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Abstract

Next-generation 5G and 6G radio access networks (RANs) require
millimetre-wave (mm-W) oscillators to generate extremely low phase-noise
signals for the frequency up-conversion and down-conversion in radio units
(RUs). The opto-electronic oscillator (OEO) is an outstanding candidate
for generating a high-purity mm-W signal in a centralized radio access
network (C-RAN) where the distributed base-stations are dislocated from
the digital units (DUs) and there are only RUs on the remote side. In this
paper we propose placing an OEO in the central-office, while distributing
its signal from there to multiple RU base-stations through the mobile front-
haul network using a radio-over-fibre (RoF) transmission approach. This
new approach was used in experiments that proved the smaller degradation
of the phase noise compared to a degradation of 6 dB for the well-known
frequency-doubling electrical oscillator in the RU. In addition, we present the
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signal-strength degradation due to fibre dispersion in mm-W signal distribu-
tion, as well as the challenges in long-term stability and multimode operation.
We propose solutions to overcome these drawbacks and make our new
approach useful for a centralized carrier signal distribution in next-generation
RANs.

Keywords: 5G radio access network, opto-electronic oscillator, chromatic
dispersion, optical front haul, phase noise.

List of Notations and Abbreviations

CPRI Common public radio interface
CU Central unit
CW Continuous wave
C-RAN Centralized radio access network
DU Distribution unit
D-RAN Distributed radio access network
EDFA Erbium-doped fibre amplifier
FSR Free spectral range
GHz Gigahertz
LO Local oscillator
MHz Megahertz
mm-W Millimetre wave
MZM Mach-Zehnder modulator
ODN Optical distribution network
OEO Opto-electronic oscillator
PIC Photonics integrated chip
RAN Radio access network
RF Radio frequency
RoF Radio-over-fibre
RU Radio unit
SSB Single-side band
SMF Single-mode fibre
SMSR Side-mode suppression ratio
SSA Signal-source analyser
VNA Vector-network analyser
5G Fifth generation
6G Sixth generation
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1 Introduction

The steady increase in the volume of data transmitted over public mobile
networks [1] due to new services based on multimedia communications
requires an update to a new technological generation that will have more
of the electromagnetic spectrum available and use it more efficiently. With
the long-term evolution (LTE) technology increasingly crowding the radio-
frequency spectrum with machine-to-machine (M2M) communication [2],
5G and 6G must use the spectrum more effectively [3], as well as operating
in new frequency bands. Millimetre-wave (mm-W) signals are expected to be
used in the next-generation 5G and 6G RANs, while micro-wave passband
frequencies are used in the current 4G RANs. In Figure 1, the frequency-
spectrum allocation for various wireless technologies is shown, including
micro-waves and mm-Ws, which relate to the range between 30 GHz and
300 GHz. This higher mm-W frequency bandwidth has its own unique
challenges [4], such as their generation in low-noise oscillators and the trans-
mission of such high-bandwidth signals to the base-stations, which consist of
a radio receiver/transmitter and serve as the hub of the mobile network.

Radio-over-Fibre (RoF) [5, 6] is one of the promising alternative solutions
for the transmission of a high-bandwidth analogue signal from a digital unit
(DU) to the base-station, containing only the radio unit (RU) of a centralized
radio access network (C-RAN) [7]. It uses low-loss and broadband optical
fibre [8] for the analogue transmission, as opposed to digital transmission,
where the standardized common public radio interface (CPRI) [9, 10] is used.
Apart from the advantage of there being no bandwidth increase due to the
signal’s conversion to digital form, RoF also makes it possible to establish
the communication without a local oscillator (LO) in each RU’s base-station,
as shown in Figure 2.

Figure 1 Coverage of the micro-wave and millimetre-wave bands in the RF spectrum.
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Figure 2 Radio-over-fibre approach to next-generation 5G and 6G RAN front hauls.

In the well-known approach shown in Figure 2, the LO is in the central-
office and the broadband data signal is, after the up-conversion, transmitted to
the base-station via an optical distribution network (ODN). While the ODN
itself relaxes the requirement for the number of LOs needed, there are open
issues with the generation of the low-noise carrier signal.

In contrast to RoF, in the currently used topology of the 4G distributed
radio access network (D-RAN), each base-station requires a LO for the
frequency up-conversion and down-conversion of the data signal [11]. Thus,
the synchronization mechanism in current mobile and wireless front-haul net-
works is more complex and comes with other challenges, such as temperature
stabilization of the LO in each base-station.

Several different approaches to carrier-signal distribution in RANs have
been presented in [12–15], but all of them suffer from increased complexity
and signal-performance degradation. For example, the solution proposed
in [15] uses an electrical oscillator at the central-office and an optical fibre
to distribute the signal to the remote sites, but requires an additional high-
speed converter from the electrical to the optical signal at the central location.
Therefore, we propose a new, alternative approach to distributing the car-
rier signal from the central LO without an additional electrical-to-optical
conversion.

The well-known electrical oscillators have the disadvantage that their
phase noise L(∆f) is multiplied by the square of the frequency-
multiplication factor N [16].

Lout(∆f) = Lin(∆f) + 10log10(N
2) (1)

This means that the phase noise is increased by a factor of four (6 dB) as
the frequency is doubled [17]. Such phase-noise degradation has a negative
impact on the performance of next-generation 5G and 6G RANs, limiting
the system data rates and the spectral efficiency. It is well known that the
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state-of-the-art technology with electrical oscillators does not perform well
in the mm-W range.

Probably the best alternative to an electrical oscillator in this regard
is the opto-electronic oscillator (OEO), a well-known way to generate a
low-phase-noise signal in the micro-wave and mm-W ranges. To eliminate
the increase in phase noise by 6 dB at each frequency doubling, in this
research we propose the use of a low-phase-noise oscillator and a novel signal
distribution. The centrally generated low phase noise is, without an electro-
optical conversion, distributed from the central-office, where the OEO would
be located in a controlled environment.

The main aim of this paper is to perform an experiment on the distribution
of mm-W signals from the central unit to the base-station over an optical
distribution network and to show that the low phase noise is not increased
by more than 6 dB with a 20-km distribution fibre. This has not been
tested before. In addition, this paper addresses new challenges in mm-W
distribution over optical fibre and presents a universal solution for improved,
next-generation RANs using a centralized OEO.

The paper is organized as follows. In the next section, the working
principle of the OEO is described briefly as well as how the next-generation
RAN can benefit from employing an OEO in the central-office. In the third
section, the challenges of centralized carrier-signal distribution are discussed,
and solutions are presented. In the fourth section a universal solution is pro-
posed for the centralized carrier-signal distribution. The conclusion section is
dedicated to summarizing the research and suggesting future work.

2 Improving Next-Generation RANs with An
Opto-Electronic Oscillator

2.1 The Opto-Electronic Oscillator

The OEO consists of an optical resonator with electrical feedback compo-
nents. The typical configuration for a single-loop OEO is shown in Figure 3.
It contains optical and opto-electronic devices such as a laser diode, an
electro-optic modulator, an optical fibre and a photodiode, while an electrical
bandpass filter and an electrical amplifier are cascaded in the feedback loop
of the oscillator. The electrical amplifier is used to compensate for the optical
and electrical losses, whereas the electrical bandpass filter is included in the
loop to determine the oscillation frequency. When the Barkhausan conditions
are met, the OEO begins to oscillate due to the noise power that is present.
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Figure 3 Single-loop OEO with electrical feedback components.

One of the main benefits of the OEO is its ability to provide optical and
electrical outputs simultaneously without requiring any additional conver-
sion. In developing our new approach for distributing the oscillator signal,
we will use the direct optical output of an OEO and distribute the oscillator
signal in the optical domain without requiring electro-optical conversion.

Therefore, the OEO is one of the best candidates for providing a carrier
signal from the central-office to each base-station [18, 19]. It can generate a
signal with ultra-low phase noise in the micro-wave and mm-W ranges. The
lowest phase noise achieved with an OEO is −163 dBc/Hz at a 6-kHz offset
from the carrier signal [20]. In addition, an OEO in the W-band was recently
reported [21]. The phase-noise performance that is so good in the OEO is
achieved by using a long delay line in the oscillator loop. The quality factor
of the OEO is described as follows:

Q = πf
nL

c
(2)

where Q is the quality factor, L is the length of the optical fibre, c is the speed
of light in a vacuum, f is the frequency and n is the fibre’s refractive index.

2.2 New Micro-wave Prototype of the Opto-electronic Oscillator
in a RAN

In this subsection of the paper we report on our experimental work carried
out to examine the new possibility of centralized carrier-signal generation
using an OEO and its distribution to a remote base-station. The micro-wave
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Figure 4 Prototype implementation of a micro-wave OEO in a RAN.

OEO is placed in the central-office and its signal is distributed to the base-
station via an optical distribution network (ODN). The aim of this experiment
was to evaluate the phase-noise degradation of the carrier signal received
at the base-station. The experimental setup shown in Figure 4 consists of
a central unit, an ODN, and a base-station. The central unit employs a single-
loop OEO with a 1550-nm laser having a Mach-Zehnder modulator (MZM),
15 km of single-mode fibre (SMF), an optical divider, a photodiode with a
bandwidth of 11.5 GHz, an electrical amplifier, and an electrical bandpass
filter with a main mode of 10.5 GHz. The ODN has an erbium-doped fibre
amplifier (EDFA), an optical splitter, and a 20-km SMF. The base-station has
a photodiode with a bandwidth of 11.5 GHz and a signal-source analyser
(SSA) for measuring the phase noise.

The OEO prototype was constructed for a micro-wave frequency of
10.5 GHz because of the availability of suitable components and the nec-
essary measurement equipment to evaluate its performance, including the
phase-noise profile. In any case, the micro-wave results should be valid for
mm-Ws, since the phase-noise characteristics of the OEO are independent of
the operating frequency [22]. In our experiment the optical distance between
the central-office and the base-station is varied from 10 km to 20 km, since
the maximum geographical distance in a 5G RAN is not expected to exceed
20 km. The phase-noise measurements are shown in the graph in Figure 5.

As can be seen from Figure 5, the phase-noise degradation of the OEO
signal is measured to be about 4 dB, at an offset of 1 kHz and 6 dB at 10 kHz
from the carrier signal. This degradation of the phase noise is due to the
noise profile of the EDFA, linear Rayleigh scattering, and non-linear phe-
nomenon in the optical fibre [19]. However, the OEO has a stable phase-noise
characteristic with the operating carrier frequency. In other words, the OEO
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Figure 5 Phase-noise comparison of the OEO in the central-office and its distribution via
the ODN, where the optical distances are 10 km and 20 km.

has a phase noise characteristic independent of the operating frequency. This
can be considered as one of the main advantages of the proposed idea.
On the other hand, the phase noise degrades by 6 dB for each doubling of
the frequency if electric oscillators were used. Therefore, the use of an OEO
in the RAN should be reasonable for the generation of mm-W signals. Since
the degradation of the phase noise is small, these preliminary results can be
considered as a good reference point for the final prototype of a centralized
OEO for a 5G RAN.

3 Possible Challenges of the Centralized OEO Signal’s
Distribution via An ODN

In this section of the paper the possible challenges of the mm-W OEO signal’s
distribution in next-generation RANs are discussed. The dispersion penalty,
the side-mode suppression ratio (SMSR) and long-term stability are the main
anticipated challenges.

3.1 Dispersion Penalty in the C-Band

The chromatic dispersion is dominant in the intensity-modulated optical
links, where its value is around 16–17 ps/(nm.km) at 1550 nm (C-band)
for standard single-mode optical fibres. The dispersion penalty is defined in
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Figure 6 Experimental setup for a dispersion-penalty measurement.

Equation (3) [23].

Dispersion penalty [dB] = 10log

(
cos

(
πLDoc

c
(λocfosc)

2

))
(3)

where c is the velocity of light in a vacuum, Doc is the fibre-dispersion
coefficient, λoc is the wavelength of the optical carrier, and fosc is the
modulation frequency.

Since the chromatic dispersion is very dominant for mm-W signals, the
dispersion penalty should be overcome in an ODN, distributing the central
OEO’s signal. One promising solution is to employ a tuneable dispersion-
compensation module (TDCM) in each base-station [18]. Figure 6 shows an
experimental study with a mm-W signal of frequencies up to 45 GHz being
distributed over an optical fibre of 20 km. The experimental setup shown in
Figure 6 is formed by an analogue optical link, a TDCM, and vector network
analyser (VNA). The VNA is used to provide the continuous micro-wave and
mm-W carrier signals up to 45 GHz. The analogue optical link is composed
of a 1550-nm continuous-wave (CW) laser with a MZM, a 20-km SMF, and
a photodiode.

The experiment was carried out with both the TDCM excluded (blue line)
and included (red line) at the receiving end. The experimental results are
given in Figure 7.

Based on the measured data presented in Figure 7, the TDCM could be an
effective solution to avoid the dispersion penalty. The results support the idea
that the dispersion penalty can be avoided if the base-station has a TDCM.
The TDCM should be tuned to the actual optical distance between the CU
and the base-station. Since each base-station has a different optical distance
to the CU, it would be nice to have a self-acting system. This can be achieved
by using a PID controller and an electrical power meter [18]. The electrical
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Figure 7 Dispersion-penalty measurements with and without the TDCM where the RF
signal is transmitted with an optical delay line.

power meter is used to measure the RF output power of the photodiode in the
base-station, and the PID controller is used to tune the TDCM to achieve the
maximum output RF power measured by the power meter.

Since the solution using the TDCM might increase the complexity of the
base-stations of next-generation RANs, a further improvement can be made
by applying single-side-band (SSB) modulation, which is another approach to
avoiding the dispersion penalty in the mm-W range. The SSB modulation can
be achieved by including a dual-drive Mach-Zehnder modulator (MZM) [24]
in the OEO’s loop, or placing an optical filter [25] at the optical output of the
OEO’s loop or by applying a phase-shift method [26].

3.2 Long-term Stability

The long-term stability (i.e., the frequency drift) is another critical challenge
influencing the OEO’s performance in a RAN. The temperature dependence
of the optical fibre and the electrical bandpass filter are the main reasons for
the frequency drifting in the OEO. The temperature variations during the day
can cause a change in the oscillator’s frequency. For instance, the free-running
OEO has a frequency drift of 8 ppm/K [27]. The frequency drift can have
negative consequences for the up- and down-conversion of the frequency,
which could result in missing the key target points of next-generation RANs.
Therefore, the central-office of the RAN should be temperature stabilized.
Moreover, the distributed signal’s frequency at the base-station might be
influenced by a variation of the ambient temperature. Therefore, certain
parts of the ODN and the base-stations should be temperature stabilized.
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For better long-term stability of the OEO, additional techniques such as a
feedback-control loop [28] could be combined with the oscillator.

3.3 Multimode Operation

Multimode operation is another crucial criterion for evaluating the perfor-
mance of high-frequency oscillators. The OEO does include an electrical
bandpass filter to choose the main oscillation frequency and eliminate the
other modes in the RF spectrum. However, due to the practical limitations of
the electrical bandpass filter’s design and construction, other (side) modes are
only attenuated to a limited degree and are still visible in the RF spectrum.
This could lead to a mode hopping of the oscillator due to a frequency drift.
If the mode hopping problem is not properly addressed, the OEO could start
oscillating at a different side-mode frequency [28]. Therefore, the side modes
should be eliminated with additional techniques. A quality multiplier is one
of the best candidates for improving the SMSR [29]. With this approach a
20-dB improvement of the SMSR was achieved for a 3-GHz OEO.

The OEO employs a long optical fibre in order to have a long delay
that provides a high Q, lowering the phase-noise characteristics. On the
other hand, having a long delay line reduces the free spectral range (FSR),
which causes the side modes to come closer to the main oscillation mode.
This makes it more difficult for the electrical bandpass filter to suppress
the side modes. Thus, the SMSR is lowered if the optical delay length is
increased. The trade-off between the SMSR and the phase noise can be
solved (or the optimal solution can be found) with the help of an adjustable
OEO configuration with a selectable delay-line length and electrical bandpass
filter. An OEO based on optical fibre path selector [30] could be temporarily
established in every C-RAN as a verification setup to find the optimal delay-
line length. This also helps in selecting the best electrical bandpass filters to
optimize the SMSR and the phase noise. Once the optimal choice is made, the
C-RAN can be constructed accordingly, i.e., with the chosen fixed delay-line
length and an electrical filter.

4 Improving a Next-Generation Radio Access Network by
Employing a Wideband Frequency-Tuneable
Opto-Electronic Oscillator

In this section of the paper we propose the final implementation of the OEO
in next-generation RANs. Yielding the preliminary results, we considered the
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Figure 8 Central carrier-signal distribution of the OEO via an ODN by having a wideband
OEO in the central-office of a 5G RAN.

centralized carrier-signal generation based on a micro-wave single-loop OEO
and its distribution with an ODN. The phase-noise degradation presented in
Figure 5 speaks in favour of the centralized signal generation with an OEO
in next-generation 5G and 6G RANs. However, for a universal solution, the
single-loop OEO would not be the best candidate. First, the single-loop OEO
employs an electrical bandpass filter that is only tuneable over a narrow range
of a few MHz. Since there are different proposals on the operating frequency
of the carrier signal, a wideband frequency-tuneable OEO could be the right
candidate. Wideband-tuneable OEOs [31–33] have tuneable micro-wave res-
onators and/or tuneable micro-wave photonic filters to adjust the central
operating frequency. They can be adjusted from a few GHz to tens of GHz
with stable phase-noise characteristics. As an example, in [31] a wideband-
tuneable OEO based on a dispersion-compensation fibre is introduced. The
reported phase-noise characteristic is less than -110 dBc/Hz at a 10-kHz
offset from the carrier frequency between 3 GHz and 42 GHz. Finally, the
universal solution is presented in Figure 8 and includes a wideband-tuneable
OEO in the central unit of a next-generation RAN.

Namely, the wideband-tuneable OEO is proposed for the CU of a RAN.
The main carrier signal is generated by the wideband-tuneable OEO and
distributed via an ODN. Each OEO is tuned in terms of frequency according
to the requirements of the C-RAN and/or the region/country, since some
countries would like to have both sub-6 GHz and mm-W for 5G RAN. The
CU should be in a temperature-stabilized environment. The purpose of the
temperature stabilization is to improve the long-term stability of the carrier
signal. The replacement of the oscillator in the CU provides another advan-
tage of lowering the electrical power consumption. With the proposed idea,
shown in Figure 8, only the CU requires temperature stabilization, which is
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an environment-friendly solution compared to the temperature stabilization
of each base-station (if the LO was to be employed in the base-station). The
TDCM is employed in each base-station to compensate for the chromatic
dispersion in the C-Band. The automatic control loop is preferred so as to
provide self-tuning of the system.

For future research, integrated micro-wave photonics would be benefi-
cial for a 6G RAN improvement. The integrated OEO was introduced in
2017 [34]. This is the first implementation of a fully integrated OEO on a
photonic integrated chip (PIC). Unfortunately, with the current state of the
art, there is still no wideband-tuneable, fully integrated OEO, but it is likely
to be possible in the coming years. Thus, we believe that in a 6G RAN, a fully
integrated, wideband OEO will be introduced, which will decrease the size
of the CU.

5 Conclusion

In this study an improvement to next-generation 5G and 6G RANs is
proposed by employing a centralized signal generation with an OEO. The
carrier signal is distributed from the CU to multiple base-stations using an
ODN. This decreases the total number of oscillators in the RAN and thus
simplifies the base-stations. In addition, the electrical power consumption
of the RAN might be reduced, which can be considered as an additional
benefit to the environment. Furthermore, unlike electrical oscillators such as
quartz resonators (their phase noise becomes significantly degraded in the
mm-W region), an OEO features stable phase-noise characteristics that are
independent of the frequency.

On the other hand, the distribution of the OEO signal via an ODN
has possible challenges to overcome. One of the main challenges is the
dispersion-penalty limitation in the C-Band. The dispersion penalty can be
avoided by applying a SSB modulation. Alternatively, a tuneable dispersion-
compensation module (TDCM) can be used to compensate for the chromatic
dispersion in the C-Band.

The preliminary results of the micro-wave OEO signal distribution in
the RAN are presented here. The phase-noise degradation measured for the
micro-wave OEO could be acceptable. Because of the phase-noise stability
of the OEO we expect a similar degree of degradation with the mm-W OEO.

The selection of the carrier frequency would be another challenge for a
centralized OEO’s signal distribution. Since the operating frequency changes
from country to country, a wideband-tuneable OEO is a good candidate for a
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universal solution. In the literature it has already been shown that wideband
frequency-tuneable OEOs operating from micro-waves to mm-W exhibit
a stable or low degradation of the phase-noise characteristics. Therefore,
the wideband OEO could contribute to an improvement of next-generation
RANs.

Future work may be devoted to a deeper investigation of the phase-noise
degradation in the RAN. The degradation of the phase noise may be caused
by Rayleigh scattering, the non-linear properties of the optical fibre, and the
noise profile of the EDFA. The characteristics of each component in the RAN
should be studied to develop an idea for better stabilization to minimize the
phase-noise degradation. In addition, the integrated micro-wave photonics
would also be helpful to improve the expectations of 6G RAN. The wideband-
integrated OEO could be implemented in a next-generation 6G RAN for
optimal performance.
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