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Abstract— This paper presents a Power-over-Fiber based 

remote electronic and optical fiber sensors multiplexing scheme. 

The system architecture consists of a 50-km linear cavity Raman-

fiber laser that is used for interrogation of FBG optical fiber 

sensors. Simultaneously, electronic sensors information is 

modulated in amplitude while the optical sensors’ data are 

encoded in the spectral information. In order to bias the electronic 

sensors, the residual power of the Raman pump laser is collected 

in an energy harvesting unit. This electric power is used for biasing 

an ATTiny85 control unit and two electro-optical modulators. A 

proof-of-concept is presented where a couple of optical fiber-

Bragg-gratings sensors collect strain information that is self-

compensated in temperature according to the digital data achieved 

from the electronic sensors. A 9.6 kbit/s data rate was achieved 

using Mach-Zehnder amplitude modulators and a maximum 35 

ksample/s was retrieved using a high-speed C-band spectrometer 

and performing spectral analysis via a software developed in 

Python. 

 

 
Index Terms— multiplexing, Power Over Fiber, energy 

harvesting, modulator, fiber Bragg grating. 

I. INTRODUCTION 

he role of optical fiber technology has become nothing 

short of transformative thanks to as remarkable features 

as the immunity to electromagnetic interference and 

many chemicals, high bandwidth, its flexibility and a low 

transmission loss over long distances, among others. Beyond 

their pivotal role in telecommunications, optical fibers have 

found applications as optical sensors, pointing out the small 

sizes at which they can be manufactured. It is also remarkable 

their inert behavior in hostile environments, where conventional 

electronic sensor cannot properly operate.  

The transmitting fiber's light-guiding properties may be 

altered by a specific parameter of interest to be measured, such 

as temperature, strain, pressure, chemical species. Thus, the 

fiber serves as both the transmission medium and the sensing 

element. 

In addition, optical fiber sensing technology can be 

significantly extended by exploring new system architectures to 

multiplex sensors and by implementing new technological 

mechanisms [1]. This has allowed to combine several sensors 

of different nature in the same fiber, either punctual or 

distributed ones. A scaled fiber sensor network structure which 

operation mode is based on a fiber ring laser which combines 

Raman and Erbium doped fiber amplification was 

experimentally demonstrated in [2]. 

A key advancement in this field is the remote power supply 

of electro-optical devices using optical fibers. This feature 

enables for immediate monitoring and prompt action, and 

eliminates the logistical hassle of providing electrical power to 

remote places [3]. 

It is well known that one solution that has provided new 

opportunities for the creation of complex and remotely powered 

networks is the so-called “Power over Fiber (PoF)” technology 

[4], [5]. PoF has being introduced into a wide variety of 

applications with the aim of remotely power supplying and 

interrogating sensor networks [6], [7], [8], [9], [10].  

To utilize long distance PoF-based sensors systems, a good 

alternative is the use of photocells biased at 1445 nm 

wavelength. At this wavelength, nowadays most of fibers show 

low-loss performance, and the remote PoF systems can cover 

up to 100 km. At this distance a remote switch can be biased, as 

was demonstrated in [11].  There, the power supplied by a 

Raman laser pump was employed.  A Remote PoF-biased 

switching TDM Brillouin Optical Time Domain Analysis 

distributed sensor multiplexing structure was deployed in [12]. 

Moreover, a fully-switchable fiber laser based on random 

distributed feedback for optical sensors (fiber Bragg grating and 

intensity-based sensors)  interrogation was designed and tested 

in [13]. All these applications used low power MEMS devices 

to reduce the energy consumption. 

Furthermore, energy harvesting (EH) is the process of 

capturing and converting ambient forms of energy from the 

surrounding environment into usable electrical power [14]. 

Since the 90´s of last century, several studies have been 

conducted to improve the PoF efficiency using new EH systems 

[9], [15], [16], [17]. 

The combination of several types of sensors in the same 
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network have been in the research interest in the last years. A 

multiplexed system for both electronic and optical fiber sensors 

was discussed in [18]. The authors developed a 10-km 

interrogation system based in PoF were the data from an array 

of FBGs are modulated in amplitude to encode the data from an 

electronic sensor. 

In this work, we present an enhanced multiplexing 

mechanism to interrogate a 50-km remote hybrid sensors 

network that is power supplied using a PoF architecture. We 

propose a modulation scheme to simultaneously transmit the 

electronic sensor data encoded in the optical amplitude of the 

spectrum while transmitting the wavelength shift information. 

We designed and implemented a configuration to interrogate 

several optical sensors independently, each of them with 

different digital encoded data, using a high-frequency 

measurement and detection methods. Moreover, we integrate an 

EH system to take full advantage of the energy transmission 

resources over long distances. 

II. EXPERIMENTAL SETUP 

The experimental setup for the proposed system is depicted in 

Fig. 1. At the monitoring station, the high-power light source is 

a Raman pump semiconductor-based laser IPG Fibertech RLD-

3D-1445. It operates at 1445 nm which provides Raman 

amplification pump for signal level stabilization and laser 

generation on C-band, moreover, it is used to power supply the 

electronic component and sensors in the sensing unit subsystem 

[19]. A circulator in the seed signal branch acts as a mirror to 

close one end of the linear cavity to generate the laser. This is 

possible because of two FBG sensors, one of them at 1542.4 nm 

and the other at 1546 nm, which act as wavelength selective 

mirrors.  

The wavelength division multiplexer (WDM) combines the 

pump and the reflected signal in the circulator and transmitted 

along a 50-km single-mode fiber (SMF) segment. Such fiber, 

manufactured by Corning, conforms to the ITU-T G.652 

recommendation, with a core diameter of ~9 µm and the mode 

field diameter (MFD) is 10.5 µm, which represents an effective 

area of 86.6 µm2. This optical fiber has a maximum attenuation 

of 0.17 dB/km at 1550 nm, giving a Raman-gain effective 

length of ~20 km for the length of fiber being used. For these 

features, the Raman-gain coefficient is 6 × 10-14 m/W at 1550 

nm [20].  

In the other end, at sensing unit, other WDM separates both 

the laser seed light and the 1445-nm Raman pump. The pump 

light is converted in electric energy via a JDSU PPC-9LW 

photocell that is able to achieve a power efficiency of 35 % at 

100 mW at a wavelength of 1445 nm, with up to 4 V and 8.75 

mA output ratings. Thus, the PPC output is connected to an EH 

controller to exploit the energy resources and to accumulate in 

a capacitor pool.  

A 3dB optical coupler splits the laser light into two sensing 

branches. Each branch has an FBG sensor used to strain 

measurements. Because these sensors are sensitive to strain 

and temperature simultaneously, a temperature compensation 

is needed while measuring strain. Fig. 2 describes the 

temperature characterization of the FBG sensors used in the 

experiment, showing a sensitivity of 9.965 pm/ºC and 9.99 

pm/ºC, respectively.  

The reflection of the sensors is coupled back with two 

905(P)-M variable optical couplers from Evanescent Optics 

that are used to set the optimal coupling ratio, thus their 

respective spectral response be similar in amplitude. The 

experimental power data measured show a coupling ratio of 

60.6%:39.4%.  Secondly, they are connected to two 

independent Mach-Zehnder electro-optical amplitude 

 

Fig. 1. Experimental setup of the 50-km PoF based multiplexed system. Upper fiber: Raman fiber laser. Lower fiber: passive 

collecting fiber. (C: Circulator; WDM: Wavelength Division Multiplexer; PPC: Photovoltaic Power Converter; VOC: Variable 

Optical Coupler; MZ-EOM: Mach-Zehnder Electro-Optical Modulator). 
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modulators (MZ-EOM). The first one is an AVANEX 20-AM 

modulator which has a bias voltage (Vπ) of 5 V at 1kHz, the 

electrical drive voltage is 4V and an optical extinction ratio of 

20 dB. The second one is a UTP APE 2x2-1.5-1.0-1-1-C 

modulator that have an input impedance > 1kΩ, the Vπ < 2.5 V 

and a typical extinction ratio of 22 dB at 1550 nm. Finally, the 

outputs of the modulators are coupled in another 3dB optical 

coupler and transmitted to the monitoring station via a 

secondary 50-km optical fiber path. 

These devices have a strong polarization dependence 

because they incorporate annealed proton exchange (APE) 

polarizing waveguides in which only the TE mode is allowed 

to propagate. For this reason, the use of highly depolarized 

light sources, such as the generated Raman laser, helps to 

mitigate this effect in the modulators. 

The FBG sensor were characterized also to strain sensitivity. 

As was discussed in [21], the strain is dependent in the FBG 

wavelength and can be calculated by: 

∆𝜆/𝜆 =  0.79 ∆𝐿/𝐿             (1) 

The theoretical strain sensitivities of the sensors are 1.22 

pm/µε for the FBG1 and 1.224 pm/µε on the case of FBG2. 

Furthermore, an experimental analysis was performed, were 

both FBGs, with a 10-mm grating length, are stressed up to 

200 µε in a micro-positioning-controlled platform. Fig. 3 

depicts the results of strain characterization showing a good 

agreement with the theoretical data. 

The harvester unit is an AEM30940 driver from e-Peas. This 

is a highly-efficient, regulated dual-output, integrated energy 

management circuit that harvests the available input current up 

to 110 mA. It integrates an ultra-low power boost converter to 

charge a storage element, such as a Li-ion battery, a thin film 

battery, a supercapacitor or a conventional capacitor. It 

incorporates two voltage outputs; the low-voltage (LVOUT) 

supply with a selectable voltage of 1.2 V or 1.8 V, up to 20 mA 

and the high-voltage (HVOUT) supply with at a configurable 

voltage between 1.8 V to 4.1 V, up to 80 mA. Both are driven 

by highly-efficient LDO (Low DropOut) regulators for low 

noise and high stability. For this setup, the LVOUT was set at 

1.8V and the HVOUT at 4V, while the storage element is a 32-

mF capacitor. 

The control unit is an 8-bit ATTiny85 microcontroller (MCU) 

from Microchip®, that is able to operate in a range of 2.7 V to 

5.5 V and low power consumption of 540 µW at 1.8 V and 1 

MHz internal clock in active mode. The power ratings meet the 

specification of the EH unit. As a proof of concept, an 

AD22103K temperature sensor is used to compensate the strain 

measurements on FBGs. This sensor provides an analog voltage 

output according to a temperature coefficient of 28 mV/ºC. The 

operating voltage is from 3.3 V to 5 V. On the other hand, a 

water lever data from the SEN0204 sensor (DFRobot) is also 

used to modulate the wavelength amplitude of the second FBG. 

This sensor operates between 3.8V and 24V and the current 

consumption is 5 mA, with a response time of 500 ms. In Fig. 

4 is depicted the schematics of circuitry of the control unit. 

The harvester driver is able to start operating at an input 

voltage as low as 380 mV and an input power of just 3 µW. 

Then, enables the LVOUT providing power supply to the MCU 

which is checking the capacitor charge process via STATUS 

pin. Once the storage element has charged over 2.2 V, then a 

flag indicator rises and the MCU enables the HVOUT via 

HV_EN pin. This feature is used to power on the high-

 

Fig. 2. Temperature characterization of the FBG sensors. 

 

Fig. 4. Control unit and energy harvesting driver schematics. 

 
Fig. 3. Strain characterization of the FBG sensors. 
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consumption devices such as a water lever sensor and the 

electronic temperature sensor. Then, it retrieves the sensor 

status and finally, power-off the sensor back.  

The data from the electronic sensors are encoded by the MCU 

in a serial data frame at 9600 bauds. The temperature 

information is modulated in the FBG1 wavelength amplitude, 

connecting the serial transmission pin to the DC port in the 

modulator. This port has a high input impedance, which, added 

to the low frequencies of the modulating signal, facilitates the 

coupling of the MCU serial bus and makes it optimal for 

modulating the optical signal. In case of the water level sensor, 

the information is modulated in the FBG2 wavelength 

amplitude. Both modulators are driven by NPN transistors in 

voltage-follower setup as signal level adapter for the electrical 

drive input. 

At the monitoring station, the spectra are retrieved via an FBG 

interrogator IBSEN I-MON 256 HS. This instrument consists 

of a spectrometer with a detection wavelength range from 1525 

nm to 1570 nm, providing a maximum resolution < 0.5 pm and 

a measurement frequency up to 35 kHz. A customized Python 

software was developed to read the raw data from interrogator 

via the Ethernet interface and to process the spectral 

information. 

III. RESULTS AND DISCUSSION 

The experiment was carried out by generating the laser signal 

in the upper 50-km optical fiber linear cavity. The experimental 

setup was developed in an air-conditioned room with constant 

temperature of 23 ºC. The Raman-based laser was characterized 

performing a gradual increase of the laser driver current and 

measuring the output power. Fig. 5 depicts the characterization 

results. The pump power started at 0.2 W and the laser 

generation occurs around 1.6 W. The peak power of the FBG 

wavelength increased up to -42.02 dBm and -41.62 dBm, 

respectively. The inset figure depicts the spectral response of 

the generated laser at 1.75 W for a 0.03-nm resolution in the 

optical spectrum analyzer, where a linewidth of 0.14 nm and 

0.16 nm was observed, respectively. The total received power 

at the monitoring station was -23.7 dBm. 

The spectrum is retrieved by an IBSEN I-MON interrogator 

as was mentioned before. The custom-made software in Python 

open a TCP socket connection via Ethernet and send 

configuration commands to set the detection parameters. 

Firstly, the I-MON was configured to measure the spectrums at 

35 ksample/s, using an exposure time of 1.408 µs, a clock 

divider of 22 which gives a detector clock of 10.417 MHz. 

Finally, a command starts the measurement and the 

spectrometer send the raw spectral data via an UDP socket, thus 

the software is designed to simultaneously listen for incoming 

packets. Each packet contains 553 bytes of information, of 

which 512 bytes are from the sensor data. This payload 

structure represents a 2-byte frame for each of 256 pixels of the 

spectrometric analysis.  

For this reason, the raw data are a low-resolution 

representation of the spectral response. To enhance the peak 

wavelength detection and shift, the software performs a 

mechanism to fit the obtained curve. A Gaussian-fit method is 

implemented using 4 terms and a Trust-region algorithm, 

giving a total of 12 coefficients [22]. In addition, the fitted curve 

is interpolated on 45000 points, thus the wavelength resolution 

is increased up to 1 pm. Moreover, the received spectral data in 

raw format and the fitted curve is saved into a file. Fig. 6 depicts 

a received sample of the fiber optical sensors, in dashed blue 

line the raw spectrum obtained with I-MON and in solid red 

line, the fitted curve according to Gaussian model. The intensity 

is expressed in arbitrary units (a.u.). 

The FBG peak wavelength can be further tracked and decoded 

as the electronic sensor data are modulated in the amplitude. In 

the program, a code snippet calculates the wavelength peak of 

every received spectrum data from I-MON, setting as detection 

threshold over 12 dB in amplitude, hence the maximum value 

is considered. Each wavelength peak is associated with its 

spectral position because its value is expected to decrease below 

the threshold or disappear, due to modulation. With this 

 

Fig. 5. Raman-based laser characterization. Inset: Laser 

spectrum at 1.75 W pump.  

 

Fig. 6. 256-point spectrum retrieved from IBSEN I-MON 

interrogator and Gaussian-fitted curve of the spectrum. 
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strategy, the variation of the wavelength of each sensor and its 

amplitude are recorded.  

As a result, Fig. 7 shows a section of the evolution of the FBG1 

peak wavelength during the experimental time, representing the 

digital frame waveform. A sample of 15 seconds of 

measurement has been taken and then zoomed to the time 

interval where the data frame has been transmitted. The serial 

data parameters are the standard 9.6 kbit/s, with 8 data bits and 

1 stop bit. The decoded information shows the temperature 

measured by the AD22103K sensor at the time of experimental 

test, which was 23.14 ºC.  

The spectral evolution of the two FBG sensors along the 

experiment is depicted in Fig. 8. As demonstration, the FBG1 

was positioned in such a way to avoid wavelength variation due 

to stress. The FBG2 was forced to a step increase of stress up to 

240 µε using a micro-positioning platform. Consequently, the 

wavelength shift registered was 290 pm. 

In addition, an enlarged view of the spectral evolution shows 

the data frame pattern encoded in the wavelength amplitude. 

Fig. 9 depicts in perspective a section of the experimental data 

acquired, also, in the inset figure, shows a top view of the 

encoded information. The left-side graphics correspond to data 

frame of temperature and on the right side the water level status 

data. 

In terms of energy consumption, the control unit required a 

total power of 25.2 mW. Table 1 presents a detailed summary 

of the measured consumption for each device. The current 

measurements were performed with a Promax PD-163 

multimeter. The MCU showed a higher power consumption 

compared to the technical specifications, being about 2.1 mW. 

This represents the time of maximum processing tasks of the 

microcontroller, when both serial ports are transmitting data to 

the modulators and the MCU reading information from the 

temperature and water level sensors, simultaneously. 

The scalability of the system can be approached from several 

perspectives. As placing more optical sensors means using 

TABLE I 

ENERGY REQUIREMENTS OF THE CONTROL UNIT 

Device 

Theoretical 

current 

consumption 

(mA) 

Measured power 

consumption 

(mW) 

ATTiny 85 MCU 0.3 2.07 

AD22103K 

(temperature sensor) 
0.5 1.5 

SEN0204 (Water 

level sensor) 
5 17.9 

AVANEX 20-AM 

(MZ-EOM) 
0 0 

Transistor-based 

signal level stages 
1.07 3.73 

Total 6.87 25.2 

  
Fig. 8. Spectral representation of the wavelength evolution of 

FBG sensors during the experiment. 

 

 
Fig. 9. Serial data encoded in the wavelength amplitude of FBG 

sensors. Inset: Top view. 

  
Fig. 7. Serial data frame decoded from FBG1 wavelength peak 

tracking. 
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passive components that add losses. According to the work 

developed by [23], in a WDM-architecture where the 

transmission fiber segment is amplified and using 10 % 

coupling ratio optical couplers, and the reception segment acts 

as passive fiber path with 5 % coupling ratio optical couplers, 

it is possible to escalate up to 30 different sensors.  

In the proposed system, e.g. using four sensors instead of two, 

an identical number of electronic sensors are needed to encode 

their information on the optical carrier. This would increase 

energy consumption as the load resistance is higher, impacting 

the charge recovery rate of the storage element in the harvesting 

controller. Therefore, the delay time between transmitted 

frames is increased, as well. Fig. 10 describes the process of 

resuming capacitor charge after disabling the electronic 

sensors, reading the information and transmitting the modulated 

signal for the 2-sensor and 4-sensor systems. The charging 

recovery time for the 32-mF capacitor pool increases up to 12 

s, due the additional sensors as the load increases. 

Regarding the optical sensors scalability, in the work 

developed in [18], a broad-band source was used as seed signal 

that is transmitted along 10 km of SMF fiber and the whole FBG 

sensor array is modulated. In this work, a remote network has 

been demonstrated, wherein the transmission channel is utilized 

as a laser cavity, and the residual pumping power is harnessed 

to power electrical sensors or other desired components. Two 

FBGs have been employed for laser feedback, simultaneously 

serving as sensors and optical information carriers. The 

information is modulated onto the FBGs using remotely 

powered modulators. Additionally, a high-speed spectrometer 

has been utilized to track the FBG spectral lines and extract the 

encoded information within a single device. An alternative to 

scalability is to create a hybrid solution that combines both 

studies. 

IV. CONCLUSION 

In conclusion, the key novelty and focus of this work are the 

demonstration of a power-over-fiber based multiplexing 

architecture that can simultaneously interrogate both optical 

FBG-based sensors and electronic sensors over the same 50-km 

fiber link. The system uses the residual pump power for energy 

harvesting to remotely power the electronic components and 

modulators. We have leveraged existing multiplexing 

techniques like wavelength encoding for the FBGs and 

amplitude modulation for the electronic sensors, in conjunction 

with the power-over-fiber architecture.  

A Raman-based pump of 1.75 W was used to power-supply 

the electronic devices and to stimulate the laser generation to 

interrogate the optical sensors and to be the carrier of the 

electrical sensor data. In addition, an energy harvesting system 

has been implemented to exploit the energy resources of the 

optoelectrical conversion stage in combination with low-power 

control devices. The energy demand does not exceed 10 % of 

the harvester's storage and distribution capacity. 

The digital data from the electronic sensors were modulated 

in amplitude and, afterwards coded using the wavelength of two 

FBG sensors via two Mach-Zehnder modulators. The encoded 

data were transmitted at 9.6 kbit/s, while the spectral data of the 

FBGs were retrieved at 35 ksample/s using a high-speed FBG 

sensor interrogator and optimized software decoding methods. 

The FBG sensors measured the strain variation, and the ambient 

temperature data measured with an electronic sensor were 

transmitted simultaneously to compensate for the thermal effect 

in the strain measurement. The performance metrics like the 

electronic sensor data rate, FBG sampling rate, and 

strain/temperature resolutions are described with the aim to 

establish a proof-of-concept implementation of the hybrid 

multiplexed sensing approach that is fully driven by optical 

power delivery over fiber. 

The study offers the possibility of further scalability of the 

system, multiplexing more optical sensors and commercial low-

power electronic sensors. 
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