
was configured to generate a repeated sequence of four SOP, |H),
[V, |+ 45), and | — 45), four different output voltages are observed
at each port. Moreover, we also observe that the two curves are
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Fig. 6 Stokes parameters of the different SOPs generated with the proposed technique
(a) Time evolution of the three signal Stokes parameters, sy, s, and s3 (small-blue circles) measured by the polarimeter, (b) Poincaré sphere representation of the SOPs, corresponding

to the signal samples represented in (a) as red dots. The states |H), |V), | +45), and | — 45) represent the four SOPs of the two non-orthogonal bases used for QKD system

implemented in the laboratory
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Fig. 7 Output voltages at the two ports of the PBS. The signal is modulated at 500 qubit/s
(a), (b) Voltage as a function of time for the X and Y ports of the PBS, respectively, (¢) Zoom-in of the output voltages of the two ports, showing the sequence of the four different

SOPs. Since the two ports correspond to the projection of the two orthogonal polarisations, the obtained results are roughly complementary to each other

roughly complementary. To explain the non-exact complementarity
between curves, it should be pointed out that the SOPs reaching the
input of the PBS (see Fig. 4) are not the same that the ones that
reach the input of the polarimeter. This occurs because these
optical paths are different. If the SOPs reaching the input of the
PBS are equal to the ones at the input of the polarimeter, then only
three voltage levels will be observed at the PINs outputs as the
states | + 45) and | — 45) have the same projection. The two other
voltage levels will be associated with the SOPs |H) and |V).

6 Conclusions

A new method to calculate the WP's EPC configuration able to
transform between two arbitrary SOPs was presented. This analysis
can be used when considering the configuration of the polarisation
encoding system, namely in terms of the minimum number of WPs
required to transform between two SOPs.

Additionally, a technique to deterministically generate four
polarisation states in polarisation-encoded quantum communication
systems was also proposed. This approach consists of the
employment of the three first WPs to rotate the input SOP to a
defined position, allowing the fourth WP to generate the four
different SOPs when loaded with four different voltages, delivering
four retardation angles, corresponding to four different SOPs.

The effectiveness of the proposed approach was experimentally
assessed through the generation of two pairs of orthogonal
polarisations. In order to control the voltages of the individual
WPs, we used the FPGA ZCU111 Evaluation Kit board. Results
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confirmed a polarisation encoding process intrinsically stable,
which evidences the potential for its use in practical applications of
four-state quantum protocols. Depending on the bandwidth of the
EPC, systems could operate at speeds higher than tens of kHz.
Moreover, by integrating the EPC driving input voltages into the
FPGA board, we were able to centralise the quantum codifying
system along with other optical signal modulation sub-systems,
thus demonstrating its potential to reduce the complexity of the
transmitter side.
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