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One of the major challenges in the deployment of quantum communications (QC) over solid-core silica opti-
cal fiber is the performance degradation due to the optical noise generated with co-propagating classical optical
signals. To reduce the impact of the optical noise, research teams are turning to new and novel architectures of solid-
core and hollow-core optical fiber. We studied the impact when co-propagating a single-photon level (850 nm) and
two classical optical signals (940 nm and 1550 nm) while utilizing a nested antiresonant nodeless fiber (NANF)
with two low-loss windows. The 940 nm signal was shown to impact the single-photon measurement due to the
silicon detector technology implemented; however, multiplexing techniques and filtering could reduce the impact.
The 1550 nm signal was shown to have no detrimental impact. The results highlight that both high bandwidth
optical trafficat 1550 nm and a QC channel at 850 nm could co-propagate without degradation to the QC channel.
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1. INTRODUCTION

Quantum key distribution (QKD) [1-5] is a mature application
of quantum information science that enables the secure distri-
bution of encryption keys and is one among many quantum
communications protocols [6—8].

Over the past couple of decades, QKD has seen continuous
developments that have improved performance through new
protocol variations [9] and the application of new enabling
technologies [10,11]. QKD is now making a transition from
lab-based experiments into the real world where network
integration [12-16] and long-distance capabilities are being
investigated [15,17]. Despite significant research progress,
QKD still has challenges in real-world implementation.

One obstacle is the cost of optical fiber network deploy-
ment. If QKD channels can be integrated into the existing
communication network architectures, the total cost of a QKD
link may be greatly reduced. This means that QKD channels
should be able to co-propagate with classical data channels in the
same fiber using multiplexing techniques, such as wavelength-
division multiplexing (WDM) [18-22], without suffering
significant penalties from optical cross talk [18], suffering noise
from Raman scattering [19], and/or compromising the security.
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While expensive, government initiatives to boost internet
connectivity and bandwidth mean that the deployment of new
optical fiber or replacing existing optical fiber will continue.

By exploiting new optical fiber technologies, [20,21], in
future deployment, there is a real prospect to improve the coex-
istence of classical and QKD channels utilizing spatial [22,23],
mode [24],and WDM techniques.

In recent years, new types of optical fiber that confine light in
a hollow air or vacuum filled core surrounded by a microstruc-
ture cladding have attracted considerable attenuation. These
new fibers are typically termed as hollow-core fibers (HCFs).
Nested antiresonant nodeless fibers (NANFs) [25,26], a specific
type of HCEF, have shown the potential to transmit low-latency
optical signals over narrow and broad spectral ranges with a
low loss [27] making them an interesting candidate for QKD
protocols [28].

Of particular interest for QKD is the ability to customize
NANTFs to transmit with multiple low-loss spectral windows,
where a window occurs in the visible/near-infrared (NIR) [29]
and another occurs in the telecommunication band 1550 nm
[27,30], enabling quantum and classical signals to be spectrally
separated, negating concerns for additional noise from the
classical signals.
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Here, we present the demonstration of a NANF as the trans-
mission channel for three different wavelengths: single-photon
level, pseudo-quantum signal at a wavelength of 850 nm, and
two co-propagating classical signals at wavelengths 940 nm and
1550 nm.

Using a 5 m length of NANE, we show the impact of the two
classical wavelengths on a silicon single-photon avalanche diode
(Si-SPAD) used for measuring the single-photon level signal.

While the 1550 nm signal does not increase the noise on the
Si-SPAD, we do see an increase in noise due to the 940 nm signal
as the Si-SPAD is responsive to that wavelength. The noise from
the 940 nm is attributed to the spectral splitting of dichroic
spectral filters and would be present with a solid-core optical
fiber. Overall, we demonstrate the feasibility of transmitting
high data rates at 1550 nm while transmitting QKD signals in
the NIR.

By utilizing this new type of NANF and relatively inexpensive
Si-SPAD technology, there could be a reduction in the cost of
deploying short range QKD networking, enabling more uptake
of the technology if these particular NANFs are utilized in local
optical fiber networks.

2. NESTED ANTIRESONANT NODELESS FIBER

The NANF used in this work has been fabricated and charac-
terized by the University of Southampton. Figure 1 shows an
optical microscope image of the cross section of the NANF
core used in this work. The fiber consists of a hollow core of
29.3 wm diameter and contain five outer and nested silica tubes
0f 26.6 pm and 11.6 pm diameter, respectively. The thickness
of thessilica tubes was 0.6 ptm.

In this configuration, the light is confined in the core by the
surrounding membranes via antiresonance. Adding nested

Fig. 1.  Cross section of the nested antiresonant nodeless fiber
(NANF) fabricated by the University of Southampton. The image was
taken by an optical microscope. The fiber was composed of five glass
tubes with five internal glass tubes of 0.6 um thickness. The core of the
fiber was 29 pum.
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Fig.2. Cutbackloss and transmission plots for 10 m and 1.333 km
nested antiresonant nodeless fiber (NANF) in the 600-1800 nm
wavelength range. Losses for 850 nm, 940 nm, and 1550 nm are,

respectively, 4.5 dB/km, 4.3 dB/km, and 7.9 dB/km.

tubes, with the same membrane thickness, has the effect of
reducing the confinement loss of the fiber and makes them less
sensitive to bend-induced loss when deployed.

The structure of this fiber provides low-loss transmission
at 850, 940, and 1550 nm wavelengths in its fundamental
(LP01) mode. Figure 2 shows the loss and transmission against
wavelengths from 600-1700 nm.

The loss was measured via the standard cutback method,
where the full fiber band (1.333 km) was cut back to 10 m while
the launch was kept constant.

The optical losses for 850 nm, 940 nm, and 1550 nm were
4.5 dB/km, 4 dB/km, and 7.9 dB/km, respectively. The wave-
length independent mode field diameter (MFD) of the fiber
was 19.6 um. The experiment utilized a 5 m length of fiber to
demonstrate the concept of transmitting multiple wavelengths.

3. OPTICAL SETUP

The scheme of the experimental setup realized the coupling of
the three wavelengths (850, 940, and 1550 nm) into the NANF
as shown in Fig. 3. All three sources used in this work were gain-
switched laser diodes enabling both continuous-wave (CW) and
pulsed operation.

A central time-correlated single-photon counting (TCSPC)
module was used to generate the trigger signals for the lasers and
measure the single-photon time of arrival from the Si-SPAD
detector.

The 1550 nm laser diode was not pulsed in the experiments to
allow us to simulate bandwidth traffic that was at a much higher
repetition rate than the single-photon signal. The optical signal
was fiber coupled into a polarization maintaining (PM) optical
fiber prior to the free-space wavelength combination.

The 940 nm laser diode was utilized in two operations,
CW and pulsed. In pulsed mode, the laser was triggered by the
TCSPC module with a square pulse at an operational frequency
of 1 MHz and a pulse width 0of 20 ns.

When the source was gain-switched, the optical properties
followed the same shape. The 940 nm optical signal was fiber
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Fig. 3.  Scheme of the experimental setup used to measure the coupling efficiency of the nested antiresonant nodeless fiber (NANF) with the

quantum (850 nm) and two classical (940 and 1550 nm) signals and to test the operation of the fiber in the single-photon regime. The pulsed 850 nm
and the 940 nm lasers were triggered by the time-correlated single-photon counting (TCSPC) module at an operational frequency of 1 MHz and a
signal width of 10 ns for the 850 nm source and 20 ns for the 940 nm source. Both optical signals were attenuated using independent variable optical
attenuators (VOA) and then were coupled together by a 50:50 fiber coupler. One output of the 50:50 coupler was connected to a single-photon
avalanche diode (SPAD 1) to monitor the mean photon number per pulse. The other output of the 50:50 coupler was coupled to a fiber-collimator.
The coaligned 850 and 940 nm optical signals were combined with the continuous-wave 1550 nm source with a free-space long-pass dichroic
(DMLP 1180 nm). After wavelength combination, the light was then focused into the NANF using an uncoated plano—convex lens (PCL) 60 mm
focal length. Light then propagated through the 5 m length of NANE The same lens was positioned at the exit of the NANF to collimate the output
light, which then propagated to a series of short-pass dichroic splitters that reflected 1550 nm (DMLP 1180 nm) and 940 nm (DMSP 900 nm) to
their respective photodiode power sensors. The 850 nm signal was coupled to another SPAD (SPAD 2) via a 400 pm core multimode fiber (MMEF).
Spectral filters (SFs) were used after each DMSP to further isolate 850 nm and 1550 nm from 940 nm. Numbers 1 and 2 are the positions of the

photodiode power sensors used to measure the power of each optical signal (1) before and (2) after the NANE

coupled and attenuated using a manual variable attenuator to set
various optical power levels.

The single-photon, pseudo-quantum, level optical signal
was generated by a gain-switched laser diode, which emitted
polarized photons ata wavelength of 850 nm.

The central TCSPC module triggered the laser’s driver board
with a 10 ns wide pulse at an operational frequency of 1 MHz,
which then created an optical pulse that was <70 ps wide.

The optical signal was coupled into a single-mode fiber
where the polarization was aligned to PM fiber, providing a
polarization reference. The optical signal was then attenuated
to the single-photon per pulse level using an electrical variable
attenuator.

To ease the optical alignment, the 850 nm and 940 nm were
combined using a 50:50 PM fiber coupler. One of the outputs
was connected to a SPAD 1 to monitor the mean photon num-
ber (MPN) per pulse prior the NANE. A long-pass dichroic
mirror (cutoff wavelength at 1180 nm) was used to combine the
850/940 nm and 1550 nm in free space prior to the NANE

To couple the three wavelengths into the NANE an uncoated
plano—convex lens (PCL), with focal length 60 mm, mounted
onan x/y /z stage was used. The same configuration is installed
at the end of the fiber to collimate three optical signals out of the
NANE

The output collimated optical signals were spectrally sep-
arated via a combination of two short-pass dichroic mirrors
(DMSP). DMSP 1180 nm reflects 1550 nm to a power sensor,
while DMSP 900 nm reflects 940 nm to another power sensor.

A 1550 nm spectral filter (12 nm FWHM) was attached
to DMSP 1180 nm to isolate the 1550 nm beam. In the same
way, an 850 nm spectral filter (10 nm FWHM) was attached to
DMSP 900 nm to isolate 850 nm from 940 nm.

Table 1. Single-Photon Detection Efficiency at

850 nm and 940 nm, Dark Count Rate, and Dead Time
of Single-Photon Avalanche Diode Counting Modules
as Reported in Their Datasheet

Dead ActiveArea
SPDEat SPDEat DCR Time Diameter
850nm 940nm  (cps) (ns) (um)

SPAD 1 40% 22% 500 28 180
SPAD 2 40% 22% 180 45 100

The transmitted pulsed 850 nm beam was coupled to another
SPAD (SPAD 2) viaa400 pwm core multimode fiber (MMF).

The large core was used to ease optical alignment; however,
this did lead to optical losses due to overfilling the Si-SPAD
detector active area. Table 1 lists characteristics of SPAD
modules according to their datasheet.

4. EXPERIMENTAL DETAILS

This section discusses a specific experimental procedure and
presents experimental results for the optical loss of the NANE
the single-photon characterization of the 850 nm signal, and the
noise contribution to the single-photon detector from the two
co-propagating wavelengths.

A. Optical Loss

To measure the power loss of the optical setup, the power of each
laser beam was measured by a photodiode power sensor in two
points: (1) before the NANF positioning the sensor outside the
DMLP 1180 nm and (2) after the NANF positioning the sensor
outside the fiber. These points are highlighted in Fig. 3.



8962 Vol. 61, No. 30/ 20 October 2022 / Applied Optics

Table 2. Comparison of the Experimental Optical
Power Loss of the Nested Antiresonant Nodeless Fiber
and at the End of the Optical Setup with the Theoretical
Power Loss Inside 5 m NANF’

Theoretical LossInside Power  Power Out
A Loss 5 m Fiber before NANF Loss
(nm)  (dB/km) (dB)  NANF (uW) (uW) (dB)
850 4.5 0.0225 2 0.7 4.5
940 4.3 0.02 153 61 4
1550 7.9 0.0395 913 275 5.2

“High loss in this experiment was due to coupling into the NANE

To measure the power of 1550 nm and 940/850 nm optical
paths, two different power sensors were used. Table 2 compares
the experimental power loss from the input to the output and
theoretical loss of the 5 m NANF calculated using values shown
in Fig. 2. The optical loss for each wavelength was 4.5 dB at
850 nm, 4 dB at 940 nm, and 5.2 dB at 1550 nm.

It is well known that, for a good fiber coupling, the MFD
should be matched to the diffraction-limited spot size given by
the following equation:

MFD = /% (1)

T D

where f is the focal length of the lens (in our experiment
60 mm), D is the diameter of the collimated beam, and A is the
wavelength of light. Using value of the collimator datasheet,
the MFD for 850/940 nm was 37.3 pm while for 1550 nm is
74 wm. Since these values do not match the MFD of the NANF
(19.6 pm), while the MFD accounted for part of the loss, the
other contribution came from the angular misalignment due to
the resolution of the free-space stages.

B. Single-Photon Regime

To test the operation of the NANF in the single-photon regime,
a pulsed 850 nm laser was attenuated, and a MPN below
0.5 photons per pulse was set. That number is in accordance
with the value used for many weak-coherent pulse QKD
demonstrations [31,32].

The MPN was set while the 940 nm and 1550 nm laser
were inactive. Figure 4 shows the relation of the single-photon
count rate measured for each SPAD detector against the voltage
applied to the electric variable optical attenuator. The difference
between count rates is due to the optical channel loss difference
between the two detectors, which is 14.3 dB. That loss was an
accumulation from the NANE coupling to the 400 pum core
MMEF and the coupling of the MMF to SPAD 2, which had a
smaller active area to the MMF illumination.

The number of incident photons per pulse is calculated by the
following equation:

(CR- f) — DCR

(DE/100) " @

Photon per pulse =
where v is the frequency of the input laser and CR is the raw
count rate measured by the detector. The raw count rate was
monitored by the TCSPC module. DCR and DE are, respec-

tively, the dark count rate and the detection efficiency of the
SPAD:s.
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Fig. 4. Incident 850 nm photon count rate measured at the begin-
ning of the optical setup (SPAD1, red) and at the end of the optical
setup (SPAD2, black) against the voltage applied to the electrical vari-
able optical attenuator. The nonlinear plot achieved is in accordance
with the transmission graph of the attenuator datasheet.

Table 3. Number of Photons per Pulse Measured at
(1) the Beginning of the Optical System and (2) the End
of the Optical System for Different Attenuations of the

850 nm Pulsed Laser’"”

Count Rate Count Rate
Attenuation SPAD1 PhotonPer SPAD2  Photon Per
V) (MHz) Pulse 1 (MHz) Pulse2
0 1 2.6 1 2.62
2.5 1 2.6 0.8 2.1
2.7 1 2.6 0.6 1.54
2.8 1 2.6 0.481 1.23
3 1 2.6 0.27 0.7
3.5 0.945 2.4 0.029 0.07
3.7 0.566 1.4 0.0009 0.02
3.85 0.19 0.5 0.00023 0.0055
4 0.54 0.1 660 x 107 0.0014
4.2 0.0085 0.02 180 x 107 0.0002
4.4 0.0017 0.003 100 x 107¢  1.1-107°
“=1MHz
“The number of photons per pulse was calculated by Eq. (2).
The correction factor f is given by the following:
fer @
1—(p*CR)’

where #p is the dead time of the SPAD. The single-photon
regime is achieved when the attenuator is biased 4 V corre-
sponding to 0.1 photons per pulse input (see Table 3).

Loss of the optical system reduces the number of 1.4 x 1073
photons per pulse. In this condition, the count rate detected
at the end of the optical system is more than 600 Hz. Another
parameter to confirm the single-photon regime is the calculation
of the timingjitter of the SPAD2.

Since the distribution of counts between the laser input and
signals detected typically shows a Gaussian profile, the timing
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Fig. 6. Count rate of 940 nm (orange) and 1550 nm (red) laser
diodes detected by SPAD2. The black line represents the noise of the
detector. Enhancing the bias current of laser diodes, we note that the
940 nm laser exhibits high values of the count rate while 1550 nm
does not affect the system exhibiting a count rate of 180 cps, which is
comparable with the dark count of SPAD2 (black line).

jitter is obtained from the FWHM of the Gaussian fitting curve
as shown in Fig. 5. The value calculated was 2 ns in accordance

with the datasheet of the SPAD.

C. Noise with Continuous-Wave Operation

The impact of co-propagating both laser sources with the char-
acterized single-photon level signal was performed in two steps:
with both laser in CW mode and with the 940 nm in pulsed
mode while the 1550 nm remained in CW. The CW 1550 nm
allowed the simulation of a high bandwidth optical channel.

Figure 6 shows the measured raw count rate on SPAD 2
while the bias voltage driving the CW operation of the 940 and
1550 nm was increased. The measurements were taken while
the single-photon level source was inactive to highlight the
contributions from the CW sources.

It can be seen that, while the 940 nm laser does add significant
noise, the 1550 nm signal does not increase the noise on the
detector.

The independence of 1550 nm and power dependence of
940 nm are not unexpected as the SPADs are silicon, meaning
they are responsive up to around 1 pum. The results highlight
that high bandwidth co-propagating traffic at 1550 nm could
coexist with a single-photon channel in the NIR; however,
wavelengths that are closer to the quantum signal will need other
isolation mechanisms to co-propagate.

In terms of spectral isolation, the dichroic splitter DMSP
900 nm had a 0.163% transmission at 940 nm power. That
light is transmitted to SPAD 2, which had a spectral efficiency
of approximately 20% at 940 nm (see Table 1). Further spectral
filtering could be incorporated with other spectral filters to
reduce the impact of the 940 nm signal. The noise is due to the
technical implementation and would also be seen when utilizing
asolid-core fiber.
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Fig.7. Raw count rate of the 940 nm laser diode modulated as the

pulse of 1 MHz frequency and 20 ns pulse width (black) and of the
850 nm quantum signal around 2 ns time-gating (red). Attenuating
the laser beam, the count rate is highly decreased to 200 Hz.

D. Noise with Pulse Source

In this experiment, we show the impact of a pulsed and tem-
porally separated 940 nm signal on the single-photon level
signal. The 940 nm laser was pulsed at the same operational
frequency as the 850 nm laser (1 MHz). As the 1550 nm source
did not impact at any optical power available, it is negated for
the discussions in this section.

Figure 7 shows the raw count rate when pulsed and the raw
count rate when time-gating with a 2 ns window around the
quantum signal. There is a significant reduction in noise when
utilizing the pulsed a temporal spaced classical signal.
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Fig. 8. Distribution of time delay between the 850 nm laser signal

input (“Start”) and that detected by SPAD2 (“Stop”) when 940 nm
is turned on. When the 940 nm laser beam is modulated as a pulsed
laser of 1 MHz frequency and 20 ns pulse width, the graph exhibits the
pulse of the modulated 940 nm that is time-separated from the 850 nm
single-photon level signal.

By improving pseudo-quantum signal isolation through
narrower time-gating and narrower spectral filtering, the noise
could be reduced further.

In QKD experiments, teams typically incorporate time-
gating to reduce the background noise. As the 940 nm was
pulsed, the majority of the photons arrived at SPAD 2 at a fixed
time period.

Utilizing temporal separation, the raw count rate in the QKD
time-gated region can be reduced. Utilizing the TCSPS module,
a histogram was created to identify the pulse position of the
850 nm and 940 nm signals. A time-delay separation of about
510 ns was then applied to the electrical trigger of the 940 nm
laser, time-seperating the single-photon level and classical laser
pulses.

Figure 8 shows the histogram of the quantum signal 850 nm
and the 940 nm in both the CW and modulated signal.

The plot shows that the noise from the 940 nm signal is pri-
marily temporally separated from the single-photon signal.

Figure 9 shows a zoomed-in plot to each pulse: the quan-
tum pulse 850 nm in Fig. 9(a) and the modulated 940 nm in
Fig. 9(b).

When the 940 nm is in CW mode (3 nW input power), this
generates a blanket background noise across adding noise to the
time-gate window for a QKD signal.

Even with time-gating, the noise is broadband, meaning a
large proportion is within a time-gate window. When pulsed,
temporal separation and time-gating can reduce noise on the
detector.

Although the count rate on the detector remains high, the
majority of the photons are concentrated in the optical pulse,
and time-gating helps to reduce the contribution of noise to the
single-photon level signal.
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Fig.9. Enlargement of Fig. 8. These plots show, respectively, (a) the
quantum signal 850 nm and (b) the 940 nm signal in CW and modu-
lated mode. The CW component (black) generates high background
noise to the quantum signal. When the 940 nm laser is modulated
(red), the background noise is reduced. Attenuating the power of the
modulated 940 nm laser diode below 3 n'W (CW condition), the pulse
is reduced in respect to 850 nm single pulse reducing noise.

5. CONCLUSION
In optical fiber-based QKD, co-propagation of classical optical

signals can lead to an increase in optical noise for the quantum
channel, which is detrimental to the performance, especially in
the high loss regime. WDM techniques have shown a benefit
to co-propagate classical signals; however, when utilizing tradi-
tional solid-core silica-fiber, increasing optical power, equivalent
to increasing bandwidth, eventually leads to high Raman noise
that swamps the QKD signal.

SDM techniques, which spatially separate the quantum
signal, have also been investigated, and it opens the question to
the development of new fibers to enable QKD to be deployed
efficienly.

In this paper, we have utilized a 5 m length of NANE which
has two broadband low-loss windows, to demonstrate the
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impacts of co-propagating three optical wavelengths: a single-
photon level, pseudo-quantum signal at 850 nm; a CW and
pulsed 940 nm classical signal; and a CW 1550 nm signal.

We show that the 1550 nm source does not impact the
noise on the Si-SPAD, meaning high bandwidth traffic at that
wavelength could co-propogate with a QKD signal without
being detrimental to a QKD protocol. The 940 nm signal
does increase the noise on the Si-SPAD as the Si-SPAD is still
responsive to that wavelength.

However, we highlight that temporal filtering could be used
to reduce the impact of the 940 nm signal. Further isolation of
the single-photon level signal, with narrower time and spectral
filters, would further reduce the impact. The impact of the
940 nm laser would also be seen with a solid-core fiber, as the
noise is due to spectral separation rather than the optical fiber
transmission.

Our results highlight that NANFs could be a viable solution
to aid in the uptake of co-propogating classical and quantum
channels in optical fiber networking as the broadband low-
loss optical windows enable co-propagation of quantum and
classical signals that could be spectrally separated, resulting in
no single-photon detector sensitivity for the classical optical
signals. There is an advantage in cost when using Si-SPAD;
therefore, a fiber with a low-loss window in the visible or NIR
should enable cheaper solutions for QKD networking,.
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