
mm to 6.0 mm, the impedance bandwidth increases from 81

MHz to 174 MHz. So, by increasing the substrate thickness, the

bandwidth can be enhanced. But, the substrate thickness cannot

be increased to very much extent as the surface waves become

dominant. Therefore, the substrate thickness has to be judicially

selected to get more bandwidth.

The simulated results are given for the V-shaped microstrip

patch antenna with the following parameters: er ¼ 4.78, h ¼ 4

mm, w ¼ 4.5 mm, l1 ¼ 33.5 mm, l2 ¼ 65.5 mm, and w ¼ 16�.
Figure 11 shows the simulated return loss plot of the antenna.

The resonant frequency of the patch is 2.4 GHz and the value of

return loss at this frequency is �36.5 dB. The 10 dB return loss

impedance bandwidth is found to be 110 MHz (4.6%).

4. CONCLUSION

A V-shaped microstrip patch antenna with coaxial probe feed

has been designed. Its characteristics such as return loss,

VSWR, impedance bandwidth, and far field radiation pattern are

obtained by simulation using Ansoft HFSS software. The

antenna has fairly small dimensions. The antenna performance

depends upon the parameters w, ppos, and w.
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ABSTRACT: A new microstrip low pass filter (LPF) with defected
ground structure (DGS) is proposed in this article. The DGSs consists of
reshaped rectangular dumbbell slot and four groups of Z-shape slots.

The microstrip line with DGS gave good rejection band extend from 3.0
to 9 GHz with acceptable pass band. The microstrip line with open
circuit stubs (without DGS) gave good rejection band at the high
frequency from 9 to 14 GHz. Using both structures results in LPF with
wideband rejection from 3.37 to 14 GHz with attenuation less than

(�26.0dB) and good passband less than (�25 dB). An equivalent circuit
for the proposed LPF was given. The realized filter size was 34.0 �
34.0 mm2, and it gave good agreement with simulated results. VC 2011

Wiley Periodicals, Inc. Microwave Opt Technol Lett 53:811–815, 2011;

View this article online at wileyonlinelibrary.com. DOI 10.1002/

mop.25876

Key words: microstrip; defected ground structures; low pass filter;

wideband rejection; Z-slot

TABLE 6 Effect of Variation of Probe Feed Position

Probe Feed

Position, ppos (mm)

Resonant

Frequency, fr (GHz)
Return Loss,

RL (dB)

Probe Feed

Position, ppos (mm)

Resonant

Frequency, fr (GHz)
Return Loss,

RL (dB)

0 8.98 �33.7 16 3.52 �13.1

1 3.53 �20.2 17 8.98 �29.8

2 4.62 �21.8 18 10.1 �14.4

3 2.41 �37.1 19 4.63 �17.8

4 2.44 �19.4 20 4.61 �13.6

5 7.89 �21.5 21 3.50 �25.3

6 8.28 �18.8 22 5.71 �31.63

7 12.2 �23.9 23 6.83 �12.3

8 5.73 �20.4 24 4.58 �32.7

9 4.61 �15.3 25 7.87 �35.7

10 5.21 �17.0 26 5.65 �30.0

11 7.28 �14.1 27 2.34 �25.6

12 6.74 �22.3 28 7.78 �25.5

13 6.37 �12.4 29 8.78 �37.1

14 3.54 �13.4 30 9.73 �35.8

15 3.53 �22.9 31 9.58 �23.2

er ¼ 4.78, h ¼ 1.5 mm, w ¼ 4.5 mm, l1 ¼ 33.8 mm, l2 ¼ 65.8 mm, w ¼16�.

TABLE 7 Effect of Variation of Substrate Thickness on
Bandwidth

Substrate

Thickness,

h (mm)

Inner Length

of Arms,

l1 (mm)

Outer Length

of Arms,

l2 (mm)

Probe Feed

Position,

ppos (mm)

Bandwidth

(MHz)

3.0 33.7 65.7 7.7 81

3.5 33.6 65.6 7.6 100

4.0 33.5 65.5 7.6 110

4.5 33.5 65.5 7.2 130

5.0 33.4 65.4 7.1 145

5.5 33.3 65.3 6.8 158

6.0 33.2 65.2 6.6 174

er ¼ 4.78, w ¼ 4.5 mm, w ¼ 16�, fr ¼ 2.4 GHz.
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1. INTRODUCTION

A low pass filter (LPF) with wideband rejection is an important

component in RF front-End subsystems for various wireless

communication services to avoid interference with other wireless

systems. The LPF can be implemented in different method such

as using lumped parameters or by series connection of high-low

stepped impedances microstrip line sections, and so forth. The

high impedance sections suffer from the fabrication difficulties

and the appearance of spurious band, low rejection levels and

narrow rejection band. Since defected ground structure (DGS)

was proposed by Park et al. [1, 2], it has been one of the most

interest topics in the research of electromagnetism and micro-

wave filed. Recently, the filter designs are based on microstrip

with DGS, or photonic bandgap (PBG), [3–5]. The PBG scheme

[6] requires many parameters to design, and it is difficult to

derive an equivalent circuit model, whereas DGS needs less pa-

rameters to design, and it is easy to obtain and evaluate its

equivalent circuit model [6–9].

The DGS is realized by etching off a defected pattern from

the ground plane, under the microstrip lines, so the electric and

magnetic fields are redistributed, which result in redistribution

of the electric and magnetic currents. According to that, the dis-

tributed inductance and capacitance are changed, so the effective

permittivity of the substrate is changed also. Thus, an LC equiv-

alent circuit can be used to model the proposed DGS loop cir-

cuit. The DGS cells have inherently resonant properties, so they

have been used in filtering circuits to improve the stop and pass

band characteristics. The transmission lines combined with DGS

have a finite pass and rejection band like LPF, whereas the

standard transmission lines have only the simple transmission

characteristic over broadband.

In this article, a microstrip LPF with DGS was designed for

wideband rejection by the using of reshaped rectangular dumb-

bell slot, Z-slots and opened circuit stubs. The open circuit stubs

are needed to add shunt capacitances to the microstrip to avoid

the degradation of the wideband rejection and modify the per-

formance of the passband. The designed LPF has a sharp and

wide rejection band extended from 3.37 to 14 GHz and at

achieve a good acceptable passband.

2. SIMULATION OF LPF WITH DGS

The regular dumbbell DGS slot and its equivalent circuit, is

shown in Figure 1 [9]. The equivalent circuit consists of parallel

inductance and capacitance, where L and C can be calculated as

follows [10]:

C ¼ 5fc
pðf 2o � f 2c Þ

(1)

L ¼ 250

CðpfoÞ2
(2)

Where, C is measured in (pF), L in (nH), the frequencies fo and

fc are the lowpass attenuation and cutoff frequencies measured

in GHz, respectively. The DGS for the proposed LPF is shown

n Figure 2. The defected ground slots consist of middle reshaped

rectangular dumbbell slot and four Z-slots. The design was done

on the RT/Duroid (er ¼ 2.2, H ¼ 0.7874 mm), where the 50 X
microstrip line width is 2.4 mm. In all the following cases, the

width of microstrip line above the DGS increased to 4.4 mm to

match the impedances. Here, the effect of each type of DGS

will be studied separately as follows; the performance of the

reshaped rectangular slot is shown in Figure 3. It achieves a cut-

off frequency of 2.16 GHz and an attenuation frequency of 4.64

GHz, but the rejection band is limited up to 4.46 GHz when

(S21 < �15 dB). The return and insertion loss for inner Z-slots

added to the middle reshaped rectangular slot are shown in Fig-

ure 4. The cutoff frequency for this case is 2.98 GHz and the

attenuation frequency is 3.84 GHz, while the rejection band is

extended up to 8.5 GHz when (S21 <�15 dB).

Figure 1 (a) DGS microstrip line; (b) Equivalent circuit; (c) Cutoff and attenuation frequencies. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com]

Figure 2 The Schematic of the microstrip line with DGS. [Color fig-

ure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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When the outer Z-slots are simulated with the inner reshaped

rectangular slot, Figure 5, it achieves 2.65 GHz cutoff frequency

and 4.4 GHz attenuation frequency. The passband performance

is better than case of inner Z-slots, and it achieves a good value

(S11 < �15 dB) in all the band, but the rejection band deterio-

rates due to appearance of zero appear at 7.8 GHz.

The simulation of the filter when all defected ground slots

are used is shown in Figure 6, where the separation between

these slots is 1 mm. This configuration achieves 2.78 GHz cut-

off frequency and 3.31 GHz attenuation frequency with rejection

band up to 9.68 GHz and gave a deeper passband performance

also.

To modify and extend the rejection band, some open circuit

stubs are added to the microstrip line as shown in Figure 7.

These open circuit stubs represent a parallel shunt capacitance

that cause a good rejection band in the high frequency region

that extend from 9.5 to 13.7 GHz. The simulated S-parameters

for the proposed LPF that consists from all of the DGS slots

and the microstrip line with open circuit stubs are shown in Fig-

ure 8. The proposed microstrip LPF achieve a wideband rejec-

tion from 3.37 to 14 GHz with attenuation (S11 < �26.0 dB)

and a good passband (S21 < �25.0 dB).

3. EQUIVALENT CIRCUIT CALCULATIONS

Based on Eqs (1) and (2), the equivalent circuits for middle

reshaped rectangular DGS is shown in Figure 9(a), where (fc)
was equal to 2.16 GHz, and (fo) equal to 4.64 GHz. For inner

single Z-slot, its equivalent circuit is shown in Figure 9(b),

Figure 3 The Performance for reshaped rectangular DGS slot, all

dimensions are in mm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 4 The performance of inner Z-slots with middle slot, all

dimensions are in mm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 5 The performance of outer Z-slots with middle slot, all

dimensions are in mm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 6 The S-parameters when using all of the DGS. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 7 Microstrip line with open circuit stubs performance, all

dimensions are in mm. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]

Figure 8 The S-parameters for microstrip line with open circuit stubs

and all of DGS slots. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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where (fc) equal to 2.7 GHz, and (fo) equal to 5.73 GHz. The

equivalent circuit for single outer Z-slot is shown in Figure 9(c),

with (fc) equal to 2.69 GHz and (fo) equal to 5.6 GHz. The

open-circuit stubs that added on both sides of the microstrip line

act as parallel capacitors. Due to the coupling between the dif-

ferent slots, an inductance was added to the parallel LC that rep-

resents each of DGS slots. The overall equivalent circuit param-

eters for the proposed LPF are calculated with IE3D software

package [11], and it is shown in Figure 10. The S-parameters

for the proposed LPF with DGS and the corresponding lumped

element (LE) equivalent circuit are shown in Figure 11. The

performance of both filter are in good agreement except that the

LE have deviation at high frequency.

4. FABRICATION AND MEASUREMENTS

The proposed lowpass with DGS and open circuit stubs was

realized on RT/Duroid 5880 (er ¼ 2.2, H ¼ 0.7874 mm). The

photograph for the realized LPF is shown in Figure 12, while

the simulated (S) and the measured (M) scattering parameters

are shown in Figure 13. The realized LPF performance is in

good agreement with the simulated results. The realized LPF

have a good passband, and it is less than (�25 dB) over the

entire band. The cutoff frequency for the realized filter is around

2.62 GHz, so there is a shift in cutoff frequency with the simu-

lated one by 30 MHz, which may be due to fabrication tolerance

and mismatch due to measurement connectors. The realized fil-

ter have a wide rejection band from 3.37 GHz up to 14.0 GHz

with value less than (�26.0 dB) over all band and achieve at

the same time an acceptable passband.

5. CONCLUSION

The realized DGS LPF with DGS and open circuited stubs had

a wider and deeper stopband characteristic than those of conven-

tional LPF. The filter was consists of reshaped rectangular

dumbbell slots added to four Z-slot with different sizes. The

proposed LPF had a broad rejection band from 3.37 GHz up to

14 GHz with attenuation value less than (�26.0 dB) and good

passband. An equivalent circuit for the proposed filter was

given. The realized filter size is 34.0 � 34.0 mm2, and it is in

good agreement with simulated results.
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Figure 9 The equivalent circuit (a) Reshaped-Rectangular DGS slot;

(b) Single inner Z-slot; (c) Single outer Z-slot. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com]

Figure 10 The equivalent circuit for the LPF with all of DGS slots

Figure 11 The S-Parameters for Filter with DGS and with lumped ele-

ments (LE)

Figure 12 The photograph of the realized LPF with DGS slots. [Color

figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

Figure 13 The measured and simulated S-parameters of the proposed

LPF
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ABSTRACT: Terahertz (THz) power amplification in coplanar
waveguide composite right left-handed transmission line (CPW CRLH

TL) metamaterials with carbon nanotubes (CNTs) has been investigated.
The negative differential resistance (NDR) behavior of the CNTs with

appropriate DC voltage bias, which can be characterized as the feature
of the Gunn-type oscillator, Esaki-like diode, or field effect transistor
(FET), is used to provide the THz loss compensation/gain. From

introducing gaps in the central signal line and short-circuited stubs
connected between the CPW central signal line and the ground are used
to realize the left-handed (LH) series capacitance CL and LH shunt

inductance LL, respectively. The equivalent circuits model approach and
effective medium method are employed to study the propagation

constant c ¼ a þ jb of the CNT-based active THz metamaterials, which
are validated by three-dimensional (3D) full-wave finite element (FEM)
and circuit model co-design. Results indicate not only the negative

attenuation constant a (gain) provided by CNTs but also the negative

phase constant b (backward wave propagation with anti-parallel phase
and group velocities) by artificial TL configuration at THz frequency

region. This planar structure could be used to design tunable THz
devices with different DC bias voltage and also easily extended to two-
dimensional (2D) and 3D active microwave, IR, or optical

metamaterials at room temperature. VC 2011 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 53:815–818, 2011; View this article online

at wileyonlinelibrary.com. DOI 10.1002/mop.25870

Key words: carbon nanotubes; composite right/left-handed transmission
lines; active metamaterials; terahertz amplifier; negative refractive
index; Bloch-Floquet theorem

1. INTRODUCTION

The terahertz (THz) spectrum typically includes the frequency

range from 0.1 THz to 10 THz and is bound by the microwave

and far-infrared (far-IR) regions. It is of great importance, as

there are lots of advantages using this part of electromagnetic

spectrum in the applications of many fields, such as THz imag-

ing, spectroscopy, sensing, non-destructive detection, and short

range radio communication [1]. However, many applications of

THz are plagued by THz low-power generator and low-effi-

ciency THz power amplifier, as well as strong absorption of

THz in practical transmission medium, which have attracted

much attention in recent years, especially the topic of how to

amplify the THz power effectively. Several effective THz waves

devices, such as THz sources using high temperature supercon-

ductor [2], THz zero-index quantum-cascade lasers [3], have

been proposed, but they are obtained up to now only at very

low temperature. Therefore, new technologies and novel materi-

als are necessary to further ameliorate the THz devices and

transmission systems with miniature size at room temperature.

Carbon nanotubes (CNTs) have attractive electronic properties

as they can become either metallic or semiconducting, depending

on the wrapping angle of graphene sheet (chiral angle) and diame-

ter, described by the chiral index (n, m), where n, m are integers

[4]. When n ¼ m, the CNT, termed armchair nanotube, is metallic,

while m ¼ 0, it, called zigzag nanotube, is generally semiconduc-

tor and is the only metal when n is an integer multiple of three

(except these two types of CNTs, all are termed as chiral nano-

tubes). With (n, m) being specified, the diameter and the wrapping

angle of graphene sheet of a CNT are known as

d¼
ffiffi
a

p
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2þm2þnm

p
, h¼sin�1

ffiffiffi
3

p
m= 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2þm2þnm

p8
:

9
;

8
:

9
;,

respectively, in which a is the Carbon–Carbon bond length,

termed the lattice constant of graphene. The negative differential

resistance (NDR) (electron transport characteristics) obtained

from band gap/quantum tunneling effects and depended on the

CNT diameter and lattice constant of graphene, of both metallic

CNTs [5] and semiconducting CNTs [6] have been found and

used for variety of molecular electronic devices and atomic-

scale circuits, such as diodes, transistors, as well as high-speed

electronic logic circuits at room temperature, which has com-

monly been considered that CNT is a possible successor to

CMOS [7]. Moreover, for CNT junctions, although the current-

voltage (I–V) curves of CNT chains are different in even and

odd numbers of CNTs, the NDR is always existence for both

even and odd chain junctions [8].

In the past decade, metamaterials exhibit many interesting

properties not readily found in nature, such as negative/near-

zero refraction [9, 10], optical magnetic permeability [11], and

low-frequency electric permittivity [12], have attracted much

attention from both fundamental and technological viewpoints.

It has been achieved significant progress and extensively used in
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