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Abstract

) ACCESS Objective: To investigate the potential of polarization division multiplexing in a 5G radio over fiber cloud
access network to enable bidirectional optical links in the front-haul segment. Methodology: An optically
centralized cloud radio access network based on polarization division multiplexing and radio-over-fiber
transport is proposed. The exploitation of the polarization domain enables independent optical
wavelength channels for the downlink and uplink. The experimental demonstration assesses the feasibility
24/07/2024 of the radio-over-fiber transport of information in a 5G-cloud radio access network. The demonstration
Aceptado: evaluated the Error Vector Magnitude measurements for optical carrier linewidths of 0.1 nm. Data was
30/09/2024 experimentally measured for QPSK and 64QAM signals onto 3.5 GHz radio frequency across 10 km and 20
km of single mode optical fiber. Results: The experimental results evaluated the quality of the QPSK and
64QAM signals transported onto a polarization division multiplexing environment for an optically
centralized transport in a 5G-cloud radio access network. 64QAM featured an EVM below 6% with a
degradation of 2.8% and QPSK presented and EVM below 8% with a degradation of roughly 4.8% with
respect to the back-to-back signal across a propagation length of 20 km. Conclusions: The results
Correspondencia: demonstrated that polarization multiplexing for an optically centralized transport in a 5G-cloud radio
gapuerto@udistrital.edu.co access network is feasible. Despite the relatively low optical power received in the uplink, the power
penalties of the polarized components did not compromise the power budget so that optical amplification
was not included in the measurements. Both QPSK and 64QAM fulfills the requirements of the 3GPP in
terms of quality and signal integrity.
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Resumen

Objetivo: Investigar el potencial de la multiplexacién por division de polarizacién en una red de acceso
radio sobre fibra en la nube para 5G con el fin de habilitar enlaces épticos bidireccionales en el segmento
@ de front-haul. Metodologia: Se propone una red de acceso de radio en la nube dpticamente centralizada
= basada en multiplexacion por division de polarizacion y transporte de radio sobre fibra. La explotacién del
dominio de polarizacion genera canales de longitud de onda dptica independientes para el enlace
descendente y el enlace ascendente. La demostracion experimental evalua la viabilidad del transporte de
informacion por radio sobre fibra en una red de acceso de radio en la nube 5G. La demostracién evalud
las mediciones de la magnitud del vector de error para anchos de linea de portadoras dpticos de 0.1 nm.
Los datos se midieron experimentalmente para sefiales QPSK y 64QAM sobre una radiofrecuencia de 3.5
GHz a lo largo de 10 km y 20 km de fibra éptica monomodo. Resultados: Los resultados experimentales
evaluaron la calidad de las sefiales QPSK y 64QAM transportadas en un entorno de multiplexacién por
division de polarizacidn para un transporte dpticamente centralizado en una red de acceso de radio en la
nube para 5G. 64QAM presentd un EVM por debajo del 6% con una degradacién del 2.8% y QPSK presenté
un EVM por debajo del 8% con una degradacién de aproximadamente el 4.8% con respecto a la sefial
original a lo largo de una longitud de propagacion de 20 km. Conclusiones: Los resultados demostraron
que la multiplexacidn de polarizacién para un transporte 6pticamente centralizado en una red de acceso
de radio en la nube para 5G es factible. A pesar de la potencia dptica relativamente baja recibida en el
enlace ascendente, las penalizaciones de potencia de los componentes polarizados no comprometieron
el presupuesto de potencia, por lo que la amplificacién dptica no se incluyé en las mediciones. Tanto QPSK
como 64QAM cumplen los requisitos del 3GPP en términos de calidad e integridad de la sefial.

Copyri.th 2_024 by ) Palabras claves: Multiplexacién por Divisidn de Polarizacién, Radio-sobre-Fibra 5G, Red de Acceso Radio
Investigacion e Innovacion en en la Nube, Enlaces dpticos bidireccionales, segmento Front-haul, Magnitud del Vector de Error.
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Introduction

The vision for 5G wireless networks and beyond revolves around the promise of
incredibly fast speeds, seamless connectivity and revolutionary applications that
demand ultra-low latency, high bandwidth and low power consumption [1]. To
realize this vision, a fundamental shift in the network architecture is required.
Radio-over-Fiber (RoF) technology emerges as a crucial bridge between wireless
and optical communications that offers a robust solution to many of the challenges
posed by 5G [2]. The capability of RoF to transmit high-bandwidth, low-latency
signals over fiber optic links positions it as an important component of the
fronthaul. The fronthaul segment of the 5G network links the Distributed Unit (DU)
with the Radio Units (RUs) [3]. In this context, the fronthaul links, DUs and RUs,
among others, are elements that constitute the Cloud-Radio Access Network (C-
RAN), in which the Common Public Radio Interface (CPRI) and Digital Radio
transport the data over Fiber.

However, there are growing concerns regarding the effectiveness of this solution
nowadays [4]. The capacity of fronthaul based on CPRI is directly related to the
radio bandwidth, the quantity of antenna elements and the sectors of the RU [5,6].
This fact requires improvements in the optical segment, which initially led to deploy
optical fronthaul interfaces at 25 Gb/s, exemplified by CPRI option 10 line rate [5]
and compatible transceivers [7,89]. Conversely, the enhanced CPRI (eCPRI)
promotes higher-layer functional splits to alleviate the ever-growing demand for
data rates over the optical interface at the expenses of requiring more intricate RU
setups [10,11]. Furthermore, the emerging 5G Frequency Range 2 (FR-2) above 24 GHz
is expected to leverage extensive capacities, massive Multiple Input Multiple Output
(m-MIMO) configurations, and beamforming [12], which poses a challenge for
existing commercial solutions in terms of unsustainable bitrate scaling [13,14].
Therefore, the way optical carriers are managed to transport radio signals
significantly impacts both performance and operational cost within the C-RAN. In
this context, Polarization Division Multiplexing (PDM) stands as a novel technique
for the transport of information, particularly in optical communication systems. By
exploiting the orthogonal polarization states of lightwaves, PDM allows for the
simultaneous transmission of multiple streams of data over a single optical fiber.
This technique aims at effectively enable a higher data-carrying capacity of the
fiber without requiring additional physical infrastructure and ensures that the
fronthaul links can accommodate the massive amounts of data generated by
multiple RUs, enhancing network flexibility, scalability, and spectral efficiency.
Thus, through carefully management of the polarization states of lightwaves at the
transmitter side and the receiver end, PDM has shown efficient and robust data
transmission in the fronthaul, as presented in [15,16]. Also, fixed-mobile converged
transport [17] as well as Free Space Optics (FSO)-5G convergence [18] based on PDM
have been demonstrated. Moreover, the impact of PDM in terms of spectral
efficiency in high-speed optical communication networks has been presented in
[19,20,21]. Furthermore, as data demands continue to increase, several proposals
have demonstrated that PDM is a promising approach to meet the ever-growing
need for higher bandwidth and enhanced data throughput in wireless
communication systems operating in millimeter waves (MMW) [22,23,24].

In this work, the analysis and performance of a centralized C-RAN based on PMD
and RoF transport is presented. The optical centralized feature of this approach
implies the placement of optical lasers only in the DU side avoiding the use of
optical active components in the RUs. This fact leads to reduce the complexity and
energy consumption at the RUs side. Then, PDM enables bidirectional transmission
as one of the orthogonal components is used in the downlink and the other
orthogonal component is used in the uplink. The conducted experiments measured
the Error Vector Magnitude (EVM) of service profiles transported in Quadrature
Phase Shift Keying (QPSK) and 64 Quadrature Amplitude Modulation (64QAM)
modulation formats.
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Unlike the previous works, this proposal demonstrates the use of PDM in C-RAN in
order to enable optical links for the transport of information between DUs and RUs
and vice versa. This characteristic enables profitable and low power consumption
RoF transport of signals covering the typical distances of a 5G C-RAN. The paper is
organized as follows: section Il analytically describes the approach and presents
the experimental implementation. Section Il describes the experimental results of
the proposed approach and section IV summaries the paper.

Methodology

Detailed methodological stages that include both mathematical descriptions and
an experimental setup were followed in order to develop the proposed approach.
In this context, the methodological stages comprise (a) a mathematical description
of the polarization multiplexing and demultiplexing technique, (b) the design of the
optical network that includes operation frequency, bandwidth and modulation
format used to assess the proposal. This section describes the methodological
stages used in this work.

Analytical description of the optically centralized C-RAN

PDM is based on the use of Polarization Beam Splitters (PBS) and Polarization Beam
Combiners (PBC). These two devices are respectively in charge of separating the
orthogonal components of the lightwave electrical field and combine them again
once they have been modulated or processed as needed. In our approach, xPol is
used to modulate the downlink signal, i.e. the information signal from the DU to
the RU. Similarly, yPol is the unmodulated component that is launched from the DU
to the RU in order to enable the optical transmission in the uplink, ie. the
transmission from the RU to the DU. Regarding the polarization treatment of the
signal, an arbitrary state of polarization of an electrical field can be split up as an
addition of two orthogonal states of polarization. The envelope of such electric field
is described by:

E = Expoi® + Eypord = a,e7%%% + a,e/?vy (1)

Where & and § represent the unit vectors in x direction and y direction respectively.
Then, the two components Jones vector can express any polarization state as:

— (Expol) — axel:fﬂx
] - (EyPol) - (aye]tpy) (2)
In such a context, if J and J, are respectively the Jones vectors of the polarization
states at the input and output of the polarization beam splitter, the Jones matrix M
that relates inputs and outputs of such device is given by:

(1 0\, (0 0

M= (_o o) + (0 1) . {3)
The first and second addends represent the Jones matrix of the horizontal

polarization state and vertical polarization state respectively. Since J, = M - J;, the
output of the polarization beam splitter based on (2) and (3) is expressed as:

Edpor 1 0 Expor 0 0 Expol
<E§P01> (O 0) (EJi/Pol> " (0 1) <E3i/Pol) (4)
Thus, the orthogonal component in which the information is transported in the
downlink (xPol) is represented by the first addend. The second addend (yPol),
represents the unmodulated component that will be used in the uplink. In this way,
the C-RAN is optically centralized since it is not necessary to place optical sources
in the RUs.

Implementation details

Figure 1 shows the layout of the experimental setup. The optical comb generator is
based on optical filtering and a broadband optical source as described in [25]. In
this context, the optical comb generator produces optical carriers featuring a
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linewidth of 0.1 nm in C band. Then, the PBS separates the optical carrier into two
orthogonal polarized signals, xPol and yPol. The former polarized component is
used to feed an electro-optic modulator (EOM) that receives the information signals
of the arbitrary waveform generator (AWG) and the later keeps unmodulated since
it will be used for the uplink transmission. It should be pointed out that Frequency
Range 1 (FR-1) band of 5G is included in the evaluated radio frequency bandwidth;
in particular, 25Mbauds on 64QAM was modulated onto 3.5 GHz in the downlink.

Subsequently, both orthogonal channels are multiplexed in the polarization beam
combiner (PBC) and launched through the Optical Circulator 1 (OC1) to the optical
Single Mode Fiber (SMF) link. The performance was assessed under various
propagation conditions by testing the system over different link lengths that
included optical links of 10 km and 20 km. Next, after RoF signals propagation
through the fiber, the Optical Circulator 2 (OC2) sends the received signal to the
PBS in order to demultiplex both polarized components. Then, an optical receiver
was used to convert the xPol signal back into an electrical signal to assess the
downlink system performance in the AWG.

Next, the unmodulated yPol feeds the EOM to constitute the uplink optical channel
that consists of 15Mbauds QPSK modulated onto 3.5 GHz. In this context, the uplink
signal is sent to the optical link through OC2, after fiber propagation OC1 directs
the uplink transmission to the respective optical receiver, which detects the
incoming signal, performs optical-to-electrical conversion and sends the received
electrical signal to the AWG for the evaluation of the signal quality.

Figure 1. Experimental setup for the optically centralized C-RAN based on PDM
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Results

Figure 2 shows the spectra of the polarized optical carriers measured at different
points of the proposed layout. In particular, the spectra of the downlink are
observed for xPol and yPol components in both the transmitter and receiver end.
As observed, xPol carries the downlink information while yPol is transmitted
without data signal. The optical power difference between the transmitted signal
and the received one corresponds to the insertion losses of the link that account
for roughly 6 dB and includes the PBC, the circulators, 20 km of optical fiber and
the PBS. Both xPol and yPol underwent the same power penalty resulting in an
optical receiver power of -16 dB. Then, yPol was fed to the EOM to enable uplink
optical modulation whose transmitted and received optical spectrum is shown in
the bottom row of Figure 2. Overall, the received optical power in the uplink was -
25 dB.
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Figure 2. Experimental results. Downlink and uplink signals in the centralized C-RAN
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The constellations of the downlink and uplink after a fiber propagation of radio
signals across 10 km and 20 km are shown in Figure 3. In particular, Figure 3(a)
represents the 64QAM downlink signal after 10 km and Figure 3(b) shows the
constellation of the downlink signal after a fiber spam of 20 km. The measured EVM
of the downlink after 10 km was 4% and 6.2% was found for a propagation length
of 20 km. Regarding the uplink, Figure 3(c) and Figure 3(d) shows the constellation
of the received QPSK signal after 10 km and 20 km respectively. In this context, the
measured EVM of the uplink was 8% after 10 km and 10.1% after 20 km of fiber
propagation.
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Figure 3. Experimental results. Measured constellations of the downlink and uplink signals
in the centralized C-RAN
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The signal degradation for the downlink and uplink was measured for QPSK and
64QAM modulation formats. Figure 4 shows the quality of the downlink services on
a fiber spam of 10 km for the 64QAM signal, the results show an EVM below 4% for
received optical powers above -16 dBm and with a degradation of roughly 0.7%
compared to the back-to-back value. The obtained results for a fiber link of 20 km
show an EVM below 6% for optical powers above -16dBm featuring a degradation
of 2.8% with respect to the back-to-back result. It is noticeable the increasing
degradation as the optical power is reduced. In this context, the third Generation
Partnership Project (3GPP) defined the maximum EVM values for 5G standard
according to the modulation format deployed [26]. Thus, the EVM limit for a 64QAM
modulation is 8% and it is represented with dashed lines in Figure 4. Therefore, in
accordance with this requirement, whilst the EVM limit for a downlink featuring 10
km of fiber propagation is found when the received optical power in -20.5 dBm, the
EVM limit for a downlink propagation of 20 km is fulfilled for received optical
powers below -18 dBm.

Similarly, the experimental results showing the quality of the uplink QPSK signal
are shown in Fig. 5. The results show an EVM below 8% for received optical powers
above -25 dBm and with a degradation of roughly 4.8% compared to the back-to-
back. Such results were found for an uplink length of 10 km. For an uplink length of
20 km, an EVM below 10% was found for optical powers above -25 dBm, this
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represents a degradation of 6.8% with respect to the back-to-back result. As far as
the EVM limit for QPSK signals is concerned, 3GPP set a maximum EVM of 17.5% for
QPSK modulation format, in our approach this limit is found for a fiber length of 10
km with a received optical power of -31dBm. For a 20 km fiber spam the EVM limit
is found with a received power of -29 dBm.

Figure 4. Experimental results. Measured constellations of the downlink and uplink signals
in the centralized C-RAN
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Figure 5. Experimental results. Measured constellations of the downlink and uplink signals
in the centralized C-RAN
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Conclusion

This paper presented and demonstrated a proposal for an optically centralized 5G
C-RAN based on PDM and RoF transport. The approach aims at providing a solution
for the transport of services in the front-haul of a C-RAN deployment in order to
reduce the complexity and energy consumption at the RUs side. Bidirectional
transmission of RoF signals was demonstrated by exploiting the polarization
domain of a lightwave.

The conducted measurements characterized the spectra of both polarization
components transmitted across fiber spams of 10 km and 20 km, which represent
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typical distances of a front-haul segment of a C-RAN. In this context, xPol
transported the RoF signals in the downlink and yPol transported the RoF signals
in the uplink. The evaluated RoF signals consisted of QPSK and 64QAM modulation
formats onto 3.5 GHz; this frequency belongs to the FR-1 band of 5G. The obtained
results confirmed that QPSK and 64QAM satisfy the EVM requirement within the
assessed fiber links. Negligible penalties due to chromatic dispersion were found
due to the relatively narrow linewidth of the optical comb generator and the short
length propagation.

EVM measurements for both modulation formats were performed and contrasted
against the EVM limit defined by the 3GPP. In particular, we found that the EVM limit
of 8% for a downlink conveying a 64QAM RoF signal onto 3.5 GHz propagated
through 20 km is fulfilled for received optical powers above -18 dBm. On the other
hand, the signal quality of the uplink transporting a QPSK RoF onto 3.5 GHz signal
across 20 km featured an EVM limit of 17.5% with a received power of -29 dBm.
Certainly, substantial differences concerning the received power were found
particularly in the yPol component since it traveled twice the distance of the xPol
component. However, the received power in the uplink, roughly -25.3 dBm, was in
the sensitivity range of a typical PIN photo detector.

Overall, the outcomes shown in this paper demonstrates the feasibility of the
approach in terms of the offered capacity and distance required for the deployment
of current and next generation mobile networks. It is important to point out that
the experimental results did not include optical amplification processes. By doing
so, the capacity and reach of the proposed approach can be further improved.
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