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ABSTRACT Precise time synchronization is a fundamental challenge in distributed quantum systems,
with direct implications for secure communication, quantum sensing, and next-generation quantum network
technologies. In this work, we present an field programmable gate arrays (FPGA)-based implementation of a
synchronization system using time-correlated entangled photons (TCEP), achieving timing precision below
200 ps across 10- and 20-km deployed fiber links using spectral filtering (SF) and dispersion compensation.
The system exploits the intrinsic temporal correlations of entangled photon pairs to estimate synchronization
offsets between remote nodes. A modular architecture is developed, featuring optimized OpenCL kernels for
real-time correlation, timestamp aggregation, and peak normalization. This enables high-throughput perfor-
mance with efficient utilization of hardware resources. Experimental validation confirms that the FPGA
processes entangled photon timestamps and computes cross-correlation functions significantly faster than
conventional CPU-based methods, achieving execution times in the range of a few milliseconds for datasets
containing up to 105 timestamped events per node. Resource utilization analysis further demonstrates the
scalability of the design, with the system operating reliably at a 397.5-MHz clock frequency while maintain-
ing efficient logic, register, and memory usage. Our results illustrate the feasibility of deploying FPGA-based
TCEP synchronization in real-world quantum networks, supporting applications in ultra-reliable low-latency
communication, distributed quantum computing, and quantum-enhanced localization and sensing. This work
bridges foundational quantum photonic principles and hardware-level deployment, laying the groundwork
for timing infrastructure in future quantum internet and 6G networks.

INDEX TERMS Distributed computing, network synchronization, optical fiber communication, quantum
communication, quantum correlation, quantum-enhanced sensing and navigation, secure communication,
time synchronization, ultra-reliable low-latency communication.

I. INTRODUCTION
The rapid advancements in distributed systems, encompass-
ing quantum communication networks, ultra-reliable
low-latency communication (URLLC), and autonomous
technologies have intensified the demand for clock-
synchronization with subnanosecond precision. In

addition, applications, such as secure communication,
real-time decision-making in autonomous systems, and
high-frequency financial transactions rely on precise timing
to ensure data integrity, system reliability, and operational
security. However, achieving this level of synchronization
remains a challenge despite decades of progress.
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Classical synchronization methods, including the network
time protocol (NTP) and precision time protocol (PTP), have
been pivotal in modern networks. PTP (IEEE 1588) achieves
nanosecond-level accuracy through hardware timestamping.
However, its performance is constrained by network-induced
jitter and delay asymmetry, particularly in large-scale or ge-
ographically dispersed networks [4]. These limitations have
prompted researchers to explore novel synchronization tech-
niques that leverage optical and quantum phenomena.
One of the most notable developments in classical syn-

chronization is the White Rabbit (WR) protocol, which
integrates synchronous Ethernet (SyncE) with PTP. Ini-
tially developed at CERN for time-critical scientific exper-
iments, WR achieved synchronization precision within tens
of picoseconds over Ethernet networks [30]. WR extends
IEEE 1588-2008 PTP by incorporating link asymmetry com-
pensation, syntonization via SyncE, and precise phase align-
ment using dual-mixer time difference modules. These im-
provements have enabledWR to demonstrate subnanosecond
accuracy over fiber links spanning beyond 10 km and in
cascaded chains of up to 15–20 nodes [16], [33].
However, the accuracy of WR depends on hardware cal-

ibration and controlled environments. Its performance de-
grades in long daisy-chain topologies due to cumulative jitter
and frequency offsets. As more layers and nodes are added,
synchronization components, such as phase-locked loops in-
troduce additional jitter, which can impact overall timing
precision.
While WR offers scalability in classical networks, its

end-to-end delay model introduces synchronization drift,
which poses challenges in decentralized and dynamic envi-
ronments, such as quantum networks. Recent approaches us-
ing peer-to-peer transparent clocks and hybrid clock modes
have improved WR’s stability and scalability, but fundamen-
tal architectural constraints remain [16].
Quantum-based synchronization techniques have emerged

as promising alternatives, with quantum states offering the
potential to surpass classical limits. Entanglement ensures
that the states of two particles remain correlated across large
distances, thus providing a shared reference for clock syn-
chronization. The authors of the theoretical studies in [14]
and [20] demonstrated that entanglement can provide a
shared quantum reference frame between remote nodes,
leading to enhanced synchronization performance. These
studies also motivated protocols that exploit more general
quantum correlations, including time-energy entanglement
and purely time-correlated photon pairs, which can be re-
alized through spontaneous parametric down conversion
(SPDC) [31].
Time-correlated entangled photons (TCEP) generated

through SPDC in nonlinear crystals [28] can be instrumental
in demonstrating the practical feasibility of quantum syn-
chronization, as it enables the establishment of a shared time
reference between remote nodes without the need for a cen-
tralized timing source, and is robust against environmental
disturbances.

FIGURE 1. Schematic of the TCEP-based synchronization process
between Alice and Bob. The temporal correlation of the entangled
photon pairs enables precise time synchronization. The offset between
Alice and Bob’s local clocks is calculated on FPGA.

By exploiting the inherent temporal correlations be-
tween entangled photon pairs, Valencia et al. [34] achieved
picosecond-level clock synchronization. TCEP-based syn-
chronization offers significant benefits, including better scal-
ability and resistance to environmental disturbances, making
it an ideal choice for large-scale quantum network applica-
tions [31]. It permits the identification of events that have
occurred simultaneously at a shared node and then been
propagated toward the two communicating parties, Alice and
Bob, thereby correcting for effects, such as clock frequency
mismatches, clock offsets, and different optical path lengths,
including their temporal fluctuations.
TCEP source-based synchronization inherently supports

wavelength-division multiplexing (WDM), enabling quan-
tum timing signals to coexist with other quantum or classical
channels within a single optical fiber. As it relies exclusively
on entangled photon pairs and does not require strong classi-
cal synchronization pulses, it circumvents Raman scattering
noise that would otherwise degrade neighboring wavelength
channels. This makes TCEP particularly well-suited for in-
tegration into multiplexed quantum networks. Furthermore,
with sufficiently high entangled photon-pair generation rates
and picosecond-resolution detectors, this approach enables
high-precision clock synchronization over fiber links exceed-
ing 59 km, as demonstrated in recent experiments [21].
The correlation algorithm used to determine the clock off-

set from the time-tagging datasets does not require entan-
glement. However, exploiting the entanglement enables an
additional distribution of random numbers in the network
[quantum key distribution (QKD)]. In addition, verifying
the nonclassical correlations allows for an integrity check
of the synchronization events that are actually used. In case
of high attenuation, filtering for the expected nonclassical
correlations can improve the synchronization accuracy. Fur-
thermore, TCEP-based synchronization in a network, i.e., be-
yond a two-party link, can be made available, for instance, by
providing a source of entangled photons as a shared network
service and by appropriately splitting its signal into WDM
channels for pairwise parallel synchronization of parties, in
analogy to QKD in a network structure [36].
A basic systematic diagram of the TCEP process is shown

in Fig. 1. To fully utilize TCEP in distributed quantum net-
works, it is essential to address scalability and real-time pro-
cessing. Field programmable gate arrays (FPGAs) serve as
an excellent solution to meet these requirements, being well
known for their parallel processing capabilities, real-time
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reconfigurability, and high-throughput performance. FPGAs
can efficiently support the computational requirements of
TCEP synchronization protocols [22] by operating at clock
frequencies exceeding 350 MHz. Further, FPGAs enable
real-time adaptation and modularity, making it ideal for
large-scale deployment in quantum networks [12].
Beyond synchronization, the TCEP hardware infrastruc-

ture can be extended to enable secure communication pro-
tocols, such as QKD, further expanding its utility in quan-
tum networks [29]. This article aims to provide advances in
classical and quantum synchronization by demonstrating that
TCEP source-based synchronization, integrated with FPGA
hardware, offers a scalable and robust solution for achiev-
ing subnanosecond-level precision with further scope for
enhancement. This approach establishes TCEP as a foun-
dational technology for next-generation quantum communi-
cation networks, supporting secure, ultra-reliable, and low-
latency operations by addressing the critical challenges of
real-time processing and scalability.

II. THEORETICAL BACKGROUND
Traditional time synchronization methods in networked sys-
tems, such as the NTP and PTP, rely on exchanging time-
stamped packets across the network and adjusting for mea-
sured delays. While widely used, these methods have sev-
eral limitations, particularly due to network-induced delays
and security vulnerabilities. As fields like quantum commu-
nications and high-frequency trading demand higher preci-
sion and security, more advanced synchronization techniques
have become paramount [10], [25].

A. LIMITATIONS OF CLASSICAL SYNCHRONIZATION
TECHNIQUES
Classical time synchronization methods, including the NTP,
PTP, andWR, have been foundational to distributed systems.
While effective in their respective domains, these methods
face significant challenges in addressing the demands of
modern applications requiring ultra-precise, scalable, and
robust synchronization.

1) Accuracy Limitations: NTP, widely used over the pub-
lic Internet, achieves accuracies of 1–10 ms under typ-
ical conditions [9]. While suitable for general-purpose
applications, it is insufficient for time-sensitive sys-
tems requiring submicrosecond or nanosecond-level
precision, such as high-frequency trading or quan-
tum networks. PTP achieves submicrosecond accu-
racy through hardware timestamping, yet its perfor-
mance degrades in environments with asymmetric de-
lays and high network variability [6]. The WR pro-
tocol, which integrates SyncE with PTP, achieves
subnanosecond accuracy; however, its deployment is
resource-intensive and relies on specialized infrastruc-
ture [26].

2) Dependency on External Conditions: Many classical
methods rely on external sources, such asGPS, for time

references. GPS provides accuracies within ± 10 ns
under ideal conditions but is vulnerable to signal ob-
structions, jamming, and spoofing, particularly in ur-
ban or indoor environments [1], [8]. In addition, vari-
able network latencies, ranging from 1–100 ms, in-
troduce significant inconsistencies in synchronization,
particularly in large-scale or congested networks [28],
[38].

3) Environmental Sensitivity and Drift: Timekeeping in
classical systems relies heavily on crystal oscillators,
which are sensitive to temperature variations. A drift
of 0.5 ppm per degree Celsius translates to errors of
up to 43 ms per day for each degree of fluctuation, ne-
cessitating frequent updates or higher grade oscillators
that increase cost and complexity [35].

4) Scalability Constraints: In large-scale networks with
thousands of nodes, synchronization protocols strug-
gle to maintain consistent timing. The propagation
of updates can take several seconds, leading to clock
drift and reduced reliability. This challenge is exacer-
bated in dynamic environments, such as data centers or
mobile networks, where frequent topology changes
demand higher synchronization rates [7].

B. QUANTUM SYNCHRONIZATION WITH TCEP
TCEP offers a promising quantum-based alternative to clas-
sical synchronization methods. TCEP synchronization lever-
ages the entangled photon pair sources, enabling precise syn-
chronization over long distances [28]. The entangled photon
pairs are generated through SPDC, a process in which a
pump photon interacts with a nonlinear crystal, producing
two entangled photons, referred to as the signal and idler
photons [2], [3], [11]. The following equations govern the
conservation of energy and momentum during the SPDC
process:

ωp = ωs + ωi (1)

�kp = �ks +�ki (2)

where ωp, ωs, and ωi represent the frequencies of the pump,
signal, and idler photons, respectively, and �kp, �ks, and �ki are
their corresponding wave vectors [18].
The primary benefit of utilizing entangled photons for syn-

chronization lies in their inherent temporal correlation.When
observed at two different locations, typically referred to as
Alice and Bob, the exact timing of the photons’ arrival can be
used to synchronize the clocks at both locations, as illustrated
in Fig. 1.

The time difference in the arrival of the entangled photons
at Alice and Bob can be expressed as

�t = tA − tB − � (3)

where tA and tB represent the arrival times of the photons at
Alice and Bob, respectively, and � denotes the propagation
delay. The precise timing correlations between photon pairs
originate from the SPDC process and remain preserved over
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long distances, enabling accurate clock synchronization by
measuring and correcting the clock offset �t.
Furthermore, when entangled photon pairs are employed,

the synchronization precision can surpass classical limits due
to the enhanced phase sensitivity inherent in quantum corre-
lations. Specifically, entangled states allow for the accumu-
lation of phase information at a rate that scales quadratically
with the number of resources, leading to a quantum Fisher in-
formation FQ ∝ N2 and a corresponding Heisenberg-limited
timing uncertainty of �tHL = 1/(Nω), where ω is the op-
tical frequency [15], [19]. In contrast, classical synchro-
nization strategies are constrained by the standard quan-
tum limit (SQL), which scales as �tSQL ∝ 1/

√
N. While re-

cent attosecond-resolved Hong–Ou–Mandel interferometry
has demonstrated femtosecond-scale delay resolution using
broadband sources and local feedback estimation [24], such
methods are inherently local and sensitive to optical path in-
stability. In contrast, TCEP-based protocols are designed for
long-distance synchronization over optical fibre links, lever-
aging the stable temporal correlations of SPDC-produced
photons. When implemented with real-time FPGA-based
correlation and detection, TCEP not only achieves robust
and scalable performance but also retains the potential for
Heisenberg-limited scaling in distributed clock synchroniza-
tion [39].

III. MATHEMATICAL FORMULATIONS
A. TIMING JITTER AND PHOTON DETECTION
The accuracy of the TCEP source-based clock synchroniza-
tion process depends significantly on the timing jitter linked
to detecting individual photons. Timing jitter refers to the un-
certainty in determining the precisemoment when a photon is
detected, resulting from the characteristics of single-photon
detectors and related electronics, such as time-to-digital
converters (TDCs).
As a consequence, Alice and Bob cannot attribute exactly

coinciding timestamps to in principal simultaneous events
(such as the emission time of two pair photons in the SPDC
process). The root-mean-square (RMS) timing jitter is de-
fined as the standard deviation (σ ) of an underlying Gaus-
sian distribution function. It is related to the full width at
half maximum (FWHM) of the Gaussian distribution by
FWHM = 2

√
2 ln 2 · σ ≈ 2.355 · σ .

Several contributing factors influence the overall timing
jitter in a TCEP setup as follows.

1) Single-Photon Detector Jitter: The intrinsic jitter
of single-photon detectors, such as single-photon
avalanche diodes (SPADs) or superconducting
nanowire single-photon detectors (SNSPDs), can
range from tens of picoseconds (for SNSPDs) to a few
hundred picoseconds (for SPADs).

2) TDC Resolution and Jitter: The timing resolution and
jitter introduced by the TDCs affect the measured ar-
rival times of photons. High-resolution TDCs with

picosecond-level precision are essential to minimize
timing errors in the synchronization process.

3) Optical Path Variations: Fluctuations in the optical
path due to factors like temperature changes or me-
chanical vibrations can introduce additional timing
uncertainties. These variations can be modeled as
stochastic noise in the timing measurements.

The collective impact of these factors causes variations in
the timing measurements, ultimately restricting the accuracy
of the clock synchronization.

B. COHERENCE TIME AND ITS ROLE IN
SYNCHRONIZATION
Another critical parameter in the TCEP synchronization
method is the coherence time τc of the entangled photon
pairs, which is inversely related to the linewidth �λ of the
SPDC process used to generate the photons

τc = λ2/(c�λ) (4)

with λ being the wavelength of the photon and c the speed
of light. In the present case, we use coarse wavelength di-
vision multiplexers to separate the entangled photons and
feeding them into the fibers toward Alice and Bob, respec-
tively. These multiplexers feature a 20-nm transmission win-
dow resulting in a coherence time of about 0.4 ps which
is far below the detector and time tagger jitter. However,
other sources (Sagnac type) or different types of SF [dense
WDM (DWDM)] can lead to narrow spectral linewidths.
E.g., 100 GHz are a typical spectral window for DWDMs.
This would result in a coherence time of about 10 ps. This
value is of the same order of magnitude as the device jitter
from high performance detectors and time taggers and needs
to be taken into account especially since SF is a widely
applied method to avoid correlation broadening due to fiber
dispersion.
This balance is crucial in optimizing the performance of

TCEP synchronization.

C. CROSS-CORRELATION FUNCTION [23]
The cross-correlation function is an essential tool in TCEP-
based synchronization for determining the precise time offset
between the clocks at Alice and Bob. It measures how well
two time series of photon arrival events, tA and tB, align when
compared with each other.
To mathematically define the cross-correlation function,

let ti represent the arrival time of the ith photon at Alice,
and u j represent the arrival time of the jth photon at Bob.
For discrete photon arrival times, the intensity functions IA(t )
and IB(t ) indicate the number of photons detected at time t at
Alice and Bob, respectively. These functions can be formally
defined as

IA(t ) = n ({i | ti = t}) /�t (5)

IB(t ) = n
({ j | u j = t}) /�t (6)

where
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� 1) n({i | ti = t}) counts the number of photons arriving
at time ti = t at Alice;

� 2) n({ j | u j = t}) counts the number of photons arriving
at time u j = t at Bob;

� 3) �t is the time resolution of the measurement.

The first-order cross-correlation function ĈAB(τ ) with
discrete time lag τ and for a finite experimental time T is
calculated as follows:

ĈAB(τ ) = n
({i | tAi = tB j − τ }) T/�t

n ({i | tAi ≤ T + τ }) · n ({ j | tB j ≥ τ }) (T/�t )
.

(7)
In (7):

� 1) n({i | tAi = tB j − τ }) counts the number of coincident
photon detection events within a specified timewindow;

� 2) the denominator normalizes the result by account-
ing for the total number of photons detected within the
experimental time T .

The amplitude as a function of the lag time tau τ resembles
a Gaussian peak. The peak’s expectation value corresponds
to the propagation delay �. The width of the peak is directly
correlated to the timing precision of the measurement de-
vices, as well as any dispersive effects in the optical fiber,
fluctuations in the propagation medium, and natural broad-
ening due to the SPDC process.
Determining the exact time offset between Alice and Bob

relies on calculating ĈAB(τ ). A large amplitude in the cross-
correlation function suggests a stronger correlation between
the times the photons arrive, indicating more precise syn-
chronization. The behavior of the function at different τ

values gives us insights into the timing accuracy and poten-
tial error sources, making it an essential part of the TCEP
synchronization process.
In practical terms, calculating cross-correlation involves

working with large datasets of photon arrival times, which
can be computationally intensive, especially at high photon
count rates. However, this process is crucial for achieving
the high level of precision necessary in quantum time syn-
chronization. The accuracy of the resulting synchronization
is usually assessed by examining the width and shape of
the cross-correlation peak, with narrower peaks indicating
higher precision.

IV. FIELD PROGRAMMABLE GATE ARRAYS (FPGAS)
FPGAs have evolved from simple reconfigurable devices to
advanced platforms capable of handling complex real-time
processing tasks, making them integral to high-performance
communication networks.

A. EVOLUTION OF FPGAS
FPGAs were first introduced by Xilinx in 1985 as a flexible,
reconfigurable alternative to application-specific integrated
circuits (ASICs) [5]. While ASICs are tailored for specific
tasks and cannot be altered after fabrication, FPGAs allow
postfabrication reconfiguration, enabling them to support

multiple applications without requiring new hardware de-
signs. Initially, FPGAs were limited to simple control tasks.
However, advances, such as the introduction of look-up ta-
bles (LUTs) and highly configurable interconnects have ex-
panded their capability for handlingmore complex functions.
The primary architecture of an FPGA consists of con-

figurable logic blocks (CLBs) connected through pro-
grammable interconnects. These CLBs can be configured
to execute various logic functions, allowing the FPGA to
adapt to different tasks dynamically. Over time, additional
resources, such as digital signal processing (DSP) blocks,
embedded memory, and high-speed I/O interfaces, have been
added, enabling FPGAs to perform real-time processing in
advanced applications, including high-performance commu-
nication networks [22].

B. FPGAS IN MODERN COMMUNICATION NETWORKS
The advent of 5G, quantum networks, and high-bandwidth
optical communication systems has increased the demand for
devices capable of handling large amounts of data at high
speeds. FPGAs have emerged as an essential technology for
these applications due to their parallel processing capabili-
ties and low-latency operation. In communication networks,
FPGAs are used to implement functions, such as packet
processing, error correction, encryption, and synchronization
and are actively investigated for real-time-based process-
ing [37]. Their reprogramming ability allows network oper-
ators to adapt to new standards and protocols without chang-
ing the underlying hardware, which is particularly important
in rapidly evolving fields like quantum communication.

C. MATHEMATICAL FRAMEWORK AND SCIENCE BEHIND
FPGA OPERATION
At the core of FPGA operation is the concept of reconfig-
urable logic. Each CLB within an FPGA is based on LUTs,
which implement logic functions. Mathematically, an LUT
can be represented as a mapping from a set of inputs to a
corresponding output, much like a truth table.
Given an n-input LUT, the number of possible input com-

binations is 2n, and the LUT stores the corresponding out-
puts for each combination. Formally, an LUT implements
a Boolean function f : {0, 1}n → {0, 1}, where each n-bit
input corresponds to a precomputed output stored in the LUT

f (x1, x2, . . . , xn) = LUT(x1, x2, . . . , xn). (8)

In addition to LUTs, FPGAs utilize multiplexers to con-
trol signal routing between different CLBs and Logic el-
ements. The interconnection network is programmed by a
set of configuration bits that control which paths are active.
The flexibility of these interconnections allows FPGAs to be
configured for a wide range of applications.
FPGAs also incorporate specialized blocks, such as DSP

units, which are optimized for mathematical operations com-
monly found in communication systems. These blocks of-
ten support high-precision fixed-point or floating-point arith-
metic, enabling the implementation of algorithms, such as
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fast Fourier transforms, finite impulse response filters, and
error correction codes. Mathematically, these DSP blocks
can be represented by operations, such as

y[n] =
N−1∑

k=0

h[k]x[n− k] (9)

where h[k] represents the filter coefficients, and x[n] is the
input signal. This convolution operation is a fundamental part
ofmany signal processing algorithms used in communication
systems, including those implemented on FPGAs.

D. TCEP SOURCE-BASED SYNCHRONIZATION USING
FPGAS
TCEP provides a quantum-based method for achieving high-
precision synchronization across distributed systems. In our
implementation, photon pairs generated through SPDC are
detected at two distant nodes (e.g., Alice and Bob), and the
time stamps of these detection events are recorded. The goal
of TCEP-based synchronization is to use the temporal corre-
lations between entangled photon pairs to calculate the time
offset between the two nodes.
FPGAs play a central role in this process by collecting

timestamps and detection events from both nodes and pro-
cessing them in real-time. To calculate the time offset be-
tween the nodes, we implemented the photon correlation
algorithm specified [23] on the FPGA. The algorithm cal-
culates the temporal correlation between detection events at
both nodes, enabling us to determine the time delay with high
precision.
The correlation function has already been shown in (7).

The system can compute the correlation function by process-
ing these timestamps in real time on the FPGA and dynam-
ically adjusting �t to synchronize the respective nodes. The
FPGA parallel processing capabilities enable efficient han-
dling of the high volume of photon detection events, ensuring
minimal latency in calculating the correlation function.
The complete architectural description of the test bed is

shown in Fig. 2.

E. PERFORMANCE AND SCALABILITY OF FPGA-BASED
TCEP SYNCHRONIZATION
The use of FPGAs in our TCEP synchronization system
offers several performance benefits, particularly in terms of
speed and scalability. By leveraging the FPGA parallel pro-
cessing architecture, we can perform real-time photon corre-
lation calculations with minimal latency, even when process-
ing large volumes of detection events. The scalability of the
system is further enhanced by the FPGA’s ability to handle
increasing amounts of data without significant degradation in
performance, making it well suited for larger, more complex
quantum networks.

V. OPENCL
Implementing the cross-correlation function for TCEP lever-
ages the OpenCL framework [27], utilizing its versatility to

FIGURE 2. TCEP-based clock synchronization complete architecture. A
CW laser at 775 nm (Toptica DL PRO 780 FD2 S) with 0.5-mW power
pumps a temperature-stabilized periodically poled KTP nonlinear crystal
at 33 ◦C, generating time-correlated entangled photon pairs around
1550 nm with a �λ of 20 nm and heralding efficiency of ∼20%. The
photon pairs (labeled A and B) are detected by SNSPDs, IDQ ID281 with
>85% efficiency and jitter <50 ps. Each detection event is timestamped
using a quTAG MC Time-to-Digital Converter with sub-20 ps jitter. These
timestamps are processed by a Stratix 10 DE10-Pro FPGA operating at
397.5 MHz and programmed with OpenCL for real-time cross-correlation.
By applying SF and dispersion compensation, the system achieves
synchronization precision below 200 ps, even in deployed fiber links up
to 20 km, by identifying the clock offset �t = tAlice − tBob through
cross-correlation peak fitting. While statistical super-localization of the
peak position can yield finer estimates under ideal Gaussian conditions,
we conservatively report sub-200 ps precision to reflect realistic
performance in non-Gaussian, field-deployed scenarios.

execute kernels efficiently on an FPGA platform via Intel’s
software development kit.
OpenCL is a parallel computing application programming

interface that facilitates the execution of computational ker-
nels across various platforms, including CPUs, GPUs, and
FPGAs. This cross-platform capability allows developers to
write a single program that can be deployed on different
hardware architectures with minimal changes. By supporting
optimization techniques specific to each platform, OpenCL
maximizes performance for the underlying hardware. Its par-
allel computing approach further accelerates computation-
intensive applications, making it particularly suited for real-
time systems like TCEP-based synchronization.
The OpenCL execution model is based on a heterogeneous

computing architecture comprising a host and one or more
compute devices (CDs). The host functions as the central
controller, responsible for managing memory, task schedul-
ing, and communication with the CDs. These CDs, ranging
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from general-purpose CPUs to high-performance accelera-
tors, such as GPUs, DSPs, and FPGAs, execute OpenCL
kernels, which are parallelized functions optimized for in-
tensive computational tasks. This architectural flexibility al-
lows developers to leverage the most suitable hardware for
a given workload, balancing performance, power efficiency,
and scalability. In the context of TCEP-based synchroniza-
tion, OpenCL provides a robust framework for implementing
the cross-correlation function with high precision and low
latency, enabling real-time processing critical for accurate
clock alignment across distributed quantum nodes.

VI. TESTBED SETUP
A. PHOTON SOURCE AND EMISSION
In this work, entangled photon pairs were generated using
the SPDC process. SPDC produces signal and idler photons
from a high-energy pump photon interacting with a nonlinear
crystal. These photons are temporally correlated, forming the
foundation for achieving precise synchronization between
spatially separated nodes.
The experiment utilized a continuous-wave (CW) laser

operating at 785 nm (Toptica DLC DL PRO 780 FD2 S)
to pump a periodically poled potassium titanyl phosphate
(ppKTP) nonlinear crystal in a beam-displacer configuration,
producing polarization-entangled photons with a broad spec-
trum around 1550 nm. This wavelength was selected for its
high generation rates and superior transmission properties
through standard single-mode optical fibers [32]. The SPDC
process in the ppKTP crystal produced time-correlated pho-
ton pairs at a raw generation rate of approximately 106 pairs
per second, which could be increased by a factor of up to 10
by adjusting the laser pump power. The spectral properties
can be tuned by changing the crystal temperature, which was
carefully selected to 33 ◦C in order to produce spectrally sep-
arable photons below and above 1550 nm. This enabled us to
use a coarse wavelength division demultiplexer (CWDM) to
separate the photons from each other and guide them toward
Alice and Bob. As a result, both photons show a spectral
width of about 20 nm, which corresponds to the CWDM
channel width. The entangled photon source featured an av-
erage heralding efficiency of about 20%. The entangled pho-
tons were transmitted via single-mode fibers to two remote
locations, designated as Alice and Bob.

B. OPTICAL PATH AND FIBER MANAGEMENT
Managing the optical path was critical for minimizing timing
errors caused by chromatic dispersion. Chromatic dispersion
arises when photons of different wavelengths propagate at
different velocities through the optical medium, introducing
synchronization inaccuracies. In this experiment, standard
telecommunication fibers were used, which feature a low but
not to be neglected fiber dispersion of 17 ps / nm·km. Ad-
vanced dispersion management techniques, such as SF and
dispersion compensation modules (DCM), are often used in
longer fiber networks to mitigate these effects. SF effectively

reduces the linewidth of transmitted photons, thereby mini-
mizing timing uncertainty, while DCM correct for chromatic
dispersion across long-distance fibers [13]. While coinci-
dence window adjustments are sometimes used to refine tim-
ing data by discriminating nonsynchronous photons, they are
ineffective in reducing the inherent broadening of the correla-
tion peak caused by dispersion. For longer distance quantum
networks, employing these advanced techniques could sig-
nificantly enhance synchronization accuracy by maintaining
the sharpness of the temporal correlations [34].
In this context, three main effects of the spectral linewidth

on timing accuracy have to be considered.

1) SF will increase the coherence time and therefore also
increase the timing uncertainty.

2) The reduced spectral linewidth will also decrease the
effects of fiber dispersion, which, otherwise, and for
broad spectra, have dramatic effects on the width of the
correlation peak and hence reduce timing accuracy. For
example, a standard telecom fiber of 20 km in length
results in approximately 7-ns broadening of the corre-
lation peak width due to fiber dispersion for photons at
1550 nm and a spectral width of 20 nm.

3) SF also reduces the number of photons contributing to
the amplitude of the correlation peak, which reduces
the accuracy of super localization of the peak position
and therefore also the timing accuracy.

To demonstrate the effect of fiber dispersion, we collected
data for five different fiber connection scenarios, which are
summarized in Table 1, where a coincidence window of
500 ps was used to estimate the number of correlated pairs.
Thereby, the scenario with a short fiber connection of a few
meters ensured minimal dispersion effects, preserving the
temporal correlations of the entangled photon pairs. This sce-
nario can be seen as the ideal case in terms of synchronization
accuracy. For the other scenarios with fiber lengths of 10
and 20 km, respectively, a strong effect of SF and applying a
dispersion compensating module on the timing accuracy can
be seen.
The 10- and 20-km transmission scenarios use commercial

darkfibers deployed in an urban environment, thus demon-
strating the practical applicability.

C. PHOTON DETECTION AND FPGA-BASED TIMING
ANALYSIS
Photon detection was performed using SNSPDs, IDQuan-
tique, chosen for their high detection efficiency and ex-
ceptionally low timing jitter, measured as low as 13 ps
(RMS) [17]. In our case, the SNSPDs (ID281) feature a
photon detection efficiency> 85% and an RMS jitter< 50 ps
according to the factory and customer acceptance test report.
Photon arrival times were recorded at Alice and Bob using
picosecond-resolution TDC (quTAG MC, qutools GmbH)
with RMS jitter < 20 ps, resulting in an overall single-
channel rms jitter< 55 ps. The obtained raw arrival time data
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TABLE 1. Fiber Connection and Dispersion Compensation Scenarios

FIGURE 3. OpenCL-based FPGA architecture for real-time TCEP
synchronization. Timestamp arrays T and U , along with user-defined
binning information (time_bins), are streamed from the host to the
FPGA. The Correlation Processor assigns detection time pairs to
corresponding bins and outputs a bin_match_array. This is aggregated
by the Accumulation Processor, generating a coarse correlation
histogram G, which is then refined and normalized by the Normalization
Processor. The final result G is written back to global memory and
transferred to the host for peak extraction and synchronization analysis.

was subsequently processed to determine synchronization
offsets between Alice and Bob.
An FPGA-based implementation is utilized to analyze the

temporal correlations and calculate the clock offset. The
time-stamped photon data are processed using the correlation
algorithm specified by [23], and implemented on the FPGA.
This algorithm computes the cross-correlation between pho-
ton arrival events at Alice andBob, identifying the peak of the
correlation function to determine the synchronization offset.

D. EXPERIMENTAL SETUP AND FPGA INTEGRATION
The experimental setup consisted of two spatially separated
nodes, Alice and Bob, connected to a central source of
SPDC photons. Entangled photon pairs are transmitted via
single-mode fibers to the nodes, which are detected using
SNSPDs. The detectors provide time-stamped photon arrival
data, which is collected.
The collected time-stamped data is fed into the FPGA,

which computes the cross-correlation in real time. A rep-
resentative plot of the cross correlation is shown in Fig. 4,
demonstrating a sharp peak at the clock offset, which was
subtracted for comparison with the other datasets. This peak
is fitted with a Gaussian function to quantify the synchro-
nization precision. The FPGA implementation achieves a
synchronization jitter of below 200 ps for fiber lengths up
to 20 km with SF and dispersion compensation, consistent

FIGURE 4. Cross correlation for different fiber lengths and
compensation methods (SF - SF and DCM - dispersion compensating
module) as a function of lagtimes τ for the identification of the time
offset between Alice and Bob. The resulting distributions were fitted by a
Gaussian function for comparison. The upper data set establishes the
baseline system timing jitter in absence of fiber dispersion.

with the timing resolution of the photon detectors and the
peak widths reported in Table 1. This performance under-
scores the system’s capabilities for real-time synchronization
in high-precision distributed quantum networks.
The FPGA design incorporated three different process-

ing kernels: 1) correlation; 2) aggregation; and 3)
normalization. The details of the kernels are described
in the following section. The system achieved a clock fre-
quency of approximately 397 MHz, allowing it to efficiently
handle large volumes of photon detection events. The details
of the kernels are described in the following section.

VII. IMPLMENTATION DETAILS
The DE10-Pro development board equipped with a Stratix
10 FPGA is utilized to implement the quantum postprocess-
ing algorithm. This FPGA platform supports Intel OpenCL
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TABLE 2. Description of the Arrays Used in OpenCL FPGA Implementation

board support package, enabling efficient real-time process-
ing of photon timestamp data for TCEP source-based syn-
chronization systems. To accelerate the cross-correlation
computation, we implement three OpenCL kernels on the
FPGA. Fig. 3 illustrates the top-level design, depicting
arrays, and kernel interactions.

1) Correlation Kernel: This kernel computes the cross-
correlation between timestamps in array T and array U
for all time bins (time_bins). Each thread processes
one array element of T and determines how many
elements of U fall into specific bins.

2) Aggregation Kernel: This kernel accumulates the re-
sults from the correlation kernel by summing the par-
tial counts across all timestamps in T. The final output,
stored in G, represents the number of coincidences for
each time bin.

3) Normalization Kernel: This kernel normalizes the ag-
gregated counts in G by dividing each count by the
corresponding bin width, ensuring a correct estimation
of the cross-correlation function.

Table 2 describes the arrays used in the OpenCL
implementation.
The mathematical formulation of correlation computation

follows a structured three-step approach as follows.
1) Correlation Computation: For each timestamp ti ∈ T,

the correlation kernel finds all timestamps u j ∈ U that fall
within specific bins:

bin_match_array[i][k]

=
∑

j

1{u j ∈ [ti + τk, ti + τk + �tk]} (10)

where 1 is the indicator function.
2) Aggregation of Matches: The aggregation kernel sums

across all timestamps ti for each bin index k

G[k] =
len(T)∑

i=0

bin_match_array[i][k]. (11)

3) Normalization: To ensure accuracy, the final cross-
correlation function is normalized

ĈAB(τk ) = G[k]

�tk
. (12)

This normalization accounts for bin widths, ensuring that
correlation values are comparable across different bin sizes.
The OpenCL FPGA implementation is optimized as

follows.

1) Thread-Level Parallelism: Each timestamp ti is pro-
cessed independently to maximize concurrency.

2) Disaggregating Kernels:Dividing the operation in dif-
ferent kernels allowed to add parallelism and increas-
ing the operation frequency.

3) Caching: Temporary arrays, such as bin_match_
array are stored in FPGA block RAM (BRAM) to
allow fast read/write operations.

VIII. RESULTS AND DISCUSSION
A. CORRELATION ANALYSIS AND EXPERIMENTAL
VALIDATION
The FPGA system computes photon correlation in real time,
allowing for the continuous evaluation of synchronization
offsets in both laboratory (2 m) and long-distance (10 and
20 km) fiber conditions, with or without additional experi-
mental measures, such as SF or a DCM. Fig. 4 and Table 1
show the results for the determination of the time offset be-
tween Alice and Bob. The key observations are as follows.

1) In the short in-lab fiber setup (“2 m” fiber length),
the coincidence peak is sharply localized and well-
approximated by a Gaussian fit with a full-width jitter
of 90 ps. This reflects near-ideal correlation conditions
with negligible chromatic dispersion.

2) For long-distance fiber links, standard telecommunica-
tion fibers introduce significant chromatic dispersion,
substantially broadening the correlation peak. In the
“20 km” case (see Fig. 4), the temporal spread in-
creases to 1.65 ns.

3) SF, applied as a partial mitigation technique, effec-
tively reduces the impact of dispersion. In the “10 km
(SF)” and “20 km (SF)” subplots, the jitter is reduced
to approximately 190 ps and 1.3 ns, respectively. Nev-
ertheless, the 20-km configuration remains inadequate
for high-precision synchronization applications.

4) Introducing a DCM in addition to SF further sharpens
the coincidence peak. In the “20 km (SF, DCM)” sce-
nario, the jitter is reduced to approximately 175 ps—
comparable to the near-ideal performance observed in
the 2 m in-lab setup. This confirms the efficacy of
dispersion compensation in restoring timing resolution
over long distances.

5) All scenarios exhibit distinct synchronization peaks
with strong amplitude-to-background contrast, demon-
strating that the FPGA-based system reliably preserves
the temporal correlation structure even under adverse
channel conditions.
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TABLE 3. Resource Utilization Summary for FPGA Modules

6) The synchronization jitter values of 100–200 ps re-
ported here correspond to averaging periods of 10 Hz
or greater. These values assume adequate photon detec-
tion rates and sufficiently low fiber attenuation to en-
able accurate extraction of the cross-correlation peak.

7) These results confirm the feasibility of TCEP-based
synchronization and demonstrate the effectiveness of
the FPGA implementation in compensating for tim-
ing dispersion over optical fiber links, an essential re-
quirement for the practical deployment of real-world
quantum networks.

The method can compensate for local clock drifts (for
example, on the order of roughly 1μs/s for a temperature-
controlled crystal oscillator), providing the indicated syn-
chronization accuracy. For a successful synchronization, it is
sufficient that within a time windowwell below the nonlinear
relative clock drift, a sufficient number of true coincidences
is measured between the communicating parties. Also, in
the case of drifting optical path lengths (for example, due
to temperature effects), the present method can provide a
frequency synchronization from the time distance between
two consecutive photon pairs. This is possible because the
time scale of the drifts is many magnitudes larger than the
photon transmission times and the offset determination bin
widths.

B. KERNEL PERFORMANCE AND RESOURCE UTILIZATION
The system design effectively utilized the FPGA modular
architecture to process timestamped photon data efficiently.
Resource utilization across the primary modules is summa-
rized in Table 3.

The cross-correlation kernel was the most resource-
intensive, consuming 7796.8 ALMs and 15 738 registers
to support real-time temporal correlation computations. In
comparison, the normalization and accumulation kernels re-
quired fewer resources, i.e., 4,010.2 ALMs and 8846 reg-
isters, and 3261.6 ALMs and 6239 registers, respectively,
reflecting their more lightweight processing roles. The com-
plete design, which integrates all modules, utilizes 31 557.2
ALMs, 67 688 registers, and 389 RAM blocks, highlighting
the scalability and feasibility of the architecture for larger
quantum network deployments.

FIGURE 5. Comparison of execution times for FPGA- and CPU-based
implementations across varying bin sizes for a short fiber length of
approximately 2 m. The FPGA consistently achieves real-time
performance, even at high event counts (100 000 timestamps).

FIGURE 6. Execution time comparison of CPU vs. FPGA implementation
for different fiber lengths (fixed bin size = 2000). The FPGA maintains
consistent execution latency (∼50 ms), while CPU time increases to over
40 s for 20 km.

C. EXECUTION TIME ANALYSIS
To evaluate the performance of the proposed system, exe-
cution times are measured and compared between an FPGA-
based implementation and a traditional CPU-based approach
across various time bin sizes.
Fig. 5 highlights, across all tested bin sizes, the FPGA

consistently outperforms the CPU in correlation tasks—often
by more than an order of magnitude—due to its paral-
lel architecture and dedicated hardware resources. Even at
large scales (e.g., 10 000 events), the FPGA maintains sub-
10-ms processing times, while the CPU exceeds 1500 ms.
This demonstrates the FPGA’s suitability for real-time, high-
throughput synchronization applications.
To further evaluate execution latency in realistic link sce-

narios, we measured correlation performance as a function
of optical fiber length. For both 10 and 20 km fibers (with a
fixed bin size of 2000), the FPGAmaintained latency of 44.0
and 50.0 ms, respectively. In contrast, the CPU required 37.4
and 44.7 s for the same configurations.
Two key factors influence the overall synchronization

latency between two nodes. First, timestamp data must
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be transferred between the nodes or to an intermediate
processing station, which can be efficiently handled via
high-speed classical networks. Second, the delay arises
from the computation of cross correlation itself. While
this takes approximately 44.7 s on a conventional CPU
for a 20 km (SF+DCM) setup, the same computation
is accelerated to just 50.0 ms using our FPGA-based
implementation.
This represents a consistent ∼ 800× acceleration using

FPGA over CPU, with minimal performance degradation
over increased channel length, highlighting the significant
performance advantage of hardware acceleration for real-
time synchronization. These results highlight the scalability
and robustness of our hardware platform for synchronization
in distributed quantum networks.

IX. CONCLUSION
This study establishes TCEP-based synchronization as a
scalable and precise solution for achieving subnanosec-
ond timing accuracy in distributed quantum networks. By
leveraging the strong temporal correlations of entangled
photon pairs, the system achieved synchronization jitter be-
low 100 ps for short fiber connections and below 200 ps
for a 20-km fiber link with SF and dispersion com-
pensation. Experimental validation demonstrated real-time
processing of large-scale photon timestamp datasets on
FPGA, achievingmillisecond-range execution times even for
high-resolution temporal bins. These findings highlight the
suitability of TCEP-based synchronization for applications
requiring URLLC and secure quantum protocols, such as
QKD. Compared to classical methods, the quantum nature
of TCEP offers inherent resilience to environmental pertur-
bations, robust operation under fiber-induced drift, and scal-
ability for large quantum networks.
Subnanosecond-precision synchronization for distant

clocks via TCEP presents significant advancements for
future quantum and classical networks, autonomous systems,
navigation, financial applications, and the exploration of
fundamental science. By distributing the timing reference
using correlated photons, TCEP enables resilient, decent-
ralized synchronization suitable for dynamic and hetero-
geneous network environments. Ongoing enhancements
in FPGA power efficiency will promote widespread
adoption, establishing TCEP as a critical technology for
bridging quantum capabilities with real-world time sensitive
applications.
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