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ABSTRACT
It is found that the process of converting of light into electric current is a reversible process

which can be processed in both directions, but, by different mechanisms. Such approach simplifies
the calculation of energy pumping and different processes in different elements of optical fibers as of
their thermal or electrical potentials. The postulated approach is applied on a laser fiber to estimate
dispersion and energy flow in such fiber to show the advantages of such approach with respect to the

classical approach that considers the flow of electric current as a flow of electrons.
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INTRODUCTION

Most literature of physics considers the electric current as a flow of electrons. Such a
concept has led to the confusing duality-property of electrons as the electric current is a form of
energy or waves and it is not a flow of electrons (Abdelhady, 2011a). In this study, a previously
introduced fundamental equation that embraces the flow of electric charges and magnetic flux is
applied to perform a thermodynamic analysis of different components and processes in the optical
communication systems (Abdelhady, 2011a). This equation defines the nature of electric current and
magnetic flux as a flow of electromagnetic waves that have a specific potential or as a flow of
entropy by virtue of their potentials (Abdelhady, 2010a). Such a approach found, in a previous study,

the photoelectric effect as conversion of light waves into electric current (Abdelhady, 2011b).
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Kerr effect is investigated in this study to prove the applicability of the introduced entropy
approach in optical systems (Haaidy, Resnick, & Walker, 2004). Accordingly, such an approach is
tried to find a plausible explanation for available measurement-results of characteristics of the light
emitting diodes as a transmitter and the photocell as a receiver in the optical fiber communication
systems. To express the advantage of the introduced approach, this approach and a traditionally used

classical-approach are applied on a case study. Finally, concluding results will be introduced.

A Study of Energy Flow in Optical Fiber Systems

The electromagnetic waves are characterized by Maxwell’s equations (Haaidy, Resnick, &
Walker, 2004). However, the time in Maxwell’s equation was replaced by entropy, as it is a property
of time alone (Zeh, 1990). So, the electric and magnetic components of the electromagnetic waves
were represented into space-entropy coordinates instead of traditionally used space-time coordinates
(Abdelhady, 2010a). According to similarity of the equations characterizing the flow of heat and
electric charges and to the results of some experiments, the flow of electric charges was postulated as
a flow of electromagnetic waves whose electric component is oscillating around a specified electric
potential into the space-entropy coordinates (Abdelhady, 2010a).

Heat flow is defined thermodynamically as the temperature times the rate of entropy flow

according to following equation (Yunus & Michael, 2006):

chermal =T Sth (1)

By analogy, the electric current was derived in a previous study as the product of the electric

potential “E” times the rate of entropy flow “S” (Abdelhady, 2011b):

Qelect =E Sel (2)

In a previous analysis, the unit of S in equations (1) and (2) was defined in Watt/Volt
(Abdelhady, 2010b, 2010c).

The previous concepts were introduced to derive a fundamental equation of thermodynamics
that embraces the flow of heat and electric charge (Abdelhady, 2010a). Applying such an equation
on the elements of optical fiber-communication systems which are subjected to flow of electric and

thermal (or optical) energy only, the equation will be reduced to:
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U= chermal + Qelect (3)

Equation (3) expresses the rate of change of the stored energy in an element of an optical-
fiber system as the sum of the flows of heat and electric charges. Substituting the values Qnermar and

Qelect from equations (1) and (2) into equation (3), the final form of the energy equation will be:

U=TSy+E Sq 4)

KERR EFFECT

The Kerr effect, also called the quadratic electro-optic effect (QEO effect), is defined in
literature as a change in the refractive index of a material in response to an applied electric field
(Haaiday, Resnick, & Walker, 2004) The postulated nature of the electric charge as electromagnetic
waves represent an approach to a plausible explanation of such increase when it is subjected to an
electric field according to the following equation that characterizes the nonlinear behaviour of the

refractive index of cores of optical fibers (Lin, Painter, & Agrawal, 2007):

n=ng+m * P/A (5)

where: ny is the refractive index of the fiber core at low optical power levels, n, is the
nonlinear refractive index coefficient (2.35 x 10”° m*/W for silica), P is the power of the flowing
light or electromagnetic waves in Watts and A.sr is the effective area of the fiber core in square
meters. According to equation (5), when the core of an optical fiber is subjected to higher power of
the flowing electromagnetic waves, such power “P” will increase the refractive index “n”. When
applying electric field on the optical fibers, it will impose a flow of electric current or ionized
electromagnetic waves through such fibers (Abdelhady, 2011b). Accordingly, Kerr effect is plausibly
explained as result of applying electric field when considering pumping of electric power is pumping
of electromagnetic waves that will increase the power of the flowing electromagnetic waves through
the optical fibers. Such explanation sustains also the approach we are going to follow in the

following sections when analyzing the energy flow through optical-fiber communication systems.
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Plausible Explanation of the Processes in LEDs and Photocells

The process of optical detection depends on the photoelectric effect where the incident light
generates a flow of electric charges (Haaiday, Resnick, & Walker, 2004). According to a previous
study, the photoelectric effect was defined as a process of ionizing the incident light during its
reflection on a metal plate in the photocells (Abdelhady, 2011b). the reflected light gains after
reflection a specific potential that depends on its frequency and on the electrode potential of the
reflecting metal plate (Abdelhady, 2011b). Figure 1 shows the measured stopping potential which is
equal to the potential of the reflected photocurrent as a function of the incident light-frequency for
Sodium as the reflecting metal-plate [3, 10]. The slope of this plot equal to Planck’s constant “h =
6.626 * 107°° J.s”. Such results can be represented by the following relation between the frequency of
the incident light “Vipcigent” and the potential “V” of the reflected waves or photons after ionization

by the metal plate (Abdelhady, 2011b):
h* Vincident — € * v (6)

The symbol “¢” in equation (6) indicates the charge of the reflected photons (e = 1.6 * 10"
Joule/Volt). As seen in Figure (1); the frequency of the light that may be converted into an electric
current and gains after reflection the minimum potential of “Vyinimum = 1.8 Volts” should be higher
than the “threshold frequency V,” (Keiser, 2000). Such minimum threshold frequency depends on

the electrode potential of the metal of reflector plate in the considered cell.
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Figure 1. Plot of the measured stopping voltage as a function of frequency for sodium plate

(taken from Millikan’s Nobel Prize wining experiment)
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Similar measurement results are found also in the light emitting diodes that assure the
conversion of an electric current, as ionized electromagnetic waves, into light waves. Figure 2 shows
the measured frequency of emitted light from a diode as a function of the applied potential for
different types of diodes. Increasing the potential drop across such LED’s led to increasing the

frequency of the emitted light too according to the equation (Hackworth, 2000; Ducharme, 1999);

C
e *V=h*(Aemmited)=h* vepue )

In equation (7), “c = 300 * 10° m/s” is the speed of light and “A” is the wavelength of the
emitted light in meters. The measured slope of the curve in Figure 2 determines the same value of
Planck’s constant as found from the measured slope in Figure 1 for photocells. So, the postulated
definition of the flow of electric charges as a flow of electromagnetic waves finds also a plausible
explanation for such measurement results. The process in the LED may be explained according to
such postulate as de-ionizing the incident electric current such that it is converted into light of a
frequency that satisfies equation (7). In other words, the built-in potential of each LED’s p-n junction
de-ionizes, according to its energy gap, the incident electric current and converts it into light waves

of zero potential.
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Figure 2. Determination of Planck’s constant using LED’s (Csele, 2004)

According to the measurement results in Figure (2), for each diode there is a minimum

potential of the flowing current, called threshold potential “Vinesh of Vo that led to emit light to emit
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light from such diode. Figure 1 and Figure 2 clearly show the correspondence between the processes
in the LEDs and photocells. The same slopes of both lines and the correspondence between the
threshold frequency in Figure 1 and the threshold potential in Figure 2 indicate that the processes in
the diodes and the photocells are process of ionizing and de-ionizing the light waves or photons. So,
the availability of emitters and transmitters that have the same frequency bands is not a matter of
chance as both are working with the same waves but proceeding in opposite directions. Equations (6)

and (7) can be simplified by one proportionality equation as follows:

1
Mincident — (8)
Vphotocell or diode
Equation (8) is similar to the tollowing Wien’s law of thermal radiation (Yunus & Michael,
2006).

Tblack body

Energy Analysis of Diodes and Lasers
Figure (3) shows a diode circuit where the input electric-energy is emitted from the diode as

optical or infra-red waves (Csele, 2004). Applying the energy equation (4) on such diode:

Udiode = (E Sel)input - (T Sth)output (10)

In equation (10), the first term in the R.H.S. represents the energy input power to the diode
and the last term in the R.H.S. represents the energy output from the diode in the form of optical or
infrared waves. The difference between these two terms, Ugioqe,  represents the rate of increase of

diode’s internal energy that is lost to surroundings.
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* A

Figure 3. A typical Diode Circuit (ASTM, 1993)

The rated power of the diode is denoted W ioe and it represents its energy input and can be

substituted in the following equation to find the rate of flow of entropy into the diode’s circuit:

a

Winputdiode =E Sel (1 1)

For a typical diode, the values of the input power and rated potential are as follows (Csele,
2004):

Waiode = 36 mW, E = 1.8 Volt
Substituting these values in equation (12), we get:
Ser = 0.02 Watt/Volt
For an ideal diode, it is possible to neglect the energy losses in the diode;

IQJdiode = (E Sel)input - (T Sth)output = 0
(E Sel)input = (T Sth)output (12)

The Right Hand Side of equation (12) defines the input radiation to the optical fibers as the
product of the entropy flow through the fiber times the temperature of the optical fiber. The potential

of the electric energy is measured directly by a standard voltmeter; however, the scale of
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measurement of temperature in volts by thermocouples depends on the kind of the introduced
thermocouple. So, it is possible to adopt a reference scale such that the increase in the flow electric
entropy, by electric energy input, will be equivalent to the increase of the flow of thermal entropy.

According to equation (12), such condition implies the following equality:

Ediode = Tﬁber (1 3)

For a type T thermocouple, the normal absolute temperature of fibers with respect to a
reference junction at absolute zero can be found from the corresponding tables as follows (ASTM,
1993),

Tre=12m V

To satisfy equation (13); the following scaling up of the temperature scale in optical fibers
should be introduced:

Triber = 150 T (14)

Energy Flow in Optical Fiber Systems

The used light in optical fibers is a part of the “electromagnetic spectrum” that includes also
x-rays, ultraviolet radiation, microwaves, radio, TV, cell phones, and all the other wireless signals.
However, the used wavelengths in optical fibers are determined by two factors: longer wavelengths
in the infrared for lower loss in the glass fiber and at wavelengths which are between the absorption
bands of the selected diodes or lasers (Hufner, 2003). Thus the optimally required wavelengths are
850, 1300 and 1550 nm. Such wavelengths belong to typical thermal radiation and are available, as
previously discussed, in the traditionally used transmitters, as LEDs, and receivers, as photo-
detectors. Hence, it is possible to apply the laws of thermodynamics, equation (7), on an optical fiber

that receives the output of a diode “(T Sth)outpm” as follows::

Usiper = T dS (15)

Differentiating both sides of equation (15) with respect to the length of the fiber “z”, we get:
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dUfiper -7 dS (16)

dz dz

The decreasing flow of energy into the fibers by absorption can be expressed by the
following equation (Kapron et al., 1970):

dljfiber ,
=-oTd$ (17)

dz

Where a is the absorption coefficient of the fiber material per unit length.
From equations (16) and (17), we get:
ds$
dz T =-aTdS (18)

Solving the differential equation (18), we get:
S(z)=S,0 ¢ ** (19)

Introducing these results into the energy equation (10), it is possible to get the following

equation (Ira Jacobs, 1995):

L r n n ~
.[ O' aT S(Z) dZz=% Winput +2 Wpumped -2 Woutput (20)

The value of input, output or pumped power “W” can be estimated according to the nature of

power, optical or electrical, according to the following equations:

Wthermal = T Sthermal (21)
Welectrical =E Selectrical (22)

Equation (18) can be also applied to the optical fibers for each frequency-band as an

approach to analyze the amplification process at each band of wavelengths (Ira Jacobs, 1995).
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A Case Study

The previous analysis of energy flow into optical fibers, which is defined by equation (20), is
based on the postulated definition of electric current as a flow of electromagnetic waves that have an
electrical potential (Abdelhady, 2011a). Equation (20) expresses the input, output and dissipated
energies in a fiber-communication system as superposition of two modes of electromagnetic waves;
the propagating light and the pumped electromagnetic waves that have an electrical potential.

However, the classical approach to the analysis of energy flow in optical fibers considers the
electric current as a flow of electrons of a duality nature or a wave-particle nature. This approach
proposes an envelope of such confusing wave-particles that are called solitary waves or solitons and
imposes the use of the Schroedinger equation as an obligatory mathematical model to involve such
duality. In most literature, such solitons propagate within a waveguide which size varies with the
assumed potential of such flow (Bale et al., 2009). The solitons is the solution of the Schroedinger
equation with the addition of a nonlinear term, mostly the Kerr nonlinearity, which originates from
the interaction of the light waves with the assumed propagating electrons. Such model of solution is
based also on de Broglie’s original wave-particle concept, which is based on the Special theory of
relativity (Bale et al., 2009).

To compare the two approaches, a case study of 80 MHz fiber laser, shown in Figure 4, is

considered (Nielsen, 2006).
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Figure 4. Diagram of the fiber-laser configuration

Details of the shown system are explained in the Ph.D. thesis of C.S. Nielsen (Nielsen, 2006).
As the knowledge about the dispersion in a fiber is often of key importance, analysis of such
dispersion by the two approaches is considered too. In his thesis, Nielsen (Nielsen, 2006) introduced
a numerical model based on the nonlinear Schroedinger equation (NLSE) for simulation of the
nonlinear losses and cavity losses in general. He found through his model the temporal shape of a

pulse for different phase shifts (Nielsen, 2006). Other investigators found by using similar models
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the relation between the different values of transmitted and the incident intensities, dependence of
dispersion parameters on the frequency of the flowing light and the phase shifts and dependence of
the intensities on defined distances (Xu, 2003; Rebane, 2004).

However, more general results can be achieved through the entropy approach by direct
superposition of the flowing light and electric current considering both as electromagnetic waves

according to the following equation (Orfanidis, 2004).
I(w)=|Ei|*+ |E2|%+2 E Eacos (92 (0) — ¢1 (@) (23)

E; and E, are the time independent complex electric field amplitudes of the electric current
and flowing light. In this equation; the flow of electric charges is considered as a wave of amplitude
E; that oscillate around a non-zero potential, the potential of the pumped energy, and E, as the
amplitude of the propagating light where both may have the same frequency (w) but of different
phase shifts: ¢i(w) and @2(®). Attenuation along the optical fiber that influences on the pulse
propagation in the fiber can be implemented directly by numerical integration of equation (20) and
introducing equation (19) along the fiber length including the transmitters, pumping laser-diodes,
detectors and receivers. Such results cannot be easily attained by the use of the NLSE as it is limited
by the definition of the electric current as a flow of electrons and cannot deal with the diodes and
detectors as reversible converters of light and electric power. Terms of equation (20) may be
involved to find the relevance of the output power to input power by substituting the main
parameters of the optical fiber, lasers and detectors of the experimental setup used in the thesis

(Nielsen, 2006).

CONCLUSION
The energy flow through elements of an optical fiber communication system has been

analysed optical systems .
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