
with measured insertion loss 1.3 dB and group delay around
0.52 ns at the center frequency of the passband. The 3-dB
passband is slightly narrowed to the band of 4.3 to 9.2 GHz due
to highly sharpened rejection skirt in the lower and upper
cut-off frequencies of this two-stage wideband filter.

4. CONCLUSION

A rhombus-shaped triple-mode MMR has been proposed and char-
acterized in this work to build up a class of compact wideband
bandpass filters with sharpened rejection skirts. In this modified
MMR, a two-section open-circuited stub is attached to the center of a
uniform half-wavelength resonator. By properly raising the ratio of
characteristic impedances or strip widths in these two sections, a TMR
with intrinsic transmission zeros below and above the desired pass-
band can be build up. Using this MMR together with parallel coupled
lines, two wideband bandpass filters with single and double rhombus-
shaped TMRs are designed and fabricated. Both predicted and mea-

sured results have not only exhibited good wide passband with low
insertion loss and small group delay but also exposed highly rejection
skirt in both lower and higher upper cut-off frequencies.
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ABSTRACT: New bandstop/bandpass microstrip structures with har-
monic suppression are presented in this article. By replacing the series
quarter-wavelength connecting lines of conventional open-stub band-
pass/bandstop filters with the equivalent �-shaped line section, compact
open-stub bandstop/bandpass filters with second harmonic suppression
are achieved. Transmission-line theory is used to derive the design
equations of the equivalent �-shaped lines. Simulation and experiments
have also been done to validate the proposed design concept. When
compared with the conventional open-stub Bandpass/Bandstop filters,
the second harmonic is suppressed and size reduction is achieved in
both the Bandstop/bandpass structures. Moreover, results confirm that
the proposed shaped bandpass filter achieves a further third harmonic
rejection. © 2009 Wiley Periodicals, Inc. Microwave Opt Technol Lett
51: 2109–2114, 2009; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.24580

Key words: bandpass filter; bandstop filter; compact filters; harmonic
suppression

1. INTRODUCTION

Bandstop and bandpass filters (BSFs and BPFs) are key building
blocks in modern microwave communication systems. Such filters
play the main role of filtering out the unwanted signals and passing
the desired signals. Conventional filters that consist of transmis-
sion lines or uniform distributed elements encounter a problem on
the passband region imposed by the periodicity of the distributed
elements. This causes the stopbands to repeat at odd multiples of

Figure 4 Predicted and measured results of the proposed double-stage
triple-mode wideband bandpass filter. (a) Photograph. (b) S11- and S21-
magnitudes. (c) Group delay
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the fundamental stopband center frequency and the passpands to
repeat at even multiples of the fundamental passband frequency.

Several conventional structures of bandpass/bandstop filters
like end-coupled filters, parallel-coupled filters, and open-stub
filters could meet the specification at the fundamental frequency
band. However, due to the distributed characteristics of the trans-
mission lines, these filters suffer from the problem of spurious
passbands. Numerous efforts have been contributed to enhance and
control the size, the rejection bandwidth and the passbands of the
microstrip filters. Insertion of an additional bandstop filter is the
most straightforward method to suppress the harmonics [1, 2].
However, this would also increase the insertion loss in the pass-
band and the overall filter size. Many useful methods have shown
promising results dealing with the harmonic problems. Stepped-
impedance resonator filters, controlled input and output tapping
filters, stub-tapped line resonator filters, and the electromagnetic-
bandgap (EBG)-based filters have been used to enhance the second
passband [3–6]. Shaped configurations such as wiggly and corru-
gated line filters have a second harmonic suppression improvement
over 30 dB [7, 8]. Integration of low-pass filters in a bandpass filter
and in dual behavior resonator (DBR) filters for out-of-band im-
provement is described in [9, 10]. In [11], a quarter-wavelength
shunt open stub is added to a fixed half-wavelength resonator to
introduce an attenuation pole and work as an inverter. A spurline
has been used to improve the stopband rejection for a bandstop
filter [12]. A technique that presents a noticeable second harmonic
suppression through integration of bandstop filters with the band-
stop or bandpass filters using T-shaped line sections is presented in
[13].

In this article, new configurations for harmonic suppression of
the conventional bandstop or bandpass filter are described. These
configurations are based on replacing the series connecting lines of
the conventional open-stub bandstop and bandpass filters with
equivalent �-shaped lines. The proposed filters have compact sizes
beside their perfect second harmonic suppression. General design
equations for generating the parameters of the equivalent
�-shaped lines are derived using transmission-line theory. The

equivalent �-shaped lines show good similarities with the original
line around the specific fundamental passband. Hence, the pass-
band/stopband response of the proposed filters is the same as the
conventional ones. Furthermore, the �-shaped section integrates a
bandstop filter at the second harmonic. Therefore, the proposed
filters have a second harmonic rejection advantage over the con-
ventional ones. The concept of the proposed filters is validated by
full-wave electromagnetic (EM) simulations. Further numerical
modeling, experimentation and geometrical shaping to optimize
the proposed filters in terms of performance and space efficiency
are carried out for both filter types. In addition, both of the attained
compact size filters have been realized on RT/Duroid (�r � 2.2,
h � 1.5748 mm), and their measurements are ascertained to have
a superior second harmonic suppression. Simulation and measure-
ments demonstrate that the proposed shaped BPF achieves a re-
markable further third harmonic rejection too.

2. EQUIVALENT �-SHAPED TRANSMISSION LINES

Figure 1(a) shows the conventional bandstop/bandpass filter with
open-stub sections separated by quarter-wavelength connecting
transmission lines. A transmission line section, and its equivalent
�-shaped transmission-line model are shown in Figures 1(b) and
(c), respectively, where Zi is the characteristic impedance, Yi is the
characteristic admittance, and �i is the electrical length of the
transmission lines (i � 1, 2, 3). The series quarter-wavelength
connecting line (�g/4 section) of the conventional bandpass/band-
stop filter of Figure 1(a) is converted to a �-shaped transmission
line section. The �-shaped transmission-line model of Figure 1(c)
is consisted of two identical shunt open stub transmission lines and
one series element connecting the two shunt stubs. To study how
the �-shaped transmission line section can be equivalent to the
original transmission line, transmission-line model calculation is

22,Z

33,Z 33,Z

Open stubs ( g/4 ) or ( g/2 )

g/4

(a) (b) (c)

11,Z

Figure 1 (a) Conventional bandstop or bandpass filter (b) Original
connecting transmission line (c) The equivalent �-shaped section
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Figure 2 The variations of Z1, Z2, and �3 versus �2. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com]

Figure 3 The schematic of the bandstop/bandpass filter, (a) the conven-
tional filter and (b) the modified filter
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used. The conversion of the transmission line to its �-shaped line
is based on the ABCD parameter matrices of both sections.

The ABCD matrix for the original transmission line of Figure
1(b), with electrical length (�1 � �g/4) is given by:

M1 � � 0 jZ1

jY1 0 � (1)

The ABCD matrix for the �-shaped transmission line section of
Figure 1(c) is

MT � M3M2M3 (2)

where M2 is the ABCD matrix for the series element and is given
by

M2 � � cos�2 jZ2sin�2

jY2sin�2 cos�2
�, (3)

and M3 is the ABCD matrix for each of the shunt opens stubs
elements and is given by

M3 � � 1 0
jY3tan�3 1� (4)

Equating the individual elements of the ABCD matrices of Eqs. (1)
and (2), the impedances of the equivalent �-shaped section will be
as follows:

Z2 � Z1/sin��2� (5)

Z3 � Z2 � tan���2� � tan��3� (6)

For compact size, the electrical length �2 must be less than �/2,
while, for practical microstrip realization, the impedance must be
bounded in the region (160 � � Z � 30 �). Figure 2 illustrates the
variations of each of the series impedance (Z2) against �2, and the
variation of (Z3) at different values of �3 against �2. For compact
�2 size, the value of �3 must be large and vice versa, so �2 value
must be carefully selected to achieve all requirements of imped-
ance realization and size compactenss.

3. DESIGN OF BANDSTOP FILTERS WITH SECOND
HARMONIC SUPPRESSION

The conventional bandstop filter is shown in Figure 3(a), with two
open stubs and a connecting series section, all with length of �g/4.
The modified bandstop filter is shown in Figure 3(b), where the
series section is replaced by its equivalent �-section. Choosing �2

� �3 � �/4, the values of the characteristic impedances based on
Eqs. (5) and (6) will be Z2 � Z3 � 70.71 �. The conventional and
the modified bandstop filters are designed at 3 GHz on, RT/Duroid
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Figure 4 TL simulation results of the conventional and the modified bandpass filters, (a) the simulated S-parameters for conventional bandstop filter and
(b) the simulated S-parameters for modified bandstop filter before optimization. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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(�r � 2.2, h � 1.5748 mm), and then simulated using transmission
line (TL)-based software. The simulation results for both types are
shown in Figure 4. There is obvious added suppression of the
second harmonics at 6 GHz in the modified bandstop filter similar
to that suppression obtained using T-line transformation [13, 14].
Simple optimization was done for the series impedance (Z2) to
enhance the design. The new optimized value was found to be 55
�. The simulation results for the (optimized) modified bandstop
fitter are shown in Figure 5.

For more practical investigation of the BSF configurations, a full
wave electromagnetic (EM) simulation is carried out for the conven-
tional and the optimized modified bandstop filters. The results are
shown in Figure 6. For the conventional bandstop filter, there are two
transmission zeros at 3 and 9 GHz, and a passband located at the
second harmonic frequency of 6 GHz. The (optimized) modified
bandstop filter has zeros at 3, 6, and 9 GHz. With its compact size, this
bandstop filter can be efficiently used as a dc-pass output filter. The
dc-pass filter is required to have suppression in harmonics, as well as
the fundamental frequency. If this dc-pass filter is used in a rectenna
system, the efficiency of the rectenna will increase because more
energy is reflected by the output filter and remixes within the diode to
generate higher dc output [14].

4. DESIGN OF BANDPASS FILTERS WITH SECOND
HARMONIC SUPPRESSION

The conventional bandpass filter is shown in Figure 3(a), where the
electrical length is �g/4 for the series section, and �g/2 for the open
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Figure 7 The full-wave EM-simulated scattering parameters, (a) conventional filter and (b) modified bandpass filter. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com]

Figure 8 The dimensions for the shaped (optimized) modified bandpass
filter. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com]
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stubs (or �g/4 for shorted stubs). The modified bandpass filter is
done by replacing the series section by its equivalent �-section
with the same values that used with the modified bandstop filter
case (�2 � �3 � �/4, Z2 � Z3 � 70.71 �). The conventional and
the modified bandpass filters are designed at 3 GHz on RT/Duroid
(�r � 2.2, h � 1.5748 mm), and then simulated using a full-wave
EM software. The simulated results are shown in Figure 7. The
conventional bandpass filter have a passbands at 3, 6, and 9 GHz,
while the modified bandpass filter have a passband at 3 GHz and
a stopband (suppressed passband) at 6 GHz. The modified band-
pass filter in its basic form suffers from two mild passband notches
at 4.9 and 6.8 GHz. Optimization and shaping are used on the
impedances and lengths of each of the �-section and the open
stubs to further, effectively, suppress the third passband at 9 GHz
of the modified bandpass filter and make the filter more space
efficient too. Also by adding two stubs at the input terminals of the
filters, the parasitic mild passbands at 4.9 and 6.8 GHz are sup-
pressed. The dimensions of the reduced-size shaped (optimized)-
modified bandpass filter are shown in Figure 8. The simulated
results for the conventional and the shaped bandpass filters are
shown in Figure 9.

5. REALIZATION AND MEASUREMENTS OF THE
BANDSTOP AND BANDPASS FILTERS

Both the conventional and the (optimized0 modified bandstop
filters are realized on RT/Duroid (�r � 2.2, h � 1.5748 mm) at 3
GHz using thin-film and photolithographic techniques. Figure 10

illustrates the photo of the realized bandstop filters. The compar-
isons between the simulated and measured results for the (opti-
mized) modified bandstop filter are illustrated in Figure 11. The
simulated and measured results are in a very good agreement and
the realized (optimized) modified bandstop filter achieves zeros at
3, 6, and 9 GHz with values of �21, �28, and �18 dB, respec-
tively, with an evident second harmonic suppression.

Both the conventional and the (shaped) modified bandpass
filters are realized on the same material and at same frequency as
the case of the bandstop filters. Figure 12 illustrates the photo of
the realized bandpass filters. The measured results for the shaped
modified bandpass filter are illustrated in Figure 13. The measured
results demonstrate the suppression of the passbands at 6 and 9
GHz for the proposed filter configuration.

6. CONCLUSIONS

A technique that accomplishes a significant second harmonic suppres-
sion through integration of bandstop filter with bandstop or bandpass
filters using �-shaped sections is presented. Without affecting the
fundamental frequency response, the proposed filters show superior
second harmonic suppression in addition to their compact sizes.
Further performance optimization and geometry shaping of the pro-
posed filters have been carried out using full-wave electromagnetic
simulations. Excessively, the presented shaped BPF achieves a further

Figure 10 The photo of the realized band stop filters. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com]
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Figure 11 Simulated and measured S-parameters for the (optimized) modified bandstop filter. [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com]

Figure 12 The photo of the realized band pass filters. [Color figure can
be viewed in the online issue, which is available at www.interscience.
wiley.com]
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prominent third harmonic rejection. The proposed filters have been
realized and validated experimentally.
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ABSTRACT: In this article, a novel wideband slot antenna is proposed.
The slot is quarter-wavelength long and loaded with a capacitor to increase
its bandwidth. The effect of the capacitor on the antenna radiation effi-
ciency is also investigated. © 2009 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 51: 2114–2116, 2009; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.24579

Key words: slot; antenna; mobile phone

1. INTRODUCTION

The dual-band inverted-F antenna is widely used in mobile phones
to cover the cellular frequency bands due to its desirable features
of compactness, high efficiency, and low SAR [1, 2]. However, it
is likely that in future an additional handset antenna will be
required to operate between 2 and 6 GHz for WiFi/WiMAX,
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Figure 13 The measured S-parameters of the shaped bandpass filter. [Color figure can be viewed in the online issue, which is available at www.
interscience.wiley.com]

2114 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 51, No. 9, September 2009 DOI 10.1002/mop


