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Abstract—The coupling behavior between two parallel
micro/nano-fibers is investigated by extending the theory
of transmission-lines (TL) to optical domain, Simulation
result indicates that the energy transfer length of
micro/nano-fibers based coupler is much shorter than that
of conventional fiber based coupler. The experiment of the
coupling behavior of micro/nano-fibers is demonstrated. It
verifies the TL model of micro/nano-fiber coupler. This
result may offer valuable reference for the investigation of
nano-photonic devices.
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1. INTRODUCTION

Because of low loss, easy fabrication and small size,
micro/nano-fibers have been studied widely [1-6] and
micro/nano-fiber based compact photonic devices such as
couplers [7], Mach-Zehnder interferometers [8], all-fiber filters
[9], all-fiber Fabry-Perots [10], lasers [11] attract development
interests. In these photonic devices, coupler consisting of two
parallel micro/nano-fibers is the basic unit. So investigation of
its performance is of great significance. In conventional
methods, the coupler is considered as a weakly coupled system
and perturbation theory is usually applied. However, in the case
of nano-sale, it can no longer be treated as a weakly coupled
system. In order to get the mode coupling between micro/nano-
fibers, one may solve Maxwell’s equations. Of course it is a
difficult work.

TL model is of significant importance for the design and
analysis of microwave networks. Recently, Nader Engheta
proposed to analyses photonic nanoelement by transferring the
electrical engineering TL theory into the optical regime [12].
Such a concept provides a new way for investigating nano-
scale photonic devices in the optical domain. In this paper, a
transmission-line (TL) model for the coupling between two
parallel micro/nano-fibers is presented. It is aimed to give a
novel method to deal with strongly coupled system.

II.

It turns out that nano-particle can be treated as lump circuit
element. The material can determine the type of lumped
impedance. For example, if the nano-particle is made of
material which the real part of electric permittivity ¢ is larger
than 0 (Re (g) > 0) at optical domain, the nano-particle can be
treated as a capacitive impedance; if the particle is composed

TL MODEL FOR MICRO/NANO-FIBER BASED COUPLER

This work was supported in part by National Science Foundation of
China (NSFC) (ID90704002, 60877012), STCSM Project (09JC1408100) and
Hangtian Research Institute- SJTU Joint Foundation. State Key Lab Project
(GKZD030004).

978-1-4244-7595-7/10/$26. 000©2010 TEEE

65

of material with Re (g) <0 at optical wavelength, the nano-
particle will act as an inductive impedance; and if loss exist, a
resistor should be considered [13]. Following this concept, the
TL model for micro/nano-fiber based coupler is set up.

The micro/nano-fiber based coupler is shown in Fig. 1. The
coupling length is about 0.9 mm and the diameter of two
parallel micro/nano-fibers is about 800 nm, respectively.
Between two micro/nano-fibers, there is a thin layer of air.
From the concept of Nader Engheta [12], the micro/nano-fiber
can be treated as many nanostructures that get together closely.
In the limit, the micro/nano-fiber may be envisioned to
constitute layered transmission lines.

Fig. 2 is the TL model for micro/nano-fiber coupler. As is
known, the material of optical fiber is SiO, and Re (¢) is larger
than 0, so the nanoscale optical fiber act as nano-capacitor; the
loss of optical fiber almost always exist, hence the nano-
resistor should be included in the TL model. Lastly, the thin air
between two fibers also behaves as capacitive impedance
because of its Re (¢) >0. According the circuit theory, the TL
model for micro/nano-fiber should be a parallel-series circuit.
The air-nano capacitors play the role of coupling, transferring
the energy from one optical fiber to another. The value of
capacitance is similar to the coupling coefficient, which
determines the speed of energy transfer.

For simplification, we make the following assumption:

(1) The thin air has a cylindrical shape as shown in Fig.
3.

(2) Every nano-capacitor composing micro/nano-fiber
has the same impedance, the same to the air.

(3) Every resistance of nano-resistor is identical.

T .

Figure 1. Micro/nano-fiber based coupler
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Figure 2. The transmission-lines model for micro/nano-fiber coupler
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Figure 3. The model for thin air between two fiber

III.

Using the TL model set up in section II, the coupling
behavior between two micro/nano-fibers is simulated. In
simulation, the impedance of nano-capacitor is simply given by
[14]:

SIMULATION RESULT AND DISCUSSION

Z=(—jwed 1) ()
So, we can get
c- % @)

where, C is capacitance of nano-capacitor, / is the length of
nano-capacitor, d is the cross-sectional size, @ is the angular
frequency of optical, j is the imaginary unit, and ¢ is the real
part of electric permittivity.

To get the parameter values of these nanostructures, let us
assume the nano-capacitor of micro/nano-fiber with radius 400
nm and length 50 um. The parameter of air nano-capacitor is
shown in Fig. 3. The permittivity of SiO, and air is known to
be &5, =3.58¢, From Eq. (2), we can then

find Cj,,, = 0.319atroF . If the nanostructure is made of air with

permittivity &, =1.00¢, , the capacitance of air nano-capacitor

will be C,,. =0.870pF . Here, we do not take the wavelength
dependence of permittivity into account and we set the value of
resistor at R =0.115mQ according the loss of micro/nano-fiber
coupler.

From these parameters, using circuit theory, the simulation
result can be obtained. Fig. 4 shows the theoretical coupling
behavior of two micro/nano-fibers. In this figure, the energy
transfer from one micro/nano-fiber to another is similar to
weakly coupled system. However, the minimum transfer length
(Limin) for energy exchange is much shorter than that in weakly
coupled waveguides because of the stronger coupling
coefficient between two micro/nano-fibers. From the figure,
Lin for maximum value of energy exchange is about 0.4 mm.
In weakly coupled system, L. is usually more than ten
millimeters.
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The experiment results for a micro/nano-fiber coupler as
shown in Fig. 1 is also presented in Fig. 4. It can be seen that
they have the similar behavior and the experimental value of
Ly is about 0.45 mm. There is discrepancy between two
results, which may arise from the difference in parameter
choice.

The above results suggest that two close micro/nano-fibers
exhibit strongly coupling, which is essential for developing
compact photonic devices. It will reduce the size of integrated
optical interconnect device.
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Figure 4. The relationship between the coupling efficient and the
coupling length

IV. CONCLUSION

We presented and discussed a simple method for
investigating the coupling between two micro/nano-fibers by
extending the TL theory from microwave to optical domain
using the concept proposed by Nader Engheta. Simulation and
experimental results are given. Comparison of the simulation
result with experimental one verifies that the TL model is valid.
It provides a simple way for the analysis of nanostructure based
nano-photonics devices.
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