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Distributing quantum information between remote systems will necessitate the integration of
emerging quantum components with existing communication infrastructure. This requires under-
standing the channel-induced degradations of the transmitted quantum signals, beyond the typical
characterization methods for classical communication systems. Here we report on a comprehensive
characterization of a Boston-Area Quantum Network (BARQNET) telecom fiber testbed, measur-
ing the time-of-flight, polarization, and phase noise imparted on transmitted signals. We further
design and demonstrate a compensation system that is both resilient to these noise sources and
compatible with integration of emerging quantum memory components on the deployed link. These
results have utility for future work on the BARQNET as well as other quantum network testbeds
in development, enabling near-term quantum networking demonstrations and informing what areas
of technology development will be most impactful in advancing future system capabilities.

I. INTRODUCTION

The continued development of networked quantum sys-
tems [1] will support applications in distributed quan-
tum processing [2–4], enhanced sensing [5–10], and se-
cure communications [11–14]. Connecting these systems
across distances ranging from tens of meters to hundreds
of kilometers requires the careful testing and integration
of a range of quantum and classical technologies. Key
challenges are quantifying and overcoming the impact
of channel-induced signal degradation and noise, which
can decohere transmitted qubits, constrain the repeti-
tion rate of networking protocols, and limit the net-
work’s compatibility with various technologies [15]. For
example, timing drifts can degrade time-bin qubit sig-
nals and limit the synchronization of distributed systems.
Additionally, optical phase fluctuations result in opti-
cal frequency broadening that impedes the integration of
narrow-band technologies such as atomic-type quantum
systems. Finally, drifting polarization can degrade polar-
ization qubits and limit the performance of polarization-
sensitive components.

Here we report on measurements of these characteris-
tics for a fiber network connecting MIT Lincoln Labora-
tory (MIT-LL), MIT, and Harvard University, forming
a Boston-Area Quantum Network (BARQNET). Based
on this characterization, we design and demonstrate a
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compensation system that enables the transmission of
photonic time-bin pulses from MIT-LL across the fiber
to Harvard with 97.7% fidelity. We discuss the future
use of this compensation system and the BARQNET’s
potential for supporting emerging quantum networking
protocols.

Figure 1(a) depicts the BARQNET layout. Two
42.5 km spans of single-mode telecom fibers connect
MIT-LL in Lexington, MA to MIT’s main campus in
Cambridge, MA. From there, an additional two 7.9 km
spans of single-mode telecom fibers connect MIT to Har-
vard University, also in Cambridge, MA. All fibers are
commercial plants, comprising various combinations of
commercial SMF-28 fiber and non-zero dispersion shifted
fiber that have been spliced together. Some of the fiber is
buried, while other spans are above-ground on telephone
poles. As a result, the link performance is below the
ideal achievable using a laboratory spool or a custom-laid
fiber connection, but is instead representative of the per-
formance expected over existing and available deployed
fiber links that will make up many emerging quantum
network testbeds.

The three-node layout permits access to a number of
configurations for both characterizing the fiber and per-
forming quantum networking demonstrations. Fig. 1(b–
d) depict three configurations explored in this work. The
fibers can be used independently as in the Differential
Configuration (Fig. 1(b)); this can be used to send quan-
tum information down one fiber and classical information
down another to avoid crosstalk [16, 17], or both can
be used for quantum information to simply increase the
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FIG. 1. (a) Schematic of the BARQNET fibers connecting MIT Lincoln Laboratory in Lexington, MIT in eastern Cambridge,
and Harvard University in central Cambridge. The solid red line shows a ∼40 km segment where the exact route is known,
and the dashed line shows the final portion where the exact route could not be obtained. (b–d) Three different connectivity
topologies explored in this work. The two copropagating fibers connecting MIT-LL and MIT are labeled A and B, and the two
copropagating fibers connecting MIT and Harvard are labeled C and D.

channel bandwidth. Alternatively, connecting the fibers
in the Round-Trip Configuration (Fig. 1(c)) provides a
single 85 km span for testing protocols over longer dis-
tances. This configuration is also comparable to what
would be used for two-way quantum information pro-
cessing protocols, where a client sends data to a server
which then returns a reply [18, 19]. Finally, the addi-
tional fibers to Harvard can be utilized to realize a Three-
Node Configuration (Fig. 1(d)), whereby both MIT and
MIT-LL can transmit information to Harvard, which in
this topology serves as a central node. This configuration
can be used for a range of demonstrations, such as single-
repeater protocols [20–25] or multipartite entanglement
generation [26, 27].

II. DEPLOYED FIBER CHARACTERIZATION

Photons exhibit a number of different degrees of free-
dom that can be used as an encoding basis for transmit-

Fiber Span Length (km)
Loss at

1550 nm (dB)
Loss at

1350 nm (dB)
A 42.5 11.9 16.6
B 42.5 17.0 21.9
C 7.9 10.4 11.2
D 7.9 6.2 7.4

TABLE I. Nominal length and fiber loss for each BARQNET
span at wavelengths relevant for quantum networking with
diamond silicon-vacancy centers. We note that these losses
are primarily due to splices in this commercial fiber link rather
than the expected inherent exponential propagation loss of
∼ 0.35 dB/km at 1350 nm and ≤ 0.22 dB/km at 1550 nm
[28].

ting quantum information. In particular, photon num-
ber [29], polarization [30], and time-bin [31] encodings
have seen wide-spread exploration for applications such
as remote entanglement generation and quantum key dis-
tribution. Transit over deployed optical fiber imparts
noise that will affect each of these modalities in different
ways, making it critical to understand the magnitudes
and frequencies of these noise sources.

For example, modeling the performance of networked
quantum systems with narrow atomic-resonance-based
spectral acceptance windows can benefit from character-
izing fiber-induced optical linewidth drift and broadening
down to kHz-class resolution [32]. Additionally, predict-
ing the performance of polarization-sensitive components
calls for characterizing fiber-induced polarization drift to
single degrees, for example to keep error rates below 1%
for polarization-encoded qubits. Lastly, projecting how
desired GHz-rate communication protocols would per-
form requires characterizing fiber-induced timing jitter
to below one nanosecond.

This sort of characterization requires a stable and accu-
rate common reference between nodes. This is straight-
forward for polarization by using the direction of the force
of gravity to define a common vertical axis, but is more
challenging for time and frequency. Easily accessible mi-
crowave synchronization signals such as GPS do not offer
the sub-nanosecond timing precision needed [33], and op-
tical systems like the White Rabbit Protocol are typically
limited to 10 km [34]. High precision optical frequency
distribution systems are, at present, not feasible for use
as a portable channel characterization system [35–37].
Instead, we make use of the BARQNET’s reconfigurabil-
ity to characterize the fiber-induced degradation between
nodes using only local references.

Operating in the Round-Trip Configuration — where
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a characterization signal is sent along one fiber, applying
a noise operator Â, and returned along another, applying
a noise operator B̂ — enables the returned signal to be
directly compared to the local reference which allows the
combined effect of both fiber spans Â · B̂ to be measured.
Alternatively, operating in the Differential Configuration
— where a characterization signal is sent along one fiber
and a reference signal is sent along the other fiber — en-
ables measurement of the correlation of the two fibers’
transforms Â and B̂. These sum and difference charac-
terizations allow us to determine the expected effect of a
single fiber span in our testbed. Table I provides the loss
experienced over each span used for all configurations at
1550 nm and 1350 nm, the two wavelengths examined
in this work due to their relevance for networking with
diamond silicon-vacancy centers.

A. Optical phase and frequency noise
characterization

Quantum communication schemes that utilize a
photon-number-based encoding require links with known
phase differences, necessitating active stabilization or
tracking of the phase delay imparted by the optical fiber
on the signal [38–40]. Drifts in phase can also impart
Doppler shifts on transported light, inducing a frequency
shift that can degrade the coherence of sufficiently narrow
bandwidth signals. We characterize this phase noise in
both the differential and round-trip configurations shown
in Fig. 1(b–c). For this measurement, the transmitter
is a single long-coherence-length laser, split by a 50:50
beamsplitter to permit comparison of the different tran-
sit paths. For the Differential Configuration, these two
paths are the two fibers; for the Round-Trip Configura-
tion, one path is the full 85-km fiber loop, while the other
is a short (< 1 m) local span of fiber. For this measure-
ment, the receiver employs an optical pi-hybrid device
that performs an interferometric measurement of the op-
tical phase difference ∆ϕ(t) between two input paths.

Figure 2 shows the raw phase drifts as measured in
the Differential (Fig. 2(a)) and Round-Trip (Fig. 2(b))
Configurations, downsampled to 50 kHz to remove noise
from our measurement equipment (see Supplemental Ma-
terial [41] for dates and times of all fiber characteriza-
tion data). In both cases, the phase difference fluctu-
ates across many full 2π cycles over the course of a sec-
ond. These findings are orders of magnitude larger com-
pared to results on buried fibers [39, 42], demonstrating
the critical importance of the fiber environment to the
diffusion process. Due to the BARQNET’s fast phase
fluctuations, any phase-sensitive quantum communica-
tion protocol would require high bandwidth stabilization.
For example, a control circuit with a 3-dB bandwidth of
650 kHz and 39◦ phase margin was used to stabilize the
BARQNET to a residual phase noise of 3 × 10−2 radi-
ans [43].

Differentiating the phase drift signal provides a mea-
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FIG. 2. Measurement of phase drift over the deployed link
in both (a) Differential and (b) Round-Trip Configurations,
downsampled to 50 kHz to remove noise from our measure-
ment equipment. Differentiating these data provides a mea-
surement of frequency shift over time. Due to the random na-
ture of these fluctuations, this shift is effectively a frequency
broadening, with a profile given by the histograms shown in
(c) and (d), which are fit to Gaussian profiles (red) with vari-
ances VD = 1.72 kHz2 and VR = 21.2 kHz2 for the Differential
and Round-Trip data respectively.

surement of the Doppler-induced frequency shift over
time: ∆f = d∆ϕ(t)/dt. Due to the random nature of
these fluctuations, this shift is effectively a frequency
broadening, with a profile given by the histograms shown
in Fig. 2(c) and Fig. 2(d) for the Differential and Round-
Trip Configurations respectively. We model the probabil-
ity density function of an optical frequency shift ρ(∆f)
on a given fiber as resulting from a Brownian process:

ρ(∆f) =

(
1√
2πV

)
e−∆f2/2V , (1)

which has variance V . Our measurements then corre-
spond to the sum (ρR for the Round-Trip Configuration)
and difference (ρD for the Differential Configuration) of
the distributions ρA and ρB , which have a covariance
C. From the data in Fig. 2(c–d), we can calculate the
amount of common-mode noise due to the two strands’
co-propagation. Using the measured variance of the dif-
ferential optical frequency noise, VD = 1.72 kHz2, and
the measured variance of the round-trip optical frequency
noise, VR = 21.2 kHz2, along with the assumption that
the optical phase noise contributions from each single
42.5 km fiber span have equal magnitude VÂ = VB̂ ≡ V ,
we can calculate the variance of the optical frequency
noise for each fiber span V = (VR + VD) /4 = 5.74 kHz2,
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as well as the covariance of the optical frequency noise
for the two fiber spans C = (VR − VD) /4 = 4.88 kHz2.
The relatively strong covariance suggests that quantum
networking applications requiring phase-stable links can
benefit from distributing phase references between nodes,
even if the reference is distributed in a separate but co-
propagating optical fiber. Importantly, in all cases, the
effective frequency broadening is narrower than the band-
width of typical quantum networking systems, which
range from 10 MHz-class [30, 31] to 10 GHz-class [44].

The good agreement between our data and the Brow-
nian model suggests phase drifts are well-described by
a diffusive process. In this case, the variance V is lin-
early proportional to the length of the fiber L. Our
result can thus be scaled to other fiber lengths in sim-
ilar environments by using the variance per unit length
v = 133 Hz2/m.

B. Polarization drift characterization

Polarization is an attractive degree of freedom for en-
coding photonic qubits due to its ease of generation, ma-
nipulation, and measurement. Furthermore, as a spa-
tial degree of freedom, polarization measurements can in
principle be absolute without requiring distribution of a
reference across network nodes. However, strain-induced
birefringence in optical fibers can lead to polarization
transformations which drift over time as the fiber envi-
ronment changes [45]. We characterize the drift in po-

larization transforms Âp and B̂p over the BARQNET,
specifically measuring the drift in the polarization sent
in the Differential Configuration (in this case only sent
one-way along fiber A from MIT to MIT-LL), as well
as in the Round-Trip Configuration (sent two-way from
MIT-LL to MIT and back). Our transmitter is once again
a single long-coherence-length laser, and our receiver is a
polarization analyzer which records the polarization vec-
tor p̂ in terms of the Stokes parameters {S1, S2, S3} at a
rate of 1 Hz.

Figure 3(a) shows a characteristic trace of the polar-
ization over twelve hours, plotting the Stokes parame-
ters as measured by our polarization analyzer. We ob-
serve high variability in the drift rate, with long periods
of stability as well as periods of rapid fluctuation. To
better understand the source of this variance, we mea-
sured the polarization over the course of multiple days in
both configurations. We then calculate the drift in polar-
ization angle between successive measurements (spaced
1 second apart), and determine a mean polarization an-

gle drift rate ⟨Θ̇⟩ by taking a rolling average over 10 min-

utes. Figure 3(b–c) show the measured ⟨Θ̇⟩ as a function
of time for the Differential and Round-Trip Configura-
tions respectively, alongside the average wind speed W
recorded outside of MIT-LL [46], showing a clear correla-
tion between the two datasets. We plot these correlations
between ⟨Θ̇⟩ and the square of the wind speed W 2 in Fig-
ure 3(d–e), where we have linearly interpolated the wind
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FIG. 3. Measurement of polarization drifts. (a) Example
trace of polarization drift measured in the differential con-
figuration, showing the Stokes parameters over a typical 12
hour period. The 10 minute rolling average of this drift is
calculated for (b) the Differential Configuration and (c) the
Round-Trip Configuration, each compared with the concur-
rent average wind speed recorded at MIT-LL. The correlations
between drift rate and the square of the wind speed are plot-
ted against one another in (d–e), and fit with an exponential
dependence (red). Point colors in (d) and (e) correspond to
the like-colored time-points in (b) and (c), respectively.

speed data to match the sampling rate of the polariza-
tion.

These data are fit (red dashed line) using a power

law ⟨Θ̇⟩ = κ×Wn. For the one-way data taken
using the Differential Configuration, the fit gives
κD = 1.74(5) mrad/sec · (mph)nD and nD = 1.74(1)
with an adjusted R2 = 0.441. For the two-way data
taken using the Round-Trip configuration, the fit gives
κR = 0.94(3) mrad/sec · (mph)nR and nR = 1.87(1) with
an adjusted R2 = 0.420. Under a Brownian model, we
expect ⟨Θ̇⟩ to depend quadratically on the wind speed,
which is consistent with these results (see Supplemental
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FIG. 4. Optical path length drifts. Time-of-flight measure-
ments in the (a) Differential Configuration measured relative
to the nominal delay tD = 108.4 ns, and in the (b) Round-
Trip Configuration measured relative to the nominal delay
tR = 415.045 µs. For each we also plot the temperature mea-
sured concurrently outside of MIT-LL. The resultant correla-
tion yields a linear fit (red dashed line) with a dependence of
(c) 33.9(2) ps/◦C for the Differential Configuration and (d)
2.59(1) ns/◦C for the Round-Trip Configuration. Point colors
in (c) and (d) correspond to the like-colored time-points in (a)
and (b), respectively.

Material [41] as well as Ref. [47] therein). To understand
the slight reduction of κR relative to κD, we can con-
sider that while the one-way measurement probes the
transformation Âpp̂, the two-way measurement probes

B̂−1
p Âpp̂. The modest reduction here thus suggests some

common-mode polarization drift between the two fibers,
such that Âp is partially counteracted by B̂−1

p .

These results indicate that the specific environment of
a given deployed fiber network will have a strong im-
pact on the polarization drift rate. Indeed, while our fig-
ures are comparable to those reported for links of similar
length and with similar amounts of unburied fiber [48],
other demonstrations using fully-buried fiber have ob-
served significantly reduced polarization drift [42].

C. Optical path length drift characterization

Finally, we consider the drift in optical path length
over the BARQNET, as measured by photon time-of-

flight. Time synchronization between nodes is a core ca-
pability for any quantum network, in order to distinguish
between temporally-multiplexed classical and quantum
communication time bins, and in general to coordinate
the different stages of protocols. This capability is par-
ticularly important when encoding photonic qubits in the
time-bin basis [49], which can require sub-nanosecond
timing synchronization precision [50]. The time-bin basis
has seen popularity due to its resilience to noise; because
all time-bins will travel along a common path, any phase
noise in-transit will be global and thus not decohere the
qubit [31, 51]. Furthermore, using time-bins with a single
polarization and applying polarization filtering can con-
vert such drifts from bit errors into efficiency losses. Since
most networking protocols have stronger constraints on
bit errors (typically < 10%) than on losses, this can im-
prove overall protocol performance using only modest po-
larization drift correction.
The time-of-flight τ across an optical fiber depends on

the length of fiber L and the optical index of refraction of
the fiber n, which are both dependent on the temperature
T . As a result, changes in the path length are given by:

∆τ = (αL + αn) τ0∆T, (2)

where αL is the fiber’s linear thermal expansion coeffi-
cient, αn is the temperature dependence of the fiber’s
index of refraction, and τ0 is the nominal time-of-flight
across the fiber. We characterize the drift in τ over the
BARQNET by measuring the time-of-flight across the
fiber. In the Differential Configuration, we compare the
difference in transit time across links A and B, which
has a nominal value of τD = 108.4 ns. In the Round-Trip
Configuration, we measure the total time-of-flight refer-
enced to transit across a short (< 1 m) local span of fiber,
giving a nominal round-trip time of τR = 415.045 µs. In
both cases, our transmitter is a pulsed laser source gen-
erated by electro-optic intensity modulation of a contin-
uous wave laser, split as in the phase drift experiment to
enable comparison between the two transit paths. Our
receiver is a fast photodiode connected to a time tag-
ger which records the difference in arrival time between
pulsed signals traveling each path.
We record the delay in transit between the two fibers

measured in the Fig. 4(a) Differential Configuration rel-
ative to τD, and the Fig. 4(b) Round-Trip Configuration
relative to τR. Below this, we plot the temperature mea-
sured outside of MIT-LL. Figure 4(c–d) shows the re-
sultant correlation, giving a linear fit of 33.9(2) ps/◦C
(adjusted R2 = 0.790) and 2.59(1) ns/◦C (adjusted
R2 = 0.965) for the Differential and Round-Trip Con-
figurations respectively.
The temperature dependence coefficients have ex-

pected values of αL ≈ 0.5 × 10−6/◦C [52] and
αn ≈ 8× 10−6/◦C [53]. Using these numbers and assum-
ing that our two fibers are nearly identical in terms of
nominal values τ0 as well as temperature experienced at
any given time predicts a dependence of 3.6 ns/◦C over
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the 85 km Round-Trip Configuration. The closeness of
this value with our measured result indicates that the
temperature change measured at one end of the network
is very close to that experienced by the fiber along its en-
tire span, despite many sections being underground. This
suggests that for networks with multiple nodes within
tens of kilometers, the temperature at a single node can
be used to predict the behavior of optical path length
for fibers throughout the network. Furthermore, the sup-
pression of path length drift by nearly two orders of mag-
nitude for the Differential Configuration reveals that the
assumption of identicality between the two fibers is rea-
sonable to single percent levels of precision.

III. TIME-BIN QUBIT DISTRIBUTION
PROTOCOL

Cognizant of the above noise sources experienced by
light on our deployed fiber link, we design a communica-
tion scheme for transmitting quantum information that
is resilient to the fastest noise sources, permits compen-
sation for slower noise sources, and is compatible with
the operation of a quantum memory on the receiving
end. Specifically, we target a protocol for quantum state
transfer in the three-node configuration from Fig. 1(b),
where time-bin photonic qubits are sent from MIT-LL
(Alice) and received and stored by a nanocavity-coupled
silicon-vacancy (SiV) center in diamond [54, 55] at Har-
vard (Bob). With the addition of a third node such as
a second transmitter at MIT, this protocol has utility
for example in memory-enhanced quantum communica-
tion [24]. For compatibility with the SiV quantum mem-
ory, we incorporate a frequency conversion setup between
telecom and visible wavelengths, described in Ref. [56].

The transmitter waveform for our scheme is depicted
in Figure 5(a), and comprises a classical clock signal at
1550 nm for timing synchronization, a quantum signal at
1350 nm containing our photonic qubits, and a classical
reference signal at 1350 nm for fiber noise compensation.
Our photonic qubits are generated by attenuated coher-
ent state pulses. Light from a 1350 nm laser is split
out, passed through an acousto-optic modulator (AOM)
for power and frequency control, then passed through
an amplitude electro-optic modulator (A-EOM) which
carves pulses to form time bin qubits. Each pulse is a
Lorentzian with full width at half maximum Γ = 45 ns,
and the time bins are spaced 144.5 ns apart, set to be
compatible with the low-bandwidth constraints of the
SiV quantum memory [24]. After pulse carving, a phase
EOM (P-EOM) encodes phases on each time bin. At
the receiver (Fig. 5(b)), these qubits are upconverted to
737 nm using sum-frequency generation facilitated by a
1623 nm pump laser [56] then measured on a time-delay
interferometer (TDI) matched to the spacing of our time-
bins.

For timing synchronization, optical systems like the
White Rabbit (WR) protocol [34] offer a flexible means of

synchronizing network timing with 100 ps-class precision.
However, the continuous-transmission nature of the WR
protocol demands high isolation to prevent cross-talk be-
tween timing data and the co-propagating, single-photon-
level qubits. Furthermore, our network’s high loss is pro-
hibitive for standard SFP transceivers, which can typi-
cally tolerate no more than 20 dB of loss. We thus de-
velop a custom optical sequence that uses low-duty cycle
optical pulses to both minimize quantum-classical cross-
talk by avoiding temporal overlap as well as lower the av-
erage power necessary for achieving synchronization. We
transmit 1550 nm optical optical pulses (duration 100 ns)
in a sequence that comprises a trigger pulse, followed by
a series of pulses (repetition rate 5 MHz) that communi-
cate what portion of the experimental sequence should be
performed, such as data transmission or fiber noise com-
pensation. These “clock command” words are distinct
from one another by at least two symbols, allowing us to
avoid sequence errors from packet loss. Such packet loss
errors are in practice rare due to our robust amplifica-
tion scheme. Timing pulses are amplified to 14 dBm with
an erbium-doped fiber amplifier (EDFA) before transmis-
sion, and are amplified to 6 dBm with a second EDFA
on receipt. The detected signal is then further amplified
with a pulse amplifier to 5 V, providing a reliable, low-
jitter trigger signal. Comparing the natural pulse shape
of our qubits with the pulse shape retrieved by triggering
off our optical clock (Fig. 5(c)), we measure only 520 ps
broadening in time-of-arrival variance, well below the du-
ration of our qubit time-bins. This enables us to achieve
nanosecond-level timing precision across our network de-
spite the > 200 µs transit time between each site, as well
as perform on-the-fly coordination between transmitter
and receiver sequencers [41].

Finally, we also periodically distribute longer reference
pulses at 1350 nm, which serve two purposes. First, since
our qubits are encoded in the time-bin degree of free-
dom, fiber-induced polarization errors do not reduce the
fidelity of our protocol. However, due to the polarization-
dependent nature of other receiver components such as
frequency conversion, single-mode nanophotonic devices,
etc., such drifts manifest as loss. A common solution is
to perform periodic, automated polarization correction
based off a strong pilot tone of known polarization [57–
59]. We periodically send a 10 second reference pulse
of continuous 1350 nm light, during which time an au-
tomated sequence rotates waveplates to compensate for
polarization drifts, maintaining the desired polarization
to within < 20◦. Second, the TDI used to measure our
photonic qubits has a small FSR around 7 MHz. As a
result, drifts in our 1350 nm or 1623 nm laser frequencies
≥100 kHz or drifts in the TDI path length imbalance
≥10 nm will cause percent-level phase errors that de-
grade our protocol fidelity. We passively dampen these
drifts by locking these two lasers to ultra low expan-
sion Fabry-Pérot cavities to ensure narrow linewidths
(< 100 kHz) and by placing our TDI in a thermally and
vibrationally isolated case. We also actively adjust the
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AOM

VOA

P-EOM

To Cavity

Lock

1550 nm A-EOM

A-EOM

To Harvard

50:50 fiber splitter

90:10 fiber splitter

fiber wavelength multiplexer

qubit carving

reference carving

clock command carving

qubit encoding

polarization controller

detector

From MIT LL frequency 

conversion

clock retrieval

+

−

PID

EDFA

(a) Transmitter

AOM

…

EDFA

(b) Receiver

FIG. 5. Optical setup for memory-compatible time-bin qubit (a) transmitter and (b) receiver. A-EOM = amplitude electro-
optic modulator, P-EOM = phase electro-optic modulator, AOM = acousto-optic modulator, EDFA = erbium-doped fiber
amplifier, VOA = variable optical attenuator, PID = proportional-integral-derivative feedback controller.

(c) Clock distribution from Alice to Bob. The shape of our 1350 nm qubit pulses retrieved from autocorrelation
measurements (blue) is nearly identical to the shape retrieved when triggering off our timing signal (green), with only a

520 ps broadening in time-of-arrival variance. (d) Error rate of photonic qubit preparation and measurement in the X-basis
over a 336 second transmission period. Since our photon-to-spin mapping scheme requires measurement of photonic qubits in

the X-basis, we characterize our encoding in this basis by sending |+⟩ (blue) and |−⟩ (green). This gives a mean state
preparation and measurement error rate of 2.3%. We attribute the increase in error rate over time to drifts in the TDI

polarization, which decrease interference contrast.

length of the TDI to compensate for any slow drifts. We
periodically send a 1 second reference pulse of continu-
ous 1350 nm light, during which time a locking sequence
applies a voltage to stretch and compress a piezo spool in
the long arm of the TDI. This locking signal is gated by
an acousto-optic modulator (AOM), allowing us to shift
the frequency of the lock signal relative to our qubit fre-
quency. In this way, our feedback sequence locks the TDI
to the quadrature point of the reference light such that
our incoming qubits will interfere at the fringe maxima.
The piezo voltage is then held during the portion of the
sequence when qubits are sent. A variable optical attenu-
ator (VOA) is used to increase extinction on the reference
signal during qubit transmission periods.

To benchmark the efficacy of our overall communica-
tion system, we perform a send-and-measure experiment
which is identical to the protocol performed for mapping
photonic qubits to an SiV [24, 56]. To test the full sys-
tem of timing synchronization, polarization correction,
and frequency distribution, Alice sends a string of qubits
encoded in the X-basis {|+⟩ , |−⟩}, along with all of the
aforementioned timing and reference signals. Here |+⟩
corresponds to a photon split equally into early and late
time bins, while |−⟩ is the same state but with a π phase
shift on the late bin. Figure 5(d) shows the result of
measuring these qubits after they have traversed the full
system — traveling across the 50 km deployed fiber link

from Alice to Bob, undergoing polarization correction,
being upconverted, and interfering on the TDI. To isolate
the impact of our cross-fiber synchronization from other
noise sources like detector dark counts and noise from
the frequency converter, we send an increased number of
photons per pulse compared to a true secure QKD proto-
col, measuring mean photon number ⟨n̂⟩ = 0.0202(5) at
the point of detection. As shown in Fig. 5(d), we retrieve
a mean bit-error-rate of 2.3(6)% across the |+⟩ and |−⟩
states, where the error rate is defined as the probabil-
ity to measure the opposite of the transmitted bit. We
attribute the remaining error to imperfect interference
visibility of our TDI due to internal polarization drifts,
which was observed to degrade over the timescale of this
measurement, likely due to air currents and human move-
ment within the room. Importantly, this can be corrected
by having a local polarization reference and correction
scheme without modifying the cross-fiber transmission
protocol.

IV. DISCUSSION

Our results demonstrate that the BARQNET’s
fundamental noise characteristics are suitable for a
range of future experiments. The low fiber-induced
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optical frequency noise indicates compatibility with
narrow-bandwidth atomic-resonance-type quantum sys-
tems down to kHz-class with all-local frequency stabi-
lization and referencing. Its nanosecond-class time-of-
flight variations occur slowly and predictably based on
weather conditions, indicating that even with Hz-class
cross-fiber synchronization, the BARQNET can support
up to MHz-class quantum network clock rates. Its polar-
ization drift rates, even during high-wind periods, aver-
age below 1 rad/sec, indicating that high fidelity polar-
ization stabilization can be achieved with ∼10-kHz-class
stabilization system. These low-bandwidth requirements
for the classical support infrastructure leave the majority
of the channel bandwidth available, allowing high duty
cycle transmission of quantum signals.

The experiments reported here constitute a compre-
hensive characterization of the relevant figures of merit
for quantum networking. Importantly, the application
of these characterization techniques enables us to design
a high-fidelity photonic distribution system that is re-
silient to noise across the BARQNET. These techniques
are of significance for the development of emerging quan-
tum network testbeds [59–64], helping to both reveal
what demonstrations are presently feasible and identify
the most impactful near-term improvements to both the
quantum components and classical infrastructure. For
example, our results indicated that the fiber-induced
phase and frequency noise, polarization drift, and path
length drift characteristics of our link are compatible with
performing many essential networking protocols over our
testbed. Indeed, we used these findings to guide the de-
sign of a system that successfully integrates quantum
memories [56]. While more advanced demonstrations
such as entangling two memories across the BARQNET
are at present impeded by the high loss on fibers A and
B, these loss characteristics can be improved by replacing
the anomalously high loss fiber splices and cross-connects
in our links, in principle lowering the loss from MIT-
LL to Harvard down to the propagation loss limit near
10 dB. With these considerations in mind, we are cur-
rently working to interface multiplexed quantum memo-
ries at each node [65] as well as incorporating additional
nodes into the BARQNET for system-level exploration

of quantum networking protocols.
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R. Holzwarth, and H. Schnatz, A 920-kilometer optical
fiber link for frequency metrology at the 19th decimal
place, Science 336, 441 (2012).
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