
4. CONCLUSIONS

In this article, we have, for the first time to our knowledge,

modeled the optical nanowaveguide coupler using a METM

method. The relation of coupler input and output is expressed

by a matrix equation. For the parallel region, a transportation

matrix is used to describe the transportation properties of sym-

metric mode and antisymmetric mode. For the splitter regions,

two transition matrices are used to describe the mode transition

from single mode of input ports to the supermodes in parallel

region and vice versa. For the slab waveguide case, the parame-

ters of transition matrices were identified using mode expansion

method theoretically. The analytical results are compared with

the FDTD simulation results. Excellent agreement has been

obtained between the simulation results and analytical results.

For the 3D nanofiber coupler case, with the parallel nanofibers

mode profiles obtained from 2D FEM method, we could have a

similar matrix equation for the input and output relation. For the

strongly coupling case, the profile of supermodes cannot be rep-

resented by a linear combination of the vector modes of the

individual nanowaveguide, which is beyond the coupled mode

theory assumption. METM could give a general description for

it. We believe that the proposed model will be very useful to

guide and assist the nanofiber and nanowires optical devices

design.
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ABSTRACT: This article reports the development of two sensing head
configurations based on extrinsic and intrinsic fiber Fabry-Pérot
interferometers for the detection of incipient faults in oil-filled power
transformers. The performances of the sensing heads are characterized
and compared with the situations where it operates in air, water, and
oil and promising results are obtained, which will allow the industrial
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1. INTRODUCTION

Acoustic emissions (AE) in power transformers are generated by

electrical sources (such as partial discharge and arcing) and by

mechanical sources (such as loose clamping, bolts or insulation

parts). It is possible to identify the AE source using the charac-

teristic signature of each emission; indeed, from this signature

emission parameters such as burst rate and count rate can be

evaluated and compared with those derived from known AE

sources [1–3].

Insulation degradation is mainly associated with the occur-

rence of partial discharges (PDs). These are an electrical phe-

nomenon that occurs within a transformer whenever the voltage

stress is sufficient to produce ionization within the solid dielec-

tric, at conductor/dielectric interfaces or in bubbles within liquid

dielectrics such as oil. High-frequency transient current dis-

charges will then appear repeatedly and will progressively dete-

riorate the insulation, ultimately leading to breakdown [4]. In

power transformers, the levels of PDs are an indicator of the

insulation condition, because they result of localized electrical

breakdown that should not be present in significant values in a

good insulation system. Any PD activity has detrimental effects

on the insulating materials (paper, polymers) surrounding the

conductors and degrades the insulating properties of the oil, and

thus its prognosis and diagnosis are of utmost importance [5].

The energy released in PDs produces a number of effects,

resulting in chemical and structural changes and electromagnetic

emissions [6]. Acoustic PD detection is based on the mechanical

pressure wave emitted from the discharge. The AE of PDs has

wideband frequency content (20–500 kHz), but considering the

energy density, a sensor with response in the frequency range of

20–100 kHz is considered as a good acoustic PD detector [7]. In

general, it is important not only to detect PD activity but also to

give an indication of the PD source location. Traditional meth-

ods use piezoelectric sensors mounted on the outside of the wall

of the transformer tank to achieve acoustic PD location. This

method has problems with the high attenuation in the wall, as

well as the issue of multiple routes between source and sensor

that can diminish dramatically the accuracy of PD location [8].

This accuracy can be very much improved using optical fiber

sensors that can be placed inside the transformer tank without

affecting the insulation integrity.

With the intrinsic advantages of fiber optics sensors in mind,

this article describes the development of two sensing heads

based on: Extrinsic Fabry-Pérot Interferometer (EFPI) and

Intrinsic Fabry-Pérot Interferometer (IFPI), for detection of AE

in power transformers. The sensing fibers are attached to a dia-

phragm that vibrates in the presence of an acoustic wave. A

laser was used to interrogate the sensors, and the detection

scheme uses a computer-based feedback loop, in a homodyne

configuration, to tune the laser wavelength emission and track

the quadrature point, optimizing the measured and readout sensi-

tivity. The sensitivity, distance, and frequency responses are

experimentally obtained, and the effects in the characteristics of

the sensing heads when they are immersed in fluids (air, water,

and oil) are addressed. Future research paths are summarized in

the Section 4.

2. BACKGROUND AND EXPERIMENTAL

Acoustic sensing has been one of the first successful applica-

tions of fiber optic sensors, and the literature on optical fiber

interferometry for acoustic and ultrasonic sensing is extensive.

Underwater acoustic sensing has been studied since the end of

the 1970s, and many configurations were proposed to optimize

system performance [9–11]. This application is well suited for

interferometric sensors because the sensitivity of such sensors is

high and scalable by selection of the sensing fiber length. Fur-

thermore, acoustic sensing does not require DC sensitivity,

which is the domain where interferometric sensors are not

attractive because of their inherent susceptibility to signal drift

(in the limit, imposed by temperature fluctuations). Michelson,

Mach-Zehnder, and Sagnac interferometric configurations were

used in successful designs of acoustic sensors [12–16]. However,

a common problem with these sensors is the requirement for

long sensing lengths to achieve sufficient acoustic sensitivity. To

avoid this constrain and looking for applications in AE detection

in power transformers environments, we have developed an opti-

cal sensing head based on extrinsic and intrinsic Fabry-Pérot

Cavities (FPC).

2.1. Diaphragm Vibration—Mathematical Description
The vibration model of a circular plate is well known [17, 18].

The exact solution of this vibration problem involves the use of

Bessel functions. The vibration model of a thin plate can be

used to select the dimensional parameters (radius and thickness)

of the diaphragm and the characteristics of its material (Young

modulus and Poisson ratio), to maximize the sensor sensitivity

and to satisfy some requirements (e.g., maximum static pressure

operation, directionality, and frequency response). Equation (1)

describes the displacement d for the central point of a dia-

phragm (the out-of-plane deflection) in terms of the pressure

wave frequency f and the order of the excited vibration mode

(m,n),

dðf Þ ¼ D
X1
m¼0

X1
n¼0

Amnx2
mnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðx2
mn � 4p2f 2Þ2 þ 16p2f 2n2

q
2
64

3
75 (1)

with,

D ¼ 3Pð1� t2Þ
16Et3

a4; (2)

where u is the Poisson’s ratio, E is the Young’s modulus, t is
the plate thickness, a its radius, P is the pressure wave ampli-

tude, n and m are modal numbers, and xmn is the natural fre-

quency of the (m,n) vibration mode.

The resonance frequencies are given by

xm;n ¼ ðkaÞ2mn
a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Et2

12qð1� t2Þ

s
(3)

where q is the mass density and (ka)mn are the roots of the

vibration equation. Their values for some (m,n) combinations

are given in Table 1.

If a diaphragm is immersed in a fluid, the resonance frequen-

cies will be lower because of the added mass effect and it will

also change the amplitude at the peak because of reradiation of

acoustic energy. The new values of the natural frequencies can

be calculated by
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x0
m;n ¼

1ffiffiffiffiffiffiffiffiffiffiffi
1þ f

p xm;n (4)

with

f ¼ 0:6689
ql
q
a

t
; (5)

where (ql/q) is the ratio of the fluid density to the material den-

sity of the diaphragm.

2.2. EFPI Sensor Configuration
The EFPI sensor configuration is shown in Figure 1. The trans-

ducer element is a diaphragm that vibrates in the presence of an

acoustic wave. The optical part of the sensing head consists of a

lead-in/lead-out monomode fiber that is aligned with a reflecting

fiber (multimode) inside a hollow glass capillary tube. With this

arrangement, an extrinsic FPC is formed between the two fiber

ends. The light from a laser source propagates along a lead-in

monomode fiber to the FPC, which is formed by the lead-in/-out

and target fibers. A fraction of �4% of this incident light is

reflected at the output end face of the lead-in/-out fiber and

returns directly back down the fiber. The light transmitted out of

the lead-in/-out fiber is projected onto the fiber end face of the

target fiber. The reflected light from the target fiber is partially

recoupled into the lead-in/-out fiber. Then, the interference

between the two reflections gives rise to the interfering fringes.

Figure 2 shows the corresponding interferometric channeled

spectrum of this structure. This interferometric spectrum is

changed by the cavity length. Thus, the sensor operation is

based on the transduction of the diaphragm vibration, in the

presence of an acoustic wave, into a cavity length variation.

2.3. IFPI Sensor Configuration
In this sensor configuration, an intrinsic FPC was formed

between a FBG reflector and a mirrored end surface of the fiber.

To obtain a high visibility (97%), it was used a FBG with 40%

of reflectivity, as the first reflection mirror, and the second

reflection occurs in the silver end glass surface of the fiber, with

98% of reflectivity. Figure 3 shows the interferometric chan-

neled spectrum of the obtained structure. This pattern is charac-

terized by a superposition of a slowly varying envelope associ-

ated with the FBG reflection spectrum and an interference fringe

pattern relative to the Fabry-Perot interferometer.

The silver-mirror end-surface of the fiber is attached to a dia-

phragm for acoustic pressure interaction, whereas the other side

of the FPC is fixed to a base cylinder (Fig. 4). The sensor opera-

tion is based on the transduction of the diaphragm vibration into

fiber longitudinal strain in the presence of an acoustic wave.

This pressure wave induces changes in the grating spectrum

(Bragg wavelength shift) and in the interference fringe pattern

(cavity length variation) simultaneously. The dynamic strain sig-

nal induces a variation of the cavity length that modulates the

round-trip propagation phase shift in the Fabry-Perot interferom-

eter. The interrogation system detects the optical power modula-

tion induced by the relative shift of the central fringe (the one

with maximum amplitude) in respect to the laser emission wave-

length. Considering that the FBG spectral envelope and the

interferometric fringes move synchronously under the action of

the acoustic wave, there is no amplitude modulation of the cen-

tral fringe associated with the spectral displacement of the

envelope.

2.4. Interrogation System
The interrogation system (Fig. 5) is based on a tunable laser,

and an active homodyne detection scheme was used to imple-

ment a high sensitivity-point tracker (operating the system in the

quasi-linear region of the interference fringe spectrum). A feed-

back loop receives the photodetector output signal by an acquisi-

tion board and controls the wavelength of the laser emission to

compensate the low-frequency variations of the photodetector

signal (drift information) induced by, for example, temperature

TABLE 1 Values for (ka)mn

m

N

0 1 2 3

0 3.196 4.611 5.906 7.143

1 6.306 7.799 9.197 10.537

2 9.440 10.958 12.402 13.795

3 12.577 14.108 15.579 17.005

Figure 1 The EFPI sensor configuration

Figure 2 Channeled spectrum of the EFPI sensor configuration

Figure 3 Channeled spectrum of the IFPI sensor configuration
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changes. The detection system is locked at the highest sensitiv-

ity point (quadrature point), and any higher frequency signal is

recovered directly from the photodetector output (low-bandwidth

operation). LabVIEW
VR
software was used to perform the control

process and to further process the signals. The stored data is a

fast Fourier transform (FFT) of the time domain photodetector

electrical signal. Figure 6 shows the FFT spectrum of the sensor

output signal when the piezoelectric transducer (PZT) is used to

produce a 36-kHz acoustic wave in an underwater test (the PZT

was 10 cm away from the sensing head). We can see the signal

at 36 kHz (55 dB above the noise floor) and a harmonic at fre-

quency of 72 kHz (30 dB above the noise floor).

3. RESULTS

In the experimental setup, a PZT (200LM450-ProWave) was

used as an acoustic source to simulate the pressure wave from a

PD. In underwater applications, the PZT has a transmitting

sound pressure level of 155 dB (at 0 dB ¼ 1 lPa/VRMS) with a

center frequency of 200 kHz. At first, the correct operation of

the detection system to compensate the temperature variations

and maintain the interferometer locked at a quadrature point was

verified. Thus, tests were done to evaluate the sensors response

in distance and frequency.

3.1. Distance Signal Dependence
The dependence with distance of the sensors response was

investigated for the extrinsic and intrinsic configurations. To

evaluate the sensor performance in a situation close to the one

present in power transformers, the sensing head was immersed

in water and in oil. The distance attenuation of the sensors out-

put shows a similar behavior in all tests. The results for air and

liquid immersed show a stronger signal in water and in oil if

compared with acoustic propagation in air, and a smaller rate of

the signal attenuation with distance, which are both positive fea-

tures. These results are a consequence of the better acoustic

energy transfer in a medium of higher density. Figures 7 and 8

show, respectively, the signal distance dependence of the EFPI

and IFPI sensors.

The results of the oil-immersed tests are particularly impor-

tant to evaluate the sensors performance. The results for the

EFPI sensor show a signal amplitude attenuation of 20, 15, and

12 dB for air, water, and oil-immersed cases, at a distance of 60

cm. For the IFPI sensor, the results show signal amplitude

attenuation of 23, 16, and 14 dB for air, water, and oil-

immersed cases, at the same distance. Thus, it turns out that the

IFPI has stronger amplitude attenuation with the distance.

3.2. Frequency Response
The sensor frequency response is independent of the optical

sensing structure (extrinsic or intrinsic). Its characteristic

depends basically on diaphragm material (Young modulus and

Poisson ratio) and its geometry (radius and thickness). The fre-

quency spectrum was obtained experimentally using a signal

generator to drive the PZT. Figure 9 shows the sensor response

when the frequency is swept from 1 to 100 kHz. The sweep

function needs 2 min to cover the frequency range, and the

experiment was carried during 20 min. Thus, the values in Fig-

ure 9 are a mean of 10 stored response values for each fre-

quency. This experiment procedure explains the low smoothness

of the response curve.

It can be observed a complex structure, certainly due to mul-

tiple resonances of the structure within this frequency window

(Fig. 10). The mathematical model of the diaphragm vibration

was used to simulate the dynamic behavior of the diaphragm to

compare with the experimental data. The diaphragm frequency

Figure 4 The IFPI sensor configuration

Figure 5 Signal demodulation with active phase tracking computer-

based homodyne technique

Figure 6 FFT of the output signal of the EFPI sensor to an acoustic

wave at a frequency of 36 kHz in water

Figure 7 The distance signal attenuation for the EFPI sensor (air,

water, and oil)
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response was calculated using Eq. (1) with n ¼ 0 to 3, m ¼ 0 to

3 in the frequency range (0–100) kHz. The simulated vibration

behavior is close to that obtained in experimental tests (the

model results are normalized). It was found that the vibration

model agrees with the experimental data of water and oil

immersed tests (using the correction factor given by Eq. (4) to

calculate the natural frequencies in liquids).

3.3. Sensors Resolution
The sensors resolution have ripple amounts of about 30 dB in

the frequency range (0–100) kHz and, as expected, the best re-

solution is obtained when some parameters of the sensor are

optimized to improve responsivity at the natural vibration fre-

quencies of the diaphragm.

The demodulation system has a VRMS-noise ¼ 0.5 mV, and

the PZT has a sound emitted pressure level of 105 Pa at

30 kHz. Tests are done at a distance of 10 cm (the standard dis-

tance for characterization of the acoustic emitter).

The worst acoustic receiving sensitivity for the EFPI sensor

is �238 dB (at 0 dB ¼ 1 VRMS/lPa) at frequency of 60 kHz,

which allows a pressure resolution level of 397 Pa. At the same

conditions (60 kHz, 10 cm away and VRMS-noise ¼ 0.5 mV), the

IFPI sensor presents a resolution level of �246 dB, which

allows a pressure resolution level of 998 Pa. Thus, the EFPI sen-

sor configuration has a better pressure resolution, at the same

conditions, if compared with the IFPI sensor configuration.

4. CONCLUSIONS

In this work, two sensing head configurations based on Extrinsic

and Intrinsic Fabry-Perot Interferometers were investigated for

the purpose of detecting the weak pressure wave from a PD

occurrence in power transformers. The two sensing structures

were attached to the same diaphragm and all sensors were inter-

rogated by an active homodyne scheme with a tunable laser. We

can conclude that the EFPI configuration has the best perform-

ance. Globally, the results obtained are promising, confirming

that PD detection and measurement in power transformers are

feasible using acoustic detection by sensor systems immersed in

the oil, as an alternative to measurements taken from the exte-

rior of the machine.

Further work is in progress to reach a stage where the appli-

cation of these sensors in power transformers becomes feasible.

In particular, the process and the materials for sensing head fab-

rication are being appropriately selected to support some harsh

conditions (e.g., corrosive environment, high temperature, high

static pressure) aiming to improve the achievable readout resolu-

tions as well as to flatten the frequency response of the optical

fiber acoustic wave transducers.

This development, which hopefully will lead to not too ex-

pensive technological solutions, also opens a new path for con-

dition monitoring and incipient fault analysis: the placement of

a number of sensors inside the transformer tank will allow the

construction of three-dimensional acoustic images that will pro-

vide the pinpointing of sources of noise and eventually lead to

more accurate diagnosis.
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ABSTRACT: This article presents a compact and low-loss diplexer for
dual-band applications using a LTCC (low temperature co-fired
ceramic) multilayer technology. This diplexer is composed of the high-
pass filter (HPF) and low-pass filter (LPF) in order to separate GSM
(global system for mobile) and CDMA (code division multiple access)
band. For enhancing band selectivity of the diplexer, a shunt capacitor
and inductor are designed in the HPF and LPF, respectively.

In addition, a transmission zero is designed at the stopband of the LPF
using a shunt inductor for improving isolation characteristics. The
diplexer is realized in a 6-layer LTCC substrate with a relative
dielectric constant of 7. The size of the fabricated diplexer including
CPW pads is 3.45 � 4.0 � 0.7 mm3. A measured insertion loss (IL) and
return loss (RL) of the GSM band are less than �0.54 dB and �10.50
dB, respectively. In the case of CDMA band, the IL of �1.13 dB and RL
of below �6.16 dB are archived. VC 2010 Wiley Periodicals, Inc.
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1. INTRODUCTION

Recently, a significant growth of wireless communication market
is observed. A GSM (global system for mobile) and CDMA
(code division multiple access) are one of the representative mo-
bile services in the world. GSM and CDMA have been allocated
880–1900 MHz and 450–1900 MHz around world, respectively.
To enable ‘‘seamless roaming’’ in the world, multi-band front-
end modules (Mb-FEM) or transceiver modules have been
researched and developed by several institutes [1–3]. In these
modules, a key device is a diplexer or duplexer.

Various results [4–8] reflecting above trends have been
reported for high performance and compact diplexer modules
using LTCC multilayer technology, which is an attractive tech-

nology for wireless communication system-on-package (SoP)
architecture because it offers a low-loss and high-integration
capability [9]. To improve isolation characteristics, transmission
zeros have been designed in the passband of the LTCC diplexer
[4, 5]. However, transmission line structures of the diplexer

resulted in a bulky module [4]. A method to minimize interfer-
ences among the embedded inductors and capacitors was pro-
posed by avoiding the overlapped area of these passive elements
[6]. However, additional BPFs were designed for improving

band selection. The LTCC diplexer based on a dual BPF was
reported [8] for 2.4 and 5 GHz WLAN applications. However,
for reduction of its planar size, it was fabricated in a 14-layer
LTCC dielectric substrate.

In this article, a compact and low-loss diplexer for dual-band

(GSM and CDMA) applications is presented by using LTCC

technology. To improve band selectivity and isolation character-

istics, lumped elements in the low-pass filter (LPF) and high-

pass filter (HPF) and a transmission zero in the LPF are

designed. The designed diplexer was implemented using a 6-

layer LTCC dielectric. The overall size of the fabricated di-

plexer including CPW pads is 3.45 � 4.0 � 0.7 mm3.

2. DIPLEXER DESIGN

In general, Mb-FEM consist of several transceivers (TRx),

switch devices, and diplexers (duplexers) [10, 11]. However,

these Mb-FEM have suffered from high-power consumption,

high cost, and bulky size. Therefore, using an alternative tech-

nology such as reconfigurable RF [12, 13], a compact, low-

power, and intelligent Mb-FEM have been researched. To make

up for the imperfect selectivity of the reconfigurable filters, even

in the novel Mb-FEM, the compact and high-performance di-

plexer having selectivity is also required. In this work, a com-

pact and low-loss diplexer to separate GSM from CDMA band

has been designed using a LTCC technology.

2.1. Schematic Circuit Design for Diplexer
Figure 1 shows a fundamental diplexer designed by using a

third-order Chebyshev low-pass and HPF. Figure 2(b) illustrates
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