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Abstract—The operation of wireless communication systems,
particularly in next-generation networks like 6G, has become
increasingly complex, driving a growing demand for precise syn-
chronization, especially with the introduction of technologies such
as massive MIMO, ultra-dense cell deployments and Integrated
Sensing and Communications (ISAC). This paper proposes a
novel method for achieving clock and carrier synchronization
using optical frequency combs. By leveraging Wavelength Divi-
sion Multiplexing (WDM) to combine clock and data signals,
and transmitting them over a Single-Mode Fiber (SMF), the
system ensures precise synchronization across extensive distances.
A 2.5 GHz spaced optical frequency comb is combined with
optical data streams, and transmitted through the fiber network.
Upon reception, the signals are demultiplexed and converted
into electrical form, with the carrier frequencies successfully
synchronized at 2.5 GHz, 5 GHz, and 7.5 GHz. The paper
presents simulation and experimental results to validate the
proposed methodology, demonstrating its feasibility for high-
precision synchronization in wireless communications. The re-
sults highlight the potential of optical frequency combs to enhance
the performance of future communication networks, supporting
high-speed data transmission with minimal latency and improved
reliability.

Index Terms—Clock and carrier synchronization, Radio Access
Network, Optical Frequency Comb, Data transmission

I. INTRODUCTION

Clock and carrier synchronization are essential parts of
modern wireless communication systems, playing a crucial
role in ensuring reliable and efficient data transmission [1]].
As wireless technologies continue to evolve, especially with
the emergence of 5G and upcoming 6G networks, the demand
for precise synchronization of clocks and radio frequency (RF)
carriers has significantly increased. This need arises from the
growing complexity of wireless systems, which include the
integration of massive multiple-input multiple-output (MIMO)
antenna arrays, distributed antenna systems, and ultra-dense
cell deployments. All of these require accurate timing to
facilitate seamless communication [2[, [3]. Clock synchro-
nization is vital for aligning the timing of data transmissions
across different network components, such as base stations and
user devices. This alignment helps to prevent signal overlap,
mitigate interference, and maintain data integrity. Conversely,
carrier synchronization ensures that signals transmitted across
multiple frequency bands remain coherent, which is critical
for achieving high data rates, optimizing spectrum usage,
and supporting advanced modulation schemes [4]. Without

precise synchronization, networks can experience performance
degradation that includes higher latency, reduced throughput,
and increased error rates.

In next-generation wireless networks, especially 6G with
its proposed ISAC the need for synchronization goes beyond
simple communication requirements. It now includes emerging
applications like autonomous vehicles, industrial 10T, aug-
mented and virtual reality, and high-speed mobile broadband.
These applications demand not only low latency and high
throughput but also extremely accurate synchronization, as
even small timing errors can cause substantial service disrup-
tions [5]].

Integrated Sensing and Communications (ISAC) combines
sensing (like radar and environmental sensors) with com-
munication (wireless data transmission) in a single system
[6]. This integration allows both functions to be performed
simultaneously, improving efficiency, saving resources, and en-
abling advanced applications like autonomous vehicles, smart
cities, and IoT. Frequency synchronization is crucial in ISAC
systems because both sensing and communication share the
same spectrum and equipment. Synchronization ensures that
communication signals and sensing data do not interfere, al-
lowing for accurate and efficient performance. It also optimizes
spectrum use, reduces latency, and enhances overall system
performance. Without synchronization, misalignment can lead
to localization errors in addition to inefficiencies and system
failures [7]].

To address these challenges, emerging technologies, such
as optical frequency combs and advanced synchronization
techniques, are being explored to achieve high-precision clock
and carrier synchronization. These methods facilitate the dis-
tribution of synchronized timing signals over long distances,
thereby tackling the complexities of modern network infras-
tructure and the need for multi-band communication [8]], [9]].

Optical frequency combs are a series of evenly spaced
spectral lines, often created by lasers or resonators, and are
vital in fields like metrology, communications, and atomic
clocks [10]. Though the concept dates back to the 1960s with
the ruby laser, the development of mode-locked lasers and
frequency combs followed quickly [[I1]]. The invention of the
frequency comb synthesizer, which precisely measures optical
frequencies, earned Hall and Hansch the Nobel Prize [12],
[13]. Today, electro-optic modulator-based frequency combs



are being explored for next-gen wireless networks, showcas-
ing their expanding applications. Fig. 1 depicts the optical
frequency comb, with fr representing the pulse repetition
frequency.
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Fig. 1. Optical frequency comb.

This paper focuses on achieving frequency synchronization
across multiple ISAC nodes to enhance localization accuracy.
The objective is to generate an optical frequency comb with
a 2.5 GHz spacing, which is then integrated with three
distinct optical data streams through Wavelength Division
Multiplexing (WDM). These combined signals are transmitted
via Single-Mode Fiber (SMF) optical fiber. Upon reception,
the signal undergoes Wavelength Division Demultiplexing
(WDD) to separate each comb and its corresponding data
[14], [15]. The signals are subsequently converted to electrical
form, amplified, and processed using filtering and multiplexing
techniques to align each comb signal with its respective data
at frequencies of 2.5 GHz, 5 GHz, and 7.5 GHz z [16]. This
paper introduces a proof of concept for clock and carrier-
synchronized wireless communication leveraging optical fre-
quency combs, supported by both simulation and experimental
findings.

II. SYSTEM ARCHITECTURE

The objective of this system is to achieve frequency syn-
chronization among different nodes in Integrated Sensing and
Communications (ISAC) networks to enhance localization
precision. By synchronizing frequencies, the system aims to
improve the accuracy of positioning and sensing tasks, which
is essential for applications such as autonomous navigation
and asset tracking. Accurate synchronization minimizes timing
errors, reduces signal interference, and ensures more reliable
signal processing, ultimately leading to better localization
performance. A simplified block diagram of the architecture
as depicted in Fig. 2 is a modification of our recently reported
architecture [17]. Here, four distinct signals, namely the comb
signal and three data steams, can be individually modulated,
combined and then sent, over a single mode fibre, to the RF
units for modulation and then wireless transmission. The first
signal, serving as a comb signal for system synchronization, is
generated by using a continuous wave (CW) laser. This laser is
used to seed an opto-electronic frequency comb generator. The
generator includes a Mach-Zehnder modulator (MZM), which
is driven by a 2.5 GHz RF signal to produce the required clock
signal [18]], [19].

The remaining three signals are baseband signals,
which modulate different CW lasers operating at differ-
ent wavelengths/frequencies, using Mach-Zehnder modulators
(MZMs). The four signals, including the comb, are combined
using Wavelength Division Multiplexer (WDM) and transmit-
ted over a single-mode fibre (SMF).

Upon reaching the destination, the optical signals, which
now contain both the comb tones and the data signals, are
separated using Wavelength Division demultiplexer (WDDM).
This process extracts each data signal corresponding to specific
comb tones at one of the frequencies of 2.5 GHz, 5 GHz,
and 7.5 GHz. The optical signals are then converted into
electrical signals using photodiodes. These electrical signals
are amplified, and the desired comb tones are separated using
Band-Pass Filters (BPFs). Concurrently, the data is extracted
using Low-Pass Filters (LPFs). The filtered baseband data is
up-converted by combining it with each filtered comb line
using a mixer. [20].

The signals are then transmitted via antennas operating at
these specific frequencies. The block diagram in Fig. 2 clearly
illustrates the fundamental structure of the optical-electrical
system used for transmission via optical combs [21].

III. SYSTEM SIMULATION

To validate our concept and effectively simulate the per-
formance of the system, we utilize the VPI Photonic Design
Suite. We have selected a variety of essential components, as
listed in Table I. These components were chosen based on
their relevance to the system’s architecture and their ability to
represent accurately the performance of key functions within
the overall design. Using these building blocks, we can evalu-
ate the interactions between optical devices and their electrical
counterparts, identify potential optimization opportunities, and
ensure that the system meets the desired specifications.

TABLE I

COMPONENT LIST WITH VALUES
NO | Components Value
1 Laser CW 193.1THz, 193.2THz
1 Laser CW 193.3THz, 193.4THz
2 Sine wave generator Amp 1V, Bias 1.3, Freq 2.5GHz
3 Pseudorandom data Random binary data
4 Pulse generator NRZ (non-return-to-zero)
5 Mach-Zehnder modulator | Extinction ratio 30dB
6 Multiplexes WDM four optical channels
7 Demultiplexes WDD four optical channels
8 Photodiode multi mode optical signals

The system parameters utilized in this research are outlined
in Table II. These parameters are essential for a comprehensive
understanding of the configuration and performance of the
optical components being tested.

The initial VPI Photonic simulate both the optical and
electrical components of the system. The simulation includes
three primary circuits: the comb generator, datal, data2, and
data3 circuits. These circuits work together to generate key
signals within the system. The comb generator circuit consists
of a Mach-Zehnder Modulator (MZM) that takes two inputs: a



Comb Signals

Antennal (2.5 GHz)

Bits per symbol 1

I
| |
I I
V= i Comb [2.5GHz,5GHz, 7.5 GHz) V
i —cwl——r'{:‘ - [":j::- prrsrsrrassssnsinas "
i MZM “Eora| H A I
I I :
frmmmmmmmmmmmmmmmmmmmees H E —|%—- ﬁ[} %)
................. Datal : Fo mp ¥
i m I Antenna 2 |5 GHz)
i - x R WDM 7T DD
i N . : ] W) 1 1| Comb 2.5 GHz A
cw MZM Tannand, SMF 10km JR TS ]
| I | N T L—
e - I
e Data2 > \ : Igl PD Amp ;"
— T E t Antenna 3 (7.5 GHr)
\\' | [— Ay i Comb5GHz 4,
i oW MZM II *|:
e Comb (25GHs, 4, 4, i
Data 3 5GHz, 7.5 GHz) T - (x>
......................................... PD Amp
=] | i e
H "
. r P
—\>—4>{C>| — Comb 7.5 GHz 41
oW Mz |
Fig. 2. Conceptual diagram of clock and carrier synchronized wireless communications with optical frequency comb.
TABLE 11
VPI SOFTWARE SYSTEM PARAMETERS
NO | Parameters Value
1 Symbol rate 1G
2 Number of Symbol 2048
3
4

Sample mode bandwidth | Symbol Rate X Samples Per Symbol

continuous wave (CW) laser and a radio frequency (RF) signal.
This combination generates an optical comb signal, where the
channels are spaced by 2.5 GHz, functioning as the system’s
comb signal. The precise generation of this optical comb is
critical for the synchronization of the various components in
the system. The data circuits, consisting of datal, data2, and
data3, each employ a Mach-Zehnder Modulator (MZM) with
a continuous wave (CW) laser. These modulators are then
driven by pseudorandom data sequences and processed by a
non-return-to-zero (NRZ) coder, ensuring proper encoding for
transmission. The pseudorandom sequences are essential for
generating varied, realistic data patterns in the simulation. A
crucial aspect of the MZM modulator’s operation is its biasing.
For comb generation, the modulator must be biased at its
quadrature operating point to achieve optimal performance.

The initial phase of the simulation involves modeling the
comb subsystem and obtaining electrical and optical results,
as depicted in Fig. 3 and Fig. 4, respectively. The results reveal
generated comb signals spaced 2.5 GHz apart, with 5 GHz and
7.5 GHz frequencies.

Once the generation of the comb signals is verified, we
proceed with simulating the optical data across three channels.
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Fig. 3. Simulated Electrical comb signal.
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Fig. 4. Simulated Optical comb signals.



Fig. 5 shows the optical spectrum of one of these channels, 1
and the remaining channels show identical patterns.
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The next stage of the simulation involves combining the
optical comb and data using Wavelength Division Multiplexing
(WDM), and transmitting them through a Single-Mode Fiber
(SMF) optical fiber, as illustrated in Fig. 6.

Fig. 7. Optical and electrical comb with data 1.
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On the receiver side, the combined signal and data are de-
multiplexed, using the Wavelength Division De-multiplexing
(WDD) component, into three separate channels: Data 1,
Data 2, and Data 3. After that, the entire received optical 1
comb is mixed individually with each received data stream,
as illustrated in Fig 7, Fig. 8, and Fig. 9. 50

After obtaining the optical comb with each individual data
component, we convert the signals from optical to electrical
current using a photodiode. These electrical signals are then
amplified. The composite signal, which contains the optical
comb and the data, is subsequently separated into two distinct
paths. One path is routed through a Band-Pass Filter (BPF)
to filter the desired optical comb frequency, while the other
path goes through a Low-Pass Filter (LPF) to extract the 1
GHz data. Finally, the extracted optical combs are mixed with
their corresponding data signals: 2.5 GHz with Data 1, 5 GHz
with Data 2, and 7.5 GHz with Data 3. These mixed signals
are then transmitted using an antenna, operating at the chosen
carrier frequency, as illustrated in Fig. 10, Fig. 11, and Fig.
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Fig. 8. Optical and electrical comb with data 2.
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Fig. 9. Optical and electrical comb with data 3.
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IV. EXPERIMENT

To verify the simulation, an experiment was conducted in
our laboratory. The IDPHOTONIC CoBrite tunable narrow
linewidth laser system served as the primary light source.
This highly adaptable laser system has tunability across the
C-band, making it an excellent and precise choice for vari-
ous communication applications. The lasers were modulated
using a pattern generator.In the experiment, the setup incor-
porated three Mach-Zehnder (MZ) modulators with 15 GHz
bandwidth: one to generate comb signals and only two for
optical data modulation. A 100 GHz Wavelength Division
Multiplexer (WDM) was employed to combine the signals of
different wavelengths, with its optical channels being spaced
by 100GHz. The output signal was detected using a photodiode
of 20 GHz bandwidth, to ensure accurate measurement of the
modulated optical signal. Furthermore, a pattern generator was
used to create and manage bit patterns, enabling the simulation

of various transmission scenarios and the assessment of system
performance under diverse conditions. Fig. 13 illustrates the
experimental setup in the Communication Lab at University
College London.

Fig. 13. Experiment set up at UCL communication lab.

The experimental results were obtained using optical and
electrical spectrum analyzers to measure both the optical and
electrical comb signals, as well as the data. As shown in Fig.
14, the optical spectrum analyzer successfully detected the
optical frequency comb and two optical data channels, in good
agreement with the simulation. Fig. 15 displays the signals
after conversion from optical to electrical form, revealing
comb signals at 2.5 GHz, 5 GHz, and 7.5 GHz, along with
a 1 GHz data signal. These results can be processed using
RF circuits to extract individual comb signals and combine
each with its corresponding data channels. The measurements
show good agreement with the simulation results, and efforts
are ongoing to develop RF circuits to advance the experiment.
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V. CONCLUSION

This paper introduces an innovative approach for achiev-
ing precise clock and carrier synchronization in wireless
communication systems, utilizing optical frequency combs.
By leveraging Wavelength Division Multiplexing (WDM) to
transmit multiple signals over optical fibers, the proposed
method demonstrates how synchronized timing and frequency
signals can be effectively distributed over extensive distances.
This advancement significantly enhances the performance of
modern wireless networks, including 5G and forthcoming 6G
systems.

Through a combination of simulations and experimental val-
idation, we establish the viability of optical frequency combs
for synchronization. The results indicate successful generation,
transmission, and reception of both clock and data signals.
Additionally, the system’s capacity to handle high-frequency
bands, such as 2.5 GHz, 5 GHz, and 7.5 GHz, underscores
its potential to support high-speed data transmission in next-
generation communication networks.

The proposed methodology is vital for applications re-
quiring ultra-precise synchronization. Future work will focus
on further refining the system’s performance and optimizing
the RF circuits to selectively extract desired comb signals.
These signals will be combined with data, transmitted, and
received to establish communication links, ultimately allowing
for the measurement of bit error rates and overall system noise
performance.
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