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Abstract

Quantum networks that can perform user-defined protocols beyond quantum key
distribution will require fully controllable entangled quantum states. To expand the
available space of generated time-bin entangled states, we demonstrate a time-bin
entangled photon source that produces qubit states |y) = |00) + 8]11) with fully
controllable phase and amplitudes. Eight different two-photon states have been
selected and prepared from arbitrary states on the reduced two-qubit Bloch sphere.
The photon pairs encoded in the time-bin scheme were generated at 2.4 MHz with a
visibility of V =0.9475 4 0.0016, with a violation of the CHSH Bell’s inequality by 197
standard deviations. After entanglement distribution over 100 km of single-mode
fibers, we obtained a visibility of V =0.9541 4 0.0113 with a violation of the CHSH
Bell's inequality by 6 standard deviations. The prepared states had an average fidelity
of 0.9540 £ 0.0016 at the source and an average fidelity of 0.9353*59)%9 after
entanglement distribution, which shows that the quantum states generated by our
time-bin entangled photon source can be fully controlled potentially to a level
applicable to long-distance advanced quantum network systems.

Keywords: Quantum communication; Quantum networks; Entanglement
distribution; Time-bin qubits

1 Introduction

Entanglement is an essential resource in the realization of quantum networks [1, 2]. The
protocols for long-distance quantum communication [3-6], like quantum teleportation
[7-11] and entanglement swapping [12—14] rely on distributed entanglement. Currently,
the most popular forms of qubit encodings for entanglement sources are polarization
[15—-17] and time-bin encodings [18—20]. Time-bin encoding can be more robust in long-
distance transmission through optical fibers [21-23] because time-bin encoding inher-
ently exhibits resistance to uncontrollable polarization fluctuations [24, 25] and polariza-
tion mode dispersion [23] in deployed fibers, factors that could induce decoherence in po-
larization qubit states [26]. However, implementing unitary operations and measurements
in arbitrary bases is non-trivial for time-bin qubits compared to polarization qubits. Previ-
ous studies have explored arbitrary entangled polarization qubits [27], time-bin to polar-
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ization qubits conversions for arbitrary measurement [28, 29], or control of single time-bin
qubits [30], but not the manipulation or control of two entangled time-bin qubits.

Ultimately, users of quantum networks may desire the creation of states beyond a single
Bell state, e.g. |®™), generated by typical entangled photon source systems for the facilita-
tion of user-defined experiments [31, 32]. For example, with control over phase, protocols
such as three-partite quantum secret sharing can be enabled [33]. With additional control
over probability amplitudes, partially entangled states can be created for partial telepor-
tation [34] potentially for further optimization of teleportation [35]. The full control over
generating entangled states may therefore become an important feature of quantum net-
works.

However, the state-controlled distribution of entangled time-bin qubits has not been
experimentally demonstrated. In typical time-bin entangled qubit generation, two-qubit
states were prepared by unbalanced Mach-Zehnder interferometers (UMZIs) [21, 36] or
by electro-optic intensity modulators [10, 14, 37] with no control over probability ampli-
tudes.

In this work, we aim to provide a more user-programmable quantum network by ex-
panding the coverage of time-bin entangled states on the two-qubit Bloch sphere. Specif-
ically, we prepare two-qubit time-bin states |¢/) = «|00) + B|11) with fully controllable
phase and amplitudes. We generate these entangled photon pairs via spontaneous para-
metric down-conversion (SPDC) at high count rates and fidelity. We evaluate the quality
of entanglement by observing two-photon interference in generated Bell pairs with high
visibility and a significant degree of violation of the Clauser-Horne-Shimony-Holt (CHSH)
inequality [38].

We further demonstrate that the quality of entanglement is maintained even after dis-
tributing entangled photons over 100-km of optical fibers. While other groups typically
used dispersion shifted fibers (DSFs) to distribute entangled photon pairs [10, 22, 23, 39],
we distributed our time-bin two-qubit states using two 50-km standard single-mode fiber
(SMF) fiber spools. We compensated for the chromatic dispersion of SMF with dispersion
compensating fibers (DCFs). Through quantum state tomography, we show that the fideli-
ties of our prepared states remain consistent before and after distribution, demonstrating
a system qualified and stable enough for higher complexity quantum communication pro-
tocols.

2 State controlled time-bin entanglement generation

A typical process for time-bin entanglement generation via SPDC is as follows. Temporally
separated double pump pulses are created with a pulsed laser or a CW laser modulated by
an intensity modulator. In our setup, the pump wavelength is in the telecom C-band, and
the modulated pulses are frequency-doubled via second harmonic generation (SHG) and
then converted back into the telecom C-band as entangled photon pairs through SPDC
[9, 10, 37, 40]. After SPDC, signal and idler photons are produced at the single photon
level with a low mean photon number (u < 1). The resulting states of the photons are
described by [39]

«[0)510); + BI1)s[1)i, 1

where |0) (]1)) is the early (late) temporal mode, o and B are time-bin state amplitudes
with |a|? + |B|? = 1, and subscripts s and i indicate signal and idler respectively.
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The control and preparation of time-bin states can be done classically before SPDC using
an intensity modulator and a phase modulator. The intensity modulator controls || and
|B| by modulating the intensity of the double pump peaks to different initial levels, and
the phase modulator controls the phase difference between « and § by acting on only one
pulse.

Experimentally, the temporal states |0) and |1) have specific pulse widths and a time
delay between the two time-bin pulses. A requirement for choosing these time-bin pulse
parameters is that the generated states |0) and |1) must be orthogonal.

The temporal states |0) and |1) can be represented by Gaussian time-bin pulses [41]:

o 1 —(t+1/2)?

0 :f a (ro2)l/4 expl ( ;otz ) 11£), 2)
o 1 —(t-1/2)

0= [l el = 3

where 7 is the time delay between time-bin pulses, and o is the standard deviation of the
time-bin pulse width. From this definition we can derive that the orthogonality between
states |0) and |1) depends on the ratio of t to o [41]:

_72
(OI1) = exp (7 —5)- @

Lower t are desired to maximize the generation of quantum states. However, dispersion
applies a unitary operation that widens o upon transmission through optical fiber. This
may lead to higher (0|1) upon measurement, resulting in higher error rates due to overlap
in temporal modes [20]. To compensate for dispersion and to reduce error rates, linear
optics can be employed before or after distribution through optical fiber [15, 18, 19, 42].

3 Experimental scheme

Our entanglement generation and distribution setup is shown in Fig. 1. We use a CW laser
pump centered to channel 34 (1550.12 nm) on the dense wavelength-division multiplex-
ing International Telecommunication Union (ITU) grid. We carve two pulses (o = 42.5 ps,
7 = 500 ps) with a repetition rate of 200 MHz with an arbitrary waveform generator
(AWG) and a lithium niobate intensity modulator. Both intensity and phase modulators
(Thorlabs) act on the pump before SHG, monitored by an oscilloscope prior to SPDC. Our
chosen values of T and o results in a pulse overlap (0|1) of ~ 107'%, minimizing errors due
to non-orthogonal bases.

The pulses are amplified by an erbium-doped fiber amplifier (EDFA), and the noise spec-
trum generated from the EDFA is filtered by a fiber Bragg grating filter (EXFO XTM-50)
with a 32-pm bandwidth. The filtered pulses undergo frequency-doubling by SHG on a
type-0 periodically poled lithium niobate (PPLN) waveguide (HCP WG Mixer) with a
length of 10-mm and a normalized conversion efficiency of ~80%/W/cm?2. SPDC gen-
erates signal and idler photons by using another type-0 PPLN waveguide (Covesion,
WGP-M-1550-40) with a 40-mm length and an 18.5-um poling period. The fundamental
1550 nm and second-harmonic (SH) 775 nm pumps are filtered out by short-pass (filter
1) and long-pass (filter 2) filters, respectively. A dense wavelength-division multiplexer
(DWDM, General Photonics) with 200 GHz spacings separates the generated signal and
idler photons based on the ITU grid.
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Figure 1 (a) Experimental setup of the entanglement source. IM: intensity modulator, AWG: arbitrary
waveform generator, PM: phase modulator, EDFA: erbium-doped fiber amplifier, Sync: electrical
synchronization signal sent from AWG to detection system, FBG: fiber Bragg gratings (32 pm pass bandwidth),
PPLN 1: periodically poled lithium niobate (PPLN) for second harmonic generation, Filter 1: short-pass filter,
PPLN 2: PPLN waveguide for SPDC, Filter 2: long-pass filter, DWDM: dense wavelength-division multiplexer. (b)
SPDC spectrum observed by OSA. Signal and idler are chosen at channels 44 and 24 on the DWDM ITU grid.
(c) Experimental setup of entanglement distribution. EPS: entangled photon source shown in (a), SMF: single
mode fiber, DCF: dispersion compensating fiber

The SPDC spectrum was observed via an optical spectrum analyzer as depicted in Fig. 1
(b). Operating at 54.5°C for our SPDC process resulted in a spectral FWHM of ~70 nm.
This wide bandwidth is fully able to accommodate the simultaneous distribution of en-
tangled photon pairs across the C-band and supports more complex wavelength division
multiplexing schemes [43, 44]. In our experiments, we confirmed entanglement genera-
tion across ITU channels 20 through 48, covering wavelengths 1538 nm through 1562 nm.
In this work, we select signal and idler photons on the ITU channels 44 (1542.14 nm) and
24 (1558.17 nm) to prepare and separate entangled photon pairs.

Each channel utilizes 50-km SMF spools for entanglement distribution. After distribu-
tion, DCF spools are employed for channels 24 and 44 with negative dispersion values
of —1080 psnm™! was applied for DCF 1 and —720 psnm™, respectively. While the dis-
persion values differ for each arm, the main importance of dispersion compensation is to
regain the ability to distinguish time-bins after entanglement distribution. Once past the
threshold for full distinguishability between time slots, any further negative dispersion
neither hinders nor improves the quality of qubits as long as the coincidence window can
encapsulate and distinguish photons measured in each time-bin. As we show later, both
DCFs reduced the non-orthogonality of measurement in time-bin bases due to dispersion
such that high visibility was recovered.

Characterization of time-bin entangled qubits requires a precise knowledge of fiber
lengths. Measurement of SMFs and DCFs lengths involved comparing the cross-correla-
tion peak times in a setup with and without fiber spools. As the cross-correlation peak
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Figure 2 (a) Experimental setup schematic for measurement. UMZI: unbalanced Mach-Zehnder
interferometers that are custom-fabricated on planar lightwave circuits, SNSPDs: superconducting nanowire
single-photon detectors, TCSPC: time-correlated single-photon counting device. (b) Projection
measurements for time-bin qubits via UMZI. After passing the UMZI, the first and third time slots represent
measurements in the time basis, and the second time slots represents measurements in the energy basis

time indicates the moment when the signal and idler photons are simultaneously gener-
ated, a difference in path length of the signal or idler is reflected as a change in timing
of the cross-correlation peak center by the extra time taken for the signal or idler to be
transmitted through path length difference.

The measurement setup for time-bin encoded photons is shown in Fig. 2. Signal and
idler photons are inserted into UMZI planar lightwave circuits (PLCs). The PLCs are fab-
ricated such that the long arm has a time delay of T = 500 ps relative to the short arm. The
time-bin states are characterized by post-selection after passing through a UMZI. The
UMZIs divide the photons into three distinct time slots. The first and third time slots cor-
respond to early and late qubits, respectively, where the early (late) pulse passes through
the short (long) arm of the UMZI and is therefore temporally distinguishable. This is a
measurement in the time basis. The second time slot is a projection measurement in the
energy basis (|0) + € |1))/ V2, observed when an early (late) pulse passes through the long
(short) arm of the UMZI and becomes temporally indistinguishable [45].

Each UMZIs features a total insertion loss of 4.6 dB and 4.7 dB, which includes a 3 dB loss
from the 50:50 split. For balanced optical power splitting, transmission loss is specifically
engineered into the short arm to compensate for additional loss on the long arm. This ad-
justment resulted in an intensity ratio of 93.1 % and 93.7% for the early pulse to late pulse
in UMZI 1 and UMZI 2, respectively. Phase differences between both arms are controlled
by a temperature controller (Meerstetter Engineering TEC-1091) with £0.01°C precision
and stability of £0.0005°C. The full period of 2w was approximately 2°C for each UMZI.
Each UMZI output port is connected to superconducting nanowire single-photon detec-
tors (SNSPDs, Single Quantum) with detector efficiencies of 0.80 and 0.84, ~400 Hz dark
count, ~ 30 ps jitter at FWHM, and ~ 20 ns dead time. Photon counts from the SNSPDs
are analyzed using a time-correlated single-photon counter (TCSPC, HydraHarp 400), and

the coincidence counts are recorded within a 200 ps coincidence time window.

4 Results

4.1 Entanglement characterization

Before distributing entanglement, we conducted measurements of two-photon interfer-
ence fringes to characterize the degree of entanglement of time-bin entangled photons
generated by SPDC. At an incident SH pump power of 89 W, we observed a coincidence
count rate of 11.3 kHz at a coincidence-to-accidental count ratio (CAR) 309. This corre-
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Figure 3 Raw 3-fold coincidence counts of signal and idler photons generated by SPDC and measured with
the Sync signal from the AWG. No subtraction of accidental counts or loss accounting has been applied. The
relative phase is controlled by temperature controllers that control the temperature of our custom UMZIs to a
precision of £0.0005°C

sponds to a pair generation rate of R = 2.4 MHz and an average photon number per qubit
1 = 0.012. The total detection efficiency for both signal and idler respectively, including
the SNSPD detector efficiencies, SPDC output coupling loss, DWDM insertion loss, and
other fiber losses, was 7, (1;) = 0.0670 (—11.74 dB loss) respectively (see Appendix A for
details). To measure each interference fringe in Fig. 3, the phase of UMZI1 was held at a
constant temperature, while the phase of UMZI2 was adjusted in steps of 7/8 by chang-
ing the temperature incrementally at 0.125°C per measurement. We note that there is a
drop in detected coincidence counts to a maximum of ~ 1500 Hz as shown on Fig. 3 due
to an inherent loss in post-selection for measuring in the energy-basis [23] as well as the
added insertion loss from the UMZI chips. Each data point was acquired for 1 minute, and
the visibility of the fitted curves was V' = 0.9475 £ 0.0016 without subtracting accidental
coincidences, exceeding the value of 0.7071 needed to confirm entanglement [38]. The
visibility deviates from unity due to both multiple photon-pair generation and fabrication
imperfections in the UMZIs [46, 47]. Theoretically, we expect that our visibility should

give values according to [23, 48]:

wnsnil4

V= ) 5
Wnsnild+ 2(u'ng/2 + do) (/' 1:/2 + d;) ©)

In this equation, u' = /2 is the average number of photons per pulse. For our values
n=0.012, 1, (;) =~ 0.0464:(0.0453) including extra loss from fabricated UMZIs, and dark
counts per pulse d; = d; ~ 2 x 107, we calculate that the theoretical visibility should be
V =0.988. The deviation in theoretical and experimental visibility arose due to a difference
in optical loss between the short and long arm of our UMZI PLC chips.

The degree of Bell’s inequality violation S can be measured via the CHSH inequality
given by [38, 49]. From the two-photon interference fringes in Fig. 3, we extracted a CHSH
violation of S = 2.684 = 0.003, a value above the classical threshold S = 2 by 197 standard
deviations. This value indicates an extremely high degree of entanglement and confidence

that our entangled photons exhibit a significantly quantum nature.
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4.2 State control

Figure 4 demonstrates full controllability of entangled two-qubit states. States A through
D were generated as (|0)|0); + e®|1)|1);)/+/2 with ¢ = —/2,0,7/2, 7, respectively. This
control was achieved by applying voltages V_» =33V, Vo =45V, V=57V, V, =
6.9 V to the phase modulator, respectively. Similarly, the probability amplitude of the two-
qubit time-bin states was controlled for states E through H by adjusting the voltage applied
to the intensity modulator. The pulse amplitudes were monitored by measuring the SH
pump’s early and late pulse powers using the SH pump’s early and late pulse powers used
for states A through D as reference points.

To measure and confirm the control of quantum bits, quantum state tomography was
conducted as outlined in [50, 51] and as shown explicitly for time-bin states in [37].
Our UMZIs were set in 4 combinations of temperatures of 71, T, = (26.070°C, 29.130°C),
(26.070°C,29.630°C), (26.570°C,29.130°C), (26.570°C,29.630°C), which correspond to
projection measurements in |++), [+L), |[L+), |[LL) states respectively, with states |+), |L)
corresponding to |+) = (]0) + [1))/+/2and |L) = (|0 +i|1))/+/2. Overall, the set of states {|0),
|1), |+), |L)} was used to uniquely determine a density matrix p. The density matrix ob-
tained in this manner was further optimized using maximum likelihood estimation (MLE)
[52] by maximizing P(M|p), the probability that a dataset M would have been measured
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Figure 4 Two-qubit states obtained by state manipulation, labeled by capital letters on a reduced two-qubit
Bloch sphere. Example density matrices of states A, B, D, and F are also shown after conducting tomography
and MLE on the generated time-bin states
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Figure 5 Fidelities of eight prepared time-bin states both before and after entanglement distribution. The
eight states are also shown as labeled in Fig. 4, with state and fidelity data listed in Appendix B

given that the quantum state was set as p before measurement. MLE was implemented as
described in [51] to obtain a final density matrix.

The fidelities of all the measured states are shown in Fig. 5. The average fidelity measured
at the source for all eight states was 0.9540 & 0.0016. See Appendix B for further details
on fidelity data and error calculations. When measuring our time-bin qubits, counts for
state |00) was 12.7% lower than |11), which is reflected in the calculated density matrices.
This is due to a difference in optical transmission ratio of |0) and |1) while passing through
UMZIs, with each UMZI exhibiting 93.1% and 93.7% transmission loss ratio of |0) to |1)
respectively. The effect of different transmission loss ratios was also reflected in the state
fidelity, resulting in deviations from unity. We note that the states |00) (E) and |11) (H) are
inherently less affected because no interference is needed for measurement. This results
in higher fidelity for states |00) and |11) than other states.

4.3 Entanglement distribution
We distributed the entangled photon pairs across two 50-km SMF spools and observed
two-photon interference patterns after dispersion compensation using DCFs. All other
measurement settings remained unchanged before entanglement distribution. Figure 6
displays the 3-fold coincidence counts of the distributed entangled photon pairs, with
each data point representing a measurement acquired for 2 minutes. The three-fold co-
incidence rate decreased from approximately 1500 Hz to ~ 1 Hz post-distribution due to
losses in the SMFs (0.22 dB/km) and DCFs (3.0 dB for DCF 1, 4.5 dB for DCF 2).
Without DCFs, the visibility dropped significantly below the quantum boundary of
0.7071 due to chromatic dispersion in the SMFs. Each time-bin pulse expanded to o =
382.2 ps. The increased pulse width resulted in (0|1) = 0.651, indicating a high non-
orthogonality between time-bin states. With DCFs reducing dispersion, pulses were re-
stored to o = 93.4 ps and o = 72.2 ps for signal and idler channels, respectively. This led
to a reduction in non-orthogonality to (0|1) ~ 1073 and 107> for signal and idler chan-
nels, respectively. The reduction in non-orthogonality also restored the visibility of the
interference fringes to V' = 0.9541 £ 0.0113. The visibility of the fringes mainly depends
on the SH pump power (via the probability of multiple photon-pair emission in SPDC),
the inherent interference quality of the UMZIs, detector noise, and dispersion [42]. As the
pump power was maintained such that u = 0.012, consistent visibility was observed be-
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Figure 6 3-fold coincidence counts of the time-bin entangled photon pairs that have been distributed
through two 50-km SMF spools and the Sync signal from the AWG. The phase of the UMZls is controlled by

the temperatures. The average visibility of the fitted sinusoidal curves is V =0.9541 £ 0.0113
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fore and after entanglement distribution once dispersion was accounted for, as expected.
CHSH calculations yielded S = 2.667 £ 0.109, showing that a high degree of entanglement
is maintained even after entanglement distribution, with a violation of the CHSH Bell’s
inequality by 6 standard deviations.

The eight different two-qubit states depicted in Fig. 4 with different 6 and ¢ on the Bloch
sphere have also been transmitted through the two 50-km SMF spools. Fidelity compar-
isons are shown in Fig. 5. The average fidelity measured after entanglement distribution
for all 8 generated states was 0.9353"030.

When the measured count rate is low, error calculations show that the fidelity can have
asymmetrical errors (see Appendix B). This is particularly true for the case after entan-
glement distribution, as shown in Fig. 5. Therefore, for states such as F or H, the fidelity
derived from measured counts may be higher after entanglement distribution. However,
Monte-Carlo simulations show that the average simulated fidelity is actually lower after

entanglement distribution as expected (see Appendix B).
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Furthermore, fidelity may not always be the most accurate method of measuring the
degree of decoherence upon transmission. Another way to measure the degree of entan-
glement is by measuring the concurrence [51]. The concurrence was measured for each
state and is shown in Fig. 7.

Concurrence measurements show that the degree of entanglement is controllable in
generated states |) = «|00) + B|11). Concurrence is minimal for completely separable
states |00) and |11), and the concurrence is maximal for Bell states as expected. Upon
transmission through fiber channels, the decrease in concurrence shows a degradation in
the degree of entanglement for all states.

5 Conclusions

We have experimentally demonstrated full controllability in both phase and amplitude of
two-photon time-bin entangled qubits with an average fidelity of 0.9540 4 0.0016 at the
source and 0.9353*3:91%0 after 100-km distribution over SMFs. Our system generates con-
trollable entangled time-bin quantum states with a pair generation rate of 2.4 MHz. We
successfully distributed eight different two-qubit states over 100-km SMFs while main-
taining high visibility and state fidelity. Using this system, we detected 11.3 kHz coinci-
dence counts with a CAR value of 309. We obtained a high degree of entanglement with
S =2.684 £ 0.003 before entanglement distribution and S = 2.667 £ 0.109 after entangle-
ment distribution. To further increase coincidence count rates, the repetition rate can eas-
ily be increased by fully utilizing the high sampling rates of commercially available AWGs
to improve the generation rate of entangled photon pairs vastly. Additional improvements
can be made to the DWDM to not only decrease optical loss but to also fully exploit the
70 nm bandwidth of the SPDC source for multi-partite communication protocols. Overall,
we provide an important tool to improve the flexibility of available quantum communi-
cation protocols by increasing controllability over entangled time-bin qubit states at high
count rates and fidelities. The increased degree of freedom makes our system an ideal can-
didate for laying the foundation to create reconfigurable quantum networks in the future.

Appendix A: Source characterization details
In Fig. 8, we show the measured coincidence count rate and accidental coincidence count
rate in relation to SH pump power, the average power measured with a power meter before
the SPDC PPLN. The coincidence to accidental count ratio (CAR) in relation to the SH
pump power is also shown in Fig. 9. In this work, we chose our SH pump power to be
89 uW, as this gave a high coincidence count rate of 11.3 kHz as well as a reasonable
CAR, which is defined as

CAR:NCC—NACC’ ©)

Nucc

where N¢c is the coincidence counts within the coincidence window, and Ncc is the ac-
cidental coincidence counts. We characterized Nycc as the average counts in coincidence
windows within 5 repetition pulses away from the main coincidence counts window. At a
SH pump power of 89 £W, CAR had a value of 309. We used the following relations [53]

N = Rng + DgN; = Rn; + DiNcc = Rnsn; + Nace, (7)
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Figure 8 Coincidence counts (CC) and accidental coincidence counts (ACC) observed on channels 20 and 48
on the DWDM ITU grid by a 200-GHz DWDM device with respect to the SH pump power. Accidental
coincidence counts are averaged over 5 coincidence windows, with a coincidence window of 200 ps
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Figure 9 Coincidence-to-accidental count ratio observed at channels 20 and 48 on the DWDM ITU grid

where N;, N;, Ncc, and Nycc are the measured signal counts, idler counts, coincidence
counts, and accidental coincidence counts respectively, Ds; and D; are dark counts mea-
sured for signal and idler channels, R is the generation rate of photon pairs and 7, and 7;
are the detection efficiencies of signal and idler photons accounting for the total loss in
each detection arm after SPDC. From these relations, we found R to calculate our mean
photon number p = R/Rg,, where Rg,, is our pump repetition rate of 200 MHz. For our
SH pump power of 89 u'W, we obtained a pair generation rate of 2.4 MHz with an average
photon number p = 0.012.

Appendix B: Additional notes on fidelity

Table 1 shows all fidelities of prepared states before and after entanglement distribution.
The errors for the fidelities were obtained by conducting a Monte-Carlo simulation as-
suming that the measured counts follow a Poissonian-like distribution. For each set of
simulated counts, quantum state tomography and MLE is conducted to obtain a distri-
bution of fidelities. An example simulation is shown in Fig. 10 with 10,000 runs for state
F to find the distribution of fidelities assuming a Poissonian distribution of counts. The
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Table 1 Fidelities of prepared time-bin states [y) = cos (6/2)]00) + ' sin (6/2)]11) both before and
after entanglement distribution

State ©6,9) F (0 km) F (100 km)
A (/2,37/2) 0.9456 4 0.0017 0.9211799122
B (mr/2,0) 09562 40.0018 0.9413*959%02
C (m/2,7/2) 09452 £ 0.0028 0.90001092%
D (m/2,7) 09524 £ 0.0017 0900072938}
E (0,0) 09780 = 0.0008 0965510358
F (0.93,0 09252 £ 0.0022 09413700971
G (1.23,0 09460 £ 0.0015 09167128113
H (,0) 0.9833 £ 0.0004 0991472008
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Figure 10 Example histogram showing results obtained from a Monte-Carlo simulation (10,000 runs)
calculating fidelity for state F before and after entanglement distribution, assuming that measured counts
follow a Poissonian distribution. The fidelity after MLE for the measured counts received for state F was 0.9252
before entanglement distribution and 0.9413 after entanglement distribution. The average fidelity from the
Monte-Carlo simulated distribution was 0.9251 before entanglement distribution and 0.9228 after
entanglement distribution. The Monte-Carlo distribution for the 100-km case is non-Gaussian, so it may be
more accurate to give the median fidelity in this case, which was 0.9254

errors are given to reflect the distribution of fidelities. After entanglement distribution,
the measured counts are lower. This means that the Poissonian error distribution is wider,
thus resulting in a wider fidelity distribution.

Figure 10 also shows that the fidelity of the state is not actually improved upon distribu-
tion through the fiber channel for states such as state F. While the fidelity calculated post
MLE for state F after entanglement distribution gives 0.9413, the average fidelity from the
Monte-Carlo simulated distribution is 0.9254. On the other hand, in the 0-km case, the
fidelity calculated from the density matrix post MLE corresponds to the average fidelity
from the Monte-Carlo simulation. This is also shown in Table 1, thus showing that the
average fidelity after Monte-Carlo simulations reflects a lower fidelity after entanglement
distribution for all states. The asymmetrical errors are given to reflect these mismatches

between the fidelity derived from measured counts and the Monte-Carlo distribution.
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Table 2 Concurrences of prepared time-bin states |) = cos (6/2)|00) + ¢ sin(6/2)]11) both before
and after entanglement distribution

State ©0.9) C(0km) C (100 km)

A (7w/2,37/2) 0.9194 4+ 0.0041 0.8442+95803
B (/2,0) 09173 £ 00056 08722191253
c (w/2,7/2) 0.9015 % 0.0059 0816419978
D (mr/2,7r) 0.8910 = 0.0094 0.7970%31258
E (0,0) 0.0008 = 0.0007 0000728072
F (0.93,0) 0.6360 4 0.0072 05378129762
G (1.23,0) 0.8585 4 0.0051 0.806612957
H (7, 0) 0.0004 == 0.0004 0.0057+09323

Table 2 shows the concurrence of each state before and after distribution. Similar to fi-
delity, the error of each concurrence was found by conducting Monte-Carlo simulations
using the measured counts assuming Poissonian error. At low counts, the concurrence
calculated from the density matrix after MLE also did not always match the average con-
currence shown by Monte-Carlo simulations. This is also shown in Table 2.

Appendix C: Timing drift

Additionally, long-period measurements were conducted over 52 hours after entangle-
ment distribution over 100-km SMFs to monitor the effect of timing drifts without a feed-
back system. When measured over 52 hours, we found a total timing drift of each sig-
nal and idler counts of approximately 1 ns over 12 hours for each channel depending on
the time of day. However, as the lab was well air-conditioned, the fluctuations in timing
difference had a standard deviation of 246 ps over 52 hours. We anticipate that extended
quantum communication protocols involving multiple entanglement distribution systems
or Bell state measurements will require feedback systems to mitigate or get around such
timing fluctuations as demonstrated by [10, 53].
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