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Abstract—Smart 10T solutions integrated in power grid
stations are important due to their high economic ad social
value. Power over fiber technology to remotely feedg sensors
and control electronics is a good choice in these@ronments of
high electromagnetic interference. A sensing systemesign for
magnetic field monitoring, fire and temperature/presence
detection and remotely fed by optical means is digssed. This
design includes two types of nodes, smart and pagsi Smart
remote nodes have an energy manager to provide powen
demand. Asymmetric splitting is proposed to optimiez power
distribution. Some tests on remote node power consption,
feeding, sensing and centralized monitoring in ong/pe of those
nodes are successfully performed and reported.

Index Terms— Electromagnetic compatibility, Multimode
optical fiber, Power-over-Fiber (PoF), Power distrbution, Sensor
network, Smart remote node, Internet of Things (I07).

|. INTRODUCTION
nternet of Things (IoT) is driving an increasinglgmand in

about the potential electromagnetic field impact knmman

health [2]. It is important to monitor radiatiorvéds as well as
to detect either sparks due to short circuits fribra high

voltage lines or the generation of hot spots duethe

deterioration of the insulators of the transformengents that
could start a fire. Sensing systems for fire andymetic field

detection can prevent those incidents.

In this framework, the use of Power over Fiber texdbgy
(PoF), firstly reported in 1978 [3], improves trdiability of
any loT solution by (safely) optically feeding themote
nodes. As this technique employs fibers as poweplguines
instead of electrical counterparts, it provides eigmt
immunity to surrounding electromagnetic fields tlaw®iding
the use of any conventional EMI reduction technimrethe
power distribution network of the different spdifalocated
remote sensing nodes and leading to cost savirgs.u$e of
optical fiber for remote powering also results inlighter
weight for this remote sensors’ power distributi@md
becomes safer due to its dielectric nature avoidihg
generation of any spark. Moreover it allows thevisioning

the extent and type of sensing technology deploymerof an alternative path to remotely power any sensicheme

almost everywhere. Novel sensor types featuring pawer,
low cost, small size,

with the aforementioned benefits. The PoF systenthat

and with high sensitivity andemote node can also charge a battery to providelfa

comprehensive functions can now be integrated aartsmsufficient sensor operation in case of unconvealfiaiisasters

remote nodes into sensor networks for novel apiics.
These remote nodes comprise sensors, control ahéxcty
transmission units and other electronic devicesdhaeed to
be powered somehow thus leading the method foropepr
power supply to a key issue in this applicationnsc®. This
problem becomes critical in strong electromagnsdidiation
areas with high electromagnetic interference (E&tiyl other
harsh and noisy environments such as those with ofs
explosion due to sparks and/or fire [1]. If thegeas are
critical infrastructures, more attention is everguieed to
improve their protection, security and resilienage do their
high economic and social value. This is the casepfawer
grid facilities. They are a source of localized tigpagnetic
fields, close to urban centers, with the populat@mcern
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to assure service continuity and resilience as agjproviding
a monitoring or feedback channel to check and obritre
remote node status. Those features are aligned awuittent
smart loT solution demands. In any case, the éattenergy
from the photovoltaic converter (PVC) can drive s@s,
processors and other electronics comprising thertsind
remote node.

PoF technology provides optical power delivery in
applications covering multiple high-end fields thate
compatible with 10T requirements. As in high-vokagnd
high EMI environments [4, 5], to optically powermete
antenna units [6-9], in defense applications [16r
temperature measurements with optical fiber pyrensetn
hazardous environments [11] or to feed a videoailiance
system [12], but for mostly applied to a single c¢éensensor.
PoF is also used to monitor and control the pasitb fiber
optic connectors in passive optical networks (PONS), in-
service PON monitoring [14], as well as a solutifor
powering remote nodes for measurements of turbidityg
acoustic in seafloor [15]. Some PoF designs incladker
multiple sensor feeding capabilities [16-18] or aele to
provide a feedback data communication link to tha~ P



transmitter [19]. However, there is not an integdagpproach
for solving different problems in a specific scéoasuch as
health and safety matters in electric power tragsion lines
with high reliability. There is not a proposal ofmart sensor
with an embedded energy manager (EM) that is capabl
simultaneously feeding the electronics in the remaide and
charging an external battery. Finally, there isaeklof a full

analysis for any PoF solution to operate differgmqes of

remote nodes with different power demands.

In this paper, the design of a smart centralizeld stem
for loT purposes in power grid stations and capatie
addressing remote nodes fed by an optical fibeh&wsh and
noisy environment applications is discussed, extendhe
electronic designs reported in [20]. A smart remuide with
both monitoring and power management functionalitie
developed with autonomous operation enhancing eséme
time the overall power transfer efficiency providegdthe PoF
system. A proof of concept is developed by opticédleding
one node with monitoring and power
capabilities that comprises an array of integraedperature
sensors (presence sensor) and a spark/fire detebtor
addition, we extent our experimental results bylymiag the
scalability of the proposed centralized PoF sysessuming
an asymmetric power distribution network topology fiodes
with different power consumption requirements.

Il.  POF NETWORK T TECHNOLOGY

A schematic of the proposed centralized PoF system

shown in Fig. 1 for feeding N remote sensor nodea star
topology. The system comprises a PoF transmittethat
central office (CO) that includes a high-power ta@#PL), an

optical fiber of length L, a 1:N power splitter fogmote node
power distribution, N photovoltaic converters (Pvad N

remote devices/nodes. The latter within this wask @ssumed
to be deployed for health, safety and control nuoing

purposes in power grid stations and power linedheEi
symmetric (same power is delivered to all remotdes) or
asymmetric topologies for the power distributionweerk are
considered, as described in section 3.

management

Pok
Transmitter

Vee

PoF
Receiver

Smart Node 1 A

Optical Fiber

l m
link

MONITORING CHANNEL

Smart Noden A

il

e |
CONTROL
t |
Laser DRIVER] 2
N
[ I,'!
L=

_____

Fig. 1. Schematic of the generic PoF topology esing N remote sensor
nodes. HPL: High Power Laser. PVC: Photovoltaicvester. Some smart
nodes @A) with monitoring capabilities are shown. Inset:ymametric

topology.

The smart nodes have additional functionalities #mas
demand more energy. They include an EM that alli@eding
both the sensor module and a battery. It supportself

sufficient remote node operation in case of powetage.
There is also a monitoring optical channel for calited
battery status and control operation management.

The overall efficiency is a critical design factarany PoF
system. It directly depends on three fundamentfitiefcy
terms: the electrical to optical conversion effigg of the
transmitter (N1), the transmission efficiency of thptical
fiber (N2), and the optical to electrical conversiefficiency
of the PVC at the remote node (N3). Previous stuffiehave
defined the Energy Efficiency in a power over fils&ystem,
SEE, as the product of N2 and N3. However, we éefin
Global Energy Efficiency (GEE) for the PoF systemliiding
the term N1 [20] thus yielding to a ratio betweaw Electrical
power magnitudes. The GEE figure of merit alsoudek the
coupling efficiency between the laser and the aptiiber as
well as the losses in the connectors in the termT2 GEE
is given by:

_ Energy provided to REMOTE NODE

=NIxN2x N2 (1)

Energy provided to HPL

Because of the wavelength dependence of the oiial
attenuation and the power conversion efficiencie$dCs,
the selected power signal wavelength depends on the
distribution link length [7]. Maximum experimentehlues of
58 % for AlGaAs/GaAs PVCs at 808 nm [21] and 45 @ f
InGaAsP/InP PVCs at 1550nm [22] are reported. Harev
commercial available devices show lower conversion
efficiency values.

I1l.  APPLICATION SCENARIO AND POWER OVERFIBER DESIGN

The safety and security in electric power distridoot
substations, see Fig. 2, within the power grid Sseatial to
maintain vital societal functions as being a caiic
infrastructure. The increasing concern about the
electromagnetic field impact on human health dermsand
sensing systems to monitor those fields in a paubstation.
Also, the infrastructure security and protectionmdeads
specific sensing and surveillance systems to mofidmes or
detect undesirable presences within the substdtaitity.
Finally, infrastructure resilience issues requimeag solutions
to provide an alternative power supply as well asnzart
autonomous operation against power outages duedsiljpe
criminal threats. Power over Fiber technology goad choice
for all these requirements with the following feats!

* multiple sensors fed in a centralized fashion,

« flame detection, human body radiation
temperature measurement,

* remote feeding at hundredths of meters from CO,
redundancy and an intrinsically safe feeding system
(battery and PoF energy sources),

* monitoring channel to send the status of the dsffer
remote sensor nodes back to CO,
on demand delivery, depending on battery status.

and

Current off-the-shelf low-cost and low power



consumption sensors can improve both fire and sidgru

system efficiency a selected HPL operating waveteraf

detection systems. Their low power consumption mak&8nm becomes an optimum choice. The optoelectronic
them compatible with PoF technology and fulfill loT
needs.

Fig. 2. Power distribution substation with 10T sy solutions for emerging
threats.

The selected sensors with power consumptions tgntas
of mW are shown in Table I, suitable for the targetnario.

In the following we discuss a generic PoF distiitut
network design with two types of remote nodes wlifferent
power consumption requirements. The first node tiga

smart remote node with both fire detection
TABLE |
CONSUMPTION OFSELECTED SENSORS FOR THH ARGET SCENARIO
Flame
Devices LIS3MDL  ISM303DAC Detector AMGB8833
Module
Consumption o/, 2.33 15 14.85
[mW]
Sensor type Magnetic Magnetic Flame Temperature
D'n[";'r]ns]'ons 2x2x1 2x2x1 36x50x12  78x10.9x4.3

temperature/presence monitoring capabilities. lheds an
Energy Manager (EM) that provides energy deliveny o
demand by the PoF system to operate the remote aratiéo
charge the battery at the same time or independdatl
security and resilience purposes. The smart remote also
provides an upstream optical link of 1 kbps datte ro
transmit the measured information as well as thiebastatus
to the CO. An experimental proof-of-concept of dfseration
is addressed in section 4. The second type of ramesidered
for our scalability analysis although not experitady
implemented, is a passive node for magnetic fieldsig
applications wherein the selected sensors thatdcdd

converter employed at the PoF receiver is an AlG@aA8s
multi-junction  compound  semiconductor  photovoltaic
converter (PVC), model OPI-6G-FC from L2W EnergneT
conversion efficiency of the chosen PVC, optimizdthis
wavelength, is around 40%. In our previous work][X@r
PoF fiber spans beyond 1 km the fiber attenuatmefficient
starts to be the most critical term, and PoF opeyat
wavelengths around 1480nm would provide a bettee Gior
the PoF distribution network we select a 200/225
core/cladding diameter step-index silica multimdiBer. This

is for two main reasons compared to standard 6255{in
silica fiber counterpart: a) to maximize the HPLusm-to-
fiber coupling efficiency, and b) to maximize thetical
power limit that can be injected into the fiber dref damage
might occur. In both cases, greater values arar@uteor the
200/225um fiber so more optical power can be injected into
the system thus being the PoF system able to aldrgeeater
number of remote nodes. The selected fiber hastanuation
coefficient of 7dB/km at 808nm. With these numbarsd
assuming a 29% of electrical-to-optical power caosion

andsficiency of the HPL (extracted from the vendatiatasheet)

we roughly estimate a GEE for the designed PoFerysb be
around 9.3% for a 300m-long point-to-point topologis
figure of merit is much better compared to the caroially
PoF solution available in [23] where a GEE of amdi3% is
achieved for a 10m-long 62.5/13/ silica multimode fiber.

B. Power distribution design

If a symmetric power distribution is considered tame
optical power is distributed to each branch, with:ld optical
splitter. But considering a generic case where tyges of
remote nodes with different power consumption rexquents
are deployed, an asymmetric topology provides aebet
performance to distribute the power among the remotles.

The proposed asymmetric architecture considerstyyes
of nodes, node A and node B, and assumes power

requirements on smart node AF,’NAW, greater than power
requirements on passive node B . The asymmetric
architecture uses 1x2 splitters. Bg, < B, , the splitting

stages on node B, is greater than the splitting stages to

implemented, - either LIS3MDL or ISM303DAC, have areach a node An,. Initially 50% of the electrical power at

magnetic field dynamic
respectively [20]. They are able to detect the me#gn
radiation levels harmful to health.

A. PoF design

As part of the PoF transmitter, the HPL has a marim
optical output power of 1.5W. More details aboute th
electronics in the transmitter are reported elsee/fit8]. On
the other hand, the required link length considei@dour
application is 300m. From this length, the PVC afincy
term N3 in Eq. (1), becomes the dominant factor ttoe
overall system efficiency GEE. Thus to maximize theF

range of x1.6mT and 5mT,

the remote sitd:,%, is devoted to each type of nodes. In this
scenario there is an even number of nodedNA)(with power

P4 and nodes By ) with power B given by:

N, =2 with B, = F%w )
Ng =2* with B = 7 ®)
B~ with B = onet



Afterwards, nodes A are given priority for beinglfeNe

IV. EXPERIMENTAL SETUP AND RESULTS

allow creatingM , new nodes A by reallocating some power The electronic design of the remote node and itsepo

from M, nodes B to nodes A, thus increasing the noksl'gs
with P, in detriment of the nodebl, with powerP, .

The total number of nodell is N = N'A + N"3 being:
N,=M, +2" (4)

N, =2"-—M

B

®)
In this final scenario, the procedure to design skasor
network is following described. The number of nodefed by

a minimum powerPNAnv is given by:

N’ —round{ i } (6)
2P,

Then the minimurmn, and M, values fulfilling Eq (4) are

andM, = 2*"M

B

obtained. As an example, i, =5 thenn, =2and M, =1.

demand optimization is a key factor. Within thistsen we
address the PoF receiver design and implementatiotne
smart remote node, the experimental measuremenéestats
functionality as well as its power consumption.

A. Setup

Fig. 3 shows the block diagram of the PoF systepaloke
of remotely feeding different nodes at the remott,s
although only the smart remote node with advanced
functionalities is implemented as a proof-of-corticephis
node (PoF receiver) provides smart functionalities fire
detection and temperature/presence sensing anddsnde
Energy Manager (EM). It uses a flame detector moduld an
infrared array sensor based on MEMs technologynirBz8
matrix topology. The receiver includes an AlGaAs/GaAs
multi-junction  compound semiconductor  photovoltaic
converter (PVC), the control electronics based ofi6abit
ultra-low power microcontroller with power consurmgt in
active mode of 330A at 1IMHz and 2.2 V of operation, a
VCSEL (Vertical-Cavity Surface-Emitting Laser) for
upstream communications operating at 840nm withrecir

The n, splitting stages that provide a minimum poweflemand of 1.5mArms, and an embedded EM. The EM

PNBmin on nodes B is given by:

n, = floor {Iog2 (iﬂ (7
2R,

with Ng =N, +1. Then the number of nodes B, |N
derived from Eq (5).
As an example, fdg. =1.0V, R, =100mW and

P

NBmm

=50mW , respectively, from Eqg. (6) resultsmjA =5
nodes consuming 100mW thus yielding =2 andM, =1
from Eq. (4). From Eq. (70, =3 is obtained resulting in

integrates a 130mAh lithium ion battery (3.7V, 48tm) for
energy storage, a switch module to select betwéamnging
the battery and/or feeding the load and three DC/DC
converters (two buck- and one boost-) to adaptedbfit
internal voltage values to the different sensingicks and
electronics implemented for the smart remote notlee
storing device, i.e. the battery, permits the ntmleperate in
an autonomous way, in absence of the energy traeshty
the PoF system. The VCSEL transmits the sensor& da
through the fiber to the CO where the PoF tranemiis
located. The uplink fiber is a standard 62.54lB5
core/cladding diameter silica multimode fiber asréhare no
requirements for a high-power transmission on timk. At
the PoF transmitter site a switchable gain photadet
receives the upstream data traffic at 840nm of Vesggh

g = 6 nodes, from Eq. (5), consuming 62.5mW. Thereforgyrior to be converted into voltage by means of a

a total of 11 nodes could be fed, 5 nodes A consgmitransimpedance amplifying stage in the electroroenain.
125mW each and 6 nodes B consuming 62.5mW eacim, frd-inally, based on the status info received by #raate node,

1x2 cascaded optical splitters.
A more realistic approach in a PoF system consitlers

excess loss, in natural unitSL <1, of each splitting stage.

The previous equations are valid but consideringneav
minimum power at both nodes,Ph',Aﬂin and Phllem

, respectively. If all splitting stages have the saweess loss
they are given by:

Py, = M/(ELN)
P NB, — PNBW / (ELNE)

na+l

(8)
(9)

ng+1

the control unit in the PoF transmitter operates HPL
accordingly. As previously discussed, the fibedlgzployed
for the PoF link consists of a 300m-long 200/225
core/cladding diameter silica multimode opticakfib

The inset of Fig. 3 depicts the data received friva
upstream communications channel described in restios.

B. Consumption and efficiency measurements

From the experimental measurements, both the GHEen
efficiency of the PVC module are obtained.

The optical incident power to the PVC is 925.5 mwd a
the converted electrical power is 340mW thus givin@VC
conversion efficiency of 37%, following [24].sd (short-
circuit current) and ¥Yc (open-circuit voltage) are measured
and the PoF system GEE efficiency is of 9.83%. &inine



the scalability or the maximum number of remotesses that
can be optically fed by the designed centralizeB 8stem, it

LIS3MDL-based passive remote node could demand 24hwW
power consumption including the required contr@cglonics

is necessary to determine the consumption of eactote for a proper node’s operation.
node type. From our estimations, the magnetic genso
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Request:OFF PoF — Remote
Status of Battery :1921 Recei - Node
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Fig. 3. Remote smart sensor node design with edgzb&nergy Manager. Smart Node comprises a firectieh system and a temperature/presence sensor.

PVC: Photovoltaic Converter

In contrast, the consumption of the smart remotdeno operation of SmA.

where the flame detector module, the temperatwgsémce
sensor, the energy manager and the optical upliokitoring
system are included, depends on its operation randestatus
thus leading to different electrical current densnthis fact
is shown in the set of figures comprising Fig. 4g.F(a)
depicts the experimental setup to measure the pdemmands
required from the smart node. Fig. 4(b) shows tleasuared
electrical current demand depending on the nodeatipa
mode. We distinguish two operation modes, both dgdhe
PoF system: (A) namely <<charging+sensing>> whinad
detection and temperature/presence sensing arerped
with simultaneous battery charging; and (B) whemky dlame
detection and temperature/presence sensing arerped
with no battery charging, as it is fully chargeah both
operation modes the monitoring uplink optical medalways
transmits information to the central office, whete PoF
transmitter is located, regarding the measured filata both
sensors as well as the battery status, see insEigof3. A
custom-made communication protocol is implementedHis
purpose, thus transmitting 25 bytes of data fraraesry
300ms at 1 kbps of bit rate. This communicationtquol is
established to reduce power consumption but coeld\en
further improved.

From Fig. 4(b) when the battery is fully charged. i
operation mode (B), the average current demantietinart
node results in around 8mA thus leading to aroubh\& of
power consumption. This overall
involves the current demands of the two sensorcesyithe

upstream data communication laser and the contr,

electronics. The temperature/presence sensor dendabhA
of electrical current whereas the flame detectordute

operates at 0.3mA. The ultra-low power microcoterol

current consumption

Nevertheless, when the electrical power providedthsy
PVC is employed to simultaneously feed both sedseices
and charge the battery, the current demand resuitpeak of
27mA, operation mode (A), thus leading to aroun@ri®/ of
power consumption for the smart remote node.

(a)

DATA

B 2

| [—

Current
Monitoring

|source
—

PoF Receiver

| vs time
source

(b)

Charging + sensing (A)

30
~27TmA

N
o

current{mA)
)
S

Average consumption
during measurements  (B)

~8mA

0 5 1‘0 1A5 20
time(hours)
gli{g. 4. (a) Experimental setup to characterizesimart remote node power
and; (b) Smart remote node electrical currentatel depending on its
operation mode.

The transient curve from operation mode (A) to afien

demands 0.33mA. The monitoring uplink VCSEL is peece  M0de (B), see Fig. 4(b), illustrates the processretthe
at 3.3V with average current demand (root-meanmuabatter_y starts to be fully charged thus leadingatoless
value) of 1.5mAys as the output light is being modulated an@lectrical current (and power) demand from the Bpstem,

the laser transmits every 300ms from a nominalenirbias

where only the operation of both flame and tempee#t
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presence sensors is required. PoF transmitter is in ON-state the electrical powenverted

From these experimental values and assuming ar idéy the PVC is employed for simultaneously feeding éntire
high-power handling 1:N symmetric optical splitfer energy smart remote node (including the sensor devices)charging
distribution, the designed PoF system could fedbeeil4 the battery. When the battery is fully charged, timink
passive remote nodes or 2 smart remote nodes @dth monitoring system sends a command to the contgit lonit
operation modes). These numbers increase by regiub®  at the PoF transmitter to switch OFF the HPLD Btgrhow
length L of the link or increasing the total output poweknhe remote node being fed solely by the battery.

provided by the HPL source. However, another opt®mo
consider a 1:N asymmetric optical splitter topoldgy the
power distribution network based on 1x2 cascaddittisg
stages and targeting the two types of remote naddeessed:

smart- and passive-. We defid\é'A and N;Bas the number of

smart- and passive- nodes that can be addresséuke byoF
system with 50mW, if only operation mode (B) is sioiered,
and 24mW of power consumption, respectively. Th&lto

available power measureB is 340mW. From previous Eq.

(2)-(7) and in the ideal case with no excess lo$san the
splitting stages it results in a figure of merit
Ny,=3and Ny=2 or N,=2and Nz=4 nodes,
respectively. Even if using 1x2 3.5dB insertionslagptical
splitters and considering Eq. (8) and (9), the sanmaber of
nodes can be remotely fed by the PoF system.

C. Test on application scenario

As a proof of concept, a smart remote node thatides the
AMG8833 temperature/presence sensor, the flamectdete
module, the microcontroller-based control electtenithe
energy manager (external battery included) andrtbeitoring
optical uplink is developed. The AMG8833 sensinyice
consists of an infrared array of sensors that pe\an 8x8
matrix (64 pixels) of thermal microsensors withlretsame
package. It allows the detection of a temperatarge from
—20 °C to 100 °C. This range permits the detectibrthe
thermal radiation produced from different entitilse human
body, or an abnormal thermal radiation pattern tlmuean
external cause. It is able to detect thermal ramiathanges up
to a distance of 7 m. The experiment, shown in Mg.
demonstrates the feasibility of remotely powering RPoF a
smart remote node with the above mentioned charstits.
In addition to the remote sensor node, a set oéldgment
boards (mainly Arduino one module and 12C-1Wirevaoter)
and a computer are used for debugging purposesatbatot
required in the final deployment and are electhycfd.
Experimental results on the different functionakti
implemented within the smart remote node are shiovirig. 6
as well as in the inset of Fig. 3 where an examoplthe data
received at the PoF transmitter is shown. Thesa ctatprise
the HPLD current status, the battery charge leth&,readout
from the flame detector and the measured temperéitaur°C)
from pixels 1 to 5 from the 8x8 temperature/presesensor
matrix. The readout provided by one pixel of
temperature/presence sensor is shown in Fig. 6(ag
temperature changes by the presence of a humanlbcated
1.5m far away from the sensor’s active area (see %) are
clearly identified.

On the other hand, the monitoring uplink syste
functionality is depicted in Fig. 6(b). While thePHD at the

of

the

m

Fig. 5. Picture of the PoF system experimentsezhout to feed a smart node

that includes a temperature/presence sensor, a fi@tector, microcontroller-

based control electronics, an energy manager andpsiieam optical data
channel.
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Fig. 6. (a) Experimental test of the temperatussipnce sensor implemented
in the smart node; (b) Experimental test of theteogtstatus monitoring
functionality implemented in the smart node. HPIHIgh Power Laser Diode
at the PoF transmitter.

D. Discussion

The PoF technique is now seen as a realistic opton
remotely and optically feed some elements or sgndavices
in harsh and noisy environments thanks to the temdwvances
in power-efficient innovative hardware, low-energyedium
access control protocol and power consumption gavin
electronics. New PoF applications are currently ngei
explored, particularly within the future 5G framakavhere
the reduction of the cell size of remote radio seachere the
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antenna is located, forecasts a dramatic reductibrthe

7

[5]F. V. B. De Nazaré and M. M. Werneck, “Hybrigtoelectronic sensor for

overall RRH power consumption. Remotely powering theurrent and temperature monitoring in overheadstrassion lines,”|EEE

RRHs via PoF means may provide an “all-optical’uioh

once it is clear that the fronthaul topology to pop the
required data-rates for future 5G infrastructureeds to be
deployed in the optical domain. Some work has bdemne
introducing the concept of PoF pooling [25] whicdnamake
PoF scalable to outdoor small cell deploymentswal as for
feeding a 100GHz photoreceiver operating in thdimnéter-

wave region with electrical power demand of 60mVveé][2
being similar to that of required to operate thevelieped
smart remote node as a proof-of-concept of an @idtisn for

power grid stations. Therefore, the upcoming 5Gnetogy is
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system while operating the remote node providesdatitional
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office, allowing power on demand depending on Hudttery
and remote node status.
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global efficiency around 10%, greater than currefitthe-
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