
size of the unit cell of the double-ring. In fact, the structure with a
single negative permeability is much simpler than a double-negative
LHM in designs and fabrications.
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ABSTRACT: The formation mechanisms and properties of arc-induced
gratings are intrinsically related to the temperature attained by the fiber
during arc exposure. In this work, we present further results on the esti-
mation of the fiber temperature based on the use of electrically insulated
thermocouples. Computer simulations show that under typical arc dis-
charge conditions, the fiber reaches steady-state thermal equilibrium in
less than half a second, having a peak temperature of about 1350°C.
© 2008 Wiley Periodicals, Inc. Microwave Opt Technol Lett 50:
2020–2025, 2008; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.23555

Key words: temperature measurement; steady-state thermal equilib-
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1. INTRODUCTION

In recent years, some effort has been applied in finding the for-
mation mechanisms of arc-induced gratings [1-4]. In this context,
the determination of the temperature reached by the fiber during
the electric arc discharge is an essential parameter for the correct
assessment of the influence of each potential mechanism. Re-
cently, based on blackbody radiation, we estimated a value of
(1400 � 50)°C for the fiber temperature [5]. In a previous work
carried out using electrically insulated thermocouples [6], a value
of �1320°C was obtained for the temperature attained by an
optical fiber during an arc discharge. In that approach, the basic
requirements were as to guarantee that the arc discharge remained
unperturbed and that the temperature sensor had dimensions com-
parable to those of an optical fiber. That was achieved by fabri-
cating a thermocouple inside a silica capillary with an outer
diameter similar to that of a standard optical fiber. In this way, the
electrical isolation of the thermocouple is also guaranteed. Note,
however, that since the thermocouple has a thermal conductivity
different from that of silica glass, the temperature reached by an
optical fiber during an arc discharge is necessarily different from
that of this measuring system. Therefore, the following methodol-
ogy was used. First, the temperature distribution in the thermo-
couple was measured and then the temperature profile for an
optical fiber was estimated through a simplified heat transfer
model simulated by a finite element method using a commercial
partial differentiation solver. It should be stressed that the results
obtained strongly depend on the temperature dependence of the
physical parameters involved in the simulations. This technique
comprises less intermediate steps and assumptions than the one
based on blackbody radiation and, therefore, is more reliable.
Recently, new data related to type S thermocouples appeared in the
literature [7] allowing us to improve the previous result. In this
work, we started with estimating the time required for a fiber to
reach a steady-state thermal equilibrium. This knowledge is par-
ticularly important in situations where two or more mechanisms

Figure 5 Filtering characteristic of the MRCR
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(having distinct time-dependent properties) may compete for the
formation of the grating [4]. Thus by controlling the arc duration
during the gratings fabrication, one can enhance the contribution of
one of the mechanisms. Afterwards, based on the new equations
for the temperature dependence of the thermal conductivity of the
platinum-rhodium alloys, we re-evaluated the results obtained in
Ref. 6. Also, we present for the first time details on the computer
simulations and the temperature dependence of all physical param-
eters used in the calculations. This way, we clarify the previous
methodology and allow others to pursuit the improvement of this
technique.

2. EXPERIMENTAL RESULTS

Three electrically insulated thermocouples, having different diam-
eters (in micrometers), were produced as described in Ref. 6. A
photograph of the 50/50 thermocouple fabricated by applying arc
discharges is shown in Figure 1. Following the thermocouple
assembly, arc discharges with an electric current of 9 mA and 3 s
duration were applied to the thermocouple junction. The voltage in
the thermocouples was measured using an Agilent 34401A mul-
timeter, controlled by a LabView program. Afterwards, the voltage
values were converted to temperature using the reference function
for type S thermocouples based on the ITS-90 [8].

2.1. Estimation of the Thermal Unsteady-State Duration
Considering the fiber submitted to an arc-discharge as a simple
single body-model, the rate of change of temperature can be
assumed to be described by Newton’s law of heat transfer,

dT/dt � Lm�T� � T� (1)

where T is the temperature; t is the time; T� is the convergence
temperature that can be derived from the condition of a pseudo
steady-state thermal equilibrium, in which the heat exchange bal-
ance is reached, and where dT/dt � 0; Lm is the thermal leakage
modulus (overall heat-transfer coefficient to the surroundings di-
vided by the total effective heat capacity).

The analytical integration of Eq. (1) gives an exponential
function that describes the temperature in the fiber submitted to an
arc discharge, T(t), as a function of the time, t, considering an
initial point, (Ti, ti),

T�t� � T� � �T� � Ti�exp� � Lm�t � ti�� (2)

For practical reasons, Lm, is usually expressed in the form of a
time constant,

� � Lm	1

The time constant could be expressed and analyzed as a constant
resulting from the ratio between the overall effective heat capacity
and the heat-transfer coefficient.

Figure 1 Pt/Pt-Rh thermocouple (wires with a diameter of 50 �m).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 2 Time constant for the 50 �m-thermocouple obtained by fitting
the temperature evolution at the thermocouple junction as depicted in Fig.
1. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]

Figure 3 Time constants for the three thermocouples

Figure 4 Temperature distribution in the 50 �m-type S thermocouple
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To estimate the time required for a fiber submitted to an
arc-discharge to reach the steady-state thermal equilibrium, we
proceeded as follows. First, the time constants for the three
thermocouples were obtained by fitting the curves correspond-
ing to the time dependence of the temperature at the thermo-
couple junction (see Fig. 2). Then, by extrapolation of the data
for the case of having no thermocouple (zero diameter), the
time constant for the silica capillary (external and internal
diameters of 125 and 56 �m, respectively) was estimated to be
72 � 2 ms (see Fig. 3). Afterwards, by taking the ratio of the
cross sections for the fiber and the capillary, a value of 90 ms
was obtained for the time constant of the optical fiber. There-
fore, the fiber reaches steady-state thermal equilibrium (the time
required to achieve 99% of the stationary temperature) in about
415 ms.

Recently [4], we demonstrated that, under certain conditions, it
is possible to fabricate in a B/Ge co-doped fiber an arc-induced
long-period grating (LPG) whose spectrum contains a dual set of
resonances. These two sets of resonances are formed by distinct
mechanisms (densification and microdeformation) and are caused
by coupling to cladding modes of different symmetries. These
formation mechanisms depend differently on time; initially the
former dominates and afterwards is microdeformation that prevails
due to a linear dependence on time [2]. Therefore, by adjusting the
arc duration, the contribution of one of the mechanisms to the
gratings formation can be increased.

2.2. Estimation of the Capillary Temperature
Arc discharges in steps of tenths to hundreds of micrometers were
also applied on both sides of the thermocouple junction, covering
a region of 10 mm. Figure 4 shows the temperature distribution in
the 50 �m thermocouple. The peak temperature of the capillary
was obtained assuming that as the energy dissipated through the
wires approaches zero, the thermocouple temperature would ap-
proach the capillary temperature without thermocouple. The en-
ergy dissipated through the wires, per unit of time, Pd, was
calculated using the standard heat transfer expression for conduc-
tion

Pd � � kPt��

4
DT

2��
T

L �
Pt

in which k, DT and 
T/L represent, respectively, the thermal
conductivity of the thermocouple wire, its diameter and the tem-
perature gradients in the vicinity of the thermocouple junction. The
temperature dependence of the thermal conductivity for platinum
was taken from the literature [9], whereas for the alloy it was
estimated based on data from a recent article in which several
platinum alloys were examined at high temperatures [7]. Although
at room temperature, the thermal conductivity of platinum is
almost twice that for the alloy, at high temperatures both have
similar values due to the higher temperature coefficient of the
thermal conductivity for the platinum alloy. In fact, it was exper-

TABLE 1 Temperature Dependence of the Physical Parameters Used in the Simulations (T in Kelvin)

Designation Expression Range

Thermal conductivity of
air [10]

k � 3.84 � 10	3 � 7.66 � 10	5T 	 1.54 � 10	8T2

Convection heat transfer
coefficient of air [10]

h(56) � 310.197 � 2.392 � 10	1T 	 1.906 � 10	5T2 T  1200 K

idem (external surface)
[10]

h(125) � 55.910 � 3.249 � 10	1T 	 1.164 � 10	4T2 T � 1100 K

Thermal conductivity of Pt
[7]

k � 77.8 � 2.15 � 10	2(T 	 300)

Thermal conductivity of
Pt/Rh [7]

k � 43.5 � 4.3 � 10	2(T 	 300)

Specific heat of Pt [9] Cp � 125.15 � 2.655 � 10	2T T  1200 K

C� p � �1.3 � 105 � �T � 1173��Cp�T� � 156.3�/2

T � 293

Density of Pt
� �

21450

1 � 3a

a � 9.122 � 10	4(T 	 293) � 7.467 � 10	8(T 	 293)2 � 4.258 � 10	11(T 	 293)3

�� � �1.864 � 107 � �T � 1173����T� � 20892.4�/2

T � 293

Specific heat of SiO2 [9]
Cp �

T � 2 � 105

23.1992 � T
� 1.7 � 10	3�T � 8 � 105�

C� p � �5.666 � 105 � �T � 900��Cp�T� � 1153�/2

T � 300

Density of SiO2 [11]
� � �2222.5 � 9.10 � 10	3T

2426.0 � 1.57 � 10	1T
T 	 1400 K

T  1400 K

�� � �
2.171 � 106 � �T � 1273����T� � 2210.9�/2

T � 293
2.392 � 106 � �T � 1373����T� � 2210�/2

T � 293

T 	 1400 K
T  1400 K

Thermal conductivity of
SiO2 [9, 10] k � �� 48.661 � 1.349 � 10	1T � 1.208 � 10	4T2 � 3.75 � 10	8T3

7.8 � 10	1 � 5.4 � 10	2e
T�379

354 � 1.65 � 10	1e
T�379

405

T 
 1000 K
T � 1000 K

Emissivity of SiO2 [12] � � 0.056 � 1.90e	
T

552 T  900 K
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imentally observed from data concerning the power dissipation in
thermocouples composed of wires with different diameters, that
the difference between the thermal conductivities of platinum and
the alloy decreases from about 45% at room temperature to 15% at
1000°C (see Table 1). The result of this analysis is shown in Figure
5, where the peak temperature measured by three thermocouples
with different diameters is plotted as a function of the power
dissipated in the thermocouples. The error bars referring to the
x-axis account for the uncertainty of the diameter of the thermo-
couples (�1 �m) and on the thermal conductivity of the alloy
(10%), whereas the error bars referring to the y-axis account for the
uncertainty in the thermocouple positioning between the electrodes
which, in turn, affects the temperature measurement (�10°C). The
linear fitting applied to the experimental data points towards a
capillary temperature of �1430°C with an overall uncertainty of
�50°C.

2.3. Estimation of the Fiber Temperature
To determine the temperature profile in the fiber, several steps are
required. First, the experimental temperature profiles in the ther-
mocouples (see Fig. 4) are fitted to the simulation results by tuning
the thermal power delivered by the arc, the dimensions of the point
source used and the separation between the point source and the
silica capillary. Second, the thermocouples are removed from the

previous system and for the same power, the temperature profile in
the capillary is derived. This allows a comparison between the
peak temperature of the capillary and the value estimated graphi-
cally (see Fig. 5). Finally, a similar calculation is performed for the
case of having an optical fiber instead of the capillary. Note that for
each set of thermocouples, independent simulations were realized
using a simplified heat transfer model of the assembly based on a
finite element analysis. Radial heat transfer was simulated by a
finite element method using a commercial partial differentiation
solver (Flex PDE 2.13 from PDE Solutions Inc. [13]), assuming a
two-dimensional steady-state conduction model, which holds for
the period after thermal stationary equilibrium is reached. The
boundary conditions applied to the dash box shown in Figure 6 are
as follows: heat is transferred to the system through a narrow arc
discharge, the internal radiative heat transfer within the silica
capillary is neglected but radiative heat transfer is considered at the
capillary surface, along with a convection contribution; by sym-
metry there is no heat transfer along the axis of the thermocouple
and the boundary is at room temperature (25°C). Figure 6 sum-
marizes the types of heat transfer involved in the simulations.
Table 1 gives the expressions for the temperature dependence of
the physical parameters used in the simulations. The dimensions of
the point source and its distance to the silica capillary were set
equal to 5 and 412.5 �m (electrodes’ gap equal to 950 �m),
respectively. The results obtained from simulations for the 50 �m
thermocouple are shown in Figures 7–9, corresponding to the
various steps taken to obtain the temperature profile for the fiber.
Figure 7 shows the temperature distribution of the whole system
consisting of the thermocouple and capillary arrangement. The
temperature profile of the silica capillary with the thermocouple
inserted is shown in Figure 8. A value of 1045°C was obtained for
the peak temperature, which is about 85°C above the value ob-
tained for the temperature in the thermocouple junction (see Figs.
2 and 4). The estimated temperature profiles, obtained from com-
puter simulations, in the capillary and in a fiber are shown in
Figure 9. The correspondent capillary peak temperature is of about
1445°C, in good agreement with the value obtained from Figure 5.
The peak value of the fiber temperature of �1350°C is also in
good agreement with the value obtained through the blackbody
radiation method [5].

A final remark to the fact that in the computer simulations it
was assumed a cylindrical symmetry, but we have demonstrated
recently that the arc discharge is indeed directional what causes a
temperature gradient in the fiber [2]. Therefore, depending on the

Figure 5 Peak temperature versus power dissipated through the thermo-
couples

Figure 6 Heat transfer equations for the system consisting of a silica capillary, with a thermocouple inside, submitted to an arc discharge through air. [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com]
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position of the fiber relative to the line joining the two electrodes,
a temperature difference through the fiber cross-section ranging
from 20 up to 80°C can be achieved.

3. CONCLUSIONS

We present details of the computer simulations associated to the
technique, based on electrically insulated thermocouples, for the

measurement of the temperature of an optical fiber whilst being
heated through electric arc discharges. By following the time
evolution of the temperature in the thermocouples, it was estimated
that a fiber achieves steady-state thermal equilibrium in about
0.4 s. For a current of 9 mA, a capillary temperature of (1430 �
50)°C was obtained by extrapolation of the experimental data for
near-zero diameter thermocouples. The temperature profiles in the
capillary and in the optical fiber were determined by solving the
classical heat transfer equations making use of the data obtained
for the thermocouples with different diameters. The respective
peak temperatures calculated for the fiber (capillary) was of about
1350°C (1445°C). The fiber temperature values agree well with
those obtained using other techniques [5]. This method allows the
measurement of an important parameter, the fiber temperature
under electrical arc discharges that concerns not only the control of
the LPGs fabrication process, but also the mechanisms responsible
for their formation. Furthermore, it is expected that these electri-
cally insulated temperature microsensors can also play an impor-
tant role in the adjustment of the arc parameters of fusion splicing
machines [14].
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ABSTRACT: In this article, a simple method to design a high-perfor-
mance ring-wideband bandpass filter centered at 4 GHz without the per-
turbation element is presented. The coupling between the two orthogo-
nal modes is accomplished by combining the resonant mode of the ring
resonator and the resonant mode of the coupling line having a length
about �g/4 with respect to 4 GHz. This fabricated filter at center fre-
quency f0 of 4 GHz has showed very good measured characteristics,
including a 3-dB fractional bandwidth of 40%, a very low insertion
loss of 0.3 � 0.1 dB, a stopband from 6 to 10 GHz, and a very high
selectivity. © 2008 Wiley Periodicals, Inc. Microwave Opt Technol
Lett 50: 2025–2027, 2008; Published online in Wiley InterScience
(www.interscience.wiley.com). DOI 10.1002/mop.23577
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1. INTRODUCTION

Microstrip ring resonator has been widely utilized to measure
effective dielectric constant, dispersion, and discontinuity param-
eters of the dielectric layer [1–4]. Except the measurement appli-
cations, the microstrip ring resonator has also been used in filters,
oscillators, mixers, and antennas [5] because of its advantages of
compact size, easy fabrication, narrow passband bandwidth, and
low radiation loss. The interesting compact filters such as dual-
mode filters using microstrip ring resonators for cellular and other
mobile communication systems have been reported [6]. The design
of a planar dual-mode bandpass filter (BPF) was proposed by
Wolff in the early 1970s [7]. The dual-mode BPF mainly consists
of a physical coupling of two degenerate modes produced in a
symmetrical ring or patch resonators excited by a perturbation
element along the orthogonal plane of the resonator [8]. The
dual-mode effects can be observed in the frequency responses, thus
it is usually applied to design the narrow-band filter. Thus far, the

annular- and rectangular-ring resonators have been widely used for
the design of dual-mode BPFs investigated by the transmission-
line theory [9–12] and simulation tool [13]. However, the dual-
mode ring or patch BPFs usually has narrow bandwidth due to
their natural properties [1–3]. In 2003, Chang et al. first proposed
a design of a planar dual-mode wideband BPF [4, 5], which used
a ring resonator without the perturbation element and with direct-
connected orthogonal feed lines and two tuning stubs to construct
a wide passband with 3-dB fractional bandwidth ratio (FBW,
defined as 3-dB bandwidth over designed center frequency) of
49.3%. However, the filter had serious spurious responses below or
above the passband due to its direct-connected feed lines.

In this article, a ring-wide passband BPF without the perturba-
tion element is presented. When the length of the coupling line is
about �g/4 with respect to 4 GHz, a FBW of 40% of the ring-
wideband BPF can be obtained. A design technique using the IE3D
electromagnetic (EM) simulator [14], which gives a full-wave
solution via integral equations, and the method of moments (MoM)
is presented in this article. Good agreement exists between the
experimental results of the fabricated filter and the simulation
results.

2. DESIGN OF RING WIDEBAND BANDPASS FILTER

Figure 1 depicts the schematic of the proposed ring-wideband BPF
(RW-BPF). The substrate used for simulation and fabrication in
this study is the commercial substrate (RT/Duroid 5880) with
dielectric constant (�r) of 2.2 and thickness (h) of 0.787 mm. The
RW-BPF has a primary structure composed of square ring reso-
nator and a pair of the coupling lines, as shown in Figure 1. The
physical length L of the square ring resonator is designed to
determine the fundamental center frequency. In the RW-BPF de-
sign, the coupling gap between the feed lines and the ring is
selected for proper bandwidth.

In conventional dual-mode BPF design, the filter structure
satisfies three conditions that (1) the input and output (I/O) ports
connected to the center point of the coupling lines are separated
orthogonally; (2) a perturbation element of generating a reflected
wave against an incident wave is existed within the ring resonator;
and (3) a symmetric plane is existed in the circuit geometry [2].
Unlike the conventional design, the proposed filter do not use a
perturbation element and the two separated orthogonally I/O ports

Figure 1 Practical layout of the designed RW-BPF designed on a
0.787-mm thick substrate with a dielectric constant of 2.2
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