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Monitoring of Power Over Fiber Signals Using
Intercore Crosstalk in ARoF 5G NR Transmission
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Abstract—Power over Fiber (PoF) needs safe and resilient op-
eration of the infrastructure. In this article, we propose a new
crosstalk-based remote monitoring technique of PoF signals in
Spatial Division Multiplexing optical networks with no additional
consumption at the remote radio head (RRH). We demonstrate this
technique in a 250 m 7-core Multicore Fiber (MCF) transmitting
three multiplexed 256 QAM 5G NR optical signals with a total
throughput of 1.8 Gbps, a low-speed communications channel
between a Central Office and a RRH, and a PoF signal delivering
to feed the RRH’s control board. The 5G NR optical signals are
received at the RRH with EVM values within the limits stablished
in the 3GPP 5G standard. The low-speed communications channel
remotely manages the power supplied to a Radio Frequency Power
Amplifier located at the RRH. The PoF signal is used to supply
up to 131 mW to the control board of the RRH. The monitor-
ing channel can accurately follow the optical power injected into
the MCF or the optical power received at the RRH thanks to a
real-time algorithm and an ad-hoc Matlab application, which also
allows to control the PoF source and the low-speed communications
channel.

Index Terms—5G new radio, centralized radio access network,
intercore crosstalk, multicore optical fibers, power over fiber,
spatial division multiplexing.

I. INTRODUCTION

F IFTH-GENERATION New Radio (5G NR) wireless tech-
nology is rapidly evolving. Present and future mobile net-

works will feature this technology, and the number of users
connected to this kind of networks is exponentially increasing.
Consequently, these networks need to satisfy extremely demand-
ing requirements in terms of latency, throughput and energy
efficiency. A widely spread trend to fulfil these demands is the
use of Cloud Radio Access Networks (C-RAN) architecture.
This structure consists of a centralized pool of Base Band Units
(BBU) placed at a Central Office (CO), where all the signal
processing is performed, and a wide number of Remote Radio
Heads (RRH) with reduced power consumption. The pool of
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BBUs and the RRHs are connected by the fronthaul [1]. It is very
convenient to use the optical domain to transmit the signal due
to the small losses, reduced latency and exceptional bandwidth
of optical fibers. Moreover, transmitting the signal in an analog
format also helps to reduce the power consumption both in the
CO and in the RRHs, since there is no need to perform analog-
to-digital or digital-to-analog conversion. The transmission of
Radio Frequency (RF) signals in analog format through optical
fibers is known as Analog Radio over Fiber (ARoF). ARoF in
C-RAN mobile networks enables high fronthaul data through-
puts with good energy efficiency and scalability, and even better
if Spatial Division Multiplexing (SDM) with Multicore Fibers
(MCF) is used [2], [3]. In [4], a review of the most relevant
achievements in SDM is presented.

The power consumption reduction in RRHs enables the use of
Power over Fiber (PoF) technology to feed critical elements of
the remote nodes with centralized control of the optical power
supply [5]. For instance, in [6], a 14.43 km dedicated PoF link
(power signal travels alone through the fiber) to feed critical
parts of RRHs is presented and analyzed. In [7], an ARoF link
coexisting with PoF through a Single Mode Fiber (SMF) in a
shared scenario (data and power signals travel through the same
core) is experimentally tested for different link lengths. More
exhaustive analysis regarding interactions between ARoF and
PoF is tackled in [8].

The Sixth-Generation (6 G) mobile technology, which aims to
achieve data rates of around 1 Tbps with ultra-low latency over
3D coverage areas, also demands high capacity networks able
to connect thousands of cell sites with efficient power delivery
technologies like PoF, as stated in [9]. For example, in [10], a
100-GHz photoreceiver is fed at short distances through a MCF
in a dedicated scenario (data and power are sent through different
cores). In [11], experiments are performed on a 20 m MCF link in
both shared and dedicated scenarios. To further improve energy
efficiency, the PoF pooling concept has been introduced. This
concept takes advantage of the centralized powering of PoF to
selectively supply only the active remote nodes [12]. In [13],
tests over a 10 km 7-core MCF including a 9 m wireless link
with a 25.5GHz RF carrier and a throughput of 1.4 Gbps were
performed. In this experiments, 40 electrical mW were delivered
to the remote node. For shorter distances, higher power levels
such as 11.9 electrical W were delivered from a 1064.8 nm PoF
signal co-propagating with a 64-QAM OFDM signal through a
1 km 7-core MCF [14].

The high-power signals transmitted in PoF-based powering
systems can cause damage in case of optical fiber malfunction
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or breaking. Thus, safe and resilient operation is needed. Moni-
toring techniques are already part of optical networks [15], [16].
However, specific monitoring techniques must also be introduce
to observe that optical power is being correctly delivered in PoF
systems. Ideally, no additional power consumption should be
added to the RRHs in order to keep a good energy efficiency.
Monitoring techniques in MCF links include measuring the
crosstalk variation with the power meter method [17], with
multichannel [18] or bidirectional [19] OTDR techniques in
installed fibers. However, no monitoring techniques are reported
so far specifically for PoF systems apart from [20] where a MCF
in a shared scenario is monitored but considering only a single
data channel, no statistical characterization neither processing
of the monitoring signal with specific algorithms.

In this article, we propose a novel crosstalk (XT)-based
monitoring technique for PoF signals in SDM systems. In this
technique, we consider for the first time:
� the intercore XT in MCFs as a way to monitor the correct

feeding of PoF signals at the remote RRH with capability
to rapidly detect any link break or malfunction without
interfering good quality 5G-NR data transmission neither
interaction with a low speed control channel from the CO
to the RRH,

� experimental demonstration of the monitoring technique
on a 250 m link of 7-core MCF in a 2 W PoF shared sce-
nario with simultaneous transmission of three wavelength-
multiplexed 5G NR 256 QAM ARoF signal with a base-
band bandwidth (BW) of 100 MHz carried by a 20 GHz
RF carrier; providing a total throughput of 1.8 Gbps,

� the integration of a statistical processing of the XT signal
received at the CO that compensates the XT fluctuations or
walkoff present in MCFs to avoid errors on the measuring
technique.

In this article, Section II describes the operation princi-
ple. Section III explains the experimental set-up including the
three different transmitted signals: an up-to 2 W PoF signal at
1480 nm, three wavelength-multiplexed 5G NR 256QAM ARoF
modulating a 20 GHz RF carrier, a low speed control channel
at 1310 nm. Next, Section IV includes experimental results of
noise and XT fluctuations along with measurements of the im-
plemented technique in real time showing the good performance
and no interaction with the other transmitted signals. Finally,
Section V presents the conclusions.

II. OPERATION PRINCIPLE

Optical signals propagating through MCFs suffer from inter-
core crosstalk (XT), which is a partial optical power coupling
from the propagating core to adjacent cores. XT depends on the
MCF parameters and XT after fiber propagation is a statistic
value. According to [21] the mean value of the probability
distribution of XT, i.e., the mean crosstalk XTμ happening at
the MCF is given by:

XTμ = 2σ2 =
2κ ·R · L
β ·Dmn

(1)

Fig. 1. Schematic of the operation principle.

σ2 =
κ ·R · L
β ·Dmn

(2)

being κ the coupling coefficient of the MCF, R the bending
radius of the MCF, L the length of the MCF, β the propagation
constant and Dmn the distance between cores.

The mean crosstalk from multiple cores to one core can be
represented as a sum of the mean crosstalk from each of the
multiple cores to the single core, because the mean crosstalk
is linearly proportional to variance, and the variance can be
summed in such cases [21]. By measuring the XT in only one
core, the contributions of all different cores are considered.

We propose using XT signals in a PoF system based on MCF
to infer how much power from the high-power laser (HPL) is
arriving to the RRH by sending it back to the CO through one of
the cores of the MCF. Fig. 1 shows a simplified schematic where
a high-power signal and a communication signal travel through
different cores of a MCF. The XT induced by the high-power
signal over the middle core is separated from the communi-
cations signal and sent back through the remaining core to be
detected. Because of the stochastic evolution of XT, we need
to compensate σ2 in order to successfully calculate the optical
power travelling though the MCF; we use a statistics-based
algorithm. Lower part of Fig. 1 shows influence of XT evolution
on detected power for different HPL power levels without (left
side) and with (right side) this filtering algorithm.

As an advantage, the core used to send back the XT signal
can be used to transmit other signals. Therefore, there is no need
when implementing this technique to rearrange the signals in
an already existing system, only to add a Wavelength Division
Multiplexer (WDM) to separate the XT from the other signals.

In high-power signal transmission, Stimulated Raman Scat-
tering (SRS) and Stimulated Brillouin Scattering (SBS) appear
after certain power levels. These thresholds PSRS and PSBS

are [22]:

PSRS =
16 ·Aeff

gR · Leff
(3)

PSBS =
21 · k ·Aeff

gB · Leff
· ΔvB +ΔvP

ΔvB
(4)
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Fig. 2. Schematic of PoF monitoring technique integrated in the experimental set-up with additional funtionalities. CO = Central Office, LD = Laser Diode,
COMMS = Communications, PD = Photodetector, HPL = High Power Laser, PC = Polarization Controller, VSG = Vector Signal Generator, VSE = Vector
Signal Explorer, MZM = Mach-Zehnder Modulator, SP = Splitter, FIFO = Fan In-Fan Out, MCF = Multicore Fiber, CWDM = Coarse Wavelength Division
Demultiplexer, LO = Local Oscillator, PA = Power Amplifier, PPC = Photovoltaic Power Converter, RRH = Remote Radio Head, SW = Switch.

with k = 2, Aeff effective area of the optical fiber, gB Brillouin
gain coefficient, ΔυB Brillouin gain bandwidth, ΔυP pump
laser linewidth, and gR Raman gain coefficient.

Equation (4) shows that PSBS depends on the pump laser
linewidth. Using a HPL with a wide linewidth, as a Raman
laser, and knowing that gR � gB for all wavelengths, makes
PSRS � PSBS . Previous simulations in a 7-MCF with effective
areas of 27 μm2 [23], show that SRS dominates over SBS for
an 8 GHz HPL linewidth and there is no SBS impact at 5 km.
Meanwhile SRS appears only for a 10 km 7-MCF when optical
powers over 1.3 W are injected. Also, in [13], PoF and 5G
NR transmission over a 10 km 7-MCF in a dedicated scenario
injecting around 500 mW was successfully tested. The possible
influence of non-linear effects on the technique needs to be
addressed for each specific case, depending on link length and
power levels. Anyway, as part of the calibration to implement
the filtering algorithm we characterize the behavior of the XT in
the system by measuring it for every HPL output power.

III. EXPERIMENTAL SETUP

The experimental setup used in this work is shown in Fig. 2.
This setup is intended to simulate a real SDM system where our
monitoring technique can be demonstrated. It can be divided into
three stages: the CO, the transmission medium and the RRH.

In the CO, all the signals are generated and the XT mea-
surement is performed. To generate the PoF signal, a 1480 nm
High Power Laser (HPL) able to generate up to 2 W is used.
Secondly, three Laser Diodes (LD) of 1532 nm, 1552.8 nm
and 1571.1 nm generate the optical carriers for the 5G NR
ARoF signals. These three signals are multiplexed using a
Coarse Wavelength Division Multiplexer (CWDM) and mod-
ulated using a Mach-Zhender Modulator (MZM). To generate
the 5G NR baseband signal and the electrical carrier, a R&S
SMW200 A Vector Signal Generator (VSG) was used. The low-
speed control signal is generated by a communications board
and a control board working together. The control board receives
commands from an external PC via USB and sends them to the

communications board, which converts them to the optical do-
main and sends them to the RRH as in [6].

The transmission medium is a 250 m long 7-core MCF with a
core diameter of 9.5 μm and a core-to-core distance of 38.5 μm.
The three multiplexed 5G NR signals are transmitted through
core 1 of the MCF. The low speed control channel is injected
in core 2. The PoF signal is divided by using three 1x2 optical
splitters and transmitted through cores 4 to 7. Core 3 is reserved
to send the XT signal back, see Fig. 2. The signals were arranged
in this way because, as (2) shows,σ2 increases when the distance
between cores decreases. Since core 1 is closest to the rest of the
cores than any other in the MCF, it is less suitable to transmit the
PoF signal or measure the XT. Therefore, we reserved core 1 for
the 5G NR transmission, taking advantage of the fact that it is
not harmed by the PoF signal, as it is shown in Section IV. Since
cores 2 and 3 present lower losses than the rest, we used them to
extract and send back the XT signal respectively, which are the
weakest signals in the system. The remaining cores (cores 4–7)
were used for the PoF transmission.

At the other end of the MCF, the three 5G NR signals are
demultiplexed using a CWDM and detected using a high-speed
Photodetector (PD). In the electrical domain, the 20 GHz electri-
cal carrier is converted to 1 GHz using a mixer and a R&S SMB
100 A signal regenator and amplified with a low-noise RF Power
Amplifier (PA). The frequency conversion of the RF carrier is
down converted so that the 5G NR signals can be analyzed with
a R&S RTO 1022 oscilloscope, which bandwidth is 2 GHz. To
evaluate the quality of the 5G NR signals, the RTO 1022 is
connected to the R&S Vector Signal Explorer (VSE) software,
which provides information about power spectrums, electri-
cal power, received constellations or Error Vector Magnitude
(EVM) of the received signals. This last parameter will be used
to evaluate the quality of the 5G NR signals transmission. The
low-speed control signal transmitted through core 2 is connected
to a communications board that performs an electrical-to-optical
conversion of the signal and transmits it to a control board. This
control board commands an electrical switch that manages the
PA’s power supplying. This way, the RRH’s power consumption
can be remotely reduced. From core 2, the XT signal is also
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Fig. 3. Signal proportional to the HPL mean power and noise characterization.

extracted using a demultiplexer and injected back into the MCF
through core 3. The PoF signal, which is transmitted through four
different cores of the MCF, is connected to four commercial Pho-
tovoltaic Power Converters (PPC) connected in parallel. These
PPCs can manage up to 200 mW each. The electrical power
obtained from the PPCs feeds the control board that commands
the electrical switch. The power consumption values of the PD,
the PA and the control board, which are the main elements of
the RRH, are 150 mW, 650 mW and 40 mW respectively. The
power consumption of the LO and the 5G NR VSE were not
taken into account because their only purpose is to measure the
5G NR signals, and in a real system they would not be present.

IV. EXPERIMENTAL RESULTS

We have performed a Back-to-Back (B2B) characterization of
the CW fiber Raman HPL at 1480 nm from 23 dBm to 33.5 dBm
in steps of 0.1 dB, measuring with a PDA20CS2 PD and a fast
oscilloscope the average power and standard deviation. We took
60000 voltage samples for each optical power. Results are shown
in Fig. 3. Higher standard deviations are present in the noisy
region from around 1 W to 1.4 W. As an example, at 30 dBm there
is a clear sine tone of 135 kHz. This behavior can be related to
the Transverse Mode Instability (TMI) effect, which appears in
Raman lasers due to fast TMI mode competition power exchange
or thermal diffusion dynamics within the doped fiber [24]. An
energy transfer between transverse modes occurs, generating an
unstable output. In [25], TMI is analyzed for two different pump
wavelengths, obtaining similar results to us.

A PoF transmission characterization was also performed.
Using the 1480 nm HPL, 23 dBm optical power was injected
through each one of the seven cores individually, and both the
transmission losses and the XT induced in the rest of the cores
were measured. The transmission losses through every core at
1480 nm are between −2.5 dB and −3 dB, and XT values range
from -40 dB to −60 dB. The maximum optical power received
at the RRH was also measured, up to 100 mW per core. We
measured the maximum electrical power that the PPCs generate
by obtaining the IV and PV curves for that incident optical
power. Fig. 4 shows the results for the four PPCs connected
in parallel. The maximum electrical power extracted from the

Fig. 4. IV and PV curves for four PPCs connected in parallel and receiving
100 mW each.

Fig. 5. Minimum EVM of the three 5G NR channels. Blue bars represent the
EVM in B2B scenario. Red bars represent EVM with MCF link.

four PPCs is 131 mW, which is enough to feed three different
RRH controllers.

Next, we evaluated the 5G NR signal transmission quality.
We first tested the quality of the 5G NR signal received at the
RRH in a B2B scenario, that is, removing the MCF from the
setup. The maximum EVMs are 2.43% for the 1532 nm channel,
2.27% for the 1552.8 nm channel and 2.38% for the 1571.1 nm.
Once the B2B scenario was tested, we added the MCF to the
setup. We observed that the maximum EVM increased to 3.27%
for the 1532 nm channel, 2.76% for the 1552.8 nm channel and
3.68% for the 1571.1 nm channel. Even though all three channels
worsen when the MCF is included, they all are under the 4.5%
limit established by the 5G NR standard. The difference in the
EVM increase between the different channels is caused by the
MCF’s FIFOs, which are designed for 1550 nm and have bigger
losses at 1532 nm and 1571.1 nm. Fig. 5 presents a summary of
the results. We also checked if the PoF signal affected the 5G NR
signals when simultaneously transmitted, and no influence was
observed. In, [13], this same measurement was performed for
a 10 km 7-core MCF delivering up-to 133 mW, and no impact
from the PoF signal to the 5G NR signal was observed. In [11],
BER measurements were performed in shared and dedicated
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Fig. 6. RRH power consumption and EVM evolution over time.

scenarios on a 4-core MCF launching 200 mW. No influence in
the dedicated scenario was observed.

We checked the low-speed control channel by using a com-
mand to toggle the electrical switch located at the RRH. We
measured the electrical power consumed by the PD, the PA and
the control board of the RRH as well as the EVM of the three 5G
NR communication channels every 10 seconds over 5 minutes,
and then we sent the command to toggle the electrical switch and
repeated the measurement. The results are shown in Fig. 6. For
the first 5 minutes, when the electrical switch is on, the EVM of
the three 5G NR channels range from 3% to 4%, and the RRH
total power consumption remains constant at 840 mW. When the
command to turn off the electrical switch is sent, the RRH total
power consumption is reduced to 190 mW, which is a 77.4%
reduction. As a consequence of turning off the PA, the EVMs of
the 5G NR channels increase by 10–12%. This test demonstrates
the capability to remotely control the RRH from the CO and that
the power consumption of the RRH can be significantly reduced.
Similarly to the case of the 5G NR channels, we do not expect
any interaction between the PoF signal and the control channel.

Once the PoF, the 5G NR and the low speed communication
channels were checked, we assessed the PoF monitoring tech-
nique. We first tested the behavior of the XT signal detected
back at port 3 of the MCF (see Fig. 2) when PoF signals are
injected through cores 4 to 7. We configured the HPL to inject
two different optical powers and took 1800000 samples in each
case. Results are shown in Fig. 7. The upper graph shows a
30-minute measurement of two XT signals for optical input
powers of 25 dBm and 30 dBm. In both cases, a slow variation
can be clearly seen. This variation is caused by the stochastic
evolution of the XT in MCF, which is described in [21] as a
chi-square distribution with the following probability density
function (PDF):

fσ2

(XT ) =
1

2σ2
exp

(
−XT

2σ2

)
(5)

The lower graph in Fig. 7 shows the PDF for both measured
XT signals of upper graph. The XT for a 25 dBm HPL looks
like a chi-square distribution. In the case of 30 dBm, a higher
frequency noise can also be seen, generating a wider distribution

Fig. 7. Upper graph: detected XT signal for HPL optical power of 25 dBm
(blue) and 30 dBm (orange). Lower graph: Probability distributions of the signals
shown in the upper graph.

Fig. 8. Signal proportional to the XT detected at CO versus the HPL optical
power.

(see lower graph). This noise mostly comes from the HPL, as
shown in the previous characterization, additionally to the fact
that the measured data for HPL powers of 33 dBm adjust again
to a chi-square distribution.

The slow oscillations caused by the XT are complicated to
filter out, requiring a specific signal processing. Having each
measured XT signal a specific PDF we can differentiate between
expected voltage values and anomalous voltage values for each
HPL optical power if the mean voltage Vμ and the standard
deviation σ2

V in each case are known. Therefore, we measured
this couple of values for all the HPL power range. Fig. 8 presents
the mean voltage Vμ and the standard deviation σ2

V detected by
the PDA20CS2 PD at the CO as a function of the HPL power
injected into the MCF for each one of them.

Fig. 8 also shows a linear fit of the mean voltage values
with a R-square goodness coefficient of 94.5% to the following
equations:

V [V ] = 0.00098055 · P [mW ]− 0.038612 (6)

P [mW ] = 1019.8317 · V [V ]− 39.3773 (7)
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Fig. 9. HPL optical power configured and calculated without XT walkoff
compensation (upper graph) and with XT walkoff compensation (lower graph).

Fig. 10. Matlab ad-hoc application to control the HPL, send commands to the
RRH and monitor the PoF signal in real time.

Using (7), the optical power injected by the HPL into the MCF
can be inferred, and using the standard deviation represented as
error bars in Fig. 8, voltage anomalies can be detected and the XT
walkoff can be compensated. To do so, we developed a real-time
algorithm that, knowing the optical power configured in the
HPL, measures the XT signal received at the CO through core
3, checks if the voltage is within the expected values and, if so,
gradually compensates the XT walkoff. The voltage limits were
set to V̄ ± 2σ, including 95.4% of the possible voltage values.
All the voltage values out of the 95.4% most probable ones
were considered as anomalies. This algorithm leads to real-time
results as the one presented in Fig. 9. The upper graph shows the
HPL optical power calculated from the voltage values in real
time using (7) when the XT walkoff compensation algorithm
is not being applied, and the lower graph shows the same
measurement after compensation. The optical power calculated
is stable thanks to the algorithm, and the noise of the HPL is
perfectly detected at around 1 W. This shows that the algorithm
works and compensates the XT walkoff without losing important
information about the monitored PoF signal.

Lastly, all the functionalities tested were integrated into an
ad-hoc Matlab application. The PC running this application was
connected to the control board of the CO to send commands
to the RRH, to the HPL to configure the HPL optical power,
and to the PD to record the XT measurements. The application
appearance is shown in Fig. 10. The controls for the HPL, the

RRH and the monitoring channel are located on the left side of
the application. The HPL control is used to turn on and off the
HPL and to change its optical power. The RRH control is used to
send the toggle command to activate or deactivate the electrical
switch at the RRH. The monitoring control turns on and off
the monitoring channel and shows whether the optical power
calculated from the monitoring channel matches the optical
power configured at the HPL. The graph on the right side of
the application shows the power configured at the HPL (orange
line) and the calculated optical power in real time (blue line).
The orange and the blue lines match for the whole measurement
time except for the final part. At 70 seconds the MCF was
disconnected, and the movement of the connectors can be seen
in the oscillation of the measurement between 70 and almost 80
seconds. From 80 seconds to the end of the measurement, the
monitoring channel detects a malfunction in the PoF transmis-
sion and shows it in two ways: in the graph on the right side of
the application and by lighting the “Power Good” indicator red.

V. CONCLUSION

In this work, we proposed a XT-based monitoring technique
for PoF signals in SDM systems with no additional power
consumption at the remote side. We tested this technique in a
functional SDM link based on a 250 m 7-core MCF transmitting
three multiplexed 256 QAM 5G NR signal reaching 1.8 Gbps
total throughput, a low-speed communication channel to control
a RRH, and a PoF signal shared between four of the seven
cores of the MCF. Transmission of all signals was achieved
with low transmission losses and with no negative interactions
between them. The 5G NR signals were received with maximum
EVMs below 4%, which meet the requirements of the 3GPP 5G
standard. The low-speed communication channel controls an
electrical switch located at the RRH that manages the power
supply for a RF PA, allowing to decrease the RRH power
consumption when necessary. The PoF signal was used to supply
up to 131 mW to the control board of the RRH. Good scalability
can be achieved since there was enough electrical power to
supply three different RRH control boards. Thanks to a real
time algorithm and an ad-hoc application developed in Matlab,
the PoF monitoring channel properly follows the optical power
that is injected into the MCF and allows to detect malfunctions
in the PoF link, demonstrating that this technique can be used
in real SDM links sharing transmission medium with different
type of optical signals.
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