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ABSTRACT We propose a power-over-fiber system with a new photovoltaic converter voltage control
technology consisting of intermittent operation of a light source based on capacitor voltage estimation to
achieve high energy efficiency. This efficiency is made possible by ensuring the photovoltaic converter
voltage stays within an appropriate range. However, detecting and controlling the voltage on the photovoltaic
converter side would waste power. In our system, a controller on the light source side estimates the voltage
of photovoltaic converter side from our circuit model and controls the photovoltaic converter voltage by
controlling light source activation/deactivation. Therefore, it is possible to maintain high photoelectric
conversion efficiency without wasting power on the photovoltaic converter side. We show that this method
can significantly improve energy efficiency from 11.0% to 22.4% compared to a method that controls
the voltage on the photovoltaic converter side. We also demonstrate that an optical switch with a power
consumption of 130 mW can be driven with 5-mW optical input. Our power-over-fiber system is practical
because its optical power is low and safe enough to be used in existing optical access networks.

INDEX TERMS Power-over-fiber, single-mode fiber, intermittent operation, photoelectric conversion

efficiency, photovoltaic converter.

I. INTRODUCTION

Power-over-fiber (PoF) is a technology that supplies elec-
tric power to electrical devices using a photovoltaic con-
verter (PVC) which converts optical power from a light
source passed through an optical fiber. Because it has high
immunity to electromagnetic noise and low transmission loss
of the light, it is a useful power supply system for electrical
devices located in outdoors or at locations far from the power
source. Many studies have been conducted on PoF systems
to obtain high electric power to operate electrical devices
by using optical fibers specifically designed for high-power
optical transmission or by developing a PVC with high
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photoelectric conversion efficiency [1], [2], [3], [4], [5], [6],
[7], 8], [9], [10], [11], [12]. As an example of the maximum
power supply possible, Matsuura et al. reported that high-
power laser-diodes and photovoltaic power converters based
on the vertical epitaxial monolithic heterostructure architec-
ture could be combined to supply 43.7 W electric power
from a 150 W optical power input via a 300-m double-clad
fiber [12]. Other studies on PoF systems used low-power
laser diodes (LDs). As an example of the minimum power
supply, Lépez-Lapefia et al. used a low-power 2 mW LD
to continuously supply 105 uW electric power to a sensor
through a multimode fiber (MMF) [13]. The sensor worked
at a sampling frequency of 200 Hz and transmitted 16-bit
data via the MMF. Additionally, Roeger et al. used a 2.2 mW
optical power input to drive a microelectromechanical
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system (MEMS) optical switch through a single-mode fiber
(SMF) [14]. The safety limit of optical power for optical
fiber communication systems installed in public areas is spec-
ified to be 115 mW by the International Electrotechnical
Commission (IEC) [15]. Therefore, these PoF systems are
applicable to existing optical access networks. All studies
mentioned above operate devices that consume less power
than the power supplied by the PoF system.

PoF systems that operate electrical devices whose electric
power consumption exceeds the power supplied by the PoF
system have been reported. These systems set a capacitor
beside the PVC and operate the electrical devices intermit-
tently. For example, Diouf et al. proposed a PoF system that
uses to optical power input of 2.5 W to obtain 190 mW
of electric power after transiting 8 km of SMF [16]. They
operated a sensor with an electric power consumption of
240 mW by charging a capacitor mounted beside the sensor.
Mei et al. proposed a system that operated various sensors
by the electric energy stored in a capacitor charged by the
226 mW electrical output of a PVC with 10.9 km transmission
over SMF [17]. In addition, the authors proposed a PoF
system with a capacitor to drive an optical switch with an
electric power consumption of 130 mW using a 10-mW light
source via SMF [18]. Our PoF system uses safe optical power
and so is also applicable to existing optical access networks.
However, the energy efficiency of our proposed PoF system
was low. The photoelectric conversion efficiency of a PVC
depends on the voltage applied to the PVC. However, the
voltage of the capacitor depends on the amount of electricity
stored. Therefore, in a PoF system using a capacitor, it is
necessary to hold the PVC voltage to within an appropriate
range in order to maintain high photoelectric conversion effi-
ciency. Diouf et al. set a switching regulator between the PVC
and capacitor so that the PVC voltage is not affected by the
capacitor voltage [16]. Mei et al. used maximum power point
tracking (MPPT) technology to control PVC voltage [17].
However, switching regulators consume energy during volt-
age conversion, as does MPPT operation. In order to improve
the energy efficiency of a PoF system, it is necessary to
maintain high photoelectric conversion efficiency and reduce
the energy consumed to control PVC voltage.

In this paper, we propose a PoF system with a new PVC
voltage control approach that uses intermittent operation of
the light source based on estimates of the capacitor voltage
on the PVC side to achieve high energy efficiency. In our
system, the electric power output by the PVC is directly input
to a capacitor mounted beside the PVC, and a controller
installed beside the light source controls the light source to
keep PVC voltage appropriate to ensure high photoelectric
conversion efficiency. Because our system does not need
to control the PVC voltage on the PVC side, the energy
consumption on the PVC side is reduced while photoelectric
conversion efficiency is kept high. In Section II, we describe
the circuit model for voltage estimation and experimentally
determine the model parameters. In Section III, we con-
firm the validity of the intermittent operation of the PoF
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FIGURE 1. (a) Proposed PoF system. (b) Photoelectric conversion
efficiency of a PVC directly connected to a capacitor.

system through experiments on a prototype remote node.
In Section IV, we demonstrate our PoF system driving an
optical fiber switch. Finally, our conclusions are presented
in Section V.

Il. PROPOSED INTERMITTENT OPERATION CONTROL

A. PRINCIPLE

The basic configuration of the proposed PoF system is shown
in Fig. 1(a). A controller, an LD, and a photo diode (PD) are
set in a central office (CO). A remote node and an electric
device are in the field. The controller controls the remote
node via the LD and PD, and the remote node controls the
electric device. Regular SMF connects the remote node to
the CO. The downward light and upward light are multi-
plexed and demultiplexed using an optical circulator. A PVC
and a capacitor are installed in the remote node to convert
the received feeding light into electricity and store it in the
capacitor. To prevent the electricity in the capacitor flowing
back into the PVC when the driving light is off, a backflow
prevention diode is set on the PVC’s output. The remote node
is also equipped with a micro processing unit (MPU), which
processes instructions from the CO. In addition, the electric
device and optical signal modulator (OSM) are driven using
the stored energy held in the capacitor. To minimize the power
consumption of the standby remote node, the MPU goes into
sleep mode and the electrical device is inactive. Only when
the LD is on and the controller of the CO sends a command
to the remote node, is the MPU in sleep mode triggered to
wake by the fall of the superimposed signal. The electrical
device is then turned on by a load switch (LSW) and the
power held by the capacitor is supplied to the device via a
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direct current-to- direct current (DC/DC) converter. After the
device operation is completed, the completion report is made
to the CO, and the MPU enters sleep mode again. The remote
node splits the continuous downlink light and modulates part
of it in the OSM. The modulated light is returned to CO as
the uplink signal light.

The minimum optical received power of the remote node in
this configuration is determined as follows. An example, the
CO’s transmission loss, L;, is reported to be 3.3 dB in [18].
The SMF line loss of the optical fiber network, including
the connection loss, is reported to be 1 dB/km [19]; the
outdoor optical fiber line loss L, was set at 7.0 dB as 99% of
public switched telephone network subscriber lines are less
than 7 km [20]. Therefore, when the output power of the LD
is 115 mW, the minimum light power received at the remote
node is 10.7 mW.

Since the PVC and the capacitor are connected, the output
voltage of the PVC basically equals the capacitor voltage. The
photoelectric conversion efficiency of the typical PVC varies
with the output voltage. Fig. 1(b) shows the power conversion
characteristics of a PVC directly connected to a capacitor. The
vertical and horizontal axes plot the photoelectric conversion
efficiency and the voltage of the capacitor, respectively. When
light of sufficient intensity is supplied to the PVC, the conver-
sion efficiency of the PVC is linear to the capacitor voltage
if the capacitor voltage is under upper threshold Vy. How-
ever, when the capacitor voltage exceeds Vp, the efficiency
decreases and most of the optical power is wasted. Our pre-
vious PoF system continuously supplied optical power from
the LD, so when the capacitor voltage exceeded Vg the output
power of the PVC saturates. Therefore, the energy stored in
the capacitor is very small relative to the energy supplied by
the LD, and the efficiency of energy charging was poor. In this
paper, the photoelectric conversion efficiency is kept high by
intermittent operation of the LD to keep the voltage of the
capacitor between V;, and Vg . For this control, it is necessary
to know whether the voltage of the capacitor. Usually, in order
to know the value, it is necessary for the MPU to measure the
capacitor voltage and transmit the measurement result to the
CO using OSM. Of course, during this data collection and
transfer process, both MPU and OSM consume the energy
stored in the capacitor. Therefore, in this paper, instead of
using MPU and OSM to monitor the capacitor voltage in
the remote node, the capacitor voltage is estimated at the
CO side.

B. INTERMITTENT OPERATION
The LD is intermittently operated to keep the photoelectric
conversion efficiency high as follows:

1) When the electric device is inactive, the on-off opera-
tion of the LD keeps the capacitor voltage within the
operating voltage range of Vg and V..

2) During operation of the electric device, the capacitor
voltage is maintained between Vg and Vi, even after
activation is terminated, to ensure proper start-up volt-
age and sufficient capacitor charge.
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FIGURE 2. Capacitor voltage control using intermittent operation for the
remote node.

As shown in Fig. 2, the LD power supply is turned on
until the capacitor voltage of the remote node reaches Vy,
where upon it is turned off. When the capacitor voltage of
the remote node reaches Vy, the LD is turned on again. Vi,
must be set greater than the minimum driving voltage VBottom
of the MPU. To evaluate the efficiency of the PoF system,
we employ the metric of Energy Charging Efficiency, ECE,
which is expressed as:
Energy charged in Capacitor

ECE = - ey
Energy provided by LD

In this paper, after setting the target value of photoelec-
tric conversion efficiency, ECE is compared between PoF
systems with and without intermittent operation. Since the
capacitor voltage cannot be estimated in a PoF system without
intermittent operation, the LD is controlled by obtaining the
capacitor voltage through communication at fixed intervals.
In the PoF system with intermittent operation, the capacitor
voltage is estimated at the CO side, and LD is activated as
appropriate.

C. CIRCUIT MODEL FOR CAPACITOR

VOLTAGE ESTIMATION

In order to estimate the capacitor voltage of the remote node,
we assumed a circuit model for the electrical circuit part
including PVC. Fig. 3 shows the circuit model (a) when
charging the capacitor with the LD active and the circuit
model (b) when discharging power from the capacitor with
the LD turned off. First, the voltage estimation model at
the time of charging is explained. In general, from the I-V
characteristics of PDs such as PVC, the output current is
expressed as [21]:

eVpvc nPoek
Ipve = —Jo [exp( T ) 1] t (2)
where Jy, e, Vpyc, n, k, T, n, Py, A, h, and ¢ are the
inverse saturation current, elementary charge, output volt-
age of PVC, diode ideal coefficient, Boltzmann’s constant,
temperature of PVC, quantum efficiency of PVC, the optical
input power, the optical input wavelength, Planck’s constant,

and speed of light, respectively. I} and I, are the current
flowing through the MPU and the current flowing through the
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FIGURE 3. (a) Circuit model during charging; (b) Circuit model during
discharging. PVC: Photovoltaic converter, MPU: Micro processing unit,
CAP: Capacitor.
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FIGURE 4. Current model for the MPU. MPU: Micro processing unit.

capacitor, respectively. We assumed the [-V characteristic of
the MPU are equivalent to those of the circuit shown in Fig. 4.
Here, we assumed that although the MPU basically operates
in sleep mode, there are two types of currents flowing through
the MPU: constant- current Icc and current KypyVwmpu,
which is proportional to voltage Vipy applied to the MPU.
Thus, I is given as follows:

I} = Icc + KmpruVmpu 3)

The I-V relation of capacitors is well known to be

1
Vi = — [ DLdt, 4
CAP C/z “4)

where I, Vcap, and C are the current flowing through
the capacitor, capacitor voltage, and the capacitance,
respectively.

Because Vpyce = Vi+ Vmpu = Veap and Ipyc =11 + Db,
the following equation is obtained from (1) to (3).

dVcap Jo eVeap nPoed  Icc
—=——13ep|l——)-1{+—— - —
dt C nkT Chc C
_ Kwmpu (Veap — Rice) )
C (RKmpu + 1)
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where R is the dc resistance of the circuit. Using (5), the
capacitor voltage during charging can be estimated by numer-
ical analysis.

Second, we present here the estimation of the capacitor
voltage when LD is off, see Fig. 3(b). The discharge of the
capacitor starts when voltage Vcap is equal to Vy. Vcap
during discharge is well known to be described as follows.

Veap =V, l/ldt b, (6)
CAP = VH C 2 C

Here, I3 is the leakage current of the capacitor. It occurs in
both states of charge and discharge, but the state of charge is
ignored in (4) as the charge time is short, so the value is small.
Given that I = I} and V14 Vimpu = Vcap, the following
equation can be derived from (3) and (6).

dVear _ Kmpu v
dt C RKypy + 1)
KmpuRIcc Icc B3

Rk T e e O
(RKmpu+1) € C

Using (7), the capacitor voltage during discharge can be
obtained by numerical analysis.

The intrinsic parameters of 5, n, Jy for PVC, and Icc,
Kmpy for MPU, are derived experimentally. As the PVC
and MPU, we adopted KPCS8-T, an indium gallium arsenide
(InGaAs)-based material, and PIC18LF47K40-I/PT, respec-
tively, as described in Section III. We selected KPC8-T
because it can output a voltage sufficient to drive the MPU,
1.8 V or more, at the assumed minimum optical input
of 10.7 mW. It has high photoelectric conversion efficiency
at optical inputs in the communication wavelength band.
Since it is necessary to reduce the standby power consump-
tion of the MPU, to be able to drive the MPU from a low
voltage, and to be able to cope with the voltage fluctuation
of the capacitor to be charged and discharged, we selected
PIC18LF47K40-I/PT for its low power mode; it can be
driven at voltages in the range of 1.8-3.6 V. Fig. 5 shows
the measurement results of the short-circuit current and the
open-circuit voltage of the PVC. The wavelength of the LD
used was 1490 nm. Since the slope of the short-circuit current
curve in Fig. 5 is 0.1185-1073 A/W, n is determined to be
0.09875 from (2). From the open-circuit voltage and (2)
in Fig. 5, n and Jy are found to be 8.78 and 3.02-10710 A,
respectively. Fig. 6 shows the measured values of the supply
voltage of the MPU and the current consumed by the MPU
at the time of discharge (taken from Fig. 3(b)). From Fig. 6,
I and Kyvpy were derived as 3.533 A and 9.942-107°A/V,
respectively. Kypy meets the derived value when it is 2.7 V
or more.

IIl. EXPERIMENT

A. REMOTE NODE PROTOTYPE

We fabricated a remote node prototype and validated the
effects of intermittent operation. Fig. 7 shows the fab-
ricated prototype remote node. We employed KPC8-T
and PIC18LF47K40-I/PT as PVC and MPU, respectively.
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current consumed by the MPU during discharge.

The LD light source wavelength was 1490 nm. For the
capacitor, we used an electric double layer capacitor (EDLC),
which is small, has large capacitance, and excellent repeti-
tive charging characteristics. A MEMS optical on/off switch
(MS-10-C-0-15-40-9/LT) was employed as the OSM [22]. Its
switching time is up to 5 ms, while the PoF system has a uni-
versal asynchronous receiver transmitter (UART) interface
and can communicate at a data rate of 110 bps. The data trans-
mitted to the CO is the voltage value of the capacitor and the
completion notification of the electric device operation. The
data rate of 110 bps is sufficient to transmit this data. More-
over, an example of the electric devices being considered,
we employed a 1 x 16 optical switch (LBSW-1165111334);
it consumes 130 mW when being driven [23]. The EDLC
voltage when operating the device should be 2.5-2.8 V.
Assuming the energy consumption of the device is
around 0.3 J, the required capacity is 380 mF. Therefore, this
experiment used an EDLC of 440 mF. The leakage current, I3,
of the EDLC was calculated to be 6.615-107’A from the
voltage change over 24 hours with both ends of the capacitor
open. The power consumption when the MPU is on is 60 u'W,
so it is possible to ensure consistent operation using the power
obtained from the received optical power (described later).
However, in the prototype, the MPU is set to sleep mode and
the device is powered off unless instructed by the CO in order
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to reduce the charge time and increase the discharge time as
much as possible.

B. CONTROL PARAMETERS

LD operation is controlled by Vg and V. These parame-
ters are determined to suit the conversion efficiency of the
PVC in order to reduce the wastage of optical power. Fig. 8
shows measured and calculated results of the photoelectric
conversion efficiency versus the applied voltage of the PVC
employed in the prototype. The measurements were carried
out by switching the light power received by PVC between
2 and 5 mW with EDLC capacity between 47 and 94 mF.
It was confirmed that the photoelectric conversion efficiency
of the PVC installed in the remote node prototype was not
affected by the capacitance of the capacitor, but was affected
by the received optical power. In order to keep the photo-
electric conversion efficiency high, this study set the target
efficiency at 23% when receiving 5 mW of optical power. As a
result, Vg and V|, were determined to be 2.03 V and 2.80 V,
respectively. Since Voiom Of the MPU is 1.8 V, the power
supply margin was 0.2 V.

C. COMPARING EXPERIMENTAL TO ESTIMATED RESULTS
The estimated results are compared to the experimental
values in Fig. 9. The optical power received by the PVC
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was 5 mW and EDLC capacity was 440 mF. In the experi-
ment, the EDLC was charged by PoF from the state of zero
charge, and the LD was stopped when the EDLC voltage
reached 2.8 V. While the LD was stopped, the MPU was
kept in sleep mode ready to receive instructions from CO.
From the comparison, when the estimated value of the state
of charge was 2.8 V, the experimental value was 2.65 V,
so the error was 6%. After 16.7 hours V fell below the
discharge state and reached 2.03 V, while the estimated
value was 2.23 V, so an error of 10%. These errors suggest
that the charge/discharge characteristics of the proposed cir-
cuit model and the fabricated remote node do not exactly
match. In particular, the self-discharge characteristic of the
EDLC appear to be the greatest concern, because the error
seems to be large in the initial stage of discharge. It is
known that the self-discharge characteristics of EDLCs vary
widely depending on the charging method [24]. However,
the slopes of the estimated and experimental curves are in
good agreement in the latter region of discharge, and it is
considered that the proposed PoF system is feasible with
some corrections. It is possible to maintain the high photo-
electric conversion efficiency of 23% or more by correcting
the estimated voltage by communicating with the remote
node a number of times. For example, when the estimated
value reaches Vg while charging or when 8 hours have
passed in the discharging state. In addition, according to this
result, since the LD can be turned off for 16.4 hours while
the total operating time of the PoF system is 16.6 hours,
the LD can be turned off for more than 98.8% of the
total operating time of the PoF system. A comparison of
the ECE achieved by the PoF system with and without
intermittent operation is shown in Table 1. The LD output
power and capacitor capacitance are 5 mW and 440 mF,
respectively. Energy levels without intermittent operation are
derived by calculation. It takes 733 s more than the exper-
imental value in Fig. 9 for the operation time of the LD
to increase from the capacitor voltage of 2.03 V to 2.8 V.
Therefore, the energy provided by the LD is 3.67 J. It was
experimentally measured that 69.4 1J was consumed by driv-
ing MPU and OSM in one communication cycle to obtain
the capacitor voltage value. For example, when communi-
cation is performed once every 10 s, the energy charged
to the capacitor by 5962 communication cycles decreases
by 413.4 mJ from the stored energy for 1 charge/discharge
cycle of 59626 s. On the other hand, in the PoF system
with intermittent operation, if voltage correction is performed
twice during charging and once during discharging, the
error in the estimated voltage value of the capacitor can
be suppressed to 5% or less. At this time, the charging
time becomes 727.5 s, and the energy provided by the LD
becomes 3.64 J. For 1 charge/discharge cycle, the energy
consumption of the MPU is about 1 mJ including three com-
munication cycles. Therefore, the energy that can be stored
in the capacitor is as shown in Table 1, and the ECE of the
PoF system with and without intermittent operation is 22.4%
and 11.0%, respectively; the efficiency is more than doubled.
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TABLE 1. Comparison of energy charging efficiency of PoF system with
and without intermittent operation.

Energy Energy charged | ECE (%)
provided by LD | in Capacitor (J)
)
PoF system
without 3.67 0.405 11.0
intermittent
operation
Proposed  PoF
system ~ with 3.64 0.817 224
intermittent
operation

If ECE is doubled, the target energy can be attained in half
the time, which doubles the utilization cycle of the electric
device.

IV. IMPLEMENTATION OF PROPOSED SYSTEM

We experimentally confirmed if an electrical device could
be driven using the PoF system. Therefore, we constructed
a system to drive a 1 x 16 optical switch (OSW) and checked
its actual operation. The 1 x 16 OSW was implemented in the
device section of the remote node as shown in Fig. 10. The CO
side controller performed on-off LD control. Moreover, the
light of the LD was modulated by the controller to generate
the 1 x 16 OSW control signal that was transmitted at 110 bps.
The LD light was transmitted over SMF and branched by
a 90:10 optical coupler. The light receiving power of PVC
was SmW. After receiving the control signal on the MPU
side, the DC/DC converter was driven by the MPU to boost
the voltage of the capacitor to 5 V and supply operating
voltage to the device. At this time, the LSW is turned on
only while the 1 x 16 OSW is operating and receiving power.
When operation was completed, the LSW was turned off
and a signal indicating completion of the operation was sent
to the CO side through the OSM. The capacitor used for
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driving the 1 x 16 OSW was a 440 mF EDLC. The minimum
driving voltage Vpoiom Of the MPU is 1.8 V. Fig. 11 shows
the capacitor voltage and current when the 1 x 16 OSW
was operating. While charging, when 2.8 V was reached,
a1l x 16 OSW control signal was immediately transmitted
from the CO side to activate the switch. When the operation
was completed, a completion report was sent to the CO
side through the OSM. The switch operation and completion
report were completed in about 1 s in total. Furthermore, since
the capacitor voltage after driving the 1 x 16 OSW must
be larger than V; and the capacitor voltage during driving
1 x 16 OSW must be larger than Vpgom, the operation of
the 1 x 16 OSW was carried out immediately upon reaching
2.8 V in this experiment. From the experimental results,
1 x 16 OSW operation time was 0.55 s, and the average
power consumption of 1 x 16 OSW and MPU combined
was 115 mW. The capacitor voltage after 1 x 16 OSW
operation was 2.7 V, indicating that the photoelectric con-
version efficiency is high, even after the device is driven.
The total energy consumed, 0.121 J, includes OSM driving,
and it takes 84 s (estimated) time to recharge from 2.7 V to
2.8 V at 5 mW receiving optical power of PVC. Considering
that the operation time of the electrical device is 1 s and
the assumed receiving optical power is more than 5 mW,
it is found that the shortest cycle to operate the 1 x 16
OSW is less than 85 s. Additionally, an instantaneous voltage
drop of 0.8 V was observed during the operation of the
1 x 16 OSW, as shown in Fig. 11. Despite this drop, the
capacitor’s voltage was maintained above 2.0 V, exceeding
the Vpottom Of 1.8 V. This demonstrates that the 1 x 16
OSW can maintain stable operation without powering down
the MPU.
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V. CONCLUSION

We proposed a PoF system with intermittent operation con-
trol. It was found that the prototype could operate while main-
taining the photoelectric conversion efficiency above 23%.
By estimating the capacitor voltage and communicating the
actual values occasionally, it was found that intermittent
operation can be performed while reducing the power con-
sumption of the remote node. The ECE per charge/discharge
cycle is expected to be improved from 11.0% in our original
PoF system to 22.4% in the proposed PoF system. Fur-
thermore, it was found that high photoelectric conversion
efficiency can be maintained even when driving the node’s
electrical device. As a result, it is possible to considerably
reduce the need to poll the remote node for its capacitor
voltage value, and so ensure that the LD was inactive for
at least 98.8% of the operation time of the system. This
suggests that the system can be operated continuously to
support multiple remote nodes connected to one LD. This
research establishes the intermittent operation control tech-
nology of PoF systems that offer energy savings and thus are
environmentally friendly.
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