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Entanglement generation between remote qubit systems is the central tasks for quantum communication.
Future quantum networks will have to be compatible with low-loss telecom bands and operate with large
separation between qubit nodes. Single-click heralding schemes can be used to increase entanglement rates
at the cost of needing an optically phase-synchronized architecture. In this paper we present such a phase
synchronization scheme for a metropolitan quantum network, operating in the low-loss telecom L band.
To overcome various challenges such as communication delays and optical power limitations, the scheme
consists of multiple tasks that are individually stabilized. We characterize each task, identify the main
noise sources, motivate the design choices, and describe the synchronization schemes. The performance of
each of the tasks is quantified by a transfer-function measurement that investigates the frequency response
and feedback bandwidth. Finally we investigate the resulting optical phase stability of the fully deployed
system over a continuous period of 10 h, reporting a short-term stability standard deviation of σ ≈ 30◦ and
a long-term stability of the average optical phase to within a few degrees. The scheme presented served as
a key enabling technology for a nitrogen-vacancy-center-based metropolitan quantum link. This scheme
is of interest for other quantum network platforms that benefit from an extendable and telecom-compatible
phase-synchronization solution.

DOI: 10.1103/PhysRevApplied.23.014077

I. INTRODUCTION: OPTICAL PHASE IN
QUANTUM NETWORKS

Quantum networks [1] hold the promise to revolution-
ize the way people exchange information. A central task
of a quantum network is the generation of entanglement
between (end) nodes, in which the entanglement can be
stored, manipulated, and processed [2]. In general, proto-
cols to generate entanglement between stationary qubits
involve the emission, transmission, and joint measurement
of flying qubits, encoded in a photon state, see Fig. 1(a).
A common configuration envisioned for a future large-
scale quantum internet is the combination of nodes, which
house the stationary qubits, and midpoints, where the fly-
ing qubit from different nodes are sent to. These nodes are
connected via deployed telecom fiber to midpoints, that
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provide synchronization, interference, and detection tasks,
see Fig. 1(b).

Photon loss in the connecting fibers decreases the rate at
which entanglement between the nodes is generated, with
the exact scaling depending on the photonic qubit encoding
used. For example, for frequency encoding [3], polariza-
tion encoding [4–8], and time-bin encoding [9–12], the
entangling rate scales linearly with the photon transmission
η between the nodes. In contrast, for photonic encoding
using number states (0 or 1 photon) [13,14], the rate scales
favorably with

√
η, yielding significantly higher rates in

the typical scenario of substantial photon loss (i.e., for
η � 1). However, with this encoding, the resulting entan-
gled state phase φ is proportional to the optical phase
difference between the two paths to the midpoint [θ1 and
θ2, see Fig. 1(a)], leading to the additional experimental
requirement that this optical phase difference at the time of
interference in the midpoint needs to be known [15].

If the phase deviates from the chosen setpoint by δφ,
the maximum fidelity achievable is given by F(δφ) =
1
2 (1 + cos(δφ)). In a larger network, the single photons
are originating from multiple sources at distant locations,
where the phase is affected at many length- and timescales.
Any attempt to stabilize this phase needs to take into
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FIG. 1. Schematic overview of elements in a quantum net-
work. (a) Many nodes can be connected by sending flying qubits
over optical channels towards a central midpoint. The optical
path from excitation in the node, to detection in the midpoint,
gives rise to an optical phase, θ . When using the Fock-state
encoding of the flying qubit for entanglement generation, the
resulting entangled-state phase φ is proportional to the differ-
ence between the optical phases. (b) Elements needed to generate
entanglement between stationary qubits, via the exchange of fly-
ing qubits. If the flying qubits are photons not compatible with
deployed infrastructure, frequency conversion can be used to sig-
nificantly lower the propagation losses. (c) Upon arrival in the
midpoint, the phase of the incoming photonic qubits needs to be
stabilized, after which they can be interfered and subsequently
detected. The outcome of this detection heralds entanglement
between the stationary qubits in the nodes.

account unwanted light from either conversion or the syn-
chronization methods used, that degrade the fidelity of
the entangled state. This puts stringent requirements on
any classical stabilization light copropagating with the
quantum channel.

Entanglement generation using photonic number-state
encoding, hereafter called the single-click protocol, has
been demonstrated in atoms [16], (hole) spins in semi-
conductors [17,18], ensemble-based quantum memories
[19,20], and between single rare-earth ions in cavities [21].
Specifically, the implementation of this protocol on the
nitrogen-vacancy (N-V) center in diamond [22] resulted in
orders of magnitude faster entanglement generation than
the preceding experiments on the same platform that used
time-bin encoding [10,23,24]. This allowed for the exten-
sion to a multinode network on which distributed quantum
protocols can be realized [25,26]. So far these experi-
ments have not dealt with the additional requirements of
large separation between nodes or telecom compatibility,

allowing them to simplify their design. Our approach
forms an essential part of a metropolitan quantum link real-
ized in the Netherlands, where solid-state entanglement is
generated between two N-V-based quantum nodes using
25 km of deployed telecom fiber [27].

A key challenge for the implementation of the single-
click protocol for entanglement generation over large dis-
tances is the strict requirement on the optical phase sta-
bility. Large physical separation between the end nodes
adds even more complexity to the system, as fast fluctua-
tion of the optical phase can only be synchronized by using
high-bandwidth feedback, where the propagation delay of
information exchange between locations becomes poten-
tially problematic. Furthermore, directly sharing optical
phase references between the nodes beforehand becomes
challenging when the distance between the nodes becomes
larger and the excitation lasers are in the visible wave-
lengths. The duration of this stability is demanded for the
full duration of the time it takes to analyze (or in the
future, end-user protocol runtime) the entangled state that
is being generated. A robust, extendable, and highly syn-
chronized solution is therefore a key enabler for future
quantum networks at scale. Currently, experiments over
deployed fiber that use optical coherence between the
nodes have been realized with twin-field quantum key dis-
tribution (TFQKD), where ultrastable reference cavities
and narrow-linewidth telecom lasers (< 1 Hz) were used
to reduce the phase noise in the link. These systems are
not compatible when interfacing with solid-state quantum
nodes.

In this work we propose, implement, and verify an
optical phase-synchronization scheme between remote and
independent quantum nodes operating in the telecom band.
The structure of the paper is as follows. In the following
section, we provide the broader scope in which our phase-
synchronization scheme is developed and the challenges it
is aiming to solve. In the section after that, we provide a
full system overview and provide information on the var-
ious noise sources that occur in the system. We describe
the division of the full system into smaller synchroniza-
tion tasks, which are subsequently individually described,
where the control layout, noise spectrum, and feedback
performance are discussed. We then verify the synchro-
nization of the full system at work using measurements
of the optical phase between the nodes deployed in the
network. Finally, we conclude by highlighting the bene-
fits of our scheme, as well as give an outlook on broader
applications and further improvements.

II. PHASE STABILIZATION FOR
ENTANGLEMENT GENERATION USING
N-V-CENTER-BASED PROCESSORS AND

TELECOM FIBERS

The N-V center is an optically active defect in a diamond
lattice, of which the electronic spin state forms the basis
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FIG. 2. Schematic of optical layout with sources, detectors, and optical phase actuators. (a) Optical paths for entanglement gen-
eration. At the node light from the excitation laser (red) excites the N-V center, yielding single photons at the ZPL wavelength (in
red) through spontaneous emission, which are converted and routed to the midpoint. There the single photons are passed through an
acousto-optic modulator (AOM) and an ultranarrow FBG (UNF) for spectral filtering. Overlapping the incoming photon with the pho-
ton from the other node on a central beam splitter, they are measured using SNSPDs. As described in the main text, the relative phase
at this beam splitter is crucial in the entanglement generation. (b) The layout of the phase synchronization schemes to achieve the
synchronized phase at the beam splitter in the midpoint. The laser used for excitation of the N-V center is split and offset in frequency
to generate stabilization light (in blue). In addition, reflections of the excitation light (shown pink) coming from the diamond surface,
are generated, which guided to the “local phase detector,” interfering with part of the stabilization light. This error signal is used to
feedback the local synchronization task. The stabilization light is also converted and sent to the midpoint, following the same optical
path as the single photons. There the stabilization light copropagates with the single photons until it hits the UNF in the rejection band,
where most of the stabilization is reflected and routed towards the fast photodiode, ultimately interfering at the “fast detector” with
light from a reference laser (green). This error signal is used to synchronize the fast task. Leakage stabilization light passes through
the FBG (blue dotted line) and reaches the central beam splitter at the midpoint and the SNSPDs. Similarly, light from node 2 arrives
at the midpoint to arrive at the same beam splitter, interfering with the light from node 1. This beat can be measured by the SNSPDs,
and the error signal is used to stabilize the global synchronization task.

of many previous demonstrations of solid-state entangle-
ment generation in a network [10,23,25]. The entangle-
ment generation can be briefly described in three steps:
(1) the generation of single photons by resonant excita-
tion and spontaneous emission, (2) the collection, possible
frequency conversion, and propagation towards a central
beam splitter, and (3) a measurement of a single pho-
ton. The schematic in the top of Fig. 2 shows the key
optical components needed to perform the entanglement
generation.

Single photons are generated by carving short (1.5-ns
FWHM) optical pulses from a tap off from a continu-
ous laser. This excitation light is routed to the N-V center
housed in a 4-K cryostat via in-fiber and free-space optics.
Spin-selective, resonant excitation followed by sponta-
neous emission, generates single photons emitted by the

N-V center (Fig. 2(a), left). Around 3% of the photon
emission is not accompanied by a phonon emission, the so-
called zero-phonon line (ZPL). These photons are coherent
with the laser field used for excitation, and are entangled
with the spin state of the N-V center. The ZPL photons
are collected into a single-mode fiber, and guided to a
quantum frequency converter (QFC), similar to previous
work [28,29], that maintains the entanglement between the
photon and the N-V spin [30].

In the QFC process, the single photons are mixed
with a high-power pump (1064 nm) inside a nonlin-
ear medium, which is phase matched for a difference-
frequency-generation process [Fig.2(a)]. This converts the
single photons from the original 637 nm to 1588 nm in the
telecom L band. This process is crucial to reduce prop-
agation losses, and also serves as a method to remove
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any frequency difference between the different N-V cen-
ters used for entanglement generation. For more details see
previous experiments [31].

After the frequency conversion, the single photons prop-
agate over the deployed fibers towards a central location
called the midpoint, shown in Fig. 2(a) on the right. There
the incoming photons are spectrally filtered via transmis-
sion through an ultranarrow filter (UNF, FWHM 50 MHz),
and guided to an in-fiber beam splitter, where the modes
of the two nodes interfere. At this point, the relative
optical phase is crucial for the entanglement generation
when using the single-click protocol. The resulting modes
behind the beam splitter are measured using supercon-
ducting nanowire single-photon detectors (SNSPDs), that
perform a photonic Bell-state measurement on the com-
bined photon mode. The outcome of this measurement
heralds the spin state of the N-V centers in an entangled
state.

For this configuration of a qubit platform we highlight a
few specific challenges of synchronizing the optical phase.

Firstly, the free space and in-fiber optics is sensitive to
resonances when placed on an optical table together with
a closed-cycle cryostat inducing vibrations, showing up as
phase noise on the single-photon field. Depending on the
mechanical frequencies and stability, a moderate feedback
bandwidth is needed to get rid of these fluctuations. Fur-
thermore, careful design of the optics should be done to
limit these mechanical vibrations, to reduce the phase noise
that is present due to this effect.

Second, the optical path that requires phase synchro-
nization is inherently optically connected with a two-level
quantum system on one end, and sensitive single-photon
detectors on the other end. This constrains the optical
powers that can be used for the phase synchronization,
and makes the design of the whole system more com-
plex. For instance, unwanted reflections at fiber-to-fiber
connectors or free space to matter interfaces can lead to
crosstalk between the synchronization tasks and entangle-
ment generation. The careful balancing of optical powers
and illumination times of light that is incident on the N-
V center, as well as the extra shielding of the SNSPDs
with variable optical attenuators (VOAs) are additions to
allow for a more stable optical phase without reducing the
coherence of the N-V center or blinding of the SNSPDs.

Third, when using optical fibers over large distance, the
thermal expansion can introduce variations that expand
the fiber in the same direction for days. Because we
only stabilize the relative phase, large drift in fiber length
introduces many phase slips of 2π , which results in a
non-negligible difference between the stabilized phase and
optical phase of interest, see Sec. A 2 b. This is due to
the fact that the stabilization light propagates over the
long fiber with slightly different frequency than the pho-
tons with which we generate entanglement. In our case,
when using an offset of 400 MHz, residual phase error

�θ is �θ = M 360 ((fN-V − fstab)/(fstab) = M 7.6 × 10−4

degrees, where M is the number of phase slips. For
deployed fibers of kilometers long, many centimeters of
expansion and contraction occurs on the timescale of
days, corresponding to millions of phase slips. This makes
it significant for continuous operation of entanglement
generating networks over large fiber networks.

Fourth, propagating high-power optical pulses over long
fibers can create a significant background at the single-
photon level both due to double Rayleigh scattering [32],
and via interfaces such as connectors and splices. This
puts limits on the shot-noise-limited feedback bandwidth
one can achieve using this classical light, without inducing
more background photons in the SNSPDs.

In the following section, we discuss our approaches to
tackle all these challenges, given the boundary conditions
as discussed in the previous sections. We identify three
subtasks that can be synchronized independently, result-
ing in the synchronization of the relative phase of the
single-photon fields between two N-V-center nodes.

III. SYSTEM OVERVIEW AND NOISE SOURCES

An overview of the optical layout that enables synchro-
nization is shown in Fig. 2(b). The strategy to divide the
phase synchronization for N-V-based networks in multi-
ple subtasks was first devised and implemented in Ref.
[25], which we extend in this work to suit the additional
challenges of telecom operation and large node separa-
tion. In this section, we identify those subtasks, showing
which optical paths are used where error signals are gen-
erated and subsequently what actuator is used to achieve
the synchronization. In Fig. 3, we describe the synchro-
nization subtasks in more detail, giving an overview of the
individual components used.

To achieve the ultimate goal of synchronizing the ZPL
photons coming from different nodes, an additional light
field is added on both nodes, enabling optical phase syn-
chronization at higher optical powers. This stabilization
light is generated at both nodes from the same laser that
also excites the N-V, and is offset in frequency using a
similar set of AOMs. This stabilization light is optically
overlapped with light coming from the cryostat using a
beam splitter on the node, where the majority is trans-
mitted and overlaps with the reflections coming from the
diamond chip. This reflection is used to synchronize the
ZPL light to the stabilization light via a local interferom-
eter in the node, see Fig. 2(b), left. This interferometer
stabilization, called the local synchronization task, is dis-
cussed in Sec. IV, and effectively makes the stabilization
light a good phase reference coherent with the ZPL light.
The part of the stabilization light that does not go to the
local photodiode, propagates via the same fiber as the ZPL
photons, via the QFC to the midpoint. Fast phase distur-
bances in the fiber and phase noise from the excitation and
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FIG. 3. Control scheme including main distortions. (a) Local synchronization. At the nodes, light exciting the N-V is modulated
using AOME1, where the controller Cloc

1 applies a frequency modulation of the sine generator driving the AOM. This modulation
depends on the heterodyne measurement of the beat between reflected and stabilization light at a balanced detector. The main noise
sources are the phase noise of the excitation laser and mechanical vibrations and drift that are not shared by the stabilization light
and the ZPL light (ηnode). (b) Fast synchronization. Subsequently, ZPL and stabilization light are frequency converted by mixing
with a 1064-nm pump laser, and this light travels from both nodes to the midpoint. The stabilization light is separated from the ZPL
light and interferes on a balanced detector with the reference laser, where the demodulation is performed with a phase frequency
detector (PFD). The PFD output is fed to a synchronization controller C1, which modulates the ZPL and stabilization light with
aomN1. This fast controller suppresses mechanical distortions ηZPL

fiber shared between ZPL and stabilization light and phase noise from
the excitation and pump laser, i.e., ηexcitation and ηpump. A varying setpoint to the fast synchronization task on node 1 is supplied by
the global synchronization task. (c) Global synchronization. The phase error between stabilization light at the SNSPDs is measured to
suppress phase drifts ηmidpoint drift in the optical paths at the midpoint between reference laser and fast detectors, as well as between the
fast detectors and the SNSPDs. This heterodyne measurement uses the SNSPD count rates as the error signal. The global controller C
updates the setpoint of the fast synchronization task of node 1. Since larger length variations will occur over the deployed fiber, a phase
error will be introduced between ZPL and stabilization light, which is estimated using fiber-length measurements and compensated
through S. Homodyne interference between ZPL light is also measured using the SNSPDs. The interference between ZPL light (red)
is used in the entanglement generation process, and the error e directly reduces the maximum fidelity thereof.

pump lasers are now present on both the stabilization light
and ZPL light. The stabilization light is separated from
the ZPL using a spectral filter due to the frequency off-
set of 400 MHz. The stabilization light is synchronised to
light from a telecom reference laser by means of frequency
modulation by an AOM driver. We do this by generating
an error signal on a balanced photodetector, as shown in

Fig. 2(b). This is called the fast synchronization lock and
is described in more detail in Sec. V.

Finally, the SNSPDs are used to assess the optical pow-
ers of the stabilization light to each detector, generating
a single-photon detector-based detection scheme for inter-
ference measurement. The error signal is generated using
stabilization light that is leaking through the spectral filter
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at both arms, and meets on the central beam splitter con-
necting the two arms, see Fig. 2(b). This measurement is
inherently of low bandwidth, limited by the low powers
used, and the SNSPDs’ maximum count rate of 1 Ms−1.
Higher bandwidths would demand lower integration times,
and introduce too high shot noise. Based on this phase
measurement, the setpoint of fast synchronization task 1
is altered. This allows the synchronization of the stabi-
lization light combining from the two nodes, closing the
synchronization scheme. As length variations (caused, e.g.,
by temperature variations) over the long deployed fiber
will generate non-negligible phase variations between light
at the ZPL and stabilization frequency, this length variation
is measured and the frequency-induced phase variation is
compensated. Using this compensation, synchronization
between ZPL light from both nodes is achieved, cf. Sec.
VI.

Hence, three distinct synchronization tasks have been
identified. Each of these synchronization tasks are per-
formed using heterodyne phase measurements, and are
described in more detail in the following three sections. An
overview of the three tasks and their description, including
noise sources, heterodyne frequency, and feedback band-
width is shown in Table I. A full theoretical description of
the synchronization tasks, underlying assumptions and the
conditions that must be met for them to function is given
in Appendix A 2.

IV. LOCAL SYNCHRONIZATION AT THE NODE

The local synchronization tasks consist of ensuring that
the reflected excitation light from the quantum device
is phase synchronized to the stabilization light. In this

manner, we also ensure phase synchronization between
the ZPL photons and the stabilization light. Namely, the
ZPL light emitted at the N-V center is phase synchronous
with the excitation light as they run over the same opti-
cal path [33]. The reflected excitation light is separated
from the ZPL light based on polarisation using a free-space
beam splitter. The stabilization light enters the system at
the other input, after which we use a set of birefringent α-
bariumborate (αBBO) crystals to maximize the complex
overlap between the orthogonally polarized reflected beam
and the stabilization light. These crystals can correct for
static differences in tip-tilt and translation errors between
the stabilization and reflected light. After this optimization,
we project both beams in a common polarization mode
using a polarizer, and measure a sufficient interference
signal using a photodiode. After demodulation, an analog
proportional controller with roll-off filter is used to gener-
ate a frequency-modulating signal for the AOM driver of
AOME1, see Fig. 2.

To assess the performance of this control loop, a linear
system identification experiment is performed for each of
the synchronization tasks, as shown in Fig. 3(a). Within
each synchronization task we can identify a “plant.” The
plant is defined as the combination of the processing and
actuation of the error signals (e.g., dL1 to uL1). It consists
of the actions of the frequency modulation of a digi-
tal clock, amplification to drive the AOM, interference
detection, and demodulation of the electrical signal. While
the frequency-shifting behavior of the AOM and subse-
quent demodulation via an analog diode-based double-
balanced mixer are in practice nonlinear, we assume a
linear input-output behavior of the plant, which matches
our observations.

TABLE I. Summary of synchronization tasks.

Synchronization
task

Light sources generating error
signal and used actuator

Distortions and dominant
frequency range

Heterodyne
frequency

Achieved
feedback

bandwidth

Local
synchronization
at the node

Reflected excitation light from the
quantum device and stabilization
light measured on the photodiode.
Feedback implemented on AOM
of excitation light.

• Mechanical vibrations of
objective lens with respect to
the sample, 10 Hz-5 kHz

• Thermal drift of free space and
fiber optics <1 Hz

400 MHz
±750 Hz

3 kHz

Fast
synchronization
at the midpoint

Stabilization light of selected node
and reference light, measured on
the fast detector. Feedback via
AOM acting on both the
stabilization light and single
photons. Actuator desaturation is
done via the pump laser of QFC.

• Thermal effects on deployed
fiber <10 Hz

• Mechanical vibrations of
deployed fiber 1 Hz-5 kHz

• Phase noise in the excitation
laser, pump laser, and reference
laser 1 kHz-50 kHz

215 MHz
+0/−1500 Hz

224 kHz

Global
synchronization
at the midpoint

Stabilization light of node 1 and 2
measured on SNSPDs.
Compensation through the setpoint
of the fast synchronization loop
from node 1.

• Thermal drift at midpoint
<10 Hz

1500 Hz ∼ 50 Hz
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FIG. 4. Performance of the local synchronization task.
(a) Identified linear dynamical relation between control output
uL1 and demodulation output dL1 (demodulated around dc as used
as control input), called plant. (b) Power spectral density and
(c) cumulative (solid) and inverse (dotted) cumulative spectral
density of residual phase error with (blue) and without (orange)
feedback, measured without additional noise injection.

To identify this subsystem [34] in series with the con-
troller we use a commonly used technique of injecting an
additional but known broadband noise signal on the actua-
tor (ηidL1 and ηidL1 in Fig. 3(a). By measuring the resulting
output with the feedback on and off and comparing them
we can calculate key performance parameters, such as the
open-loop transfer function of the plant. We can also record
the spectral densities of the residual phase noise. For more
information see Appendix A 1.

We show the result of this analysis for the local synchro-
nization task in Fig. 4. It shows that a bandwidth of approx-
imately 3 kHz is obtained [35], where the gain reaches a
value of approximately 0.5 in Fig. 4(a). The free-running
power spectral density (PSD) shown in Fig. 4(b) (orange)
has the features of slow drifts below 10 Hz, as well as
mechanical resonances between 100 Hz to 1000 Hz. By
integrating the PSD when the controller is enabled (Fig.
4(b), blue), we reach a cumulative phase error of 12◦ rms,
as shown in Fig. 4(c).

V. FAST SYNCHRONIZATION AT THE MIDPOINT

Both fast-synchronization loops at the midpoint have the
goal to synchronize the stabilization light of the nodes to
light of the same reference laser, which is located in the
midpoint, see Sec. IIIb and Fig. 3(b), and have the same

design for both arms coming from node 1 and node 2, and
we discuss the workings in the context of node 1. After
conversion and subsequent arrival in the midpoint, stabi-
lization light of the node and reference light interfere and
is measured with a balanced photodetector, demodulated
using a phase frequency detector (PFD) and then passed
to an analog controller C1 of proportional-integral type.
The output of this controller is then used for frequency
modulation of the AOM AOMN1. To limit the frequency-
modulation range of this AOM to avoid reduced optical
transmission, desaturation is required, which is performed
via additional feedback to the pump-laser frequency back
at the node. This control signal is sent over a user datagram
protocol (UDP) connection (update frequency 500 Hz)
from the midpoint to the node.

To identify the synchronization performance, we used
the same techniques as outlined for the local synchro-
nization task. The resulting open-loop transfer function is
identified and shown in Fig. 5(a). It shows that a 220 kHz
control bandwidth is achieved. By integrating the “locked”
PSD of the residual phase noise [Fig. 5(b)], we find the
cumulative phase error of 21◦ rms, as shown in Fig. 5(c).
The achieved bandwidth is realized by the short distance
between error-signal generation and actuation, and fast
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FIG. 5. Performance of fast synchronization task. (a) Identi-
fied linear dynamical relation between control output u1 and
demodulation output d1 (demodulated around dc as used as con-
trol input), called plant, and between control input and demodula-
tion output, i.e., the open-loop behavior. (b) Power spectral den-
sity and (c) cumulative and inverse cumulative spectral density
of residual phase error.
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servo control for error-signal processing. Spectral data of
the recorded signals is shown in a separate figure at the top
of Fig. 8(a) in the Appendix.

VI. GLOBAL SYNCHRONIZATION

The global synchronizing feedback is required to sup-
press low-frequency phase drifts in the optical paths at the
midpoint between the reference laser and fast detectors,
as well as between the fast detectors and the SNSPDs,
schematically depicted in Fig. 3(c). A heterodyne phase-
error measurement is obtained from the SNSPD mea-
surement by converting the single-photon count rate to
well-defined pulses using an analog pulse stretcher, sub-
tracting both pulse signals and low-pass filtering the result.
Employing a small frequency offset between the stabiliza-
tion light between the nodes, we can detect a heterodyne
beat at 1500 Hz, still below the relatively low bandwidth
of the error signal generated with the SNSPDs, while mak-
ing the measurement insensitive to power fluctuations (see
Table I for details). The error signal is processed and
fed back by changing the setpoint of one of the fast-
synchronization schemes by an amount determined by
controller C′, which affects the phase shift introduced by
AOMN1, cf. Ref. [36]. A proportional controller is used in
this setup.

We compensate the expected phase differences between
stabilization and ZPL light over the deployed fibers (i.e.,
δηfiber1 and δηfiber2, which will occur due to the optical fre-
quency mismatch, combined with length variations over
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FIG. 6. Performance of global phase synchronization. Power
spectral density (top) and cumulative and inverse cumulative
spectral density (bottom) of residual phase error.

these fibers (see also Sec. A 2 a). Exploiting the mea-
surement of these length variations using roundtrip-time
measurements, estimates δ̃ηfiber1 and δ̃ηfiber2 are obtained
in subsystem S in Fig. 3, cf. Ref. [37].

The performance of the global synchronization is illus-
trated in Fig. 6, where the spectrum with and without
this feedback is shown. The dominant noise sources are
below 10 Hz, as seen in the unlocked PSD of the phase
noise in Fig. 6. This is because all high-frequency noise is
removed by the fast-synchronization task, and only slow
drifts remain. This controller yields a cumulative phase
error of 8◦ rms, as shown in Fig. 6(c).

VII. SYNCHRONIZATION RESULT ON
RELATIVE PHASE BETWEEN REMOTE NODES

We now measure the performance of the complete
system when all the synchronization tasks are active.
We evaluate the system by measuring the phase error e
between the excitation lasers of the both nodes, see Fig.
3(c). The system is deployed at three locations in the
Netherlands, where the nodes are separated by approxi-
mately equal to 10 km, connected to the midpoint by 10 km
and 15 km of fiber between the cities The Hague and
Delft, respectively. We assess the optical performance by
using classical light fields reflected off the diamond sur-
face, which should result in homodyne interference, and
allows us to access the relative optical phase between the
nodes. This light originates in the nodes and travels the
same optical path as the ZPL photons (which are coherent
with this light), up to a small propagation through the dia-
mond sample. The intensity of this reflected light can be
adjusted on the nodes (>1 ks−1), allowing for quick inte-
gration times and high signal-to-noise ratio in the SNSPDs.
We conduct this measurement under identical conditions as
an entanglement generation experiment. This means that
the powers of the optical fields, both reflected and direct,
and their on and off modulation are done in the way one
does during entanglement generation. The reflected laser
pulses are located at the same location in the sequence as
where the optical excitation would be, making the phase
measured in this experiment a good metric for the expected
performance.

The interference and subsequent measurement by the
SNSPDs of this reflected light is shown in Fig. 7(a), with
clear interference shown in the region where the light fields
overlap in time. The contrast of this interference can be
corrected for imbalance of the incident power, and by
sweeping the phase setpoint a full fringe can be taken
[Fig. 7(b)]. Fitting these fringes with a single cosine I =
(1 ± C cos(φ + φ0))/2, we can retrieve the contrast C and
setpoint φ0 of the synchronized system. By assuming that
the loss of contrast C is solely due to a normally distributed
residual phase error, we calculate its standard deviation
from the contrast, which is σmeasured = 35.5◦. This matches
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FIG. 7. Performance of the total system performing phase synchronization. (a) Interference of reflections of the excitation lasers
from the diamond chip, as measured by the SNSPDs in the midpoint. The blue (orange) line indicate the rate of photons incident
on the first (second) detector. The shading indicates regions in time where only light from node 1 (green) or node 2 (red) is present,
showing no interference. In the overlapping region (gray), the light interferes and is directed to predominantly one detector, indicating
interference of the weak laser fields. (b) By sweeping the local oscillator of the global synchronization task in Fig. 3(c), we change
the setpoint of the interference, directing light into one or the other detector, as shown by the change of preferred direction to detector
1 (blue) or 2 (orange). By correcting the count rates for imbalance, we can fit these oscillations with a single cosine, recovering the
relative phase of the excitation lasers of the two nodes. The imperfect contrast of this oscillation represent the residual phase noise
in the system at timescales below the measurement time (approximately equal to seconds). (c) Measurement of the relative optical
phase between the paths coming from Delft and The Hague over a timespan of 10 h. We measure a constant average contrast over the
full duration of more than 200 measurement, with the exception of a group of 10 measurements. These were the result of one of the
excitation lasers lasing multimode, as picked up by a separate monitoring scope. (d) The measured relative phase shows a small drift
over this time frame, without the compensation for phase slips due to large fiber drifts (green, see Ref. A 2 a). Plotting the calculated
feedforward based on the round-trip time between the two nodes and the midpoint shows the correlation. When taking this feedforward
into account, the resulting spread standard deviation of the phase setpoint is below 4◦ over the course 10 h (white histogram).
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well with the expected residual phase noise, which would
be the quadratic sum of all five independent synchroniza-
tion tasks: σtotal =

√
2σ 2

local + 2σ 2
fast + σ 2

global = 34.9◦. By
repeating this measurement and recording both contrast
and setpoint, we can characterize the long-term behavior
of the phase-synchronization system [Fig. 7(c)]. We find
that the phase synchronization is stable over a time span
of more than 10 h, showing a high contrast. The long-term
drift [Fig. 7(d)] of the phase setpoint is almost completely
explained by the aforementioned offset in phase due to
the combination of the frequency offset and long fiber-
length variation, which was calculated but not compen-
sated in this test. The resulting phase setpoint distribution
is shown in the bottom right of Fig. 7(d), showing a sharp
distribution around a setpoint of 0°.

VIII. DISCUSSION AND OUTLOOK

We have designed, built, and evaluated an extend-
able phase-synchronization scheme to enable entangle-
ment generation between solid-state emitters, compatible
with the telecom L band and large node separation. The
phase synchronization is achieved between two indepen-
dent excitation lasers, which are integrated in an N-V-
center quantum network node, connected over deployed
fibers. The introduction of stabilization light allows gener-
ation of reliable phase measurements with low shot noise
and enables the ability to guide the stabilization light to
an alternative detector. Therefore, we can use two dis-
tinct feedback loops at the midpoint, to compensate both
the high-frequency distortions via a balanced photode-
tector but also compensate the low-frequency distortions
using the SNSPDs, achieving synchronization at the cen-
tral beam splitter, where the single-photon paths of two
distant nodes interfere. The separation of the overall syn-
chronization task and tailoring the control schemes to the
specific noise present allow us to realize high-performing
synchronization using independent excitation lasers and at
a metropolitan scale node separation. By making the syn-
chronization tasks robust against drifts of optical power
and compensating for large fiber-length variations, a phase
stability sufficient for entanglement generation is achieved
for more than 10 h.

Our implementation has a few advantages. First, our
method only requires the distribution of a phase reference
in the rf domain, e.g., 10 MHz, over the network. This
can be done over deployed fiber using the White Rabbit
[38] protocol, and is easily distributed locally via amplified
buffers. Second, due to the choice of AOMs as feedback
actuators and additional offloading on the pump laser of
the QFC, the system has both a fast step response, and
the feedback range is only limited by the QFC conversion
bandwidth. Additionally, the achieved feedback bandwidth
lowers the requirements on the linewidth of our lasers used

on the nodes, simplifying their design and avoiding com-
plex optical reference distribution. Furthermore, the design
allows the reduction of the optical intensity of signals that
could interfere with the entanglement generation, by using
heterodyne schemes. This boosts the signal-to-noise ratio
of the generated error signal, and at the same time limits
the crosstalk with the quantum system and single-photon
emission.

This scheme also allows for scaling the number of nodes
in the network. The most straightforward way of scaling
would be in a star pattern, as all the incoming nodes could
be continuously synchronized with the same optical ref-
erence. To establish a connection between two nodes, one
has to switch the incoming photons to the same beam split-
ter. With the appropriate feedback speed one can make
the newly switched paths phase stable before the photons
arrive from the remote nodes. A similar approach can be
taken on a line configuration with multiple midpoints if the
frequency difference between the optical references used
at each midpoint can be kept reasonably small, below the
feedback bandwidth of the fast synchronization.

Further improvements can be made for the local and
fast subtasks, which we will discuss starting with the local
synchronization task. Currently the fully analog and inte-
gral nature via feedback on an AOM causes a high gain at
low frequencies. This means that it is sensitive to small
analog input offsets to this AOM when the error-signal
generation is paused. This results in the reduction of the
free-evolution time, the time that the phase stays synchro-
nized without feedback. Using a proportional feedback or
a fast digital controller could circumvent this. The resid-
ual phase noise present in the fast synchronization could
be reduced in a number of ways. Excitation lasers with
less phase noise would lead to a direct improvement of
the performance. Additionally, more in-depth tuning of
the control to the noise spectrum measured could deal
more effectively with the noise. Further investigations into
the exact noise spectrum and more complex control tech-
niques could further enhance the performance of the fast
synchronization.

As a conclusive demonstration of the system we recently
used it to generate heralded entanglement between two
N-V centers over deployed metropolitan fiber [27]. Here,
the phase synchronization was time multiplexed with the
emission of single photons by the N-V centers. Being
compatible with many different qubit platforms, the archi-
tecture presented in this work can form the basis for future
developments and implementations generating large-scale
entanglement over deployed fiber networks.
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APPENDIX

1. System identification details

We injected additional noise at the location shown in
Fig. 3 while the control loop is active and measured the sig-
nals uL1 and the demodulated output dL1 of the local syn-
chronization loop. Throughout the paper, these measured

interference powers x(ti), i = 1, . . . , N , are analyzed by
subsequently taking the Hilbert transform to compute the
phase of the resulting analytical signal [39]. Additionally,
we can plot the spectral content measured during the
identification experiments. This is done with Welch’s aver-
aged periodogram method [40], and is shown in Fig. 8.
We repeat this analysis for the fast-synchronization loop,
injecting noise, monitoring the signals and demodulated
output, and perform the analysis. The spectral content of
the measurements are show in Fig. 8, with the analysis in
the main text.

For the global synchronization task injecting noise
posed a challenge, and we therefore only measured the
residual phase error under open and closed loop condi-
tions.

2. Theoretical description of the synchronization result

Here we give a theoretical description of the phase-
synchronization scheme, and determine the conditions
that must hold for the phase synchronization to succeed.
We start off by describing some definitions and assump-
tions underlying the analysis and provide a schematic that
includes all relevant fields and optical paths. This allows us
to define the central stabilization task we want to achieve,
and how we achieve it by breaking up the task into smaller
synchronization tasks.
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014077-11



A. J. STOLK et al. PHYS. REV. APPLIED 23, 014077 (2025)

a. Definitions and assumptions. We make the following
definitions and assumptions in the derivation of the phase
conditions:

(a) In propagating the fields we treat them all as
monochromatic plane waves that propagate along the opti-
cal axis, the ẑ direction. We can therefore write the com-
plex wave function of a field with frequency fi in a medium
with refractive index nl depending on time t and space z as

U(z, t) = Aej φi = Aej (ωit−kiz), (A1)

with A being a constant, ωi = 2π fi and ki = n ωi/c with c
the speed of light in vacuum and n the refractive index. We
ignore all effects of a varying spatial intensity distribution
or curvature of the wave front in free space.

(b) We treat reflection and transmission through the
Ultranarrow filter as having no impact on the phase, an
assumption that is true if the central frequency is kept sta-
ble, and the reflection is far away from the resonance of the
filter.

(c) We assume that the change in refractive index for
small frequency differences (<1 GHz) or temperature vari-
ations are negligible.

(d) All clocks (rf sources as references in the synchro-
nization) used in the scheme are coherent with each other.
This is realized by providing a 10 MHz external reference
to each of the signal generators, and finding clock settings
that minimize any nonidealities in the signal generation of
the devices used.

We make extensive use of heterodyne interference,
which is the interference of two fields of different frequen-
cies. When measuring the intensity of this field with a
photodiode, the combined field intensity is described as

I = |U1 + U2|2 = |U1|2 + |U2|2 + U∗
1U2 + U1U∗

2. (A2)

Filling in two plane waves of equal amplitude
√

I0 at
the start of the lasers, but different frequencies and initial
phase, we get

I(t) = 2I0 + 2I0 cos
(
(ω2 − ω1)t + n

c
(ω1D1 − ω2D2)

+ (θ2 − θ1)
)

, (A3)

where THz frequencies are dropped. The intensity is vary-
ing in time with the difference of the two frequencies of the
original waves (called a beat), with change of the distances
D1 and D2, and with a phase given by the initial phases
of the two fields. This allows us to use the photodiode to
generate an error signal that contains both the difference
frequency ω1 − ω2 = �ω and the relative phase of the two
optical waves. By choosing the frequency difference of the

two optical fields in the rf regime (<1 GHz), we can use rf
generators, mixers, amplifiers, and filters to stabilize this
error signal. This synchronizes the two fields, and adjusts
for frequency variations, drifts of the distances to the point
of interference, and phase jumps due to the linewidth of the
laser. This is the underlying principle to stabilize the rela-
tive optical phase of two optical fields, at a certain location
in space.

It is useful to give a proper definition of what we mean
when we say two phases are synchronized. When two
optical fields in a task are synchronized, it means that at
a specific point in space zs, the two fields U1(zs, t) and
U2(zs, t) have a phase relation that can be written as

(
Arg(U1(zs, t)) − Arg(U2(zs, t))

) − ωclockt ≡ η(t), (A4)

with ωclock the clock frequency of the rf source used in
the signal processing and η(t) − μ � π the residual phase
error and μ a constant. For sampling frequencies much
smaller than the feedback bandwidth (and therefore slower
than phase residuals), these samples are independent of
their evaluation time ti, ı = 0, 1, 2, . . ., and thus follow a
probability distribution with constant parameters in time,
i.e.,

η(ti) ∈ N (μ, σ), i = 0, 1, 2, . . . , (A5)

where, for small angles, N is a normal distributed variable
with mean μ and standard deviation σ . Experimentally,
we can choose μ ∈ [0, 2π ] by changing the clock setpoint
used for the stabilization, and σ � π gives the perfor-
mance of the synchronization: smaller σ indicates better
synchronization performance. For the special case where
ωclock = 0, or when one has access to a source coherent
with the clock, one can sample the distribution N . For
entanglement generation experiments this condition holds,
where the sampling occurs at the measurement of a single
photon every couple of seconds.

b. Errors due to large length variations. Suppose we
have two coherent, copropagating fields U1 and U2 with
different frequencies ω1, ω2, on a long fiber with length L.
The first field is (perfectly) synchronized at the end of the
fiber z = L with a phase actuator that works on both U1
and U2, with the phase setpoint θref := nLω1/c. The phase
that the field U2 has at z = L is than given as

ϕ2|z=L = nLω2

c
= θref + n L(ω2 − ω1)

c

= θref + n L(ω2 − ω1)

c
, (A6)

which is at a constant offset of θref. This means the synchro-
nization task of U1 is also synchronizing U2, it is no longer
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TABLE II. Overview of optical fields.

Optical field N-V emission Excitation Reflections Stabilization Leakage QFC Pump Reference

Typ. wavelength (GHz) 470 450 470 450 470 450 470 450.4 470450.4 281 759 188 691
Typ. linewidth (kHz) 12.3e3 ∼10 ∼10 ∼10 ∼10 <20 <0.1
Power in local PD Single photons ∼5 uW ∼1 nW ∼5 uW · · · · · · · · ·
Power in midpoint Single photons · · · <1pW ∼30 nW Single photons (100 kHz) · · · ∼5 mW

varying in time, albeit at a constant offset. If now the fiber
expands to length L + �L, the synchronization tasks aims
for phase ϕ1|z=L+�L → θref. Hence,

ϕ2|z=L+�L= n (L+�L)ω2
c

= n (L + �L)ω1

c
+ n (L + �L)(ω2 − ω1)

c

= θref + n L(ω2 − ω1)

c
+ n �L(ω2 − ω1)

c

= n Lω2

c
+ θerr(�L), (A7)

with θerr(�L) = (n �L(ω2 − ω1))/c an additional term,
indicating the phase of U2 has moved with respect to its
original position at L, and is no longer synchronized. there-
fore we have to be careful in exchanging phase terms of
fields that are copropagating and synchronized over long
fibers, but at slightly different frequencies. Using the num-
bers in our system, �ω = 2π × 400 MHz, and a �L of
2 cm expansion of the fiber would result in a θerr(0.02) of
10◦ of phase error. Given the low thermal expansion coef-
ficient of silica of dL/dT = 5.5 × 10−7m K−1, this effect
only happens when large fiber lengths and temperature
drifts are involved. In the main text, Fig. 7 shows a mea-
surement of this effect, where the value calculated using
our accurate timing hardware matches the value measured
by the phase interference well.

For a full overview of all the optical fields used, we
refer to Table II that gives the typical central frequency,
linewidth, and powers. In Fig. 9, we show the division of

the connection of one node to the midpoint into separate
optical paths, used in the derivation of the phase synchro-
nization requirements. These sections (D1, D4, D5, and
D7) form a continuous path between the excitation laser
Lex and the central beam splitter in the midpoint where the
relevant interference takes place, plus additional sections
that are needed to describe the individual synchronization
tasks (D2, D3, D6, and D8). A short description, typical
distances, and extra information is given in Table III.

c. Central synchronization task. We define the central
synchronization task as achieving a stable phase between
the photon emission on each node, measured at the loca-
tion of the central beam splitter in the midpoint, denoted
z7 in Fig. 9. This is the central requirement for entangle-
ment generation via the single-click protocol, as discussed
in the main text. To simplify things, we will first derive the
stability of the relative phase between the two excitation
lasers on each node, as measured in the central beam split-
ter in the midpoint, and then argue that the single-photon
emission is coherent with this field (see Sec. A 2 k).

The time-dependent relative phase at the central beam
splitter can be written as

η(t) = φ(t, z7)
1 − φ(t, z7)

2, (A8)

where φ(t, z7)
i is the phase of the field coming from node

i at the location of the central beam splitter z7. When all
the synchronization tasks are active, the error η(t) will be
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TABLE III. Overview and description of optical paths.

Section Description Length (m) Dominant noise source

D1 Excitation path, from laser, via AOM, objective and diamond
chip to local central beam splitter

10 Objective stage vibrations and laser
phase noise

D2 Local stabilization light path, from laser, via AOM, free-space
optics, to local central beam splitter

10 Fiber optics and vibrations

D3 Local central beam splitter to local phase projection
(polarizing BS)

2 Long-term optics drift and
birefringent optics

D4 Local central beam splitter, via free-space optics, to QFC
crystal

2 · · ·

D5 QFC crystal, via deployed fibers, through EPC, AOM to
ultranarrow filter

>10e3 Thermal expansion and
environmental vibrations

D6 Backwards reflection off UNF, to beam splitter at fast detector 2 Vibrations and loose fibers
D7 Transmission through UNF, towards central beam splitter in

midpoint
2 Vibrations and loose fibers

D8 Reference laser, via fibers, to beam splitter at fast detector 2 Vibrations and loose fibers

small (� π ), and under probabilistic entanglement gener-
ation samples this time-dependent phase is sampled, and
the errors form a distribution NTot.

We can write φ(t, z7) by following the fields through the
setup as shown in the main text, Fig. 2. It is given by

φ(t, z7) = θex + nωex

c
(D1 + D4) − θ1064

+ n′ω′
ex

c
(D5 + D7) + ω′

ext, (A9)

where ωex is the frequency of the excitation laser, θex/1064
are the phases of the excitation and QFC pump laser,
respectively. The ′ denotes the fact that the field has been
converted, meaning ω′

ex = ωex − ω1064. For the other node
to the midpoint we can write an identical equation, con-
taining the same but uncorrelated terms. In order to syn-
chronize these two fields, we need to get rid of the terms
that are varying rapidly in time (see Table III). The next
step is to fill in the synchronization conditions guaranteed
by the synchronization tasks realized in the setup.

d. Local synchronization task. The local synchronization
task synchronizes the relative phase of the light coming
from two paths consisting of D1 + D3, and D2 + D3, both
starting at the excitation laser and ending at detector z3.
In the path D2 + D3, the AOM shifts the light in frequency
with 400 MHz ± 750 Hz. Due to the two paths being differ-
ent polarization states of the light, the actual interference
happens after projection into the same state by a polarizer,
and subsequent detection by the detector after traveling
D3, which we denote as z3, see Figs. 2(b) and 9. The
synchronization error is given by the equation

η(t)loc = (φA(t, z3) − φB(t, z3)) − ωloct,

and can be written out as

ωloct + ηloc(t)

=
(
θex + nωex

c
(D1 + D3) + ωext

)

−
(
θS + nωS

c
(D2 + D3) + ωSt

)
(A10)

with θex the phase due to the finite linewidth of the exci-
tation laser, and ωS the frequency of the stabilization light
and ωloc = ωex − ωS the frequency and θloc the phase of the
clock used as reference. By ensuring that D1 − D2 is well
within the coherence length of the excitation laser, we can
write θex = θS. The remaining terms are slowly varying in
time with respect to the feedback bandwidth, as shown in
the main text, Fig. 4. The performance parameter σloc is
also given there. We can also write Eq. (A10) in a different
form that makes it easier to use in future derivation as

θex + nωex

c
D1 = θS + nωS

c
D2 + n(ωS − ωex)

c
D3 + ηloc(t).

(A11)

e. Fast-synchronization task. The next synchronization
task we describe is the fast-synchronization task. This con-
sists of again two arms, A and B, that meet at the point z6.
Path A is from the excitation laser, via the stabilization split
off (D2), through the QFC (D4), over the long deployed
fiber (D5), through the AOM at the midpoint, reflected by
the UNF (D6) to reach z6. Path B is from the reference laser
directly to z6 (via D8), see Figs. 2(b) and 9. We can again
define the synchronization error for this task as

η(t)fast = (φA(t, z6) − φB(t, z6)) − ωfast(t),
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and filling in the terms we find

ωfastt + ηfast(t) =
(
θS + nωS

c
(D2 + D4) − θ1064

+ n′ω′
S

c
(D5 + D6) + ω′

St
)

−
(
θref + n D8 ωref

c
+ ωreft

)
, (A12)

where ωfast = ω′
S − ωref is the frequency and θloc the phase

of the reference clock used in the fast lock [see Fig. 3(b)].
Again, in order for this synchronization to work, we need
to have fast enough feedback with respect to the noise
present. Because this equation contains the three phase
terms due to the linewidth of the lasers (θex/1064/ref), of
which θex is by far the dominant (see Table II). For long
fibers, the term containing the long fibers (D5) can also
induce fast phase fluctuations. We show that we can ensure
these conditions in the main text, Fig. 5, and give the per-
formance parameter σfast. We can rewrite Eq. (A12) to a
more useful form as

θS + nωS

c
(D2 + D4) − θ1064 + n′ω′

S

c
D5 + ω′

St

= −n′ω′
S

c
D6 + ωfastt + ηfast(t) + θref + nD8 ωref

c
.

(A13)

f. Global synchronization task. The final synchronization
task is the global synchronization, which is the final task
that closes the feedback system between the two distant
nodes. It takes as input two arms, A and B, that interfere
at the point z7, the central beam splitter. The fields that are
interfering is stabilization light that is leaking through the
UNF in each arm. This is light that came from the same
location as in the fast synchronization task, Eq. (A12), but
is now traveling towards the SNSPDs. We can write the
optical phase coming from node A/B as

φA/B(t, z7) = θex + nω
A/B
S

c
(DA/B

2 + DA/B
4 )

− θ1064 + n′ ω
′A/B
S

c
(DA/B

5 + DA/B
7 ) + ω

′A/B
S t.

(A14)

We described in the main text that the global synchroniza-
tion task only needs a small bandwidth (1000 Hz) to be
realized. However, Eq. (A14) contains many fast terms,
such as the laser linewidth of the excitation laser. There-
fore, the global synchronization can only be realized once
the fast synchronization condition is met. This becomes

apparent when we filling in Eq. (A13) in Eq. (A14), giving

φA/B(t, z7) = ηfast(t) + θref + n DA/B
8 ωref

c

+ n′ ω
′A/B
S

c
(DA/B

7 − DA/B
6 ) + ω

′A/B
S t (A15)

and using that to write down synchronization task error for
the global lock:

η(t)glob = (
φA(t, z7) − φB(t, z7)

) − ωglob(t) − θglob(t),
(A16)

which, when grouping similar terms pairwise, becomes

η(t)glob = ηA
fast(t) − ηB

fast(t)

+ θA
ref − θB

ref + n (DA
8 − DB

8 ) ωref

c

+ n′ ω′A
S

c
(DA

7 − DA
6 ) − n′ ω′B

S

c
(DB

7 − DB
6 )

+ (ω′A
S − ω′B

S )t − θglob(t), (A17)

where the superscript A/B denotes the field coming from
node 1/2 and ωglob = (ω′A

S − ω′B
S ) the frequency and θglob

the phase of the clock used as reference in the global syn-
chronization [see Fig. 3(c)]. We will go over this equation
term by term. The first line of the equation are the residual
terms from the fast-synchronization tasks η

A/B
fast (t), which

are the residuals of the fast lock, and therefore too fast
for the global synchronization to provide any feedback
on. That is why they also appear on the other side of the
equation, as they remain an error source in the system. The
second line is the phase contribution due to the linewidth
of the reference laser and optical path of the delivery of
the laser to the fast photodiodes. By using the same length
fibers (DA

8 ∼ DB
8 ) we can minimize both the effect of fiber

drifts, as well as the effect of the reference laser linewidth.
The third line of Eq. (A17) shows two terms that are depen-
dent on the distance from the UNF to the two points (fast
photodiode z6 and central beam splitter z7) of interference.
These are more difficult to keep equal, and is best practice
to keep these fibers in the same optical rack such that they
share vibrations and temperature fluctuations. We can also
identify the synchronization error of the global synchro-
nization by itself by excluding the fast errors and writing
as

ηglob(t) = θA
ref − θB

ref + n (DA
8 − DB

8 ) ωref

c

+ n′ ω′A
S

c
(DA

7 − DA
6 ) − n′ ω′B

S

c
(DB

7 − DB
6 )

− ωglobt. (A18)
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Now that we have discussed all three different synchro-
nization tasks and described their synchronization task
error, we can go back go to Eq. (A8) and fill in the
synchronization conditions.

g. Substitution local synchronization. We start with Eq.
(A9) and fill in the local synchronization condition in the
form of Eq. (A11) to get

φ(t, z7) = θS + nωS

c
D2 + ηloc(t) + n(ωS − ωex)

c
D3

+ nωex

c
D4 − θ1064 + n′ω′

ex

c
(D5 + D7) + ω′

ext,

(A19)

where the term (n(ωS − ωex))/(c)D3 = θerr(�D3) is due to
the fact that the interference for the local synchronization
happens at a distance D3 away from where the stabilization
light ωS is split off (local beam splitter). The phase is there-
fore sensitive to expansion and contraction of D3, albeit
with only the frequency difference of ωS − ωex. Therefore
drifts of D3 are minimized by making the distance short
and housed in a temperature stabilized environment and
can be considered constant.

h. Substitution fast synchronization. In order to fill in the
fast synchronization task into Eq. (A19), we need to sub-
stitute all the terms containing ωex with ωS. These fields
are copropagating from the local beam splitter towards the
QFC (D4) and onward. Because the local synchronization
ensures their mutual coherence at the local beam splitter,
and ωS is stabilized in the midpoint at the fast photodi-
ode, we can follow the substitution method as outlined in
Sec. A 2 b, taking into account the expected fiber drifts.
The terms containing ωex contain the distances D4, D5, and
D7. We remark that the drifts in θ(�D4) and θ(�D7) are
negligible when the (fiber) lengths are short(approximately
equal to 10 m) and will be considered constant and left out,
however, θ(�D5) can be significant due to the length of
D5 (see Table III). Completing the substitution gives us

φ(t, z7) = θS + nωS

c
(D2 + D4) + θerr(�D3, ωloc) + ηloc(t)

− θ1064 + n′ω′
S

c
(D5 + D7) + θerr(�D5, ωloc)

+ (ω′
S + ωloc)t, (A20)

where we have added the error term θerr(�D5, ωloc) accord-
ingly. We can now recognize the terms of the fast-
synchronization task, and filling in the form of Eq. (A13)

we arrive at the expression

φ(t, z7) = ηloc(t) + ηfast(t) + θerr(�D5, ωloc)

+ θref + n ωref

c
D8 + n′ω′

S

c
(D7 − D6)

+ (ωfast + ωloc)t. (A21)

i. Substitution global synchronization. We can now fill in
Eq. (A21) into Eq. (A8), and use the global synchroniza-
tion condition [the last four terms of this expression are
precisely one half of the global synchronization condition
Eq. (A18)], to simplify it into its final form:

η(t) = ηA
loc(t) + ηA

fast(t) − ηB
loc(t)) + ηB

fast(t)

+ θA
err(�D5, ωloc) − θB

err(�D5, ωloc)

+ �tott + ηglob(t). (A22)

The first line is the performance of the local and fast-
synchronization task η

A/B
loc/fast(t) of the two nodes, the second

line the error due to the expansion and contraction of the
long fibers θ

A/B
err (D5). The last line is the global synchro-

nization task performance ηglob(t), and a time-dependent
term �tot t, where �tot = (ωA

fast + ωA
loc) − (ωB

fast + ωB
loc).

All the other terms in this equation are either not depen-
dent on time, or we have discussed ways to minimize their
effects over longer time duration. The only thing left is
then to choose the right frequencies of all the synchroniza-
tion tasks such that the time dependence of the phase is
removed, e.g., �tot = 0, with only small variations of η(t)
remaining in the system.

j. Selection of clock frequencies. As described in the
main text, the condition �tot = 0 is not the only require-
ment for the frequencies at which the synchronization tasks
operate. Due to shot-noise limitations of the SNSPDs,
ω′A

S − ω′B
S = ωglob can realistically not exceed 10 kHz, and

in order for the feedback bandwidth of the fast synchro-
nization to be fast enough, a high ωfast is needed. The
additional requirement of ω′A

ex = ω′B
ex to generate indis-

tinguishable photons, while the natural frequency ωA
ex −

ωB
ex > 1 GHz can be far detuned, adds to the complex-

ity. The flexibility in choosing ω1064 on each of the nodes
separately deals with this requirement, and shifts both
the excitation and stabilization light equally. Considering
other experimental details outside the scope of this work
regarding the temperature stabilization of the FBGs, we
arrive on the choice of frequencies as presented in Table I.
Setting ω

A/B
loc = 400e6 ∓ 750Hz and ωA

fast = 215001500Hz
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and ωB
fast = 215000000Hz. With these values, the remain-

ing frequency difference between the excitation lasers is

�tot = (215001500 + 399999250)

− (215000000 + 400000750) = 0. (A23)

Additionally, this gives us ωglob = 1500 Hz, which lies
well within the bandwidth of the SNSPDs.

k. Conclusion. We can now return to the central syn-
chronization condition, Eq. (A8), and make the following
claim. Given that the following conditions hold:

(1) both nodes have the local phase synchronization
active. Eq. (A10);

(2) the midpoint synchronizes the stabilization light to
the reference laser, Eq. (A12);

(3) the stabilization light of the nodes is synchronized
to each other, Eq. (A17);

(4) the known error θ
A/B
err (�D5) is calculated and com-

pensated by adjusting the phase of the clock used for
reference in the global synchronization;

(5) the phase is sampled at a frequency below the
frequency of the noise, Eq. (A5);

(6) the measured residual phase noise in each of the
synchronization tasks can be considered independent,

we can consider the excitation lasers to be synchronized.
Condition six is valid due to the fact that the local syn-
chronization task feedback is done on the excitation laser
AOM, and therefore is not affected by the synchronization
in the midpoint. Additionally the residual phase noise of
the fast synchronization is practically zero below the band-
width of the global synchronization task, see Figs. 5 and
6, making them independent. Given these conditions, then
the sampling of the error η(t) from Eq. (A22) of the phase
between the excitation lasers of each node arriving at the
central beam splitter in the midpoint can be written as

Ntot(μtot, σtot) + θoffset (A24)

μtot = μA
loc + μB

loc + μA
fast + μB

fast + μglob (A25)

σtot =
√

(σ A
loc)

2 + (σ B
loc)

2 + (σ A
fast)

2 + (σ B
fast)

2 + (σglob)2,
(A26)

where Ntot(μtot, σtot) is the distribution of the total phase
error, and N A/B

i (μi, σi) the mean and standard deviation
of resulting distributions of the sampling of the individ-
ual synchronization task errors. The value θoffset is a term

that contains all the constant phase terms in this derivation.
This is the central result of the derivation, and provides the
full description of the total synchronization. This result is
also experimentally verified in Fig. 7, by measuring the
interference of the excitation lasers at the central beam
splitter. The measurement involves the changing of the
phase of the rf clock used for the global synchroniza-
tion, therefore changing μglobal. The measured phase of the
oscillation of Fig. 7(b) is the true “phase setpoint” of the
optical interference of the excitation lasers. The relation
between μglobal and this phase setpoint is difficult to calcu-
late due to the constant terms neglected in this derivation,
currently denoted as θoffset. It can, however, be measured
relatively quickly and consistently, as Fig. 7(c) shows over
the duration of 10 h, showing that its long-term drift is
dominated by the terms mentioned in Sec. A 2 k.

3. Relation between optical phase and entangled
state phase

The main result of this work shows the stabilization of
the optical phase between two remote nodes over tele-
com fiber. The light with which we show this stability is
reflected of the diamond chip, and follows the same optical
path towards the midpoint and central beamsplitter. How-
ever, during the entanglement generation, the excitation
light is actually the following:

(1) propagating approximately equal to 10 μm into the
diamond;

(2) excitation the nitrogen-vacancy center resonantly
and subsequent emission of a single photon through spon-
taneous emission;

(3) that propagates approximately equal to 10 μm back
out of the diamond.

All steps add an additional phase to the optical field that
is now a single photon. These factors introduce fixed off-
sets between the phase investigated in this work, and need
to be calibrated using a separate experiment. therefore, a
stable optical phase is necessary but not sufficient to gen-
erate entanglement between two distant N-V-center elec-
tron spins. Any drifts in these parameters would change
the entangled state phase, and therefore the correlations
between the spin states. These processes can be considered
constant in time given the following conditions:

(1) The path taken towards the N-V center is constant in
time.

(2) The path taken from the N-V center towards the col-
lection is constant in time and a single spatial mode with
well-defined phase.

(3) The spontaneous emission process is coherent with
the exciting field
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Both (1) and (2) are realized by making sure the relative
position of the microscope objective used to address the N-
V center and the diamond sample is stationary during the
entanglement generation. Furthermore, if the objective is
moved during the operation, a check of the entangled state
phase has to be done again. The relative microscope and
sample location is one of the limiting factors in keeping a
constant entangled state phase. The spontaneous emission
is found to be coherent with the excitation field [41], and,
because of the short approximately equal to 1 ns excitation
pulse used, even in the presence of small detunings with
the emitter.
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