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Abstract duplex communication systems WDM is state of the ar
Different wavelengths are used to modulate sepatsanels

in one fiber. In principle different carrier frequees are
emitted by the source. Combination, separatioril@rihg is
carried out by optical means only. In experimergatups
using glass fiber the separation of 100 differdrammels has
been demonstrated. By using POF Mizusawa proposed a
system running by four different wavelengths. Therses are
directly positioned in front of the fiber with astiance of
125 pm, adjusted quadratically. The receivers djasted in
the same way. The emitted light is separated byusee of
dielectric filters [8]. For duplex communication Kezawa
developed a system, whose 830 nm source sends &z M
signal, and simultaneously a different source df 661 emits

a 10 kHz control signal [9]. An increase of perfarme was
achieved by significantly larger diameters for mitbdes
compared to typical LEDs. Both components were st

on top of each other [10].

The use of optical fibers for power transmissiors leen
investigated intensely. An optically powered dewioenbined
with optical data transfer offers several advardagempared
to systems using electrical connections. Opticahgmission
systems consist of a light source, a transmissiedium and a
light receiver. The overall system performance degeon the
efficiency of opto-electronic converter devicesmperature
and illumination dependent losses, attenuation bé t
transmission medium and coupling between transmitted
fiber. This paper will summarize the state of the far
optically powered systems and will discuss reasfors
negative influences on efficiency. Furthermorepatiook on
power transmission by the use of a new technolagy f
creating polymer optical fibers (POF) via micro mssing
will be given. This technology is capable to deseeaoupling
losses by direct contacting of opto-electronic desi
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dispensing, component inherent communication AM Communications ~m
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1. INTRODUCTION

Theconcept of optical powering has been initially niemed
by DeLoach. In the late 1970s he presented a pgseribing
the activation of a remote sound alerter by optisabns only
[1]. Since this work has been published, differegstems = —
have been developed to take advantage of opticaépdll
researchers are guided by the advantages of opgmakr
transmission which are based on the immunity tdaaihs of
electromagnetic interference, short circuits andrlsp [2].

Small-Core Fiber

(CY

Optical fiber is less bulky than copper cabling aadapable . O

to operate over long distances [3]. It is also stesit to — Single-Mode Communication Fiber .
corrosion and moisture [4]. The field of applicatsas widely

spread. The technology is applied to systems fonote O é

sensing, for powering networks and is even usechedical %

Large-Core Power Fiber

applications [5, 6]. Generally there are two different

architectures used for optical power transmissizavelength = (b) —
division multiplex (WDM) and space division multg

(SDM) or a combination of both [7]. The second mectf

this paper will outline WDM and SDM. Afterwards tbhee of

these technologies for optical power transmissialt ke

explained in detail citing diverse examples. Inftthied section an
different parameters such as photovoltaic converter Single-Mode Communication Fiber

efficiencies, temperature and illumination relakeskes, fiber ]
attenuation and coupling losses will be specifitased on the

®

state of the art a new method for optical powengnaission
by dispensed POF has been developed. A prospéutsafew

method and its application within component inheren

communication will be given. Finally a summary will —— g
complete this paper. Ny é
f n Large-Core Power Fibers

O O

2. DESCRIPTION OF MULTIPLEX- ©
TECHNOLOGIES
Multiplex-technologies are known to increase therotel Fig. 1. Powering Architectures. a) Power and data
capacity. For example, WDM has been first estabtistiue to multiplexed on a small-core communications fiberWpMm.
the need for higher transfer rates within glaserbEven for b) Separate (single) power fiber. c) Multiple powdrers.

ISSN: 1690-4524 SYSTEMICS, CYBERNETICS AND INFORMATICS VOLUME 8 - NUMBER 1 - YEAR 2010 55



If the fiber characteristics are restricted toraited number of
wavelengths, which can be modulated as differena da
channels, SDM is an alternative. SDM means theratpa
by the use of two or more fibers. This, of courg#, raise the
costs. Based on the idea of increasing channel itgptese
technologies were transferred to the main architest for
optical power transmission. In figure 1 the diffetiation
made by Banwell is shown schematically [7].

3. APPLICATIONS OF POWER BY LIGHT
SYSTEMS

Overview of Power by Light Systems

Besides the research mentioned above, differenintssie
have worked on the development of optically powered
systems. Many papers deal with optical power dgfivier
network applications. In the early 1990s a revieWw o
alternatives for powering equipment at the custoemet of an
optical Customer Access Network has been done bignKu
[11]. At this stage he mentioned optical power iy as an
elegant solution, but this specific application was feasible
by then because the delivered optical power didnmet the
requirements. Within experimental investigationsrbached
an overall output power of 0.5 W. Miyakawa presdradiber
optic power and signal transmission system for ll@rea
network [12]. A system module for passive opticatworks,
which deliver the power using the same fiber burtbht is
transmitting the data, is described by Werthen .[13r
powering a remote node within network applicatidres; [14]
used WDM. Optically powered splitters [15], fibeptiz
manifolds [16], monitoring systems and signal measient
for feedback control [17, 18] are further applioas.
Furthermore, Pefia [19] designed a 205 mW systepoveer
remote units. In experimental setups, for exampléetermine
the characteristics of radiated electric fields afechoic
chambers [20] and in medical applications to powge
implants [21, 22], power transmission via optidhkfs is of
main interest. Examples for remote optical poweriofy
sensors are shown in [23, 24].

Space Division Multiplex Used for Optical Power
Transmission

Separate or multiple fibers are used for SDM tetdmo
Below different application examples are descrilvedetail to
give an overview of the capability of this techrmto
Dahlmann [25] has developed a remote power supmtyfor
an electrically isolated sensor system. This systeimg one
optical fiber for energy supply and the secondrfiioetransfer
the signals, is capable to supply a voltage of & Yhe remote
part. Optical power of about 15 mW is launched imto
200/230 pm gradient index fiber. Inside the measuhead a
power converter transfers the optical power backleatrical
energy. Therefore, GaAs-diodes connected in saresised.
They have a circular shape and deliver an eletteicargy of
6 mW. Once the power storage device, represenyed b
capacitor, reaches a value of 5V, the sensor lseads a
short impulse to indicate readiness of operationchBege
time for the power storage device is about 500 ms.

Yasui [4] and co-workers developed a stable 2 Wesyswith
an integrated feedback control function and a gdtetction,
which shuts down the laser if an optical fiber ig.cThis
system provides a continuous energy flow and isalokpto
work in high-voltage environments without malfuecti A
laser diode operating at a wavelength of 808 nnivela a
maximum power of 3 W. The light is launched int@G0 m
step index silica fiber (200 um core diameter) andverted
by a photovoltaic cell. Six segments (circular eesjt
connected in series are protected by a heat sirkder to
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avoid temperature increase even if the cell isrilhated at
high optical power. The performance of this systeriimited

by fiber loss and efficiencies of system componentsh as a
photovoltaic cell and a laser diode. The fiber lak®e to
attenuation is denoted with 10 %. Optical powengraitted
into the photovoltaic cell is 1.4 W with an effinigy of 31%.
One unit is capable to deliver 430 mW, by connecfiive

units in parallel the system will deliver contingooutput
power of 2 W.

Valentine [26] presented a system working betweeerdral
office in a telecom network and a high voltage sfarmer
substation. It is a 3 fiber system, 2 of the fib&@nsmit
energy at a wavelength of 830 nm and the third fitensfers
signals over a maximum distance of approximatel® 4%
Every energy channel has an output voltage of 1dd/tie
these two photovoltaic power converters in serigslege of
24V is generated.

Wavelength Division Multiplex Used for Optical Powe
Transmission

Liu and co-workers set up a system to provide posrt
signals at different wavelengths. They are muliipte to a
single 50 um core step index fiber and demultipdeae the
remote side of the unit. The idea behind this sgste
configuration is an optimization for data detectenmd power
conversion. Therefore different transmitters anceieers are
used. A 40 mW AlGaAs laser (820 nm) for power syppid
an InGaAsP laser (1300 nm) for data transmissierafixed
on the transmitter side. Three large area GaAsqpbtitic
cells convert the power. The 820 nm wavelengthadignsplit
into three beams with a power ratio of 2:2:1 tom@y@a photo
detector (used for signal detection at 1300 nm) and
preamplifier. For collimating the laser beams geatliindex
rod lenses are used and for multiplexing a dichfitier [27].

An optically powered video camera link by WDM is
described by [28]. System characteristics are bews: 1 W
of optical power at a wavelength of 810 nm is cedphto a
single gradient-index multimode fiber. The videoeam is
transmitted at 1310 nm. Combination and separatfdmoth
wavelengths are carried out by thin-film-filter-lkds
wavelength-division couplers. To convert the optigao
electrical power a single GaAs photovoltaic celbimized
for illumination of 810 nm. This cell was designdwy
Fraunhofer ISE (Institute for Solar Energy Systeras)l is
tolerant to partial illumination. This system delig 100 mW
to the remote part and has a continuous data strefam
100 Mbit/s.

4. INFLUENCES ON SYSTEM PERFORMANCE

General Aspects on System Design

An optical powered system consists of a light seura
transmission medium and a light receiver. For thason the
overall system performance is influenced by diffiere
parameters, such as temperature increase of seimnicion
materials or fiber attenuation. Limitations of ocakrsystem
performance mostly depend on the efficiencies oé th
transmission medium and the photovoltaic convertershis
section general design requirements of photovoltaits are
given. After that the efficiencies of common semidoctor
materials used for power by light applications are
summarized. Afterwards the losses caused by terpera
effects and by mismatched illumination are discds&énally
the attenuation affected losses of the transmissiedium
will be displayed.

Pefia [29efines typical design requirements of optical powe
receivers as follows:
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» The spectral range of the light source must mateh t
one of the photovoltaic converter.

« To supply any remote equipment, the output voltage
must be matched to the application.

« Sufficient output power must be supplied to the
remote unit.

« Degree of efficiency has to be as high as possible.

« To obtain efficient coupling of optical power toeth
receiver, shape and size of light spot and devine h
to be matched.

e Operation of the receiver has to be in photo sensor
mode.

« Operating life time has to match the system lifetim

e Endurance to the specific environmental
application conditions.

and

Efficiencies of Common Photovoltaic Converter Materals

The most important single indicator of the perfonce of
photovoltaic devices is the power conversion efficy [30].
Therefore, it is necessary to determine the optimfimptical
input power and the device conversion efficiencyl][3
Research on the field of a high current densityrlgsaver
converter for different application such as therapen in
photovoltaic concentrator modules [32] or special
investigations on GaAs photodiodes for light wawework
applications [33] are supported by the deeper wstdeding
and characterization of semiconductor materialsofiical to
electrical power conversion. Most common are Sili¢8i),
Gallium Arsenide (GaAs), Indium Gallium Arsenide
(InGaAs) and Gallium Antimonide (GaSb). Main diffaces
between these materials can be found in open tivoltiage
for a single cell converter. In table 1 the opertidt voltage
Uoc and the energy gag, for different semiconductor
materials at 300 K are shown.

TABLE |
Open circuit voltage and energy gap for common @laitaic
materials
Semiconductor Uoc Eg at 300 K
materials V] [eV]
Si 0.7 1.12
GaAs 1.0 1.42
InGaAs 0.5 0.74
GaSb 0.5 0.73

Because of the low output value of a single Si aeloltage
booster or an array of several converter cells éries is
necessary. Besides the high open circuit voltagédsthas a
great stability over a wide range of temperatuieGaAs and
GaSh are on the same output voltage level. Witliffierdnt

experiments efficiencies of 34% (InGaAs) and 40%a36)

were shown [34]. For GaAs cells efficiencies of 0&2%

have been reported [35].

Losses Induced by Temperature

Because photovoltaic cells operate over a wide ramige
temperatures and irradiances, the temperaturereamiance-
related behavior must be known [36]. Material dejggrte on
temperature shows different behavior for common
semiconductor photovoltaic cells. GaAs cells ardl \Wwsown
to be less sensitive to increased temperatures T34 short
circuit current tends to increase slightly. Nevelglss, to
accurately model electrical performance over a wialege,
four temperature coefficients (fdg,,, Vinp, Isc andVyc) are
necessary and sufficient. Details regarding thetesys
engineering of photovoltaic cells and the correse wf
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temperature coefficient are given by King [38]. Ttwerent
and voltage at the maximum power point are reptesehy
Lnp andV,,. The theoretical power is given by the short
circuit currentls. and open circuit voltag&,.. Combining
these values the fill factor (FF) is defined asrdt@® (given as

a percentage) of the actual maximum obtainable poovéhe
theoretical power.

FF = Vinp * Imp
Is¢ * Voc

Negative temperature dependency of the FF is caugéigh
intensity illumination of photovoltaic cells [39]\ theoretical
study of the performance and optimization of mahaially
series-connected GaAs photovoltaic converters under
homogeneous monochromatic illumination was madediya
[40]. The work describes the effects of power digsiof the
maximum achievable efficiency related to the infloes of
device area and series resistance. Increased tatupey are
not the only restricting factors for photovoltaiells. In the
next paragraph illumination affected losses willdiscussed.

Losses Induced by Illumination

Optical input power fluctuation and mismatch illumation

have an impact on electrical output power. Miyak§dd and
co-workers have intensely analyzed the photovolized

characteristics by illumination with high intensiser light.
An optical input fluctuation of + 14% of 1.0 W/cr#ads to a
voltage output fluctuation of 1.0 % for single dalbne

silicon (sc-Si) and 0.47% for GaAs photovoltaicleeAs a
result optical power transmission, even if the tigitensity
will change slightly, leads to stable voltage outgdtor this
experimental analysis the quantum efficiency wa&3 Ofor

sc-Si and 0.65 for GaAs at a wavelength of 808 e

measured open circuit voltage stably stays ate lgf/0.59 V
for sc-Si and 1.05 V for GaAs. To evaluate the nairn of
illumination on the efficiency, Pefia [42] carriedt@ study of
monolithically series-connected GaAs photovoltaiawerters
under laser illumination. This work shows that mégom

illumination influences the device performance atldwing

aspects:

¢ Photocurrent is limited by the sector which recsive
the lowest light power.

e Partially illuminated sectors causes an increase in
some contributions to series resistance.

¢ Laser light which is taken out of the active are#ost
power, called spillage losses.

The limited photocurrent and partially illuminateelctors lead
to different current-voltage characteristics focteaector and
to mismatch losses. In order to minimize light Isgjé the
laser beam diameter could be arranged smaller than
diameter of the device, resulting in increased nifotmity in
illumination of each sector when there is misaligmt This
will cause an increase in mismatch losses as \fi¢lie beam
diameter will be increased to values larger tham device,
light spillage will increase, but nonuniform illundtion losses
will be decreased dramatically or even eliminateil.
maximum efficiency will be achieved if low opticalower
intensity illuminates large area cells. For highwpo
applications a small active area is required, af/@rleads to
decreased efficiency.

Losses Caused by the Transmission Medium

Taking the losses mentioned above into accourst possible
to characterize one part of the overall power itlisystem
efficiency. With respect to the transmission medigtine
optical fiber) attenuation occurs by coupling opgotonic
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transmitters and receivers tioe fiber. These coupling loss
and fiber attenuation are also restricting pararsete the
overall system performance. A definition of fibateauatior
measurements are given Beitscher and Pa{43, 44]. It is
essential to characterize the fiberdlie same way and ma
them comparable to each other. The attenuationvizehtor
silica and POF leads to similar physical effectfffebences
have to be made between single mode and multi rfioeles.
For POF only passive transmission systems exist means
that amplifiers being currently developed are raedo play
an important part in the near future. For that, ediment:s
belonging to the transmission system are affecydddses

Another fact is that optical fibers, especially PRétause c
its low glass transition temperature, are limitechtmaximurr
of optical power that can be launched into therfib®volnov
[45] shows in theoretical and experimental investmya
temperatte dependency of POF for optical pov
transmission. With increased light power the ceraferature
will increase significantly.

Coupling losses of the transmitter to fiber inace are caused

by unideal fiber end surfaceand by refraction inde
differencebetween air and fiber. This will lead to reflecti
and losses of light that is launched into the fil¥@re critical
source parameter describes the dependence of eiite by
the angle relative to the optical axis. Receiverptiog to the
fiber is mentioned as relatively easy because of the
known far field characteristics of diodes. Perfonce losse
within photovoltaic cells have been summarized e
Therefore the fiber attenuation will be describedre
detailed.

Mainly the attenuatin losses within an optical fiber can
summarized by following aspects:

* Rayleigh diffusion

« Absorption

» Losses through geometrical interferences at cla-
core interface

« Losses due to attenuation within the optical clag

Rayleigh diffusion (scattering of electromagnetic wave
orbicular particles, at which the particles diamete small
compared to the wavelength) and absorption are nw®
limited processes. This means all modes are affdnyethese
processes. Absorption is mainly causeg impureness c
hydroxyl ions [46. Geometrical interferences at cladding
core interface and attenuation within the optidatlding are
dependent on the angle under which the light pratesgn the
fiber. Mode conversion and mode coupling descrihe
influences of bended fibers and inhomogenitiestrE. The
Goos-Hanchershift explains the effect of planar waves al
a surface and the infiltration of the optical claddin the
range of the wavelength by the electric field. Thagans
every reflection at the core-claddingerface will lead tc
higher attenuation because of the narrow claddielgabior
[47].

5. METHOD FOR POWER TRA NSMISSION BY
DISPENSED OPTICAL FIBERS

Dispensed Optical Fibers

Within a research project, part of an Independamticr
Research Group in a Collaborative Research Centrerdn
(SFB), SFB 653 Gentelligent Components in their Lifecyc
- Utilisation of Inheritable Component Inherent Infation in
Production Engineering, a new production processlif@ctly
applied POF has been developed atltistitute of Transpol
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and Automation Technology (ITA). Using micro dispiy it
is possible to apply POF in surface integratedcttings or or
top of 3Dshaped metallic device48].

In the first production step, after creating thentth structure
the first cladding will be dispensed. Due to low tenal
viscosity and surface tension the adhesive is aiiéul
regularly in the trench. In a second step, the coagerial is
filled in the cured lower cladding. By covering the core \
the second part of the cladding the structure asexd. After
each step the applied polymers have to be cureld wit-
radiation. In figure 2the production steps are sho
schematically.

9

1. Creating 2. Dispensing the
a trench first part of
cladding

- Ld

3. Dispensing the 4. Covering the
core on lower core with second
cladding cladding

Fig. 2. Production steps for surface integrated dispe
POF

One advantage of this production process is theh

flexibility and selectivity. Furthermore a direcoupling of

laser-and photodiodes is possible within this proce49].

Therefore the coupling $ses are assumed to be less the
conventional fiberapplications. Figure shows an optically
contacted laser diode by using micro dispen

SMD LED

Fig. 3.  Directly connecte8MD-LED using micro
dispensing

Power Transmission by Dispensed Ogcal Fibers

Taking influences mentioned above into accountctvhiill
decrease the overall efficiency of power by liglgstems,
dispensed optical fibers show advantages for dpposver
transmission. The complexitgf system design in order to
determinean efficient power by light system was shc
before. By using micro dispensing coupling lossas be
reduced. The possibility of direct contacting iswnand
advantageous. In order to supply energy to a rennoiteon a
device, dispensed fibers will be solution. Because of the
high selectivity and flexibility it is an innovatvway to

VOLUME 8 - NUMBER 1 - YEAR 2010 ISSN: 1690-4524



ensure component inherent information and

transmission.

energy

The new method for power supply bases on Mode Group
Diversity Multiplex (MGDM). MGDM means the sepaiati

of different angels under which the light propagate the
fiber. Within MGDM it is possible to create differemode
groups and to detect these different angels indigrety [50].

By MGDM varied excitation conditions are used tomgeate
separate channels within the fiber. This is a lerdgtpending
process, which means that the detection of differande
groups is possible only for short distances. Safeiin [51]
demonstrated the successful implementation of MGERM
increase the channel capacity within an experiniesgtup,
using a GI-POF of 10 m length. Dispensed fiberssaitable

to apply POF directly on devices; hence this preazm be
fully integrated into a highly automated productianea.
Furthermore, these fibers are used for short distan
applications. Therefore, they are suitable for MGDM
technology. In further investigations the MGDM taclogy
will be analyzed regarding the interactions of @gated light
emitted by directly coupled laser diodes and phaoitaic
converter cells.

6. SUMMARY

Power by Light (PBL) Systems are attractive to uséarsh
environments and special applications due to ttmiwvenient
characteristics, immunity to all forms of electranatic
interference, short circuits and sparks. Over disé years a lot
of research works in the field of optical powerirgd
development of PBL systems has taken place. Dutiag t
time the understanding of fiber technologies foticgh data
and energy transmission and the behavior of serdigdor
materials regarding data detection and optical powe
conversion has increased a lot. The main aspecoogct
PBL system designing is to match the requirements.

For SDM systems with photovoltaic cells connectedearies

an output voltage of 24 V was reached. Even high dates

of 100 Mbit/s with simultaneous power transmissiare
achieved by WDM. All these systems need a compéssign.

For SDM multiple fibers for energy and data trarssign are
necessary. The use of WDM technology requires the
combination and separation of different wavelengthisis
results in coupling losses and complex system deasgvell.

An important fact for the future is the flexibilityf processes
to apply PBL systems with a high selectivity. Apptions for
optical fibers on printed circuit boards or dirgatin devices
in the automotive industry to power remote sengetesns are
possible. Many applications do not need very higtadates
or lot of energy but a low cost production procéssading to
a high degree of flexibility and selectivity a nepproach for
processing of optical fibers has been developedh Wiicro
dispensing it is possible to create optical fibems3D shaped
devices. Furthermore, direct contacting of eleciptical
elements is possible. The capability of MGDM fortiogl
power and data transmission within short distanoes
shown.
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