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Noise photons from classical communications in optical fibers, from ambient light in free space,
and from inelastic scattering of pump light in some photon pair and frequency conversion devices
impose challenges for high-fidelity quantum applications using single-photon-level signals. Filter-
ing is necessarily performed in nearly all of these experiments, yet narrow spectral filtering is well
known to cause an inherent reduction in heralding efficiency for most photon-pair sources using
spontaneous parametric down-conversion and four-wave mixing. Here, we experimentally and the-
oretically explore the filtering of photon pairs in noisy environments. Using tunable spectral filters,
low-jitter detectors, and polarizers, we investigate the filtering of spontaneous Raman scattering
(SpRS) noise photons occurring when quantum networks coexist with classical communications in
single-mode fibers. We find that reduced filter heralding efficiency due to tight spectral filtering
of a photon pair’s joint spectral intensity (JSI) can limit the ability to improve fidelity, indicating
an additional consideration for optimal source and receiver design beyond single-photon filtering.
In fact, such effects impact visibility excluding additional noise due to multi-pair emission outside
of the overlap of each filter on the source’s JSI. Accordingly, the optimal visibility is dictated by
the the inherent phase-matching conditions, the pump spectral bandwidth, signal-idler filter band-
width, and mean photon number. This leads to the potential trade-off between visibility and spec-
tral purity, consequential for applications requiring the interference of independent photons (e.g.,
teleportation, swapping, etc.), pulsed high-rate quantum sources and/or time-bin encoding. As a
proof-of-principle experiment, we distribute C-band time-bin entangled photons each over 25-km
spools alongside 10-Gbps C-band classical communications, which introduces high SpRS noise due
to the C-band/C-band wavelength allocation. Using narrow filtering, we distribute spectrally pure
photons capable of performing quantum key distribution over 50-km total fiber with record launch
powers (-2.2 dBm) and project that classical data rates exceeding terabits/s could be achieved using
modern classical methods.

PACS numbers: 47.15.-x

I. INTRODUCTION

For background noise photons that are randomly dis-

Quantum optical applications operating in the single-
photon regime are inherently susceptible to any degree of
background noise due to weak signals arriving at single-
photon detectors. Noise photons can be introduced when
going beyond proof-of-principle laboratory experiments
and into real world conditions, such as spontaneous Ra-
man scattering (SpRS) generated by classical telecommu-
nications propagating in an optical fiber [1-7], ambient
light in free-space communications [8], and SpRS noise
photons generated inside spontaneous four-wave mixing
(SFWM) photon-pair sources [9], or during quantum fre-
quency conversion [10-13].

tributed in frequency, time, polarization, and spatial
modes, filtering can be applied around the quantum sig-
nal’s modes to minimize the passing of background noise
into detectors. Single-photon quantum applications ap-
plying incoherent spectro-temporal filtering are eventu-
ally limited by the filter’s time-bandwidth product. As
we will show, the filtering of two-photon states orig-
inating from spontaneous parametric down-conversion
(SPDC) or SFWM processes have additional limits due
to the physics of narrowly filtering their joint spectral
amplitude (JSA). This is due to the fact that narrowly fil-
tering the JSA of a source, more commonly used to erase
spectral entanglement to obtain spectrally pure photons,
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results in a reduction in heralding efficiency even with
perfect insertion loss and detection efficiency [14]. This
is because as one cuts into the JSA, the signal and idler
filters do not entirely overlap with their pair along the
unfiltered JSA, leading to signal/idler single-photon de-
tections that do not result in true coincidences with their
pair. To the best of our knowledge, the impact of this
phenomenon on quantum applications needing narrow fil-
tering in noisy media has yet to be investigated.

In this paper, we explore the filtering of photon pairs in
frequency, time, and polarization via theoretical model-
ing and experimental investigation. We demonstrate that
narrow filtering of the source’s JSA places a limit on the
ability to improve performance via spectral filtering, even
if the time-frequency filtering of each individual photon
is not time-bandwidth limited. As a consequence, we
discover that optimal performance requires engineering
of the source JSA, such as the pump spectral bandwidth
and phase-matching angle. For a fixed coincidence detec-
tion window, we find that longer-duration pump pulses
(100-ps regime) and narrow filtering (10’s of picometers)
can outperform systems using short pump pulses (1-10s
of picoseconds) since a reduced coincidence probability
occurs at wider filter bandwidths wherein each detector
has a higher noise count probability. For a variable co-
incidence window, depending on the photon pulse dura-
tion, we find that any pump pulse duration can achieve
the same CAR, but requires tailoring of the filter band-
width based on the pump pulse duration and requires
access to low-jitter detectors in the short pulse limit. We
further investigate the impact of SPDC/SFWM photon
statistics to account for multi-pair emission noise, where
we find that achieving optimal fidelity requires balancing
the increase of source intensity to overcome noise/loss
whilst preventing strong multi-pair emission noise in the
high-gain regime.

We experimentally study these concepts in the con-
text of integrating quantum and classical communica-
tions in optical fiber networks. We transmit wavelength-
degenerate 1536.5-nm (DWDM channel 51) photon pairs
produced by type-II SPDC to co-propagate in 25km /25
km fiber spools with 10-Gbps C-band data signals at a
wavelength of 1547.72 nm (DWDM channel 37). Operat-
ing near —10 dBm-level launch powers, this classical light
pumps the SMF to generate strong background SpRS
noise due to the closely spaced quantum/classical fre-
quency channel difference, with 25km-length fibers gen-
erating nearly the highest SpRS strength [2, 15]. We in-
vestigate frequency filtering including the regime where
JSA effects occur and show the deviation from our model
not accounting for these effects. We then investigate
temporal filtering and polarization filtering including the
impact of not actively tracking time-dependent changes
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FIG. 1: Conceptual diagram for filtering a photon pair’s joint
spectral correlations in the presence of background noise pho-
tons.

in fiber birefringence. Lastly, we demonstrate time-bin
entanglement distribution coexisting with ~ -2.2 dBm
launch power classical data sent over each of the 25
km /25 km fibers. Successful time-bin entanglement dis-
tribution with visibilities capable of performing QKD
(> 81%) over 100km with 10Gbps classical communi-
cations sent over the fiber is demonstrated, showing a
record for entanglement distribution for C-band/C-band
coexistence of quantum/classical wavelengths. We esti-
mate that using optimal parameters, terabits per second
classical data could be transmitted alongside our time-
bin entangled pairs whilst maintaining visibilities capable
of achieving positive key rates.

This work is consequential for experiments requir-
ing the narrow filtering of both photons either to re-
duce noise or to obtain spectrally pure photons, for
example when classical communications is present in
entanglement-based [4, 5, 16] and quantum teleportation-
based optical fiber networks [7, 17] or in free-space [18§],
SpRS generated in SFWM photon-pair sources [9], or
storing entangled photons in quantum memories using
QFC [10-12]. This work can help guide optimal source
and receiver designs to achieve spectrally pure sources
and high-rate entanglement-based quantum communica-
tions in noisy environments, since short pulses are needed
to reach GHz-level repetition rates. Narrow spectral fil-
tering of photon-pair sources is often needed regardless to
obtain spectrally pure (single-mode) photons from orig-
inally spectrally-entangled JSAs to achieve applications
requiring Hong-Ou-Mandel (HOM) interference such as
Bell state measurements for quantum teleportation, en-
tanglement swapping, multi-particle entanglement, and
beyond. Thus, for experiments such as quantum telepor-
tation alongside classical communications in optical fiber
or in free-space, the need for narrow spectral filtering is
often two-fold.



II. MODEL

The scenario we explore is pictorially represented in
Fig. 1, which shows the filtering of a source’s JSA using
narrowband filters. In this case, not all detected photons
in each arm lead to coincidences due to spectral incom-
patibility, leading to a reduction in heralding efficiency
or coincidence probably. We also plot noise on top of
this to show that noise will scale linearly with the filter
bandwidth/coincidence window; however, the reduction
in coincidence probability of source photons will decrease
more rapidly than the noise rejection, limiting the ability
to improve fidelity.

The typical way to model photon-pair experiments is
to model both the single-photon count probability .S; for
signal (j = s) and idler (j = 4) detectors as well as the
coincidence count probability C, then quantify the per-
formance via the coincidence-to-accidental ratio (CAR)
or visibility V. The typical equations for modeling sin-
gles counts S; and the maximum coincidence counts C,
assuming the mean number of generated photons per
pulse ¢ < 1 and the true channel efficiency 7; < 1,
are S; = un; +D and C' = unsn; + A [19]. Here, D is the
total background noise count probability and A = S,S; is
the accidental count probability, or the probability of get-
ting a coincidence detection between two completely in-
dependent two-mode squeezed vacuum states (TMSVs),
such as neighboring pulse time-slots in a pulse train or
when projecting onto orthogonal states of an entangled
source’s qubit modes. However, this model neglects the
properties of the source’s JSA as well as situations in
which signal and idler photons are filtered with different
spectral bandwidths.

Instead, we expand the approach in ref. [14] to include
a background noise count probability. Ref. [14] defines
the singles count probability as S; = nn;I';, where n is
the mean number of photons per pulse generated across
the entire unfiltered JSA, n; is the “true” channel j trans-
mission (not accounting for reduced heralding efficiency),
and I'; is the overlap of the signal/idler spectral filter
passband with the JSA given by (see Appendix)
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where  f(ws,w;) is the unfiltered JSA  with
[[ dwedew; | f (we,w:)]> = 1 and g; (w;) is the signal
(j = s) or idler (j = i) normalized filter transmission
function.

Expanding this model to include background noise, we

model the singles counts in each detector as

Sj =nn;l'j + D;j. (1)

The maximum coincidence probability, assuming n <
1, is modeled by

C =~ Tpornnnsn; + A, (2)

where 'yt is the probability that both signal and idler
photons pass their respected filters and are detected in
coincidence, assuming unit transmission, and is derived
from the model of the overlap of the filters in the source’s
unfiltered JSA (see Appendix)
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This is the key parameter in evaluating the effects of
reduced coincidence probability relative to the singles
counts of both photon pairs and noise. The filter herald-
ing efficiency can then be defined as d0,/; = I'potn/I'i/s
[14].

In the above equations, D is the noise count proba-
bility per time window in which the detector is “open”,
AT. We consider some arbitrary noise photon sources,
R; that are both random in time and frequency relative
to the quantum source photons and has units of pm~'s~!.
For most cases using narrow filtering (< 1 nm), the noise
count probability is approximately constant across the fil-
ter passband such that we can write the simplified equa-
tion for the total background noise count probability D
as

D; = (R;AN; + d;) ATy, (3)

where A); is the bandwidth of the spectral filter in chan-
nel j and d; is the probability of dark count detection per
time AT}. We assume at present that AT is greater than
the coherence time of the photons. The detector dark
counts d are in units of counts/s such that both back-
ground noise photons and intrinsic detector dark counts
are filtered in the time-domain, whereas only noise gen-
erated before detection is spectrally filtered.

The accidental coincidences are still modeled as A =
SsS;, where the signal-to-noise ratio of two-photon ex-
periments can be characterized by the coincidence-to-
accidental ratio CAR = C/A or with the non-local two-
photon interference fringe visibility of an entangled pair
source Ve = (C — A)/(C + A).

We also model the spectral purity, P, as a function
of filtering using the approach in [20, 21] to relate the
ability to achieve a high CAR or V to the ability to per-
form interference between independent photons in HOM
interference-based applications (see Appendix).

To arrive at equations similar to the typical equa-
tions that exclude properties of the JSA or reduced filter
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FIG. 2: (a) Experimental diagram. We study filtering spontaneous Raman scattering (SpRS) noise photons when distributing
photon pairs generated by type-II SPDC at degenerate wavelengths (1536.5 nm) over 25-km spools to co-propagate with 10-
Gbps classical communications operating at 1547.72 nm. The C-band/C-band wavelength allocation generates strong Raman
scattering noise that needs to be tightly filtered to perform quantum experiments. The photons are pumped by driving a
20-GHz bandwidth electro-optic modulator by an AWG creating pulses at a 200-MHz repetition rate. The pulse width of the
RF signal from the AWG which drives the pump modulator is tuned from 44 ps to 320 ps depending on the experiment. We
filter SpRS noise using tunable bandwidth filters in each channel within a range of 32 pm to 600 pm. The lower tuning range
allows us to filter below the coherence time of the pump to obtain high spectral purity, at the expense of reduced coincidence
count probability. Temporal filtering is performed using low-jitter superconducting nanowire single-photon detectors (SNSPDs)
and a time-to-digital converter (TDC) (/45 ps). Singles counts are monitored to perform active correction of the clock phase
for time-dependent drifts in arrival time to allow tight filtering, and polarization is kept filtered using maximized singles using

electronic fiber polarization controllers (E-FPCs).

heralding efficiency, we define the mean number of pho-
tons per pulse in signal/idler channels after filtering as
p; = nl';, which means signal and idler modes can have
different values if the filtering is asymmetric (us # ;).
If we approximate I'y ~ I';, which results in § = 6, = §;,
then

C~ 5775’02’:“6 + A (4)

If § =1, we obtain C = unsn; + A and S; = un; + D;.

We note that this allows approximating p experimen-
tally as p = 05,,555;/C as in [22], however this does not
hold for T’y # T'; (asymmetric filtering or for JSAs with
different phase matching angles). We assume our sources
are operated in the low gain regime where u < 1 and
therefore photon statistics follow a Poisson distribution.

III. EXPERIMENT

Our experimental design is shown in Fig. 2. We study
the effects of filtering in the context of coexisting quan-
tum and classical optical communications in standard
single-mode fiber (SMF-28). It is well known that al-
locating quantum and classical channels in nearby wave-
length channels, such as both populating C-band DWDM
channels, creates very strong SpRS as a function of clas-
sical launch power [2, 15]. To study a case in which two
photons are transmitted over a noisy medium, we gen-
erate C-band photon pairs using SPDC and multiplex

them into fibers using dense-wavelength-division mul-
tiplexers (DWDMs) to co-propagate over 25km/25km
spools with 1547.72-nm classical communications at a
rate of 10 Gbps. We either pump our SPDC source with
single pulses to create correlated photon pairs or with
two pulses to create the time-bin entangled Bell state
®+) = L(EE) + |LL)).

The classical signal generates SpRS noise in the quan-
tum signal passband creating the high noise photon en-
vironment used to evaluate various methods of filtering.
To apply each of the filtering methods, we use tunable
bandwidth optical filters (EXFO) with a tuning range
of 32pm to 600pm, temporal filtering using a variable
coincidence detection window on the output count time-
stamps of our superconducting nanowire single-photon
detectors (Quantum Opus) and time-tagging electronics
(Swabian Timetagger Ultra). Each has a temporal jitter
of 40ps and 8ps, respectively, allowing tight temporal fil-
tering around the pulses arriving at each detector. At the
end of the fibers we include fiber polarizing beam split-
ters (FPBSs) to apply polarization filtering to prevent
~ 50% of the SpRS noise from entering each detector,
which is possible due to the largely unpolarized SpRS
photons over long-distance fiber links [4, 7, 23]. Since
long-distance fibers have time-dependent birefringence
due to tempurature and mechanical disturbances, active
feedback is needed to compensate this effect to align the
photon pairs to the polarizing axis of the PBS. We per-
form this using maximization of single-photon counts in
each detector by adjusting the voltages on fiber squeez-



ers in electronic fiber polarization controllers (EFPCs)
which keeps each photon aligned to the polarizing axis.

To create our C-band quantum signals, we utilize type-
II spontaneous parametric down conversion in a periodi-
cally poled lithium niobate (PPLN) waveguide to create
wavelength-degenerate pairs of photons at 1536.5 nm.
Our source is pumped at a clock rate of 200 MHz by
intensity modulating a 1536.5-nm continuous-wave laser
(Pure Photonics) using a Mach-Zehnder modulator (Ex-
ail). The modulator is driven by radio frequency signals
originating from an arbitrary waveform generator (Tek-
tronix). The AWG can be programmed to have a min-
imum pulse width of 44ps, allowing us to create pulses
with a broad spectral bandwidth relative to the lower
range of our tunable bandwidth optical filters.

The telecom-band pump pulses are then amplified us-
ing an erbium-doped fiber amplifier (EDFA) and in-
jected into a PPLN-WG to undergo second harmonic
generation (SHG), producing pulses at 768 nm. These
pulse then pump a second PPLN-WG to undergo type-I1
SPDC, generating degenerate pairs at 1536.5-nm. The
signal /idler photons are then separated using a PBS and
subsequently multiplexed with the 10 Gbps C-band clas-
sical data to co-propagate over 25km fiber spools.

These signals are produced by small-form pro-
grammable (SFP) transceivers controlled by a FPGA to
generate pseudo-random data. The SFP receiver requires
a minimum received power of P = —18dBm to achieve
error-free 10 Gbps communications, dictating a launch
power of ~-13 dBm into the 25-km fiber spools. Due
to the close spacing between our quantum and classical
wavelengths (~10 nm), the C-band/C-band wavelength
allocation results in a substantial amount of background
SpRS noise, allowing us to investigate filtering in very
high-noise environments.

The measured joint spectral intensity (JSI) of our
source when pumped by a 50-ps duration pump pulse
is shown in Fig. 3, which is pre-filtered by a 100-GHz
channel spacing DWDM. By overlaying a 50pm spectral
passband over the JSI, which is the narrowest filtering
we investigate experimentally, it is clear that we can cut
into the JSI to achieve spectrally pure photons at the ex-
pense of reduced heralding efficiency. This allows us to
explore the regime in which narrow filtering is used to
both reject background noise photons and increase the
source’s spectral purity for multi-photon interference.
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FIG. 3: Measured joint spectral intensity of photon-pairs gen-
erated from SPDC with a pump pulse 50-ps FWHM in dura-
tion. Photons are prefiltered with 100-GHz channel spacing
DWDMs. A 50pm semi-transparent overlay is added at the
center wavelength of each photon for a visual reference of the
tightest filtering setting used experimentally.

IV. SPECTRAL FILTERING OF PHOTON
PAIRS AND BACKGROUND NOISE

A. Comparison between filtering single and
two-photon quantum states

To demonstrate the impact of filtering narrow into
the source’s joint spectrum and how the physics of
two-photon filtering differs from single-photon filtering,
we study two cases in which one scenario has a wider
bandwidth (300pm) and one which has a narrower BW
(50pm). We set the time filtering at each detector to
maintain the same single-channel time-bandwidth prod-
uct of the filtering. Since the noise-count probability in
each detector is o« AMNAT, keeping this fixed should pro-
duce the same signal-to-noise ratio in a given detector.
However, we will show that this is not necessarily true for
CAR in two-photon quantum state experiments when one
can not neglect the reduction in coincidence probability
from tight filtering.

For the 300pm case, we set a coincidence window of
T = 300ps. For the 50pm spectral filtering, we choose
T = 1800ps to maintain the same time-BW product of
the time-frequency filtering. We also explore how the
photon statistics of SPDC/SFWM influence CAR in the
two cases, as increasing the source intensity will generate
more multi-photon pairs which will reduce the CAR in
addition to our background noise. To do this, we plot the
CAR for each time-frequency filtering case as a function
of the source’s mean number of photon pairs emitted from



200

—— A A=300pm, A T =300ps
— A A=50pm, A T=1800 ps

FIG. 4: CAR as a function of us for two different cases that
have the same single-channel time-frequency filtering prod-
uct. The plot clearly shows a drastic reduction in CAR. for
the narrower spectral filtering case, even though the single-
photon SNR in signal or idler detectors is equivalent for both
cases. This shows a distinction between the behavior of single-
photon filtering and filtering SPDC/SFWM sources.

the source, where we choose to plot as a function of the
signal mode’s mean number of photons mus.

Fig. 4 shows the results of the experiment. For
this test, the C-band classical light source is set to ob-
tain a received power at the end of the fiber of Pg
= -28 dBm. The heralding efficiency over the 25-km
fiber for AN = 50pm had significantly lower values
(na = 0.00278,0.0224) compared to A\ = 50 pm (0.0143,
0.0171). Thus, we expect that 50-pm case should be sig-
nificantly more impacted by the effects of narrowly fil-
tering the source JSI. Fig. 4 shows a clear difference be-
tween the 50pm/1800ps and 300pm/300ps filtering ap-
proaches. For 300pm we achieve a maximum CAR ~
160, whereas 50-pm filtering case reaches only ~40. This
clearly shows that cutting into the JSI can negatively
impact performance, notably sacrificing the spectral pu-
rity of the photons. To have high spectral purity, one
thus takes a hit on CAR for this source. Notably, the
single-channel SNR was the same for both cases due to
the fixed single-detector time-bandwidth product. Due
to this, there is a clear difference between the impact of
narrowly filtering photon pairs compared to single pho-
tons.

We can also see the impact of multi-pair emission in
Fig 4. Each obtains a maximum around p ~ 1073, which
needs to be increased due to the need to overcome noise
photon count rates. However, as the source intensity is

increased, multi-photon pair emission begins to degrade
CAR.
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FIG. 5: (a) CAR for fixed EDFA pump power as the sig-
nal/idler filter bandwidths AX are tuned whilst the classi-
cal channels transmit —12.5dBm of launch power into the
25km /25km spools. The black line shows the simulation us-
ing the ideal equations for CAR (ignoring the filtering of the
JSA), and the blue line shows the simulation including re-
duced heralding efficiency at narrow AM. It is clear that the
results deviate from the ideal case due to a reduced filter
heralding efficiency as our filters cut into the source’s JSA.
(b) Measured and predicted filter heralding efficiency ¢; for
signal-idler photons as a function of AX. The values are scaled
to the heralding efficiency at wide bandwidths, which includes
the "true" channel loss in our system 7, and n;. It is clear
that the results deviate from the ideal case when the herald-
ing efficiency (spectral purity) begins to decrease (increase).

B. CAR versus filter bandwidth for fixed AT

Here we experimentally investigate the consequences
of narrow spectral filtering around photon pairs to miti-
gate the impact of background noise photons. We pump
our source with a single pulse to create correlated photon
pairs with a pulse full-width at half maximum (FWHM)
of 44 ps. The 10-Gbps C-band classical sources are set
to have an equal launch power of Py = —12.5dBm,
which results in the SpRS noise count terms Ry =
1477.4 counts/pm/s and R; = 1040.1 counts/pm/s. We
use tunable bandwidth filters to evaluate CAR as a func-
tion of the signal/idler filter FWHM bandwidth A\ while
we temporally filter with a fixed coincidence window of
AT = 300ps. According to the measured JSI and the-
oretical predictions, the narrow filtering, AA <100 pm,
should begin to experience significant reductions in the
filter heralding efficiency d; which is the regime of inter-
est.

We fix the EDFA pump power to create a constant
output source intensity per filter bandwidth. We note
that due to this, the mean number of photons per pulse
within A\ is varied, where we model the mean number
of photons in each setting as 11;(AX) =~ n.I';(AX). This



does not create a perfect comparison between each band-
width setting due to the change in source intensity which
varies the impact of multi-photon pair emission (see Sec-
tion IV.B), but does allow us to experimentally confirm
any deviation from the ideal model. The results for CAR
vs. A\ are shown in Fig.5(a). We plot the model for
both the ideal case (black dashed line) and using the
model simulating the source JSA (blue line). Fig. 5(b)
shows the measured and modeled reduction in heralding
efficiency for each channel as we reduce the filter band-
width, which is scaled to also account for the true channel
efficiency 7;.

We observe that for AX < 100pm, the ability to im-
prove CAR via spectral filtering becomes hindered by the
reduction in heralding efficiency. This regime is near the
regime in which 7,ump < Tiie Where Tpymp is the tem-
poral width of the source’s pump pulse and 77, is the
coherence time set by the filter bandwidth, which is the
regime known to achieve higher P. It is clear that as P
is increased, the ability to increase noise tolerance is hin-
dered. For example, if §; = 1, then the ideal case predicts
a CARigea (30pm) =~ 155, whereas the measured and pre-
dicted value accounting for §; < 1 is CARjgea (30pm) =~
70, which is a significant deviation from the ideal case.
This filter bandwidth gives a ratio between pump and
filter coherence times of Tpymp/Trir = 0.39.

C. Optimizing source pumping and pair generation
rate

The above experiment was conducted for a fixed EDFA
pump power, meaning the mean number of photons per
pulse p(AN) varies as the bandwidth is changed. This
does not provide an accurate comparison between spec-
tral filtering settings since CAR is highly dependent on
w(AN) [19, 24]. In a noiseless environment, CAR is of-
ten approximated as CAR =~ 1/pu, indicating quantum
fidelity is always maximized as p — 0 due to the min-
imization of multi-pair emission. However, when back-
ground noise is present, the value for p which maximizes
CAR must be increased due to the need to overcome the
noise detection rates, but not too large so as to suffer from
multi-pair noise. Thus, the optimal CAR will always be
a balance between maximizing the ratio of source inten-
sity to background noise intensity and reducing multi-
pair emission noise. We expand this analysis to include
modeling of the filtered source JSA to investigate the
consequences of reduced coincidence probability.

Fig. 6 shows multiple simulations of CAR as a function
of mean photon number for different pulse widths when
the photons are filtered by a AX = 30, 100, or 500 pm
FWHM Gaussian-shaped spectral filter for various dif-

ferent temporal pump pulse widths (7) ranging from 5ps
to 200ps FWHM. We also plot the idealized equation for
CAR (6 = 1) which neglects filtering of the JSA (black).
We note that for each case we assume a 300ps coincidence
window. This means that the detector’s time-frequency
filtering is not time-bandwidth limited in each channel
showing a unique limitation of narrowly filtering photons
in coincidence.

The first lesson from the simulations in Fig. 6 is that
CAR is highly dependent on how the source is pumped,
showing a unique property of filtering two-photon states
generated by SPDC/SFWM. This is because as 7 is de-
creased, the bandwidth in which a reduced coincidence
probability occurs is wider than for a longer duration
pump pulse. The reason for this can be seen in Fig. 6(d),
which plots both §; and P as a function of pulse width
for the three spectral filter bandwidth settings. It can be
seen that for narrow filtering, such as A\ = 30 pm, the
value for 6; (Tpump = 5ps) is K 0;(Tpump = 200ps) mean-
ing there is a much higher probability to get a coinci-
dence count for Tpump = 200ps and thus a higher two-fold
signal-to-noise ratio. However, the approach of maximiz-
ing Tpump Wwhile minimizing A\ reduces the spectral pu-
rity of the photons showing a trade-off between quantum
fidelity and the ability to achieve high-visibility HOM in-
terference using these multi-mode photons, which is con-
sequential for applications such as quantum teleportation
or entanglement swapping in noisy environments.

In the above simulations, we evaluated a situation in
which we have a fixed coincidence window of AT = 300ps
while varying the properties of the source (i, A\, and
Tpump )- However, using narrower pulses can allow for
narrower temporal filtering around the pulses arriving
at the detectors, so it is worthwhile to investigate tight
temporal filtering around the pulses depending on their
pulse duration. To account for this, we simulate CAR
vs. p and Tpump for a variable coincidence window de-
pending on the choice of pump and filter coherence times.
In Fig. 6(b), we simulate using a coincidence window of
emulates the ability to filter narrower in the time do-
main depending on the choice of pump and filter set-
ting. The above equation limits the minimum coinci-
dence window to ATin, = Trir; which we calculate as-
suming transform-limited Gaussian pulses with Thlt; =
0.44 x A3/(cAN;), where ); is the filter’s center wave-
length and c is the speed of light in vacuum.

Toump + Tit,» for j = {signal, idler}, which

This simulation shows the interesting result that each
choice of A\ can now achieve the same maximum CAR,
however the behavior is still highly dependent on the
pump pulse width for each case. In Fig. 6(d) we plot
the maximum possible CAR that can be achieved for
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FIG. 6: (a) Simulated coincidence-to-accidental ratio (CAR) as a function of the mean number of photons per pulse within
the signal/idler filter bandwidths p for AX = 30 pm, 100 pm, or 500 pm when -12.5 dBm of C-band power is transmitted over
25-km/25-km fibers. We simulate the curve for various pump pulse widths from 5ps to 200ps. For this simulation we set a
fixed coincidence window of AT = 300ps for temporal filtering such that temporal filtering is never narrower than the photon’s
coherence times (not time-bandwidth limited).. The JSA is simulated for each different pump pulse width, with the black
dashed line giving the ideal case of the filter heralding efficiency § = 1 regardless of the pump/filter bandwidths. The results
clearly show a reduction in performance when using short pulses (light blue) compared to long pulses (purple). The plot shows
that for typical sources, the optimal CAR is achieved using longer pulse widths and narrowband filtering. (b) Same simulation
as in (a), but with an adjusted coincidence window such that using shorter pump pulses allows narrower temporal filtering.
This result shows the ability to achieve the same maximum CAR, but the optimal pulse width different than in case (a). (c)
Estimated spectral purity P (solid lines) and filter heralding efficiency (dashed lines) for each filter bandwidth as a function of
pump pulse width, which helps relate the ability to perform multi-photon interference experiments to the ability to reject the
impact of noise photons via filtering. (d) The maximum achievable CAR as a function of pump pulse width for the simulation
in (b), demonstrating that each choice for A\ has a corresponding optimal pump pulse width.

each pump pulse width 7pyump for each AN setting. It V. C-BAND TIME-BIN ENTANGLEMENT
can be seen that for each setting of A\ there is a cor- COEXISTING WITH C-BAND CLASSICAL
responding optimal 7,ym,. The optimal choice seems to COMMUNICATIONS

occur around Tpymp = Tfiz. This result would not oc-

cur if 6 = 1, indicating another consequence of reduced Having explored filtering photon pair sources in various
heralding efficiency when filtering photon pairs. It is also degrees of freedom, we now apply these to demonstrate
a unique property of photon-pair filtering, as the signal- a proof-of-principle application, namely entanglement-
to-noise ratio of single-photon filtering alone would not based networking coexisting with classical optical com-
have a dependence on the pulse width at the transmitter. munications in fiber. We switch from generating single

pulses at 200 MHz using the AWG to creating double
pulses with a separation of 347 ps at the same repeti-
tion rate. At the receiver, we insert Michaelson interfer-
ometers to measure a non-local two-photon interference
fringe in the Z basis. Although other entanglement dis-
tribution experiments coexisting with classical commu-
nications have been performed for polarization entangle-
ment [4, 6, 7, 25] and time-energy entanglement [5], this
is the first study of pulsed time-bin entanglement dis-
tribution over fibers populated with strong conventional

The other lesson of the plot is that CAR is highly de-
pendent on the mean photon number. It can be seen
that as the noise is increased, the optimal CAR occurs
at higher mean photon numbers but then degrades as
multi-pair emission becomes a dominate source of noise.
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FIG. 7: C-band time-bin entanglement distribution coexisting over 25km/25km fibers with 10-Gbps co-propagating C-band
classical data. (a) Histogram of single photon counts relative to our clock at the output of the signal photons interferometer
when the classical launch power is -4.8 dBm. The blue shows the output from just our time-bin photons, showing the three
peaks characteristic of sending time-bin entangled photons through a Michaelson interferometer. The red shows the SpRS
background counts alone which are shown to have equal intensity across the three bins, with the side bins having a 2 times
lower SNR compared to the middle bin. (b) Z-basis (blue), X-basis (red), and average (teal) entanglement visibility versus the
C-band classical launch power. The two dashed lines show the minimum visibility for performing QKD (>81%) and verifying
the non-local nature of entanglement (>70.7%). We observe that the X-basis is able to tolerate higher power and that our
50-pm/200-ps filtering enables classical power of -2.2 dBm to be tolerated. (¢) Example non-local two-photon interference fringe
by varying Alice’s interferometer voltage, where we obtain a visibility of Vx = 89.6 + 1.6% at a launch power of Py = —4.8

dBm.

optical communications.

In this experiment, we choose to filter our photons at
Bob and Charlie using 50-pm FWHM bandwidth spec-
tral filtering applied to both photons (6.5 GHz) and apply
200-ps temporal filtering. The narrow filter bandwidth
gives a ~70ps photon coherence time, placing us close to
the single-channel time-bandwidth limited filtering. The
filter bandwidth is also very narrow relative to the width
our JSI. This means we are in the regime of high spec-
tral purity and low filter heralding efficiency, where we
measure a reduction in heralding efficiency of approxi-
mately 23% and 21% for signal and idler photons going
from 600pm to 50pm filtering, showing a significant re-
duction in the coincidence probability independent of the
single-channel photon rate. At 50pm/50pm filtering, the
true heralding efficiency was 0.0012 and 0.0014 for sig-
nal and idler, respectively. Converting between loss and
fiber length, this corresponds to a total of approx. 300km
standard fiber.

Fig. 7 shows the results of distributing our time-bin
entangled pairs each over 25 km spools to co-propagate
with 10-Gbps modulated C-band classical data signals.
Fig. 7(a) shows a histogram of the signal photon singles
count rate per 10 ps relative to our clock signal, which
shows the three peaks at the output of our Michaelson
interferometer. Note that our clock pulses have a fre-
quency of 10MHz and the response rate of our laser pulses
is 200MHz, so this histogram represents 1/20th of the
single-photon singles data in a clock cycle. We also plot

just the SpRS noise singles count rate on top of this when
the classical signals are launching X and Y dBm into each
fiber. This shows clearly that the SpRS noise is com-
pletely random in time, equal across the three bins. The
side lobes of the quantum signal have 50% of the count
rate compared to the middle peak, with a single-channel
SNR of 0.41 and 0.205, respectively. This SNR is less
than one, indicating the inability to perform quantum
applications using the singles counts alone. However,
thanks to the photon number correlations of entangled
pairs, the vacuum component that is present in the single-
channel measurements is less prominent when doing non-
local coincidence detection, which makes the two-fold de-
tection of the entangled state more robust against SpRS.
However, the noise counts improperly herald the presence
of the entangled pair, reducing the visibility alongside
noise-noise two-fold coincidences.

Fig. 7(b) shows a plot of the Z (E/L) and X basis
(4/—) visibility as we vary the launch power of the two
classical signals into their respective fibers. In dark fiber,
we measure visibility of Vz = 99.2% and Vx = 95.6%,
where the X-basis visibility is slightly lower due to the
imperfect visibility of our interferometers.

As we increase the launch power, we observed that Vz
declined more rapidly compared to Vx, which is due to
the inherent properties of time-bin qubit analysis via in-
terferometry. The |E) or |L) photons will exit the inter-
ferometer output randomly in each port 50% of the time,
similar to adding 3-dB loss to the quantum signal. Simi-



larly, the noise will also randomly exit the interferometer,
and thus also has a 3-dB loss passing through the interfer-
ometer. However, the qubits |£) and | +4) exit the inter-
ferometer output on the same side with 100% or 0% prob-
ability (neglecting any insertion loss). This creates three
distinct satellite peaks in the histogram of single-photon
detection times as seen in Fig. 7(a). Since the SpRS
photons from the classical signal are entirely randomly
distributed in time, the noise count probability across all
peaks in the histogram are equal. This means that noise
is reduced 50%, Z basis counts are reduced 50%, but |£)
and | 4 4) states experience no loss (outside of insertion
losses, which are applied to all). The states lying on the
equator of the Bloch sphere are thus expected to signif-
icantly outperform states lying on the poles. This has
consequences for all TF encodings such as time bins, fre-
quency bins, and temporal modes. The coherence shared
between the interfering bins enables constructive inter-
ference that helps push the coincidence signal above the
noise. For many quantum applications, it is sufficient to
observe only two mutually unbiased bases. In high-noise
environments, this work shows that choosing encoding
bases that utilize interference in their measurement such
as |+) and | £ ¢) instead of the more conventional Z basis
choice can boost SNR and measurement visibility.

To time-bin entanglement, we change the equations
for correlated pairs to include the additional loss of the
photon pairs and noise counts, such that the coincidences
and singles in the Z basis can be written as

1
C(ee/ll = irbothncnsni + S:5; (5)
Ceijie = SsSi (6)

1 1
Sj = §anc’l7j + <2RJA>\J + dj> ATJ (7)

For the X-basis, we model the coincidence counts as a
function of phase between Alice and Bobs interferometers
¢ap can be expressed as:

C (¢a5) = T3 Thomne (1 + Ving cos (¢4)) + A

giving the maximum and minimum coincidences of

CVmax = 7782?% Fbothnc (1 + VYint) + SSS’L

Cmin = SSSZ + %Fbothnc (]- - V}nt)
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1
Sj = ancnj + <2RJA)\j + dj> ATj (8)

where V,,; is the visibility of the interferometer.

From Fig. 7(b), we showed that the X basis visibility
could reach the limit for QKD of V>81% at a launch
power of -2.2 dBm (0.6 mW) and -0.4 dBm for violating
Bell inequality [26], whereas the Z basis could only reach
-4.4 dBm and -2.8 dBm, respectively. We also note that
at the highest tested powers, our mean photon number
was quite low, meaning we could have achieved higher
powers if we were able to increase the source intensity
to overcome the noise. We predict that by increasing u
by ~3 times and temporally filtering down to 100-ps, we
could achieve a visibility of >81% in the X basis with
classical powers of > +2dBm.

In our experiment, our receiver required -18 dBm of
power to operate the 10 Gbps communication error-free.
Based on our maximum received power (0.16 mW), we
predict that roughly 10 classical channels could have op-
erated in a DWDM C-band classical system (100-Gbps
total), assuming all operate at the minimum necessary
classical power. We note, however, that much higher
data rates as a function of classical power have been
demonstrated in other experiments. For example, a com-
mon estimate for 10-Gbps error-free communications is
a received power of -27 dBm [15], in which case 81 clas-
sical 10-Gbps channels (810 Gbps) could be populated
in our system. More sophisticated methods for classical
communications have been shown to allow even higher
data rates. It was shown in [27] that sufficient pow-
ers were shown to be -50 dBm for PM-BPSK, -47 dBm
for PM-QPSK and -38 dBm for PM-16QAM modula-
tion formats. Classical data rates on the order of Th/s
have been demonstrated using single-photon QKD ex-
periments alongside power levels similar to those of this
study [28]. Furthermore, we have shown here an improve-
ment of more than an order of magnitude in coexisting
power compared to previous C-band/C-band entangle-
ment distribution-classical studies [5].

We also note that this is an underestimation due to the
C-band/C-band SpRS noise spectrum, since our quan-
tum/classical wavelength allocation places our quantum
center wavelength near the highest SpRS noise wave-
length allocations [15, 28], where noise could have been
roughly halved by placing the classical channel in the
closest neighboring 100- or 50-GHz spaced DWDM chan-
nel.



VI. CONCLUSION AND OUTLOOK

In conclusion, we have studied various methods of
filtering photon pair states generated from SPDC or
SFWM sources, finding that performance is highly de-
pendent on properties of the source’s phase-matching
conditions, pump spectral bandwidth, filter bandwidths,
and pump power, which has broad implications for opti-
mal source and receiver designs for multi-photon quan-
tum applications in noisy environments.

We then demonstrated the coexistence of C-band time-
bin-entangled photons coexisting with 10-Gbps C-band
classical data. We found that the impact of SpRS has
a basis-dependence on Michaelson interferometer-based
time-bin measurements. Further, using narrow filtering,
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we demonstrated high C-band power levels over a total
of 50 km of fiber. Although other approaches can be
used for coexistence with classical data, such as allocat-
ing either the quantum [1, 4, 7, 29] or classical [16, 30—
32] channels to the O-band, these results would allow
entanglement-based networking and classical networks to
both leverage the lower-loss C-band wavelengths.

We also note that these time-bin photons are spectrally
pure, being forward compatible with applications such
as teleportation coexisting with classical communications
[7, 17] and are allocated to 1536.5 nm which are directly
compatible with Er-ion QMs [33-35], offering insight into
the challenges of operating at these wavelengths in coex-
isting advanced quantum-classical networks.
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Appendix A: Model for incorporating JSA

In the above analysis, we either model the effects of
filtering the two-photon spectral correlations using nu-
merical calculation of the filter heralding efficiency and
spectral purity, a Gaussian approximation for the JSA,
or experimentally measured using values.

The JSA of an arbitrary source can be constructed by
using the general equation [14]

2
f(w57wi) :Nexp< (ws 2s0 —sz wlo) )
4crp

« sinc (([ws — wso] Sin B + [w; — wyp] cos 6)
20pm
(A1)

Here, o, is the pump spectral bandwidth, op,, is the

phase matching bandwidth, and 6 = arctan (Z‘/i’ 7k%) is
the phase-matching angle, where &k} is the frp(eqlfency
derivative of k of the signal or idlers.

Applying spectral filtering effectively truncates the
JSA, creating a new shape for the two-photon correla-
tion. The new JSA can be obtained by multiplication
with the transmission functions of the filters, giving the

equation [14]

) = / / duonddios f (e, ) g (ws) i (w3) o) )

where |ws) and |w;) are single photons at frequency wg
and w; and g5 (ws) and g; (w;) are spectral filters on the
signal and idler photons, respectively.

When we apply the Gaussian approximation for the
JSI, we use the method in ref. [14, 20]. Using some
assumptions, it allows modeling an arbitrary Gaussian
photon-pair joint spectrum filtered by Gaussian signal
and idler filters. The filters have central frequencies of
wso/40 (units of rad Hz), and the bandwidths of the pump
and phase matching are (o,) and (opm), respectively.
These are related to the FWHM bandwidth by

Op = Oppwun/(2V2In2) = 0.4250 00 11r >
Opm = V0.1930,, meua/(2V2I02) = 0.1870 pm piw pras
(A2)
To find the probability that both photons pass their
filters, then the probability that each photon is passed

individually. The unfiltered state is given by [¢) =
[ dwsdw; f (ws, w;) [ws) |w;) with

Funfilt = |<¢ | ¢>‘2

= //dwsdwi |f(ws,wi>|2 _



To obtain an analytical expression, we use the approx-
imate sinc(x) ~ exp (—az?) with o = 0.193 for the JSA
and then add Gaussian filters to signal and idler photons
with bandwidths of 0y/; = 04/ 4 /(2V2In2). Ne-
glecting phase contributions, this gives the filtered JSA
of

2
40p

[ (ws,w;i) Fs (ws) Fi (wi) = N exp <—

(—a (Qgsiné + Q; cos 9)2>
X exp

(Qs + Qz)2>

4Ugm
0z 02
X exp < 1o? 40?)
(A3)
where
f (ws,wi) = Nexp (—92 — 02 SQQ) (A4)
and
_a’sin®f 1 N 1
o2 o2 o2
2cos?f 1 1
b— « C2OS L (45)
Tpm % 0§

o2 cosfsin b 1

o2 on
The coincidence count probability can be found by set-

ting o% = % = 0 in equation A5 to obtain

1_‘unﬁlt = N2 // dQssz exp (_042093 —

%Uﬂf - cQQ)

(A6)
where N2 is a normalizing factor given by
Yoy —
N2 — M ( A7)
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The coincidence probability for the filtered JSA is then

Tpou = N2 / Q.S exp (—392 _ gﬂf — cQsQi>

_ aobo — 2
Voab—c2
(AS)
Setting one of the signal or idler filter bandwidths to

infinity gives the marginal probabilities for each individ-
ual photon, giving the single-channel probabilities of
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aobo - 62
agb — c?

aobo — 2
“aby — 2

To obtain the filter heralding efficiency d,/; we then
take the ratio of the coincidence and single-channel prob-
abilities to get

(A9)

5 — Thoth  [agh—c?

s= T T 2
I ab—c (A10)

5 — Ipotn  [abg — 2

T, Voab=e27

To find the purity P we need the reduced density ma-
trix for heralded signal or idler photons. Since our pho-
tons are entangled only in the spectral degree of freedom
and we consider the case when both photons are detected,
we assume each will have the same purity meaning cal-
culating the purity of either reduced density matrix is
sufficient. Neglecting the higher-order photon pair terms
and vacuum component, obtain the reduced density ma-
trix

= Tri([¢) ()

// dQudQdQ. f (Qs, Q) F5 (U, Q) |Qs) (]

(A11)
The spectral purity P can then be estimated using the
Gaussian approximation for the JSA to be

P = Tr (p})

= [[] [ a.asta0.ao

X f (Qs, ) £ (9, ) f (%, ) [ (Qs, )
4 (27T)
Va2b? — abc?
(ab— ¢2)?

a?b? — abc?

(A12)

ab — c?

ab

Appendix B: Time filtering

In this section we investigate temporal filtering of
our correlated photon pairs. We fix the filter band-
width at AX =100pm and test CAR as a function of



AT =10ps to 600ps. We investigate two different pump
pulse widths, namely 7,ump = 50ps and 320ps to deter-
mine if there is any difference in filtering the two sources.
The noise count rates in the 100pm filter bandwidths
were 1.84 x 10 and 1.81 x 10% counts/s in signal and
idler channels, respectively. For this case, the 100pm
filters were Fabry-Perot etalon filters with 100-GHz free-
spectral range to allow filtering with the 100-GHz channel
spacing DWDMs used to multiplex quantum and classical
channels. Since these have much lower insertion loss com-
pared to the tunable bandwidth filters, we have a higher
true channel efficiency of 7, = 0.024 and n; = 0.027.

Fig. 8(a) shows CAR as a function of coincidence win-
dow for the two pulse width cases and Fig. 8(b) shows the
measured coincidence count rates as we reduce the coin-
cidence window. The reduction in coincidence counts as
we go below AT = 200ps is due to cutting into the pulse
width.

The mean photon number for each case was measured
to be p320ps = 0.011 and psops ~ 0.0097 for the long and
short pulse case, respectively. Since these have different
mean photon numbers it does not give an exact compar-
ison between the two cases but does allow us to evaluate
any potential difference in trends between the two cases
with narrow temporal filtering. The solid lines in Fig.
8(a) show the predictions if we assume that mu is kept
constant and noise is reduced linearly with and without
reduction in coincidence probability (assuming Fig. 8(b)
were a constant line as a function of AT).

Fig. 8(a) shows that for each case, reducing the co-
incidence window can significantly improve CAR, as ex-
pected. However, both cases seem to stop improving at
a similar limit which is roughly AT < 100ps. We pre-
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FIG. 8: (a) CAR versus coincidence window AT for a source
pumped by a 50 ps pump pulse (blue) and a 320 ps (red) pulse
when the photons are spectrally filtered by a A\ = 100 pm
filter. The classical received power was Pr = —17.7dBm.
The solid lines show the prediction if we assume the noise
counts were reduced linearly and coincidence counts remained
constant. (b) Coincidence count rate as a function of AT
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dict that this is likely due to the jitter of our SNSPDs
and time-taggers starting to contribute to the inability
to truly reduce the coincidence detection window.

It is also true that narrow temporal filtering relative
to the photon filter coherence time 774, can be a way
to increase P (instead of using a short pump pulse)
[21]. In this case, we would expect to see similar re-
duction in heralding efficiency as we saw in the spec-
tral filtering case due to cutting into the joint tem-
poral amplitude (JTA), which is the Fourier transform
of the JSA. If we let the spectrally filtered JSA be
P (ws,wi) = f(ws,wi)gs (ws)gi(w;), where g are the
filter spectral functions, then the JTA can be written
as the Fourier transform of the JSA F[® (ws,w;)]. If
we apply some time filters Tj(¢) to the photon pairs,
then we can write the effect of time-filtering the JSA
as @ (ws,wi)ar = F L [Ts(t)T; ()] % @ (w,w’). Tt is clear
that time-filtering could lead to a similar enhancement
in P, but also results in a reduction in J; due to the
emission of temporal modes in the coincidence window
at incompatible times to give coincidences between sig-
nal/idler photons. This will also lead to a reduction in
the ability to improve. However, since our detector jitter
is one the order of ~ 50ps, this limitation is more pro-
nounced compared to the spectral filtering case and has
a large contribution in the narrow filtering regime in Fig.
8(a), which is why we predict this is a main reason for a
limited ability to maximize performance at < 50ps, even
with the short pump pulse system.

Appendix C: Visibility versus source phase-matching
angle

Here we investigate properties of the phase-matching
of the source. This could be insightful due to the fact
that the impact of heralding efficiency on either signal or
idler photons
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FIG. 9: (a) Maximum possible visibility versus the source’s
phase-matching angle for Py = —12dBm. We consider three
cases, one where both photons are sent over the noisy medium,
one where only the signal photon detector has noise, and one
where only the idler detector has noise. (b) The signal and
idler heralding efficiencies as a function of phase-matching
angle. The pump pulse width is set to Tpump = 20ps and
AX = 100pm. The bottom shows the shape of the JSA for
each Opm.

Appendix D: Polarization filtering

Here we investigate the consequences of polarization
filtering unpolarized noise, which is common in both
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quantum-classical coexistence in optical fiber and in free-
space communications, polarization filtering can roughly
halve the amount of noise in each detector. For free
space systems, this can be relatively more stable, however
optical fibers are susceptible to polarization drift over
time due to time-dependent temperature and mechani-
cal stress fluctuations. Even in dark fiber, such rotations
can be catastrophic to quantum encoding in polariza-
tion. Ignoring noise, the fidelity of spectral or temporal
qubits is not impacted by polarization drift. However, if
one uses polarization filtering to reduce noise, one still
needs to compensate for fiber drift or else the polarized
quantum signal rates, partially blocked by the polarizing
element, become reduced relative to unpolarized noise,
which stays constantly at R/2.

To evaluate this experimentally, we transmit polarized
photon pairs over 25km optical fibers to coexist with a
classical communications signal that is generating noise
that is unpolarized via spontaneous Raman scattering.
Due to polarization mode dispersion, the noise is mostly
randomly polarized at the end of long-distance fiber. We
let both 25km fibers experience significant polarization
drift over time, starting with the signal aligned to a PBS
to achieve the maximum CAR, then seeing how this is
degraded as a function of time as the polarization drifts
away from the optimal angle relative to the polarizer.
Fig. 10(a) shows the singles count rates in channel A
and B, which shows that the SpRS noise rates remain
constant over time whereas the photon pair rates are re-
duced over time and thus the SNR in each channel is
degraded. Fig. 10(b) shows CAR as a function of the
same time interval, clearly showing a reduction as the
angle of the quantum signal 6, ; drifts from the polar-
izer angle 6,,. We also model CAR as a function of
time using a time dependent channel efficiency for the
quantum signal n; — n; cos®*(fpo — 0;) while keeping
noise count probability of R/2. This indicates that ac-
tive polarization tracking is extremely important in noisy
environments, even for qubit encoding that is otherwise
not impacted (in terms of fidelity) by polarization drift
in noiseless fibers.
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FIG. 10: Polarization filtering: (a) Singles counts as a func-
tion of time for transmission over a fiber with unpolarized
noise with time-varying birefringence that is uncompensated.
The noise level stays constant at R /2 due to the polarizer, but
time-dependent polarization rotations reject the quantum sig-
nal with polarization dependent efficiency 7;(8,). (b) CAR as
a function of time, showing reduction in CAR when polariza-
tion is not compensated over time.
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