
is much larger than that for the proposed antenna in free space
(Figs. 3 and 4). This behavior is largely because the large metal
plate placed behind the proposed antenna acts as a reflector, which
decreases the undesired backward radiation and improves the
directivity of the antenna. This characteristic is an advantage for
practical applications of the proposed antenna.

Figure 7(a) and (b) shows the measured peak antenna gain for
frequencies across the 5.2- and 5.8-GHz WLAN bands. The results
show that, for the proposed antenna in free space, a high antenna-
gain level of larger than 4.0 dBi is obtained across both the 5.2-
and 5.8-GHz bands. For the proposed antenna with a large metal
plate in close proximity (also 1-mm behind the antenna), an even
higher antenna gain level (� 5.0 dBi) is measured. This result
makes the proposed antenna very attractive for applications in
which it is required that the antenna be placed at narrow spaces
with a large metal plate in close proximity.

4. CONCLUSION

An innovative 5-GHz compact two-element metal-plate antenna
suitable for WLAN operation in the 5.2- and 5.8-GHz bands has
been proposed and experimentally studied. The proposed antenna
is constructed at low cost and has a wide impedance bandwidth
covering the 5.2- and 5.8-GHz WLAN bands. In addition, because

the two elements in the proposed antenna are arranged to have
in-phase excitation, the antenna shows a high antenna gain level of
larger than 4.0 dBi. For the case where a large metal plate is in
close proximity to the proposed antenna, an even larger antenna
gain level (� 5 dBi) has been obtained.
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ABSTRACT: In the present work, we model and analyze two new kind
of optical filters. We also compare their responses. Both of them are
based on fiber Bragg gratings (FBGs). The first filter analyzed and mod-
eled is a comb filter based on an acousto-optic modulator in a sinc-
sampled fiber Bragg grating. The second one is based on the operation
of an FBG and two all-fiber Fabry–Perot filters, which are connected by
an optical circulator. These filters showed to be very attractive for use
in wavelength division multiplexing (WDM) networks. © 2003 Wiley
Periodicals, Inc. Microwave Opt Technol Lett 39: 249–253, 2003;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.11183
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1. INTRODUCTION

The technology known as wavelength division multiplexing
(WDM), which enables that many different wavelengths carrying
independent signal channels to be sent along a single fiber simul-
taneously is currently well established [1]. The rapid growth in the
demand for high-capacity telecommunications systems and the
speed limitation of single-wavelength links have resulted in an
extraordinary increase in the use of WDM systems [1], and also in
the necessity to develop all-optical WDM networks. Therefore,
optical devices are key components in such networks. Among
these devices, optical filters are extremely important in a WDM
network due to their features that enable them to be used in a
multiple kind of applications, such as routing functions, optical
add-and-drop devices [2], highly selective filtering, pilot tone
extraction for administration and maintenance of WDM with sub-
carrier multiplexing networks [3], and so on.

In the present work we model and analyze two new kind of
optical filters based on fiber Bragg grating (FBG) [2–5]. We also

Figure 7 Measured peak antenna gain for the proposed antenna in free
space (plain line) and with a large metal plate in close proximity (marked
line): (a) 5.2-GHz band; (b) 5.8-GHz band
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compare their performance. The first filter is a comb filter based on
an acousto-optic modulator in a sinc-sampled fiber Bragg grating
[2–4]. The second one is based on the operation of an FBG and
two all-fiber Fabry–Perot filters, which are connected by an optical
circulator [5]. It can be seen from our results that both filters are
extremely selective and can be tuned over a wide range of the
spectrum.

In section 2, we describe the devices that we have modeled, and
present the theory used to model them. The results obtained are
given in section 3 and the conclusions are made in section 4.

2. DEVICES MODELED

2.1. The Sinc-Sampled Acousto-Optic Comb Filter
This device is a comb filter based on an acousto-optic modulator in
a sinc-sampled fiber Bragg grating. The filter is formed by an FBG,
a 3-dB coupler, and a piezoelectric transducer (PZT) driven by an
RF-signal generator and connected to a silica horn in order to
introduce the acoustic wave to the FBG, as shown in Figure 1.
Index matching gel is used to prevent undesired spurious reflec-
tions. The sampled FBG is generated by a periodic modulation of
the refractive-index amplitude and/or phase in the optical fiber.
The resultant reflection spectrum and channel separation is a
function of the shape and period of this modulation.

The sinc shape of the refractive-index modulation is generated
using apodization along the length of the grating [3]. When a
launched longitudinal acoustic wave travels along the fiber axis
with enough power, a new grating (a long-period one) is created in
superposition of the index modulations of the existing Bragg
grating, and reflections are induced symmetrically on both sides of
the original Bragg wavelength [2]. This phenomenon occurs due to
the coupling between forward and backward propagating Bloch
waves in the Bragg grating, when the acoustic wave is introduced
to the medium [2].

Equal spacing between any two adjacent channels including
acousto-optically induced channels can be obtained by selecting
the appropriate acoustic frequency. By varying the power of the
acoustic wave, the induced channels can be simultaneously
switched [2]. These channels are always reflected.

The channel separation in an FBG formed by a concatenation
of identical sinc structures is given by [3]:

��c �
�B

2

2neffP
, (1)

where �B is the Bragg wavelength, neff is the fiber effective
refractive index, and P is the period between the maxima of
modulation.

The distance of the induced reflections from Bragg wavelength
is given by [2]:

�� �
m�B

2

2�acneff
, (2)

where m is the sideband order, and �ac is the acoustic wavelength.
It can be observed from Eq. (2) that the position of the induced
reflections is directly proportional to the acoustic frequency.

The efficiency of the reflections induced by the acoustic wave
in the mth-order sidebands depends on the phase-matched cou-
pling, the power density and wavelength of the acoustic wave, the
fiber cross-sectional area, and the long grating length. It can be
obtained by [2, 3]:

� � tanh2��LJm��ac

� � 2Ps

EAvac
��, (3)

where � is the coupling coefficient of the FBG, L is the long
grating length, Jm is the mth-order Bessel function, � is the FBG
pitch, Ps is the acoustic wave power, E is the Young’s modulus, A
is the fiber cross-sectional area, and vac is the acoustic wave group
velocity in the fiber. It is noted from Eq. (3) that the efficiency of
the reflections induced by the acoustic wave can be greatly in-
creased if the fiber cross-sectional area is reduced or the acoustic
wave power increased.

Using Eqs. (1), (2), and (3), and apodization along the length of
the grating, the sinc-sampled acousto-optic comb filter is modeled.

2.2. Fiber Bragg Grating with Two Fabry–Perot Resonators
Filter
The FBG with two Fabry–Perot (FP) resonators filter is formed by
a FBG connected to two FP resonators through an optical circu-
lator, as shown in Figure 2. The FBG is a uniform one. The FP
resonators are all-fiber tunable devices that provide highly selec-
tive filters and are very attractive for WDM applications although
their spectra are periodic in frequency, which is not adequate for
optical channel routing [5].

The operation of the FBG with two FP resonators filter is
described as follows: the input signal is introduced in port 1 of the
optical circulator and directed to its port 2. The signal centered at
the Bragg wavelength is reflected by the FBG and directed through
the optical circulator port 3 toward the first FP. This signal leaves
the first FP and is introduced to the second one. The output signal

Figure 2 Fiber Bragg grating with two Fabry–Perot resonator Filters

Figure 1 Sinc-sampled acousto-optic comb filter [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.
com.]
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leaves the filter after passing the second FP and presents a high
spectral selectivity, since the overall filter presents a full-width at
half-maximum (FWHM) that is extremely small without compro-
mising the finesse of any FP. It is important to mention that if a
WDM signal is introduced to such a filter, its behavior permits the
dropping of one or more wavelength channels, depending on the
FBG’s and FPs’ parameters. Therefore, the overall filter consists of
the cascading of three independent filters: the FBG and the two
FPs.

Each independent filter is characterized by its proper intensity
transfer function [5]. If the grating is uniform along the direction
of propagation ( z axis), its response can be obtained analytically
solving coupled differential equations, as follows [5]:

TFBG� f � �
sinh2���2 � �2 L�

cosh2���2 � �2 L� �
�2

�2

, (4)

where f is the operating frequency, � is the coupling coefficient, �
is a general coupling coefficient depending on the detuning, and L
is the FBG length. It can be noted from Eq. (4) that, varying the
coupling coefficient and the FBG length, the reflectivity of this
filter can be changed.

The periodic power transmission spectrum of a Fabry–Perot
resonator is given by [5]:

TFP� f � �
1

1 � �2F

� � 2

sin2� �f

FSR�
, (5)

where F is the filter finesse and FSR is the free spectral range. By
changing the finesse or the free spectral range of the Fabry–Perot
filter, its performance can be altered, as can be seen in Eq. (5).

The total transmittance of the combined system is given by [5]:

T� f � � TFBG� f �*TFP1� f �*TFP2� f �, (6)

where TFP1( f ) and TFP2( f ) are the transfer functions of the first
and second FPs, respectively.

Using Eqs. (4)–(6), the FBG with two FP resonator filters is
modeled.

3. RESULTS

In this section we present the results obtained with the modeling of
the two filters described in section 2. We compare their perfor-
mance and show how they behave in the spectral range 1529–1561
nm. We first present the results of the sinc-sampled acousto-optic
comb filter (called the first filter, for simplicity). Afterwards, the
results of the FBG with two FP resonators filter (called the second
filter, for the same purpose) are presented.

Figure 3 shows the response of the first filter for an original
Bragg wavelength of 1530 nm. The parameters used for such a
result are: L � 30 mm, �ac � 0.70 mm, fiber core diameter �
15 	m, m � 1, vac � 5000 m/s, P � 325 	m, and Ps � 12.4
mW.

It can be seen from Figure 3 that the reflections are induced
symmetrically on both sides of the original Bragg wavelength.
Their efficiency of reflection is around 97%. The full width at
half-maximum (FWHM) of the three channels are, respectively,
0.04, 0.06, and 0.04 nm.

At an original Bragg wavelength of 1540 nm, the response of
the first filter is similar to its response for 1530 nm and therefore
will not be presented in this paper.

The response of the first filter for an original Bragg wavelength
of 1550 nm is shown in Figure 4. Note that the efficiency of
reflection of the induced reflections is around 99%. The FWHM of
the three channels are also 0.04, 0.06, and 0.04 nm, respectively.

Figure 5 shows the response of the first filter for an original
Bragg wavelength of 1560 nm. It can be observed that the effi-
ciency of reflections is around 98%. The three channels also
present respective FWHM of 0.04, 0.06, and 0.04 nm.

The same parameters used in Figure 3 were used for the results
shown in Figures 4 and 5.

From the results shown in Figures 3, 4, and 5, it is clear that the
first filter presents a very similar response for the wavelength range
1529–1561 nm. The results also show that this filter can be tuned
over the C-Band, which is a very important spectral band for
WDM applications. And, finally, it can be seen that the first filter
is very selective, since the FWHM for the three channels varies
from 0.04 to 0.06 nm.

Figure 6 shows the response of the second filter for an FBG
reflecting three wavelengths, to a centered one of 1530 nm. It can
be seen that the transmissivity is around 93% at 1529 and 1531 nm

Figure 3 Sinc-sampled acousto-optic comb filter response for an original
Bragg wavelength of 1530 nm

Figure 4 Sinc-sampled acousto-optic comb filter response for an original
Bragg wavelength of 1550 nm
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and around 97% at 1530 nm. The FWHM is 0.02 nm for the three
wavelength channels.

The response of the second filter for a centered wavelength of
1550 nm is shown in Figure 7. It can be observed that the
transmissivity at 1549 and 1550 nm is around 98%, but at 1551 nm
it has decreased to 87% due to the sinusoidal behavior of a FP
resonator. The FWHM is also 0.02 nm for the three wavelength
channels.

Figure 8 shows the response of the second filter for a centered
wavelength of 1560 nm. It can be seen that the transmissivity at
1559, 1560, and 1561 nm are 97%, 88%, and 98%, respectively.
The FWHM is also 0.02 nm for the three wavelength channels in
this case. The parameters used for the modeling of such a filter are:
L � 6 mm; FBG pitch � 0.5 	m; FP cavity length � 2 mm.

At a centered wavelength of 1540 nm, the response of the
second filter is similar to its response for 1550 nm and therefore
will not be presented at this paper.

From the results shown in Figures 6, 7, and 8, it can be seen that
the second filter presents a sinusoidal varying response for the
wavelength range 1529–1561 nm. The results show that this filter

can also be tuned over the C-Band of WDM systems. Finally, it
can be seen that the second filter is extremely selective, since the
FWHM for the three channels is 0.02 nm for any wavelength.
Therefore, it is a bit more selective than the first filter.

Figure 9 shows the comparison of the two filters for a centered
wavelength of 1550 nm. It can be observed that the second filter is
a little bit more selective than the first one because its FWHM is
0.02 nm, while the first filter presents a FWHM of 0.06 nm,
however, it is more complex than the other due to the many
components used to form it.

4. CONCLUSION

In this paper, we analyzed and modeled two new kind of filters: the
sinc-sampled acousto-optic comb filter and the FBG with two FP
resonator filters. Their responses were also compared. Both of
them are very selective and can be tuned over a wide wavelength
range. The second filter is a bit more selective, but also more
complex.

Figure 5 Sinc-sampled acousto-optic comb filter response for an original
Bragg wavelength of 1560 nm

Figure 6 Fiber Bragg grating with two FP resonator filters response for
a centered wavelength of 1530 nm

Figure 7 Fiber Bragg grating with two FP resonators filter response for
a centered wavelength of 1550 nm

Figure 8 Fiber Bragg grating with two FP resonators filter response for
a centered wavelength of 1560 nm
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It is important to mention that we have chosen to model both
filters with three wavelength channels, but they may be operated
and modeled with more (or less) channels.

Finally, due to the results obtained, both filters were shown to
be very attractive for use in WDM network applications.
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ABSTRACT: The complex resonance of the circular-arc dipole antenna
is studied theoretically. The Green’s function technique is employed to
formulate an integral equation for the dipole current, and the method of
moments (MoM) is used to convert the equation into a matrix equation.
An equation for the complex frequency is then obtained by enforcing the
determinant of the impedance matrix to zero. From the complex fre-
quency, the resonant frequency and Q factor of the circular-arc dipole
antenna are found. The effects of the arc radius, dipole length, and dipole
radius on the complex frequency are investigated and discussed. © 2003
Wiley Periodicals, Inc. Microwave Opt Technol Lett 39: 253–256, 2003;
Published online in Wiley InterScience (www.interscience.wiley.com).
DOI 10.1002/mop.11184
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1. INTRODUCTION

Wire antennas have been investigated extensively because of their
fundamental importance. In studies of wire antennas, most of the
effort has been devoted to (straight) dipole antennas, loop anten-
nas, and (straight) wire segments that are used to model a wire
antenna of arbitrary shape [1–2]. By comparison, the circular-arc
dipole antenna has received only sparse attention. Such a wire
antenna is inherently an interesting problem. Its characteristics can
be used to anticipate those of other curved wire antennas. Although
the arc dipole can be approximated by a number of straight wire
segments or piecewise quadratic segments [3], a direct analysis of
the structure yields a much easier theoretical formulation and a
much faster computation time. Recently, Medgyesi-Mitschang and
Putnam [4] studied the scattering from a circular-arc wire. For the
complex resonance of the structure, however, little or no informa-
tion was available in the literature. In fact, this information was
hardly found even for dipole or loop antennas, as studies of them
have principally concentrated on the input impedance, radiation
field, and scattering. In this paper, the complex resonance of the
circular-arc dipole antenna is studied theoretically. A Pocklington-
type integral equation is formulated, and the method of moments
(MoM) is used to expand the unknown dipole current using a set
of piecewise sinusoidal (PWS) basis functions. After solving the
complex frequency, the resonant frequency and Q factor of the
antenna can be found easily, from which the operating frequency
and the antenna bandwidth can be determined, respectively. In this
paper, the effects of the arc length and arc radius on the complex
resonance are investigated. The resonant frequency is compared
with those calculated using simple formulas, and the results are
discussed. Finally, it should be mentioned that the complex fre-
quency for a straight dipole can be obtained by increasing the arc
radius to infinity.

2. FORMULATION

The geometry of the structure is shown in Figure 1, where a
circular-arc dipole antenna of arc radius a, length L, and radius r1

subtends at an angle from �
1 to 
1. In the following formulation,
the suppressed time dependence is ej�t, and the field and source

Figure 9 Comparison between the responses of the two optical filters
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