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1 Introduction

The realisation of a large-scale quantum network requires the transfer of quantum in-
formation and the generation of entanglement between the end nodes. In this regard,
different photonic degrees of freedom, such as polarisation, frequency, transverse spa-
tial modes, or time-bins, are utilised to encode and transmit quantum information [1-3].
The choice of the photonic degree of freedom is highly dependent on the characteristics
of the quantum channel employed to connect the different nodes. For example, optical
fibres are often used for metropolitan and suburban links. This allows us to scale quan-
tum networks using existing telecommunication infrastructure [4—7]. Although polarisa-
tion encoding has been successfully used for Quantum Key Distribution (QKD) in such
scenarios [8—11], the presence of aerial fibres renders its implementation quite cumber-
some [12]. For this reason, time-bin is a common choice for such scenarios. Furthermore,

time-bin encoding can support higher-dimensional protocols [13, 14], which allow higher
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channel capacities and can be advantageous, particularly in highly noisy channels [15].
From a more fundamental perspective, high-dimensional entanglement exhibits stronger
non-classical correlations [16].

In time-bin encoding, quantum information is encoded in the photon’s arrival time and
the relative phase between temporal modes. For time-bin qubits, the two eigenstates of the
computational basis are defined by two well-separated arrival times, commonly referred
to as the early and late bins, |E) and |L) respectively, and a general state takes the form
|W) =« |E) +€?B|L) (where a® + B2 = 1). Typically, time-bin states are created by using
a pulsed laser and an unbalanced interferometer [4, 17, 18], or by carving pulses from a
continuous wave laser using an intensity modulator driven by electrical signals [13, 19—
23]. The specific requirements and features of a time-bin encoder depend on its intended
use case.

For QKD applications, precise state encoding is required, while also maintaining a con-
trolled phase relation between the bins. Moreover, different receivers might require differ-
ent time-bin separations. When using the unbalanced interferometer approach, achieving
the first point implies the addition of extra intensity modulators to both encode states and
implement decoy-state protocols, as well as extra phase modulators for phase encoding.
Not only that, but the requirement for a Mach-Zehnder interferometer (MZI) at both the
source and receiver sides makes the phase stabilisation process considerably more chal-
lenging, which can in turn have detrimental effects on the quantum bit error rate (QBER)
over time. Finally, modifying the time-bin separation proves difficult due to optical delay
lines allowing for only fine-tuning. On the other hand, the pulse carving approach exploits
MZIs that require dedicated stabilisation modules for their correct functioning. Although
such modules can be purchased or developed in-house [24], the use of these devices in-
creases the overall complexity and cost of the system. While recent work by Kim et al. [25]
demonstrates the creation of a time-bin qubit with full control over the probability ampli-
tudes, for complete generality the dimensionality also needs to be controlled. When using
the carving approach for QKD, phase randomisation has to be carefully implemented,
since non-randomised qubits can lead to quantum hacking attacks [26], however, not all
proof-of-principle QKD experiments take this into account [6].

For entanglement generation applications, a stable phase relation between the early and
late states is also required, while several applications, such as the violation of Bell inequal-
ities beyond CHSH, require the creation of a non-maximally entangled state [27]. Using
only an unbalanced interferometer allows for the creation of only maximally entangled
states, such as the Bell state |[®*), unless additional intensity and phase modulators are
added. Moreover, as in the case for QKD, pulse carving approaches also require MZI sta-
bilisation schemes.

In this paper, we propose the architecture for an arbitrary time-bin quantum state en-
coder using commercial off-the-shelf fibre components. Our scheme provides all the ad-
vantages of the carving approach, while also tackling the issue of active stabilisation for
Mach-Zehnder modulators by exploiting a modulation scheme based on Sagnac interfer-
ometers and taking advantage of its intrinsic stability [28—33]. We then provide experi-
mental results and performance analysis of the proposed encoder, highlighting its capa-

bilities of generating arbitrary time-bin states.



Vijayadharan et al. EPJ Quantum Technology (2025) 12:129 Page 3 of 17

BS

o AW/AAN J\i
Utaw L2y cow L 2con Elew E2cnElecn E2cn

1 ISO

'
DFB laser ' pulsecarvingstage ! '

v
'
'
'
'
'
'
'
'
'
'
'
'
'

<
'
'
'
'
'
'
'
'
'
'
'
'
'

i

Hol W |

E

Figure 1 Experimental design (left) and qualitative explanation of its working principle (right). (1) In a first
stage, if phase randomisation between subsequent time-bin states is required, the laser can be gain-switched
past its settling time until it reaches the steady state. If instead phase randomisation is not required, the laser
is switched on in continuous wave mode. (2) The laser output is sent through a symmetric Sagnac
interferometer with an electro-optic modulator from which two optical pulses are created for every electrical
one. (3) Each pair of pulses is sent through another Sagnac interferometer where one of the two is
extinguished, while an arbitrary phase can be applied to the non-extinguished one. (4) The final output of the
encoder is now an arbitrary time-bin state with phase encoding. ISO: Isolator, BS: beamsplitter, EOM:
electro-optic phase modulator, A: fibre stretcher

2 Methods

We propose a time-bin state encoder consisting of three components: a distributed feed-
back (DFB) laser and two Sagnac interferometer-based intensity-phase modulation stages
(Fig. 1). In the first step, if phase randomisation is a requirement, we gain-switch a laser by
sending sufficiently long electrical current pulses such that it reaches a steady-state emis-
sion [34], from where pulses will be carved (see Fig. 1(1)). By gain-switching this way and
carving pulses from the steady state, we guarantee that the phase relation between carved
pulses is constant, thus creating a coherent superposition between them, while also having
phase randomisation between different pairs of gain-switched pulses, a necessary require-
ment for QKD applications.

In the first intensity modulation stage, the pulse carving stage, we use a Sagnac-based
intensity modulator in the regime in which the width of the electrical pulse (Afcarving) is
much larger than the asymmetry in the Sagnac interferometer (8t,symm), which for our case
corresponds to the intrinsic asymmetries due to the length of the LiNbO3 waveguide in the
electro-optic phase modulator (EOM). In this regime, the output interferes constructively
only when there is a phase difference ¢ between the CW (clockwise) and CCW (coun-
terclockwise) components, thus creating two optical pulses of width 8Z,symm separated by
Atcarving and with amplitude o sin®(¢), as represented in Fig. 1(2). Therefore, by modifying
the asymmetry in the first stage Sagnac interferometer 8t,symm, it is also possible to control
the output optical pulse width. When taking into account more realistic electrical pulses,
where the rising and falling edge are not instantaneous, the width of the optical pulse will
be further broadened, with the rising edge shape only affecting the first optical pulse, and
the falling edge only affecting the second (Fig. 2). A detailed model is provided in Berra et
al. [35]. Although this stage alone could be used to create a 2-dimensional time-bin state,
discrepancies in the rising and falling edges of the electrical pulse would be reflected in
the shape of the generated optical pulses, increasing distinguishability between the two.
This behaviour is unacceptable for any entanglement application, since distinguishability
between the time-bin states decreases the visibility of the entire system.
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Figure 2 (Left) Ideal rectangular voltage pulse (in blue) and a non-ideal one with non-zero rising/falling
edges (in red) used to drive the pulse carving stage. (Right) Optical pulses obtained with both electrical
pulses at the output of the pulse carving stage. For visualisation purposes, the falling edge of the non-ideal
pulse was deliberately increased

To remove the distinguishability from the pulse carving stage, we added a second in-
tensity modulation stage, the pulse selecting stage, in which one of the two optical pulses
generated by a single electrical pulse is extinguished. To do so, we use an intentionally
unbalanced Sagnac interferometer by adding a fixed-length optical fibre (equivalent to an
optical delay of 8f,5ymm,) to one of the branches, after which we apply a = phase shift to
either the CW or the CCW component, as shown in Fig. 1(3) [28]. Following a similar
logic to the pulse carving stage, since the output pulse amplitude is o sin*(¢), by applying
a relative phase shift of 7, the pulse is effectively extinguished, up to an extinction ratio

that is given by

ER(T) = 10logy | 7

1)

with T the transmittance of the beamsplitter [28]. It is worth noting that at least 30 dB
of extinction ratio is achievable for T € [0.484,0.516], showing that good quality of pulse
selection can be achieved even taking into account manufacturing errors in the beamsplit-
ter.

With both stages, any d-dimensional time-bin state can be created by sending d pulses
of width Afcarving separated by At to the pulse carving stage, followed by extinguishing
one of the two optical pulses created by each electrical pulse in the pulse selecting stage,
as shown in Fig. 1(4). Assuming a train of rectangular pulses in the pulse carving stage
defined by

d .
vin=Y v (L'At—to>, @)

A tcarving

with I1 (Ait) a rectangular pulse of width A¢ and unit amplitude centred at ¢ = 0, each
pulse will create two optical pulses of width 8Z,symm separated by Afcarving With amplitude
o sin’ (V%n), where V; corresponds to the voltage necessary to apply a phase shift of

7 on the electro-optic modulator. Then, after pulse selecting one of the two generated
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optical pulses per electrical pulse sent, the resulting quantum state corresponds to

d d
W) =Y ailto+i- At =) a;lti), (3)

where the state |£;) corresponds to a weak coherent state centred at time ¢; and «; is such
2

that o = Za—la/z, where a? = sin’ (%n) Moreover, we have that Y, a? o (n), with (1) the

average number of photons of the output state, allowing the encoding of different mean

number of photons by controlling the values of V;. Lastly, by applying V, to both the CW

and the CCW components of the non-extinguished pulse on the pulse selecting stage, the

resulting quantum state becomes
d
W) =Y eyt (4)
i

making our design capable of creating any arbitrary time-bin encoded qudit, including
arbitrary dimension, time-bin separation, and phase encoding, all while requiring only
two EOMs.

Moreover, for QKD applications where decoy state protocols are required, whereas cur-
rent systems have to include extra intensity modulators, our encoder is capable of adding
decoy states by tuning the value of >, a? o (1) on the pulse carving stage.

The use of two stages of Sagnac modulators limits the maximum achievable repeti-
tion rate of the system. From the pulse carving stage, encoding a d-dimensional time-
bin state requires d electrical pulses of width Afcyying With their rising edges sepa-
rated by At, where At arying < At, which sets the maximum achievable repetition rate at
R= [(d — DAt + Atearving + 6 tasymm]_l. Then, the pulse selection stage works for arbitrary
states as long as electrical pulses can be applied to a single optical pulse without affecting
the rest. This condition is easily applied when

(Stasyme > (d - I)At + Atcarving+8tasymm (5)
(i-e., all counter-clockwise components are after the clockwise ones),
Stasymmz <At - Atcarving (6)

(i.e. the counter-clockwise component of the early pulses are between the clockwise com-
ponent of the early and late pulses), or

8tasymm2 < At(:arving (7)

(i.e. the counter-clockwise component of each pulse is placed before the clockwise com-
ponent of the next pulse.), all of which give an upper bound on the achievable repetition
rate for the states given by

1

R= ,
(d - I)At + Atcarving + 5tasymmz + Stasymm
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Table 1 Examples for achievable repetition rates assuming At =2 ns, Atcaping = 1 nsand
8tasymm = 0.32 ns. For the configurations associated to Eq. (6) and (7), a single valid value was chosen
for simplicity

Configuration  8tasymm, R

Eq. (5) 6.64 ns ~ 150 MHz

Eq. (6) 15ns ~~ 207 MHz

Eq.(7) 0.5ns ~ 260 MHz
Vi
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Figure 3 Pulse selecting scheme to create the |-) state at a higher repetition rate. This figure is analogous to
the one represented in Fig. 1(3)

which is maximized for the third configuration. However, this requires very short electrical
pulses and precise alignment both of optical and electrical pulses, making the first and
second configurations easier to implement, albeit at a loss on the maximum achievable
repetition rate (see Table 1).

Nevertheless, for QKD applications, it is enough to create three states to obtain a secure
BB84 protocol [36], which is possible with a slightly different hardware condition in which
the second stage asymmetry

(Stasymmz ~ 8tasymm ~ Atcarving' (8)

In this way, it is possible to create the |-) state simply by applying a single pulse dur-
ing the pulse selecting stage (Fig. 3). This method allows for the three-state encoding
for repetition rates R < m, while otherwise it would be upper bounded by R <
Ty — ;\symmz T — Moreover, if phase encoding is not required, it is possible to take

the destructive port on the pulse selecting stage to relax the V,; requirement for the EOM

while also reducing the intrinsic QBER of the system.

Experimental implementation The encoder was implemented at 1550 nm and 780 nm,
two relevant wavelengths in several quantum communication applications, particularly
for QKD implementations in both free-space and fibre channels, since telecommunica-
tion wavelengths allow the use of fibre already deployed in the metropolitan area, while
780 nm is useful for both free-space satellite channels [37, 38], and to generate telecommu-
nications wavelength entangled photons [39]. For both the 1550 nm and 780 nm encoders,
we used a DFB laser as source and two EOMs inside the Sagnac loops for both modulation
stages. For the first Sagnac modulator configuration, the EOM was placed symmetrically
in the loop, exploiting the inherent fabrication imperfections of both fibre paths, leading
to an estimated 8Zasymm ~ 320 ps For both cases, to feed the electrical signals, we used
an FPGA UltraScale+ development board by Xilinx, from which we used its balun-free
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DAC channels, each coupled to an RF amplifier placed before each EOM. For all cases
with At > 1 ns, we chose Afcrving = 1 ns, otherwise reducing it to Afcarving = 500 ps for the
cases with At =1 ns.

3 Results and discussion

The performance of the proposed time-bin encoder scheme is characterised by a series of
tests, including both time-of-arrival measurements with the detector placed directly af-
ter the encoder output and interferometric measurements with time-bin receivers. From
these measurements, it is possible to retrieve the relevant information on a time-bin qubit.
From time-of-arrival measurements, the probability amplitudes of any d-dimensional
state, i.e. |a;|> from equation (4), can be directly measured. On the other hand, by us-
ing the Franson interferometer, which is an unbalanced Mach-Zehnder interferometer
(uMZI), and controlling the relative phase between both arms of the interferometer, it is
possible to measure the relative phases on the state, i.e., ¢; from equation (4). In the first
instance, to control the relative phase in the receiver, a software-controlled piezoelectric
fibre stretcher was used (see receiver in Fig. 1).

3.1 Phase stability

The phase stability of the encoder is characterised by measuring the phase drift of the gen-
erated time-bin superposition over an extended measurement period. To do this, we first
create a time-bin superposition state (the |—) state in this case) using the encoder and com-
pare the phase drift against the same state created using an uMZI. For a fair comparison,
in the latter case, a single pulse carved by the encoder is used to create the superposition
state using the uMZI.

Due to phase instabilities, the measured state at the receiver is

), = %ua e L), ©)
where ¢; is the phase drift of the source (ideally ¢; = 0). The phase ¢; is estimated from the
receiver measurements for both cases, and the phase stability is estimated. Even though
the measurements for both cases were taken at different times, they were done one imme-
diately after the other under the same conditions. For both cases, the uMZIs in the receiver
side were properly passively stabilised in a closed isolated container and left to stabilise
for ~ 1 hour. To quantify the phase stability over time, the Allan deviation o, defined such
that

1
0'2(7:) = F ((xn+2 - me—l + xn)2> (10)

where x; is the i-th of the phase values spaced by the measurement interval t (Fig. 4).
The results show significant phase stability using the encoder, highlighting its advantage
over an unbalanced interferometer to create time-bin states. It should be noted that the
unbalanced interferometer at the source could be further stabilised to improve its stability
over time, but doing so implies extra resources and complexity of the system [40]. The
purpose of this characterisation is to highlight the fact that, when little to no stabilisation
scheme is used on the source side (be it with the encoder or uMZI), the encoder presents
higher intrinsic stability.
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Figure 4 Allan deviation plot obtained at the receiver for a time-bin state generated with our encoder (in
blue) and with an unbalanced interferometer (in red), both compared with the deviation obtained for a
random walk signal sampled every 100 ms with 5 mrad phase diffusion. Inset: Measured phase as a function
of time from which the Allan deviation was obtained

3.2 QKD experiment

To demonstrate the capabilities of our encoder while highlighting its versatility for differ-
ent time-bin receivers, we used the proposed time-bin encoder to generate a fixed pseudo-
random sequence of 512 symbols to simulate a BB84 QKD implementation with decoy
state. To simulate a QKD system as faithfully as possible, the system was prepared with
typical values of decoy state BB84 experiments [41]. With this in mind, we chose v/u ~ 0.3,
with v = 0.2 and p = 0.6 the mean number of photons for decoy and signal pulses respec-
tively, and we generated the 512-symbol sequence with pz = 87% and px = 13% with pzx)
the probability to generate a state on the key (check) basis.

As a first instance, to demonstrate the best achievable performance for our encoder, we
performed the 4-state version of the BB84 protocol at a fixed 100 MHz repetition rate
with a more limiting, but better performing, hardware configuration, corresponding to
equation (5). We measured QBER on both the time-of-arrival basis (i.e. the key basis) and
on the superposition basis (i.e. the check basis) for an hour to evaluate the performance
and long-term stability of the device (Fig. 5). From this measurement, the secret key rate
was estimated throughout the duration, obtaining an average SKR = 101.66 =+ 5.31 kb/s
at 25 dB of total losses. To estimate the secret key rate, decoy state bounds were applied,
taking into account finite-key effects [41]. Moreover, by performing the measurement in
a long pseudo-random sequence, we can evaluate possible crosstalk or patterning effects.

It was observed that the QBER values for both bases were kept under the 1% threshold
for most of its runtime, even with a non-fully optimised active phase stabilisation scheme
on the receiver. By performing a first-neighbour patterning analysis (Fig. 6), we concluded
that there is no complete distinguishability by changing the preceding symbol in the se-
quence. It is worth noting that the standard deviation of 0 for the |+), |-) and |-), |+)
sequences is due to that combination appearing only once in the 512-symbol sequence,
while the [+), [+) sequence does not appear at all, thus not having an associated QBER
value. Then, as a second instance, we performed a 3-state version of the BB84 protocol
using both states of the key basis (|E) and |L)) and only one state for the check basis (|-}).
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Figure 6 Average QBER obtained for each symbol type for all possible preceding symbols. Due to low
statistics of [+) and |-) symbols, combination of those two symbols are either not present or have
considerably large relative error

The measurements were done with different repetition rates R = 100, 125,200 MHz for a
fixed time-bin separation of At = 2 ns (Fig. 7b), and for different Az = 1,2,4 ns (and the
corresponding receivers) for a fixed repetition rate of 100 MHz (Fig. 7a). We observed that
on average the QBER value was kept mostly under 1% for the Z basis, while under 2% for
the X basis. By increasing At, we observed an overall improvement over the measured
QBER, due to larger time-bins making alignment of the electrical signal less challenging.
It was also observed that changing the repetition rate of the system does not significantly
affect QBER.

3.2.1 Phase randomisation

Phase randomisation between consecutive time-bin states is a requirement for QKD ap-
plications, with a non-optimal phase randomisation negatively affecting secret key gener-
ation [42]. The phase randomisation of the time-bin states is obtained by carefully gain-
switching the laser and fully depleting the cavity before carving the next state to ensure
that the phase is uncorrelated with the preceding one. From a direct measurement of the
gain-switched laser pulse, we estimated the settling time Z (i.e. the time required for the
laser to reach the steady-state after gain-switching) and the off time t.¢ (i.e. the time re-

Page 9 of 17
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Figure 7 QBER on the Z and X basis for a 512-symbol sequence over time: (a) for different time-bin
separation At with a fixed repetition rate R = 100 MHz, and (b) for different repetition rate R with a fixed
time-bin separation At=2ns

quired for the laser to fully deplete the cavity). These parameters provide an upper bound
for the repetition rate of the system, such that R < (¢ + to)~L, so we characterised it with
the minimum z,g possible such that phase randomisation occurred.

To characterise phase randomisation using the same time-bin receiver as in the QKD
experiment, the electrical pulses were carefully aligned such that the early pulse is carved
close to the laser turning off, while the late pulse is carved from the consecutive laser pulse,
guaranteeing that At > ¢, + fog. On the other hand, to study the non-phase randomised
scenario, we first carved the time-bin state from a single gain-switched laser pulse and,
in a later stage, carved it from a continuous wave laser. We then verified the phase ran-
domisation of the pulses by performing interferometric measurements using the time-bin
receiver and sending states at a repetition rate of 100 MHz.

When a phase scan is performed on two phase randomised pulses by inducing a rel-
ative phase between them, there is a low visibility of the interference fringe V. = 0.8%,
while the visibility of the non-phase randomised pulses when carving from a single gain-
switched pulse was obtained to be Vi = 92.4%. As this visibility value was considerably
lower than expected, the same analysis was performed when carving the time-bin states
from the same laser in continuous wave operation, for which the visibility was obtained to
be Vipr = 98.7% (Fig. 8). We attributed this discrepancy in visibilities to the fact that the
laser spectrum is modified when gain-switching, increasing the linewidth of the laser and,
as such, reducing phase stability. To verify this behaviour, we obtained the spectrum of the
DEFB laser both with and without gain switching it using an AQ6370D Optical Spectrum
Analyser by Yokogawa (Fig. 9). Nevertheless, using our device’s phase encoding scheme,
with the addition of a Quantum Random Number Generator (QRNG), it is possible to
perform phase randomisation on the states without gain-switching techniques and with-
out requiring an additional phase modulator. Due to the embedded system nature of the
FPGA development board, QRNG-based phase encoding to perform phase randomisa-
tion is fairly straightforward to implement [43, 44].
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Figure 8 Phase scan applied to: phase randomised pulses (in red), non-phase randomised pulses when
carving from a continuous wave laser (in blue), and non-phase randomised pulses when carving from a
gain-switched laser after reaching the steady state (in green)
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Figure 9 Comparison of the spectra of the DFB laser in gain-switched mode (in red) and continuous-wave
mode (in blue). The x-axis is the relative shift around the central wavelength

As shown by Curras-Lorenzo et al. in [42], a non-zero degree of phase correlation re-
duces the maximum achievable key rate. Following the method in [45], by estimating the
visibility for both scenarios, we obtained a degree of phase correlation p} = 0.008, imply-
ing a source quality q = 0.97. We attribute this non-optimal source quality to the fact that
we set the ¢ as short as possible, and we expect the source quality to improve for lower
repetition rates and longer .

3.3 High-dimensional state encoding
To demonstrate the capability to create arbitrary high-dimensional states described by
Eq. (4), a sequence of four-dimensional time-bin states composed of

) = [to) + |1) ; £2) + |t3>’

Iy = lto) + e 1) + e B ty) + e |13)
1 2 ’

was prepared and measured at a repetition rate of 40 MHz with At = 3 ns.
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Figure 10 Reconstructed density matrix for |§[/‘é)

To perform quantum state tomography, we measured the time-bin state using cascaded
MZIs with delays of At and 2At, and phase differences ¢; and ¢,. To reconstruct the com-
plete density matrix, measurements corresponding to the 4-dimensional Pauli matrices
ox, oy and o are required [46]. By placing a 90:10 beamsplitter before the interferometer
and measuring the direct time of arrival of the input state, the time-bin basis or o can be
measured. The interference measurements from the cascaded uMZI correspond to oy or
oy depending on the phases ¢; and ¢, being 0 or 7 respectively.

As demonstrated in [19], only two detectors are required to perform a full state tomog-
raphy on a four-dimensional time-bin state using cascaded MZIs. Additionally, in order to
mitigate the experimental challenge of fluctuation of the photon count rate and phase drift
between different measurements, we implemented a simultaneous measurement of the
three bases using a single high-speed EOM external to the uMZI and synchronised with
the source. By applying a four-symbol phase sequence to the state at a rate one-fourth that
of the source generation rate, the measurement settings are effectively changed between
subsequent time-bins.

The four-symbol phase sequence was engineered to be able to reconstruct all relevant
(0:) withi = X, Y, Z. The first symbol does not apply phase to the state, allowing the extrac-
tion of (ox) from the interference fringes of the cascaded interferometers. Meanwhile, the
following 3 symbols apply a ¢ = /2 phase over the pulses corresponding to |¢y) and |¢)
with k = 1,2,3 for each symbol, respectively. By measuring the amplitudes of a particular
subset of the interference fringes, all expectation values (oy) can be reconstructed.

From the detection probabilities corresponding to the measurement settings applied,
the density matrix p of the measured state was reconstructed by maximum likelihood es-
timation (Fig. 10). The fidelity of the measured state was calculated by F = (¥ideal | 0| Videal)
to be 0.969 with respect to |;). We attribute the infidelity to a slight mismatch in the
applied phase ¢ from the desired value of 7/2 and phase drift in the measurement inter-
ferometer, as is evident from the imaginary part of p in Fig. 10.

A different approach was used to characterise the measured state for |y{). Instead of
the complete set of 16 measurements required for state tomography, a reduced subset
was used, measuring only the overlap with the ideal state to calculate the fidelity as F =
| (| Videal) |%, resulting in F = 0.9894-0.011. It is to be noted that in an adversarial scenario
or without prior knowledge of the prepared state, a full tomography is required since this

assumes purity of the state.
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Figure 11 Simplified experimental design for the time-bin entanglement scheme. WDM: Wavelength
Division Multiplexing filter, BS: beamsplitter

3.4 Time-bin entanglement
A time-bin entangled state is created by pumping a nonlinear crystal with a time-bin
qubit to generate a pair of entangled photons by spontaneous parametric downconver-
sion (SPDC) process.

Here, we start with an equal superposition state created by the encoder as the pump
photon with the state

1

ﬁ(u:*) +e?|L)), (11)

|w)pump =
to then generate the maximally entangled |®*) state (Fig. 11). The repetition rate and
bin separation were 200 MHz and 2 ns, respectively. A periodically poled lithium niobate
waveguide is used for Type-0 SPDC process, producing the state

1

ﬁ(u:")l |E), + €9 |L); |L)y). (12)

[¥)ppc = 1P7) =

The entangled photon pairs are separated by wavelength filtering and sent to the two
state analysers to perform projective measurements on the state. The state analysers are
identical unbalanced interferometers with a delay equal to the bin separation of 2 ns. By
post-selecting on the middle peak in the detection histogram, measurements are per-
formed on the two photons in the superposition basis with the coincidence probability
given by i(l + cos (¢4 + ¢p)), where ¢4 and ¢ correspond to the local phase shift intro-
duced by each state analyser. By performing a phase scan on one of the receiver inter-
ferometers using a nanometric translation stage, we observe a visibility of up to 96% in
the coincidence count rate (Fig. 12), certifying the entanglement and corresponding to a
CHSH violation with § = 2.72 + 0.037.

For certifying the entanglement, only the detection events exhibiting quantum interfer-
ence were postselected. This opens up the postselection loophole in Bell tests [47], which
can be circumvented by using fast optical switches [48] or specialised interferometric ge-
ometries [39], but this is beyond the scope of this paper. Furthermore, while we have only
shown the scenario of a maximally entangled state, the encoder is capable of creating non-
maximally entangled states as well using unequal arbitrary superposition states to pump
the downconversion process. However, measurement of such states requires more com-
plex receiver architectures that involve high-speed optical switches and reconfigurable
beamsplitters.
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Figure 12 Modulation of the rate of postselected coincidences between the signal and idler photons with
respect to the relative phase introduced in the receiver interferometer. Measured data from the four detector
channels plotted along with a cosine fit

4 Conclusion

We have demonstrated a novel arbitrary time-bin state encoder with a low bit error rate
and high long-term stability. Our device shows higher stability over time compared with
an unbalanced interferometer to create time-bin states, even without any active stabilisa-
tion methods. The pulses carved from a continuous-wave laser allowed for higher spectral
purity and low-chirp operation compared to directly modulated lasers, and tunability in
pulse duration compared to mode-locked lasers. The inherent stability of the Sagnac in-
terferometer also leads to stable long-term operation that mitigates the bias drift problem
in Mach-Zehnder modulator-based approaches for carving pulses.

We have shown the capability of the encoder to create arbitrary time-bin qudits, in-
cluding phase encoding, without increasing the design complexity and number of opti-
cal components. The validity of the generated qubits was confirmed by efficient high-
dimensional tomographic measurements using two cascaded interferometers and a single
external EOM capable of performing measurements on all the required bases.

Moreover, the ability to encode relative phases in the time-bin state would allow, by
including an extra QRNG, to phase-randomise subsequent states without affecting the
source spectrum, as would happen for gain-switching regimes. The capability to not affect
the spectrum has a direct impact, for example, on the quantum bit error rate (QBER) of
the source for QKD applications, as it depends on the interference visibility, which we have
shown is lower for gain-switching regimes, implying a higher intrinsic QBER.

We demonstrated the applicability of the encoder for quantum communication appli-
cations, in particular for entanglement generation and QKD, with reconfigurability of pa-
rameters while maintaining a low error rate. We have shown that the encoder scheme
can be implemented at different wavelengths, enabling its usage as a pump source for en-
tanglement generation. Furthermore, operations at different repetition rates and with dif-
ferent time-bin separations At have been demonstrated for QKD without requiring any
hardware modification in the source. This shows the flexibility of the system to conform
to the requirements of different time-bin receivers, some of which might already be de-
ployed. Thus, the arbitrary time-bin state preparation we have demonstrated here allows
for adaptability to existing/deployed time-bin quantum communication systems.
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