
It is also possible to add more than one resonators in the filter.

Figure 6 shows another filter with two resonators added to the

original filter. The resonant frequency and coupling strength of

these two resonators can be adjusted independently to achieve

two transmission zeros at different frequencies with different

stopband widths. An example of the simulated result is shown in

Figure 7. It can be seen that two transmission zeros are realized

at 4.81 and 6.74, GHz respectively, while the frequency response

of the filter at other frequencies is not significantly changed.

4. EXPERIMENTAL RESULTS

To validate the above theory, the filter shown in Figure 3 was

fabricated and tested. The measured performance is shown in

Figure 8, compared with the simulated result. The transmission

zero is easily observed in the passband of the filter at 5.06 GHz.

An attenuation of 14 dB is achieved in this region. The meas-

ured performance agrees well with the simulation. By compar-

ing the measured results of the filter shown in Figure 8 and the

original results shown in Figure 2, it can be seen that, apart

from the transmission zero introduced, the filter performance is

hardly changed at other frequencies.

5. CONCLUSIONS AND FUTURE WORK

In this article, the design of a wideband filter is briefed. By add-

ing one or more extra resonators weakly coupled to the filter,

one transmission zero can be introduced by each extra resonator

and a relatively narrow stopband can be realized. These extra

resonators have little effect on the filter at other frequencies.

As mentioned in the article, the extra resonators will affect the

performance of the filter if the coupling is comparable to the inter-

nal couplings of the original filter. In the future work, it would be

interesting to establish the synthesis/optimization algorithm, taking

the extra resonator and its coupling strength to the filter into

account when designing the filter, so that wider stopband can be

achieved while maintaining good performance at other frequencies.

As the extra resonator is independent from the filter, it is also pos-

sible to combine this idea with MEMS technology or other method

to realize tunable stopband in the passband of broadband filters.
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ABSTRACT: A novel UWB monopole antenna with trident feeding and
dual band-notched characteristics is proposed. The antenna consists of two

bottom corner notches for improvement of impedance matching and two
U-shaped slots for rejection of WLAN and WiMAX bands. Discrete Green’s

function approach has been utilized to numerically achieve time-domain
current distribution on the antenna. A good agreement between simulation
and experimental results is observed. VC 2013 Wiley Periodicals, Inc.

Microwave Opt Technol Lett 55:2168–2174, 2013; View this article online

at wileyonlinelibrary.com. DOI 10.1002/mop.27784

Key words: DGF; dual band-notched; trident feeding; U-shaped slots;

UWB antennas

1. INTRODUCTION

Bandwidth enhancement of square planar metal plate monopole

antenna has been considerably investigated due to the simplicity

Figure 8 Measured performance of the filter with one transmission

zero in the passband. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com]
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of the construction of this type of antenna and maintenance of

the radiation pattern within the whole impedance bandwidth [1–

4]. One of the techniques for bandwidth enhancement is the use

of triple feeding which is based on the achievement of a much

more uniform current distribution than that of the single feeding

antenna [5]. However, designing slots on the antenna with mul-

tiple feeding for band notched characteristics is more difficult

than that with single feeding due to the fact that control of the

current distribution in the multiple feeding antenna is more

effortful than that in the single feeding antenna. In this article,

we have designed two U-shaped slots for the trident feeding

UWB antenna in a manner that affect three feeding locations.

Furthermore, we have selected discrete Green’s function (DGF)

method as a simulation tool for the analysis of the antenna. The

dyadic finite-difference time domain (FDTD) compatible

Green’s function, referred to as the DGF, has been proposed by

Vazquez and Parini in 1999 [6]. Despite the fact that antenna

modeling using DGF method has been presented in [7] and [8],

this technique has received little attention in the analysis of the

various antenna, especially, antenna with more than one dimen-

sion. In fact, DGF method is a combination of the method of

moments and FDTD. On the one hand, DGF method has the

advantage of the moments method that the computations are

only performed on the antenna regardless of the free space

nodes around it. On the other hand, this technique has the

advantage of the FDTD method that computes time domain

characteristics of the antenna, and the broadband frequency

behavior of the antenna has been attained with a single run of

the written code. It is the first time that the DGF method is

used for the analysis of the UWB antenna.

2. ANTENNA DESIGN

The proposed antenna and a photograph of the fabricated prototype

are shown in Figure 1. It is a square planar monopole antenna of

side L having trident feeding and two bottom corner notches with

dimension a 3 w. Cutting notches at the bottom edges of the

antenna lead to alleviate of horizontal current (Jx), which rarely con-

tribute to the radiation. The width of all feeding strips is assumed

1.5 mm. The antenna has been fabricated using 0.2 mm brass sheet

mounted above a ground plane of size 80 3 80 mm2. The antenna is

fed by a 50-X coaxial probe behind the ground plane.

Two U-shaped slots have been implemented on the antenna

to realize band notched characteristic. The U-shaped slot has

been designed for WLAN band (5.15–5.85 GHz) rejection, and

the inverted U-shaped slot is also considered for the WiMAX

band rejection (3.3–3.7 GHz). The dimensions of the slot are

selected so that the center of the rejected frequency band satis-

fies fnotch 1;2 5 c= 4h1;212L1;224t
� �

, where c is the speed of light

and t is the width of the slot assumed 0.5 mm. Figure 2 shows

the surface current distribution over the antenna at 3.5 and 5.5

GHz. The current is concentrated around the edge of the slot

represented as a short-circuit stub. As the half length of the slot
is approximately k/4, at 5.5 GHz, short circuit at the end of U-
shaped slot becomes open circuit at the central feeding point
(point B), which leads to impedance mismatching. The short cir-

cuit at the end of the inverted U-slot causes the antenna has
seen nearly zero impedance at the feeding point A and C and
which, in turn, leads to impedance mismatching. The optimum
designed parameters are listed in Table 1.

3. FORMULATION OF DGF METHOD

Scattered electric field of an antenna in the spatial steps

i; j; kð Þ5 iDx; jDy; kDzð Þ and at the time step nDtð Þ can be

obtained using the convolution of the current induced on the

antenna and DGFs as:

~Escat

� �n
i;j;k

5
Xn

n05 0

X
i0;j0;k0

�G½ �n2n0

i2i0 ;j2j0;k2k0
~J
� �n0

i0;j0;k0

i; j; k any where but i0; j0; k0 on the antenna (1)

where �G½ � is the dyadic DGF and can be obtained through the rela-

tionship with the scalar DGF [7]. As explained in [7], the scalar

DGF is the solution of the second order central difference approxi-

mation of the scalar wave equation with Kronecker delta excitation

expressed as (it has been considered as i05 j05 k05 n05 0 due to

the shifting capability of the Green’s functions):

gn11
i;j;k 22gn

i;j;k1gn21
i;j;k

c2 Dtð Þ2
2

gn
i11;j;k22gn

i;j;k1gn
i21;j;k

Dxð Þ2

2
gn

i;j11;k22gn
i;j;k1gn

i;j21;k

Dyð Þ2

2
gn

i;j;k1122gn
i;j;k1gn

i;j;k21

Dzð Þ2
5 dn2n0

i2i0;j2j0;k2k0

(2)

The solution of Eq. (2) can be achieved using multidimen-

sional z-transform as [7]:

Figure 1 The proposed antenna (a) geometry and (b) photograph. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]
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gn11
i;j;k 5

Xn=2

m 5 0

21ð Þm
n2m

m

 !
:
X

n22m; px; py; pz

� � Y
t 5 i;j;k
s 5 x;y;z

aps
s J

l;lð Þ
ps2l nsð Þ R2s2R1sð Þps2l

(3)

where

as 5
c2Dt2

Ds2
; bs 5

3as21

3as
; R1;2s 5 bs6

ffiffiffiffiffiffiffiffiffiffiffiffiffi
bs

221
p

ns 5
R1s1R2s

R1s2R2s
; n22m; px; py; pz

� �
5

n22mð Þ!
px!py!pz!

and J a;bð Þ
n nð Þ is the orthogonal Jacobi polynomial. Owing to

the fact that the sum of the incident and scattered electric fields

on the electric conductor antenna must vanish, we can write:

~Escat

� �n
i;j;k

1 ~Einc

� �n
i;j;k

5 0 i; j; k on the antenna

Figure 2 The current amplitude distribution (a) at 5.5 GHz and (b) at 3.5 GHz. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com]

TABLE 1 The Optimum Designed Parameters of the Proposed Antenna

Parameter L a w d c s L h2 h1 L2 L1 h3 h4

Optimum

Value (mm)

20 2 2 1 10 2.8 20 14 11.5 13 6.5 7.5 4.5
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Xn

n05 0

X
i0;j0;k0

�G½ �n2n0

i2i0 ;j2j0;k2k0
~J
� �n0

i0;j0;k0
1 ~Einc

� �n
i;j;k

5 0

i; j; k; i0; j0; k0 on the antenna (4)

As the induced current on the antenna is unknown, Eq. (4)

must be inverted in order to obtain the update equation for the

electric current on the antenna. It can be achieved using the

property of the zero time step DGF which occurs at n 5 n0 and

is equal to spatial delta Kroneker function. Therefore, the time

step n 5 n0 can be considered separately from the rest of the

time steps resulting in the following:

~J
� �n

i;j;k
5 e ~Einc

� �n
i;j;k

1e
Xn21

n05 0

X
i0;j0 ;k0

�G½ �n2n0

i2i0;j2j0 ;k2k0
~J
� �n0

i0;j0;k0

i; j; k; i0; j0; k0 on the antenna ð5Þ

Figure 3 Simulated and measured return loss of the antenna of Figure 1 without slots

Figure 4 Simulated and measured return loss of antenna of Figure 1
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In the modeling of the proposed antenna using DGF, we

have considered an infinite ground plane and the currents are

calculated only on the antenna. For this purpose, the DGFs of

the semi-infinite space, in the x-y plane, for the coordinates

as shown in Figure 1, must be achieved as Eq. (6) by the

application of the image theory regardless of the antenna

thickness.

GIM
n2n0

xx i2i0; j; j0ð Þ5 Gn2n0
xx i2i0; j2j0; 0ð Þ2Gn2n0

xx i2i0; j1j0; 0ð Þ

GIM
n2n0

yy i2i0; j; j0ð Þ5 Gn2n0

yy i2i0; j2j0; 0ð Þ1Gn2n0

yy i2i0; j1j0; 0ð Þ

GIM
n2n0

xy i2i0; j; j0ð Þ5 Gn2n0
xy i2i0; j2j0; 0ð Þ1Gn2n0

xy i2i0; j1j0; 0ð Þ

GIM
n2n0

yx i2i0; j; j0ð Þ5 Gn2n0
yx i2i0; j2j0; 0ð Þ2Gn2n0

yx i2i0; j1j0; 0ð Þ
(6)

Then, the current on the antenna can be computed as:

Jxa

Jya

" #n

i;j

5 2e
Einc x

Einc y

" #n

i;j

2e
Xn21

n05 0

X
i0 ;j0

GIMxx GIMxy

GIMyx GIMyy

" #n2n0

i2i0 ;j;j0

Jxa

Jya

" #n0

i0 ;j0

(7)

4. RESULTS AND DISCUSSION

The spatial and time increments have been selected as

Dx 5 Dy 5 Dz 5 0:25 mm and c D t 5 0:5 D x, respectively. Com-

putations are performed only on the surface of the antenna with

the spatial grid of 95 3 80. The antenna is excited by the incident

Gaussian electric field in y-direction at feed point. In order to

accelerate the calculation of multidimensional convolutions of (6),

we have utilized fast Fourier transform for calculation of spatial

convolutions of Eq. (7) [9]. The density of current on the antenna

at time step n is computed from the time iteration of the (7) in

terms of current at previous time steps. The simulated and meas-

ured return loss of the proposed antenna without slots, whose

parameters are kept the same as those in Table 1, is compared in

Figure 3. The antenna has a very wide bandwidth of over 145%

in the frequency range from 2.6 to 17.8 GHz. Figure 4 shows the

Figure 5 Simulated and measured pattern of the antenna in x-y plane

at (a) 3 GHz, (b) 6.5 GHz, and (c) 9 GHz. (solid line: measurement, dot-

ted line: simulation)

Figure 6 Simulated and measured pattern of the antenna in y-z plane

at (a) 3 GHz, (b) 6.5 GHz, and (c) 9 GHz. (solid line: measurement, dot-

ted line: simulation)
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simulated and measured return loss of the antenna having pro-

posed slots. The measured result agrees reasonably with the simu-

lated result. The discrepancy is expected from two reasons. First,

in simulation, the thickness of the antenna has been ignored. Sec-

ond, a finer mesh can be modeled slots more accurately, espe-

cially, in the first notched band. The measured notches frequency

band characteristics are occurred from 3.38 to 3.7 GHz and from

5.18 to 5.84 GHz. The far-field radiation pattern can be also

obtained by applying fast Fourier transform to the time-domain

current distribution. The measured and simulated results of radia-

tion pattern at frequency 3, 6.5, and 9 GHz are compared from

Figures 5 to 7. The finite ground plane effects on the measured

radiation patterns are seen.

5. CONCLUSION

In conclusion, we have designed dual band-notched slots for the

UWB metal plate monopole antenna with trident feeding. DGF

method has been selected as a simulation tool for the analysis of

the antenna. This technique computes time-domain current dis-

tribution on the antenna regardless of the computation free space

around the antenna, which occurs in the FDTD method.

Figure 7 Simulated and measured pattern of the antenna in x-z plane at (a) 3 GHz, (b) 6.5 GHz, and (c) 9 GHz. (solid line: measurement, dotted line:

simulation)
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Furthermore, unlike the method of moments, the wide band fre-

quency response of the antenna can be obtained through single

run of the code.
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ABSTRACT: A novel and simple design of a coplanar waveguide-fed

multiband antenna formed by a circular ring monopole antenna is inves-
tigated for DCS/PCS/UMTS/LTE_CN/WLAN. The impedance bandwidths

that were achieved reach to about 0.84 GHz (1.68–2.52 GHz) 42.0% at
the center frequency of 2.0 and 0.72 GHz (5.14–5.86 GHz) 13.1% at the
center frequency of 5.5 GHz. Moreover, the resonant characteristics of

the antenna can be tuned by using the inverted T-strip line. Experimen-
tal results exhibit that the proposed circular ring antenna creates a

monopole-like pattern in the E-plane and an omnidirectional radiation
pattern in the H-plane, so it is well suitable to meet DCS/PCS/UMTS/
LTE_ CN/WLAN operations. VC 2013 Wiley Periodicals, Inc. Microwave

Opt Technol Lett 55:2174–2176, 2013; View this article online at

wileyonlinelibrary.com. DOI 10.1002/mop.27761

Key words: monopole antenna; WLAN; dual-band; antenna

1. INTRODUCTION

Wireless communication devices play a very important part in

our daily lives. Portable devices have become very popular to

consumers and they attract great interest from major manufac-

turers [1–3]. Multiband antennas are able to provide multiple

reception and transmission functionalities. Therefore, it is very

desirable to have a single antenna which uses a single feed point

that covers multiple frequency bands. The designed antennas are

expected to be compact, simple, and integrated well with other

communication devices. Conventional antennas such as trident-

shaped monopole antenna [4], modified fork-shaped monopole

antenna [5], and planar monopole antenna [6] are presented.

However, these antennas have complicated structures and are

printed on both sides of the substrate, which increases manufac-

turing difficulty and cost. In this article, we propose a coplanar

waveguide (CPW)-fed circular ring monopole antenna suitable for

use in DCS (1710–1880 MHz), PCS (1850–1990 MHz), UMTS

(1920–2170 MHz), LTE_CN (2305–2400 MHz), and WLAN

(2400–2484 MHz)/(5150�5825 MHz). The proposed antenna is

particularly easy to manufacture and this is due to its single

dielectric and single metal-layer geometry. Details of the antenna

design are described and the prototypes of the proposed antenna

for multifrequency operation have been constructed and tested.

Moreover, the comparisons between the simulated and measured

results of the obtained antenna are presented and discussed.

2. ANTENNA DESIGN AND EXPERIMENTAL RESULTS

The geometry of the proposed antenna is shown in Figure 1. The

antenna consists of a circular ring, a CPW and symmetrically finite

ground planes. The proposed antenna is fabricated on a low-cost

Teflon substrate of relative permittivity 3.5 and a loss tangent of

0.0018. In order to provide DCS/PCS/UMTS/LTE_CN/WLAN

operations, a circular ring is chosen as a radiating element and it is

easily fed by a CPW microstrip feedline. The overall dimensions of

the proposed antenna are 42 3 50 3 1:52 mm 3 and it includes the

feed structure. The radiation element of the proposed antenna is a

circular ring with width of 1.5 mm and it provides a current path

for R 5 26.5 mm ring resonance at 2.0 GHz. The fundamental reso-

nant path of the circular ring monopole can be calculated as:

R 5
c

4f1
ffiffiffiffiffiffiffi
eeff
p

Where c is the speed of light, eeff is the equivalent dielectric

constant, and f1 5 2 GHz denotes the fundamental resonant

Figure 1 Geometry of the proposed antenna
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