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Abstract—In this work, we investigate the feasibility of optical
powering in coexistence with radio transmission using baseband
signals with 5G New Radio (5G NR) numerology with different
bandwidths (BW) on Analog Radio over Fiber (ARoF) systems
with single mode fibers (SMF). We focus on the impact of chro-
matic dispersion (CD), non-linear effects, High Power Laser (HPL)
instabilities and their interactions, performing simulations and
experiments. First, without Power over Fiber (PoF), we verify that
increasing the BW of the 5G NR baseband signal reduces the
CD-induced power fading at the critical RF frequency with the
highest extinction and the error-vector magnitude (EVM) of the
received 5G NR signal worsens. The CD-induced power fading is
10 dB smaller for 100 MHz versus 10 MHz baseband signal BWs.
Then, we experimentally demonstrate the influence of a PoF signal,
generated by a Raman HPL, on the transmission of 5G NR signals
in a shared scenario with co-transmission of both PoF and data
signals. The CD-induced power fading at the critical RF frequency
with the highest extinction is 27 dB smaller for 5G NR signal BWs of
10 MHz and 100 MHz respectively when the HPL is set to +33 dBm.
This PoF signal enhances the EVM of the received 5G NR signal to
values in compliance with the standard while providing an On/Off
Raman gain of 12.7 dB at 1552.8 nm data signal in a 14.43 km
SMF link. For a 5G NR signal BW of 10 MHz and a RF carrier
frequency of 17 GHz, the EVM improves from 31.3% to 11.6% for
a HPL power of +33 dBm. For shorter distances such as 100 m,
HPL noise transfer does not affect the EVM of data signal.

Index Terms—Analog radio over fiber, chromatic dispersion,
5G-new radio, microwave photonics, non-linear effects, power over
fiber.

I. INTRODUCTION

THE fifth-generation (5G) wireless technology deployment
relies on the 5G New Radio (NR) radio access technology

developed by the 3rd Generation Partnership Project (3GPP),
with key features to allow the promised 10–100X data rate
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improvement compared with its predecessor, the fourth gener-
ation (4G) [1]. 5G-New Radio is constantly evolving and 5G
advanced demanding requirements in terms of capacity and
energy efficiency are triggering the evolution of new network
architectures and new data transmission techniques. To that
respect, similar to mobile networks, fixed networks entered
their 5th generation (F5G) around year 2020. With the fiber-
to-everywhere vision, F5G aims to transform how people and
machines communicate in the 5G era [2]. The sixth-generation
(6G) mobile technology, which anticipates providing 1 Tbps data
rates and ultralow latency over ubiquitous 3D coverage areas,
also requires a high capacity transport network able to connect
hundreds of thousands of cell sites [3].

Although there are different network architectures in 5G
Radio Access Networks (RAN), one of the main architectures
proposed for 5G is the cloud/centralized RAN (C-RAN) where
the wireless signal processing is centralized in a Base Band
Unit (BBU), which is placed at a Central Office (CO). In this
architecture, only the antennas are placed at the cell site, which
is called the Radio Remote Head (RRH). The fronthaul link
connects the pool of BBUs and the RRH. This architecture, in
contrast to Distribute Radio Access Networks (D-RAN), enables
5G networks with centralized data processing thus reducing
power consumption along with a reduction in the number of
BBUs and related cost [4]. The typical fronthaul network op-
erates on a Common Public Radio Interface over optical links,
which is a digital radio over fiber technology that requires a
larger bandwidth than the alternative Analog Radio Over Fiber
(ARoF) technology [1]. ARoF links in C-RAN can achieve high
fronthaul data throughput without compromising energy effi-
ciency and with a good scalability [5]. Those fronthaul networks
can use the existing Single Mode Fiber (SMF) infrastructure.

Additionally, SMFs offer the possibility to include other
functionalities in the fronthaul segment. For example, SMFs
can be used to transmit high-power optical signals to feed some
parts of 5G NR ARoF networks, e.g., low power RRHs or
Radio Frequency (RF) amplifiers therein [6]. This technique
is called Power over Fiber (PoF), and has been integrated with
RoF transmission in C-RAN based on SMFs [7], [8], Multicore
Fibers (MCF) [9], [10], [11], Multimode Fibers (MMF) [12],
[13], Double-Clad Fibers (DCF) [14], and in Plastic Optical
Fiber (POF) for in home-network scenarios [15].

The use of SMF in 5G NR ARoF networks entails some im-
pairments that need to be tackled. The first one is the Chromatic
Dispersion (CD), which leads to a degradation of the received
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data or power fading that depends mainly on the link length
and the RF carrier frequency. There are different techniques to
overcome chromatic-induced power fading: with compensation
techniques using chirped fiber gratings or CD compensation
fibers, with optical single sideband (SSB) modulation by using a
two-electrode Mach–Zehnder modulator or by eliminating one
of the sidebands with an optical filter or using optical phase con-
jugation [16]. Anyhow, those compensation techniques imply a
more complex set-up. Moreover, when a PoF signal is included
in the network sharing the optical fiber with the data signal
(shared scenario), the PoF signal can give rise to non-linear
effects that may damage the data signal quality. Moreover, the
High Power Lasers (HPL) used as PoF sources may suffer
from some instabilities, especially if fiber lasers are considered.
In the power scaling of monolithic fiber lasers, the non-linear
effects and transverse mode instability are main limitations.
Sometimes tapered gain fibers with longitudinally varying mode
area mitigate the non-linear effects but then transverse mode
instabilities can appear [17]. As a result, a full characteriza-
tion of such sources is of great importance. This analysis is
important when using high power levels of several W or more.
At certain link lengths in the shared scenario, it becomes rele-
vant the noise transfer from the PoF optical source to the data
signal.

Hence, this work intends to study the feasibility of remote
optical powering in coexistence with radio transmission using
baseband signals following 5G NR numerology, with different
bandwidths and over SMF ARoF while focusing on the impact
of HPL instabilities, the chromatic-induced power fading and
their interactions. To that respect, we consider for the first time:
� the impact on ARoF links of chromatic dispersion through

power fading for different modulation formats in compli-
ance with 5G NR signals (including baseband bandwidths
and subcarrier spacing) and demonstrating through sim-
ulations and experimentally that increasing the baseband
bandwidth of 5G NR signals reduces the induced power
penalty.

� the combination of PoF and its impact on power fading
from the perspective of looking for good quality 5G NR
mobile signal transmission and the energy delivery. We
propose the need of analyzing the noise characteristics
of the HPL to identify specific noisy power levels and
demonstrate that can be relevant for links longer than
several kilometers. Using PoF as a precursor of non-linear
effects that counter react ordinary CD, identifying PoF
power values that provide an improvement on the quality
of the transmitted signal. Verifying that all this is possible
without penalizing the efficiency of the PoF system.

For doing so, a summary of the main theoretical concepts re-
garding non-linear effects, noise transfer and CD-induced power
fading in ARoF systems are reviewed in Section II. The set-up of
an ARoF system in a shared scenario with a PoF signal used to
evaluate the propagation of 5G NR signals including influence
of non-linear effects and CD and the set-up to characterize HPL
noise are presented in Section III. Next, Section IV includes
experimental results and simulations to support them. Finally,
Section V presents the conclusions.

II. THEORY

A. Non-Linear Effects and Noise Transfer

Non-linear effects are a limiting factor when it comes to
injecting relatively high-power optical signals into optical fibers.
These non-linear effects can be classified in two main groups:
Kerr effect-related non-linear effects and scattering-related non-
linear effects.

The first group of non-linear effects is divided into Self-Phase
Modulation (SPM) effect, Cross-Phase Modulation (XPM) ef-
fect and Four-Wave Mixing (FWM) effect. FWM effect is neg-
ligible in high dispersive optical fibers. SPM and XPM effects
consist of a refractive index variation induced by the electromag-
netic fields propagating through an optical fiber. In the first case,
the refractive index variation is produced by the data signal itself.
By contrast, XPM effect is produced by a multiplexed signal
(e.g., a PoF signal). The optical fiber refractive index induced
by SPM can be expressed as [18]:

n = n0 + n′|E|2 (1)

where n0 is the linear refractive index, n′ is the non-linear re-
fractive index, (3.2× 10−16 cm2/W for silica fibers) andE is the
electric field intensity, respectively. By solving the Schrödinger
equation for dispersive and non-linear fibers, the expression for
the non-linear phase-shift induced by SPM can be obtained [18]:

φSPM =
2π · n′

λ ·Aeff
· Leff · |E|2 (2)

where λ is the wavelength, Aeff is the optical fiber effective
area, (80 µm2 for standard SMFs), andLeff is the fiber effective
length,respectively. The last is given by [19]:

Leff =
1− e−αp·L

αp
(3)

whereαp is the attenuation coefficient andL is the actual optical
fiber length.

XPM involves two different optical beams, the expression for
overall non-linear induced refractive index is given by [20]:

n = n0 + n′|E1 + E2|2 (4)

being E1 and E2 the intensity of both electric fields involved
in the XPM effect. Following the same approach as in (2), the
overall non-linear induced phase shift is given by [20]:

φNL =
2π · n′

λ ·Aeff
· Leff · (|E1|2 + 2|E2|2

)
(5)

In the expression of the non-linear phase shift above, the XPM
term (second) is always accompanied by the SPM term (first).

The second group of non-linear effects includes Stimulated
Brillouin Scattering (SBS) and Stimulated Raman Scattering
(SRS). These effects manifest themselves as partial reflections
of the propagating beam when a certain power level is reached.
For SBS, the optical power threshold at which the effect starts
to manifest is calculated as [20]:

PSBS =
21 · k ·Aeff

gB · Leff
· ΔvB +ΔvP

ΔvB
(6)
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where gB is the Brillouin gain coefficient, k = 2, ΔvB is the
Brillouin gain bandwidth (35 MHz typically) and ΔvP is the
pump laser linewidth. The second term indicates that increasing
ΔvP then increases the power threshold of SBS as well.

The threshold power for SRS is given by [20]:

PSRS =
16 ·Aeff

gR · Leff
(7)

where gR is the Raman gain coefficient. If this limit is reached, a
part of the energy carried by the high-power signal is scattered,
meaning that losses increase and leading to a potential PoF
transmission efficiency penalty. For all wavelengths, gR � gB .
But the inclusion of a multiplexed high-power optical signal in
the system in combination with the laser bandwidth influence
on the SBS threshold power can turn SRS into the limiting
non-linear effect in shared scenarios. SRS can be beneficial
because part of the energy scattered by this effect is transferred
to the data signal. This is known as Raman amplification. The
Raman gain G is given by [19]:

G = exp(gRP0Leff − αsLeff ) (8)

where P0 is the pump power, and αs is the SMF attenuation at
signal’s wavelength. Another way to analyze Raman amplifica-
tion is using the ratio between data signal’s received power with
the HPL turned on and turned off, known as On/Off Raman gain
and given by [19]:

GR On/Off = exp (gRP0Leff ) (9)

On the other hand, in shared scenarios where the high-power
signal is very noisy, data signal is amplified but also affected by
the HPL noise. The noise of a light source can be expressed in
terms of the Relative Intensity Noise (RIN) [19]:

RIN =
〈ΔP 2〉
P 2

(10)

where 〈ΔP 2〉 is the optical power quantum fluctuation of the op-
tical source andP is the mean optical power. In shared scenarios
where the high-power signal and data signal, respectively, have
significantly different wavelengths, the noise transfer in terms
of RIN can be expressed as [19]:

RIN0
S = RIN i

S +RINP · ln2G ·
1

Leff

α2
P + (2πfpDΔλ)2

(11)

where RIN0
S is the total noise transfer, RIN i

S is the noise of
the data optical source, RINP is the noise of the high-power
optical source, G is the Raman gain obtained from (8), fp is the
noise frequency of the high-power optical source, D is the CD
and Δλ is the separation between the signal wavelength and the
high-power signal wavelength.

B. Power Fading Effect

When an optical carrier of frequency fopt is modulated by a
RF signal of frequency fc, the optical spectrum presents a central
tone at a frequency fopt and two sidebands. The separation
in frequency between the optical carrier and each sideband is
fc. When this signal is transmitted through an optical fiber,

Fig. 1. CD-induced power penalty as a function of the SMF length for different
RF frequency, fc. λ = 1552.8 nm, D = 16 ps/nm/km.

CD causes a propagation speed difference that ultimately leads
to a phase shift between both sidebands. Those sidebands are
mixed at the photodetector, creating constructive or destructive
interferences. This chromatic-induced power fading is described
by modeling the optical fiber as a band-pass filter with the
following expression [21],

H(f) = e−iαf2

(12)

α = πD
λ2

c
L (13)

where c is the speed of light and f is the frequency difference
between the optical carrier and each sideband (i.e., fc). One way
to study this effect in complex signals (e.g. 5G NR signals) is by
measuring the received electrical spectrum power after traveling
through a SMF, Pprop., and comparing it to the power received
in a back-to-back (B2B) scenario,PB2B . The ratio between both
values is called power penalty, and expressed in dB is given by:

PowerPenalty[dB] = PB2B [dBm]− Pprop.[dBm] (14)

This is equivalent to the Carrier-to-Noise (C/N) penalty used
in [21]. The destructive interference between both sidebands, or
signal extinction, is maximum when the phase shift generated
by the CD between each sideband and the optical carrier is π/2
radians. Therefore, the value of fc at which the signal extinction
and power penalty is maximum, which is called the critical
frequency, is given by [21]:

αf2
c =

π

2
→ fc =

√
c

2Dλ2 L
(15)

Using (12) and (13) implemented in Matlab, the CD-induced
power fading as a function of the SMF length is simulated and
shown in Fig. 1 for specific RF carrier frequencies. The RF
carrier frequencies of 5 GHz and 26 GHz are within the 5G NR
frequency bands. 5 GHz is stablished in the Frequency Range
(FR) 1 and 26 GHz is stablished in the FR2. The RF carrier
frequency of 16.41 GHz is the critical frequency corresponding
to a 14.43 km long SMF, which is the one used in the experiments
as described next.

The simulations show a similar behavior around the critical
length for each RF frequency and vice versa. The limitations on
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Fig. 2. Experimental setups: (a) Non-linear effects and ARoF 5G NR transmis-
sion. (b) HPL characterization. CIRC: Circulator, PC: Polarization Controller,
MUX: Multiplexer, DEMUX: Demultiplexer, F: Filter, MIX: Mixer, LO: Lo-
cal Oscillator, AMP: RF Amplifier, PD: Photodiode, VOA: Variable Optical
Attenuator, HPL: High Power Laser.

the reception equipment’s bandwidth used in the experiments
determines the selection of the RF carrier frequencies used to
measure the CD-power fading, close but not included in the 5G
NR frequency bands. Nevertheless, the results obtained from
the experiments can be used to extrapolate the behavior of more
realistic 5G NR links.

III. EXPERIMENTAL SETUP

The main experimental setups are presented in Fig. 2. A λD

= 1552.8 nm laser diode (LD) is externally modulated by an
Optilab IMC-1550-20-PM Mach-Zehnder Modulator (MZM)
controlled by a PlugTech PowerBoard MZM controller. The
optical power of the LD is set to Pin_D = +5 dBm for all the
measurements. The wavelength of the LD was experimentally
measured using a Yokogawa AQ6370D Optical Spectrum Ana-
lyzer (OSA). The electrical signal to modulate the optical carrier
is generated by the SMW200 A Vector Signal Generator (VSG).
This signal consists of an up-to 20 GHz RF carrier modulated
with a standardized 5G NR baseband signal. The modulated
optical signal is multiplexed with a λP = 1480 nm PoF signal
generated by a Keopsys CRFL-02-1480 HPL with a maximum
output power of Pin_P=+33 dBm and a linewidth of 2 nm, which
is wide enough to make SBS a non-determining factor in the
experiments. Both optical sources are protected using optical cir-
culators that, in addition, allow us to measure the backscattered
power. Both signals are transmitted through a standard SMF of
variable lengths depending on the experiment performed. The
lengths of all the SMFs were directly measured with a EXFO
FTB-1 Optical Time Domain Reflectometer and, since the SMF
datasheet only provides a maximum CD value, CD was also
obtained from (15) by measuring the critical frequency of the
SMF. The PoF signal and the data signal are then separated using
a demultiplexer. The PoF signal is connected to a Coherent PM30
high-power photodiode (PD) to measure its power, and the data
signal is filtered with an optical filter centered at 1550 nm and

Fig. 3. Measurements of average value and standard deviation for the HPL.

detected using a Discovery Semiconductors DSC30S high-speed
PD. In the electrical domain, a Mini-Circuits ZX05-24MH-S+
mixer and a Rohde & Schwartz SMB100 A local oscillator (LO)
are used to down-convert the carrier frequency and place it
within the BW of the Rohde & Schwartz RTO1022 oscilloscope,
which is 2 GHz. This oscilloscope is connected to the Rohde &
Schwartz Vector Signal Explorer software, which is a Vector
Signal Analyzer (VSA) that can measure different parameters
of the transmitted 5G NR signal. In this work, the power penalty
defined in Section II and the Error Vector Magnitude (EVM) are
the two parameters used to evaluate the quality of the received
data.

Additionally, a secondary experiment to measure the behavior
of the HPL was implemented. In this case, the output of the
HPL is measured using a PD and a Variable Optical Attenuator
(VOA) to prevent the PD from saturation. The output of the PD
is connected to an oscilloscope to measure the average voltage
and the noise detected.

IV. SIMULATIONS AND EXPERIMENTAL RESULTS

In this section, a characterization of the main effects that can
affect both the 5G NR and the PoF signals will be carried out.
The HPL behavior and the non-linear effects arouse by the PoF
signal will be evaluated. Moreover, the transmission of different
5G NR signals in a shared scenario will be analyzed.

A. HPL Characterization

In Raman lasers like the one characterized in this section, a
noisy behavior is common. For certain powers, resonant cavities
can appear, giving rise to transverse modes instabilities and,
ultimately, non-desired tones in the optical signal [17]. Thus, the
behavior of the HPL was analyzed using the setup of Fig. 2(b).
The HPL output power was swept from +25 dBm to +33 dBm
in steps of 1 dBm, and the average value and standard deviation
of the voltage after detection was analyzed. Fig. 3 shows the
results. The average value of the detected voltage follows an
exponential curve, but the noise of the HPL increases when the
optical power is set close to 30 dBm. Therefore, when the HPL
output power is set at around 30 dBm, data signal can be affected
due to noise transfer.

B. Non-Linear Effects Characterization

The PoF signal transmission efficiency was evaluated. To do
so, the setup shown in Fig. 2(a) was slightly modified. The
detection stage for the data signal (framed with a dashed line in
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Fig. 4. Simulations of transmission efficiency penalty in a 14.43 km SMF vs
HPL power.

Fig. 2(a)) was replaced by a power meter and the 5G NR modula-
tion was deactivated in order to have a stable CW optical power
measurement. The rest of the system remained unchanged.
Losses of the PoF signal were measured for HPL powers of Pin P

= +27 dBm and Pin P = +33 dBm, with almost no difference be-
tween them, meaning that SRS effect on PoF transmission is very
small. If the HPL is set at +33 dBm and is co-transmitted with
the data signal of 5 dBm at 1552.8 nm, there is an imperceptible
penalty in the PoF transmission efficiency due to Raman amplifi-
cation. We also simulated different scenarios with VPIphotonics
software tool: a dedicated scenario where only the HPL signal
is transmitted; and a shared scenario where the HPL signal is
transmitted along with the +5 dBm 1552.8 nm data signal. The
HPL output power was swept from 200 mW to 2 W and injected
in a 14.43 km SMF link. A Raman gain profile for 1486 nm [22]
was used in these simulations. Results of PoF transmission
efficiency penalty on the shared scenario are shown in Fig. 4. In
dedicated scenario, the transmission efficiency penalty induced
by non-linear effects is very close to 0%. In shared scenario, the
transmission efficiency penalty increases with the HPL power.
The maximum transmission efficiency penalty is 2.49% for a
HPL power of 2 W, which means that 49.8 mW are transferred
to the data signal due to Raman amplification. This is a very small
penalty in the high-power transmission efficiency and, therefore,
we considered it negligible. If we add the transferred power to
the LD power, the On/Off Raman gain results in 12.44 dB, which
is similar to the On/Off Raman gain measured in the experiments
presented next (12.7 dB for a HPL power of 2 W).

The On/Off Raman gain in the data channel generated by the
high-power signal was also analyzed. First, the optical power
received at 1552.8 nm was measured for six different cases: for
the HPL turned OFF and for HPL powers +27 dBm, +28 dBm,
+30 dBm, +32 dBm and +33 dBm. Then, the On/Off Raman gain
was simulated in VPIphotonics software where two equivalent
optical fibers were used to transmit different signals. Through
the first one, the 1552.8 nm signal and the PoF signal were
multiplexed and transmitted in a shared scenario. In the second
one, only the 1552.8 nm signal was transmitted. At the output of
both SMFs, the optical signal was filtered and the 1552.8 nm
optical power was detected. The ratio between both optical
powers corresponds to the On/Off Raman gain. The HPL output
power was swept from +23 dBm to +33 dBm in steps of 0.1 dBm
for this simulation, see Fig. 5.

There is a good agreement between simulations and experi-
mental results. For example, at a HPL output power of +27 dBm
the simulated On/Off Raman gain was 3.03 dB whereas 12.37 dB

Fig. 5. On/Off Raman gain simulations and measurements (circles). λD =
1552.8 nm, λP = 1480 nm, L = 14.43 km, Pin_D = +5 dBm.

Fig. 6. Measurements of 5G NR signal’s EVM vs HPL injected optical power
after 14.43 km. λD = 1552.8 nm, λP = 1480 nm, L = 14.43 km, Pin_D =
+5 dBm, RF frequency = 10 GHz, RF power = +10 dBm.

for a HPL output power of +33 dBm, quite similar to 3.1 dB and
12.7 dB obtained from the experiments (represented by the red
circles in Fig. 5).

C. HPL Noise Transfer to 5G NR Data

We measured the effect of the HPL noise in the 5G NR data
signal transmitted through 100 m and 14.43 km-long SMFs links
with the setup depicted in Fig. 2(a). The baseband signal was a
QPSK 5G NR signal which is standardized by 3GPP in the 5G
NR protocol. The RF carrier was set at 10 GHz with +10 dBm of
RF power. We selected a carrier frequency of 10 GHz because it
is far away from the critical frequency in both cases, allowing us
to analyze the effect of HPL noise transfer in a clear 5G NR signal
at all link lengths. To evaluate the quality of the 5G NR signal,
its EVM was measured at different HPL powers ranging from
+25 dBm to +33 dBm in steps of 0.1 dBm, and then compared
to the limit set by the 5G NR standard, which is 17.5%, see
Fig. 6. At a 100 m SMF link, the EVM of the received signal
remains constant for all the HPL powers tested, which means
that negligible noise transfer occurs at this length. When the
SMF length increases, the noise transfer from the PoF signal to
the data signal becomes more noticeable. In a 14.43 km SMF
link, when the HPL power is set at +30 dBm, the measured EVM
exceeds the limit set by the 5G NR 3GPP standard. In (11), which
describes the noise transfer happening in a SMF, G grows more
thanLeff with SMF length. This is the reason why noise transfer
is negligible for short SMF and becomes noticeable for longer
SMF distances.

In [23], a 5 km-long SMF link is tested for a 16QAM 5G NR
signal for the same HPL and in a similar setup to the one used
in this work. The measured EVM was 12.5% for a HPL power
of Pin_P = +30 dBm. The HPL noise transfer is identified as
a relevant impairment as the link length increases due to SRS.
For this reason, no HPL output powers around +30 dBm will be
used in the next measurements.
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TABLE I
LIST OF 5G NR SIGNALS USED IN SIMULATIONS AND EXPERIMENTS

Fig. 7. Simulations of the CD-induced power penalty for 5G NR baseband
signals with different BWs. λD = 1552.8 nm, CD = 16 ps/nm/km.

D. Power Fading and PoF in 5G NR Data

The CD-induced power fading for different conditions was
also simulated and measured. The effect of including a PoF
signal was also checked. First, a number of simulations were
carried out using an ad-hoc software developed in Matlab and
Simulink tools. This software was designed to calculate the
transfer function of a SMF using (12) and (13). Then, the
baseband signals used in the real experiment, which are listed
in Table I, were generated with the 5G Waveform Generator
toolbox. These 5G NR signals are used to modulate an RF carrier
ranging from 15 GHz to 17 GHz. The simulation of the power
penalty due to CD-induced power fading calculated with (14) is
shown in Fig. 7. For all the simulations, the SMF length was set
to 14.43 km, which is the length of the SMF used in the exper-
iment described next. The simulations showed that the power
fading is maximum at a carrier frequency of 16.43 GHz (critical
frequency). The simulations also showed that, for higher 5G NR
baseband bandwidths, the maximum power penalty decreases.
An additional simulation keeping the baseband BW constant
and changing the subcarrier spacing (SCS) was carried out. No
influence of the SCS on the maximum power penalty of the 5G
NR signal was observed. Since these simulations are performed
without considering noise, specific maximum power penalty
values obtained are not to be directly extracted from these
simulations or compared to the experimental results presented
next. The rest of the simulation results can be compared.

Next, the experiment was carried out with a 14.43 km-long
SMF link. This length was chosen so that the maximum power
penalty is within the VSG range. The RF carrier frequency was
swept from 15.5 GHz to 17.5 GHz in steps of 10 MHz and the
power of the 5G NR signal was measured. This test was done
for some of the 5G NR signals listed in Table I.

Back-to-back measurement without SMF was performed,
measuring the power of the 5G NR signal’s spectrum for each
RF carrier frequency. Next, the 14.43 km SMF was placed and
the received 5G NR signal’s spectrum power was measured

Fig. 8. Measurements of the maximum power penalty vs 5G NR baseband
signal BW. Inset: Power penalty vs RF carrier frequency for different baseband
signal BWs.

Fig. 9. Measurements of power penalty vs RF carrier frequency for different
5G NR baseband signal BWs and for different HPL powers.

once again. As shown in (14), power penalty is calculated by
substracting the received spectrum power to the B2B spectrum
power. Fig. 8 shows the maximum power penalty measured for
each 5G NR signal tested. Its inset depicts the power penalty of
each signal as a function of the RF carrier frequency. The mea-
surements show that power penalty is smaller when baseband
signal BW increases, in good agreement with the simulations.
This is due to the relative narrowness of the SMF band-pass
filtering effect. When baseband signal BW increases, the filter
only induces losses to part of the signal. The higher the BW,
the smaller the affected area will be with respect to the total
baseband signal BW. If total powers from received and B2B
spectrums are calculated and subtracted, the difference will be
smaller for higher baseband BW.

Then, PoF signal was added. The baseband BWs selected for
this test were 10 MHz and 100 MHz, with a SCS of 60 kHz
in both cases. Two different measurements were carried for
different HPL conditions (OFF and +33 dBm of output power).
Results are shown in Fig. 9. When the PoF signal is included
in the experiment the power fading becomes smaller because of
Raman amplification in the SMF. When the HPL output power
is set to +33 dBm and the BW of the 5G NR baseband signal is
set to 100 MHz, the power penalty is close to 0 dB for the critical
frequency, and for the rest of the carrier frequencies a gain in
the 5G NR signal’s spectrum can be measured. Additionally, a
shift in the critical frequency of 100 MHz when the HPL is set to
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TABLE II
MEASURED MAXIMUM POWER PENALTY IMPROVEMENT IN THE ELECTRICAL

DOMAIN

Fig. 10. 5G NR signal’s EVM in B2B scenario and after 14.43 km SMF for
HPL Off, +27 dBm, +33 dBm. Top: Baseband BW=10 MHz, Bottom: Baseband
BW = 100 MHz.

+33 dBm can be observed, which is produced by the SPM and
XPM-induced phase shift on the transmitted signal (described
with (2) and (5)). This phase shift is opposite to the one induced
by CD, extracted from (12). Therefore, it can be said that SPM
and XPM partially compensate for the CD-induced phase shift
on the transmitted optical signal. Critical frequency shifts were
also measured for other SMF lengths, and for longer distances
the shift was found to be greater. For example, for a 25.2 km long
SMF link (from all available SMF lengths in our laboratory, the
one causing the largest critical frequency shift in current set-up),
the shift measured in the critical frequency was 250 MHz. XPM
influence in ARoF links is briefly discussed in [24], however
its critical frequency shift was not measured and no analysis of
the baseband BW effect was provided. Table II summarizes the
effect of PoF on the power penalty on the data signal. The EVM
of the 5G NR received signal was also measured for 5G NR
signals with baseband BWs of 10 MHz and 100 MHz, and for
HPL output powers of +27 dBm, +33 dBm. Results are shown
in Fig. 10. The measurements show that, even though power
penalty is weaker for higher baseband BWs, the EVM of the
received signal worsens dramatically when the baseband BW
increases. As an example, at a RF carrier frequency of 15 GHz,
the EVM of the received signal at a baseband BW of 10 MHz
was 11.3%. If the baseband BW is increased to 100 MHz, the
EVM of the detected signal reaches 55%. The experiment also
showed that the inclusion of a PoF signal is beneficial for the
transmitted 5G NR signal quality. For a baseband BW of 10 MHz
and a 17 GHz RF carrier frequency, if the HPL is OFF, the EVM
exceeded the limit set by the 5G NR standard. However, if the
HPL was turned on, the EVM decreased to 14.3% for +27 dBm
and 11.6% for +33 dBm, respectively. Both values are within
the limits of the 5G NR standard. Fig. 11 presents a summary of
the results.

Fig. 11. Constellations and EVM measurements for different 5G NR baseband
BWs and HPL output powers. λD = 1552.8 nm, L = 14.43 km.

V. CONCLUSION

In this work, the influence of non-linear effects caused by
PoF signals as well as the impact of CD on the transmission of
5G NR signals in ARoF systems was discussed, simulated, and
experimentally tested.

SRS effect has a negligible influence on the PoF transmission
efficiency for the HPL powers tested when the 1552.8 nm LD is
either activated or deactivated. However, the EVM of the 5G NR
signal was dramatically penalized at long SMF lengths when the
HPL output power was close to +30 dBm because of the SRS
non-linear effect and the noise transfer from the PoF signal to
the 5G NR signal.

The chromatic-induced power fading effect was measured for
5G NR signals with different baseband bandwidths (BWs) find-
ing that, for higher baseband BWs, the power fading smoothed
and the power of the detected electrical spectrum increased.
However, the 5G NR signal quality worsened for higher base-
band BWs.

The influence of the PoF signal was also analyzed for 5G
NR signals with baseband BWs of 10 MHz and 100 MHz. A
power penalty improvement of over 27 dB was measured for
both baseband BWs and a HPL output power of +33 dBm. A
shift in the power fading critical frequency of 100 MHz for a link
length of 14.43 km and 250 MHz for a link length of 25.2 km
were measured when using a +33 dBm HPL output power. The
results also showed that the PoF signal improves the EVM of the
5G NR signal to make it compliant with the 3GPP standard in
some cases because of the Raman gain. For a 5G NR baseband
signal BW of 10 MHz and a RF carrier frequency of 17 GHz, the
EVM improves from 31.3% to 11.6% for a HPL output power
of +33 dBm.
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