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Abstract

In this study, a new ultra-wideband (UWB) band-edge selectivity antenna with a modified
radiation slot using defected ground structure (DGS) is presented to obtain bandpass filtering
reflection coefficient and gain performance. The well-designed DGS is designed on backside
metallic of the substrate and can be seen as a low-pass filter that provides a good roll-off at
a higher frequency. By connecting the DGS and the stepped slot and making them merge
with each other, good cut-off property in the upper passband and better in-band impedance
characteristics are obtained. Measured results show that the proposed design not only shows
good band-edge selectivity in reflection coefficient and gain performance but also has a good
impedance matching of —13.5 dB reflection coefficients and a good radiation efficiency of 90%
in the operating frequencies. The measured bandwidth defined with the reflection coefficient
less than —10 dB is from 3.1-11.2 GHz. Furthermore, the size of the filtering UWB antenna is
22 mm X 12 mm, which is smaller than many individual UWB antennas and UWB filters.

Introduction

The wireless communication system has received extensive attention and witnessed development
since the U.S. Federal Communications Commission (FCC) designated the 3.1-10.6 GHz oper-
ation frequency for commercial applications [1]. As a key part of the ultra-wideband (UWB)
system, UWB antennas and UWRB filters are usually studied and designed as two separate devices
[2]. Antennas are used to transmit or receive electromagnetic waves, so in the design process,
more attention is paid to its structure size [3, 4], impedance bandwidth [5, 6], and radiation
patterns [7]. The suppression of out-of-band interference signals is usually achieved by filters.
However, the use of a series bandpass filter to suppress out-of-band interference signals has
problems such as matching loss, large size, and difficulty in layout [2, 8]. Therefore, UWB
antennas with filtering function make great significance in suppressing out-of-band signals
and improving receiver performance.

Some antennas with filtering characteristics have been reported in [9-12]. In [9], by design-
ing the radiation patch antenna and filter together and matched with 50 €, an excellent stop
band at 5.8 GHz is obtained. In these techniques, several filtering UWB antennas with
integrated bandpass filters have also been demonstrated [10-12], such as designing a UWB
bandpass filter coupling to the circular patch [10], using a flower-shaped UWB bandpass filter
instead of the 50 Q microstrip feeding line [11], and inserting a super-compact bandpass filter
[10]. Good filtering function and band-edge selectivity are obtained by these techniques.
Although the design of filtering antennas can reduce the dimensions of RF front end, it is
difficult to realize miniaturization because of the complex structure of microstrip feeding line
with filtering characteristics and the large structure of monopole antennas. Therefore, compared
with most traditional antennas [3-8], these antennas are still larger in size. The size of these pro-
posed designs is 53 mm x42 mm [10], 32 mm x27 mm [11], and 36 mm x21 mm [12],
respectively.

In [13], a modified microstrip-fed stepped slot antenna with enhanced band-edge selectiv-
ity is presented. The stepped impedance feeding line as a lowpass filter plays an important role
in improving the selectivity of upper passband. However, our study indicates that the modified
fed line has an adverse influence on the radiation efficiency, and the radiation efficiency of the
previous design was about 80%. This may be due to the fact that there is a certain insertion loss
and the coupling ability of the stepped impedance microstrip line is weakened compared with
the traditional 50 Q feeding line. In addition, the in-band impedance characteristics of slot
antennas are not ideal, and the in-band impedance characteristics of similar slot antennas
reported in [14-17] are also not ideal. It is found that the reflection coefficients of these
designs are only —10 dB, which are still need to be improved. Although a slot antenna has
a simple structure, but the resonance mode is also relatively simple, it is difficult to obtain
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Fig. 1. Geometry of the proposed antenna with a modified radiation slot.

an ideal in-band impedance characteristic by simply optimizing
the stepped slot or the microstrip feeding line.

In this study, a new compact slot antenna with good
band-edge selectivity and in-band impedance characteristics
using a modified radiation slot is presented. The modified
radiation slot is composed of a step slot and three pairs of
defected ground structures (DGS). The square dumbbell DGSs
are obtained by etching defected structures in the bottom of the
ground plane, which can generate additional resonant modes
in some frequencies and suppress the unwanted harmonics. In
addition, by introducing an additional open slot parallel to the
modified radiation slot, the low-frequency current paths are
extended and a new reflection zero is generated. Then, the band-
width and selectivity of the lower frequencies are improved. To
verify the proposed design, the filtering antenna with a modified
radiation slot has been fabricated and designed. Research
found that the proposed design exhibits good band-edge selectiv-
ity (BW_3 4p/BW_;¢ 4p=1.05), in-band impedance matching
(—13.5 dB), and radiation efficiency (90%). In addition, the size
of the antenna is smaller than the reference antenna [13-16].
Different than references [13-16], the radiation slot of the
antenna is composed of stepped slot and DGS, which makes
the antenna not only change the length of slot to change the
resonant frequency, the resonant frequency can also be adjusted
by adjusting the parameters of DGS.

Antenna design

Figure 1 shows the geometry of the proposed antenna and sche-
matic of the DGS. The prototype of the proposed design is
shown in Fig. 2(a), which is a microstrip-fed stepped slot antenna
printed on the substrate with a relative dielectric of 2.2 and thick-
ness of 0.787. The simulated reflection coefficient and radiation
efficiency of type-I antenna is illustrated in Fig. 3(a). Same as
other slot antennas presented in [14-17], the maximum value
of the reflection coefficient of type-I antenna is —10 dB, which is
not ideal for UWB applications. At the same time, the simulation
bandwidth of type-I antenna is from 3.75 to 15 GHz. The start fre-
quency of type-I antenna is larger than 3.1 GHz which does not
match the lower start frequency of UWB system. Furthermore,
the selectivity of type-I antenna is very poor. Type-II antenna in
Fig. 2(b) is an improvement of type-I antenna, which has smaller
size and wider bandwidth than type-I antenna. The additional
opening slot close to the stepped slot can effectively extend the low-
frequency current path, thus improving the bandwidth of the low
frequency and reducing the physical size of the antenna [13]. As
shown in the lower band of reflection coefficient in Fig. 3(a), the
initial frequency of type-II antenna changes from 3.75 to
3.1 GHz after introducing narrowband slots and the sideband
selection characteristics of the low frequency are also improved.
In order to further improve the shape roll-off of the proposed
design, especially at high frequencies, a modified feeding line
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Fig. 2. Design process of the filtering UWB antenna:
type-lll.
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with lowpass function is proposed in our previous work [13].
Good filtering characteristics are obtained in the results of
reflection coefficient and radiation efficiency after using stepped
impedance microstrip fed line. Nevertheless, the impedance char-
acteristics in the passband of the reference antenna [13] are still
not improved compared with type-I and type-II antennas. In
addition, the reference antenna has a radiation efficiency of
approximately 80%, which is 8% lower than the antenna proposed
in Fig. 2(a) and 2(b). This may be due to the fact that the coupling
between the stepped impedance microstrip line and the slot is
weaker and the loss is greater than that of the traditional 50 trans-
mission line. In this paper, a new compact filtering UWB antenna
with good band-edge selectivity and in-band impedance charac-
teristics using a modified radiation slot is proposed. The modified
radiation slot is composed of a stepped slot and three pairs of
DGSs. The well designed DGSs are achieved by etching defected
structures in the ground plane as shown in Fig. 2(c), which can
produce additional resonant modes in some frequencies and pro-
vides a good roll-off at higher frequencies. The solid black lines
in Fig. 3(a) represent the reflection coefficient and radiation effi-
ciency of the final design, respectively. It can be clearly seen that
with the improved stepped slot, the sideband selection character-
istics and the in-band impedance characteristics of type-III
antenna significantly improved. The maximum amplitude of
reflection coefficient of the final design is —13.5 dB, and only in
4-5 GHz band it is larger than —15 dB. Compared with other
reported slot antennas [13-17], the in-band impedances are obvi-
ously improved. Due to the good in-band impedance characteris-
tics of type-IIl antenna, the radiation efficiency of type-III
antenna is greater than that of referenced antenna in [13]. It is
also observed that the size of type-III antenna is the smallest.
This is because the additional slot in Fig. 2(b) antenna and
DGS in Fig. 2(c) antenna can provide additional resonance and
extend the current path, which is beneficial to the miniaturization
of the antenna. Figure 3(b) illustrates the changes of input imped-
ance of antennas indicated in Fig. 2. Research found that the real
and imaginary part of the proposed design drop sharply at the
lower and upper frequencies after adding the additional opening
slot and DGS.

DGS unit is obtained by etching defected pattern on the bot-
tom of the substrate. The LC equivalent circuit and simulated
S-parameters are shown in Fig. 4. A microstrip line with a DGS
unit can produce transmission zeros and excellent rejected
bands in some certain frequencies, which can be applied to sup-
press the higher order harmonics and keep the selectivity sharp.
Thus, the DGS has been applied to design microwave circuits to
obtain excellent stopband characteristics [18, 19]. The DGS unit
consists of narrow and wide etched areas in backside metallic
ground plane namely Z; and Z,, as seen in the bottom right cor-
ner of Fig. 4. Therefore, the resonant frequency can be controlled
by adjusting the ratio of Z; to Z,. This is because when Z; and Z,
change, their corresponding inductance and capacitance also
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Fig. 3. (a) Simulated reflection coefficient and radiation efficiency of antennas illustrated in Fig. 2. (b) Simulated input impedance characteristics of the antennas
indicated in Fig. 2.
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Fig. 4. Equivalent circuit of the proposed DGS circuit unit and the corresponding
reflection coefficients.

change. Thus, by designing three pairs of DGS with different
dimensions in series, a wide stop band is obtained as shown in
Fig. 5. The effect of physical dimensions of the DGS can be
explained based on the circuit analysis theory. In Fig. 4, we
have illustrated that the LC equivalent circuit can represent
DGS unit, so a low pass filter with a wide stopband is obtained
by serializing multiple DGSs, as shown in Fig. 5. To explain the
attenuation pole and cut-off characteristics of the DGS, the
equivalent circuit is introduced. The DGS unit dimensions
could be extracted from the prototype element value is provided
from the equivalent circuit. The inductance and capacitance
values of the circuit for the equivalent circuit can be calculated
by the prototype of the Butterworth-type lowpass response,
which has —3 dB cut-off frequency at 13 GHz. The element
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Fig. 6. Circuit simulation and EM simulation of the lowpass filter.

value of the equivalent can be expressed as follows:

-1
XLC = |:woC<% - wﬂo)] (1)

where o, is the resonant angular frequency of the DGS unit. For
the first-order single-pole Butterworth low-pass prototype filter,
its series inductance can be expressed as:

X, = ol = o'Zyg (2)

where @' is the normalized angular frequency, Z, is the character-
istic impedance of microstrip transmission line, and ¢ is the

----Resonator 1
-.-- Resonator 2

S-parameters,dB

0 5 10 15 20 25
Frequency ,GHz

Fig. 5. Equivalent circuit of the three pairs of DGSs and the corresponding S-parameters.
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Table 1. Dimensions of the proposed design

Parameters L Ly Ly L3 Ly Ls Lg L Lg
Value (mm) 22 115 9 1.6 2 3 1.5 11 0.8
Parameters w W, W, Ws W, Ws We W Ws
Value (mm) 12 2 0.5 0.5 1 1.2 1 0.3 0.2
Parameters Wy Wio Wi,
Value (mm) 0.2 1 2
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Fig. 7. Simulated and measured reflection coefficient of the proposed design.

prototype parameter of the Butterworth low pass filter. At a cer-
tain frequency, the cut-off frequency of the lowpass filter can be
expressed as:

Xiclomwe = Xilw=1 (3)

From equations (1), (2), and (3) equivalent C and L are calcu-
lated as given in (4) and (5):

C= o 1 4)

= 7 2
8§20 @y — W

1 1
L= WC  4mfiC )
where f; is the frequency of the attenuation pole location and C is
the extracted series capacitance value. The parallel capacitance in
a lumped lowpass filter can be realized by using the parallel
open stub. Then the calculated parameters for the lowpass filter
are L;=0.178nH, C,=0.832pF, L,=03nH, C,=0478 pF,
L3;=0.56 nH, C5=0.114pF, C;=0.194pF, and Cs=0.24 pF.
Figure 6 illustrates the comparison between the equivalent circuit
and electromagnetic (EM) simulation of the lowpass filter.
Research found that the simulated S-parameters of the proposed
DGS are matched to the equivalent circuit. The validity of the
modeling method for the proposed DGS unit section and the
design method for the low-pass filter is verified by experiments.
The optimum values of the optimized design are simulated
using the CST microwave studio simulator and shown in Table 1.

Experimental results

To verify the final design, the proposed antenna is manufactured
according to the dimensions provided in Table 1. Both the
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Fig. 8. Simulated and measured efficiencies and gains of proposed design and refer-
enced antenna in [13].

frequency domain and time domain characteristics are analyzed
in this section.

Frequency domain analysis

The simulated and measured reflection coefficients of the filtering
antenna with the modified radiation slot are shown in Fig. 7. It is
found that the measured results agree well with the simulations.
The measured —10 dB operating band is from 3.1 to 11.2 GHz.
The measured shape factor (BW_; 45/BW_1q g4p) of the proposed
design is 1.05, which shows good band-edge selectivity in the
lower and upper bands. The maximum magnitude of reflection
coefficient is —13.5 dB and there are two reflection zeros in the
upper and lower sidebands which is beneficial to the improve-
ment of sideband selectivity. Compared with other slot antennas
[13-17], this antenna exhibits better in-band impedance
characteristics.

Good bandpass filtering characteristics can also be illustrated
through the gain and efficiency performance, as seen in Fig. 8.
The maximum amplitude of gain and radiation efficiency in the
passband of the proposed design is 4.5 dBi and 90%, respectively.
Compared with the antenna in [13], the radiation efficiency and
gain have been improved. Therefore, the proposed slot antenna
with DGS is a better choice than the reference antenna [13]. It
is because the proposed antenna not only has a good band-edge
selectivity, but also performs well in in-band impedance and
radiation efficiency.

Figure 9 plots respectively, the simulated and measured radi-
ation patterns in E-plane and H-plane at 3.1, 6, and 10 GHz.
We can see that the measured results agree well with the simula-
tions and illustrate a low cross-polarization level at 6 GHz. This
study also presents a set of 3D radiation patterns in order to
show a better picture of the radiation effect. It can be seen that
with the increase of frequency, the directional pattern increases
in the opening direction of the slot, and the pattern shows certain
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Table 2. Comparison of the characteristics with some previous designs

In-band
reflection

Shape factor

Operating bandwidth Radiation efficiency

Ref. & Ag*x2g (K) coefficient (dB) (GHz) Gain (dBi) (%)
[8] 2.55 1.04x1.02=1.06 (1.13) -12.5 3.1-11 29
[11] 22 2.15x1.58=3.24 (12) -12 3.31-11 9.8
[12] 22 121%0.7=2.3 (1.25) -10 3.08-10.7 4.9
[13] 2.2 0.81x0.40=0.32 (1.04) -10 3.1-11 4 80
This work 2.2 0.74x0.40=0.29 (1.05) —13.5 3.1-11.2 4.5 90
directional radiation charac.terlstlcs, especially at 1.0 GHz. This is 2] 2 — — Measured
because as the frequency increases, the current is concentrated : ;
. o — Simulated'
more at the edge of the modified radiation slot. L 204 |"|
Table 2 shows the comparisons of the characteristics between z 0
the proposed design and some other competitive reported anten- o 1.81 A & “\f\h AL
nas. As can be seen from Table 2, the proposed antenna and the .g_ \ 40 cm ! k
previous design [13] have advantages in size and shape factor - 1.61 3.1-11 GHz //—'\'_’\/
compared with antennas reported in [8, 11, 12]. In addition, O 14 N —
the proposed antenna also has a good performance in the pass- 4 }I!ucluuliuns{ 0.2 ns
band impedance and radiation efficiency. 1.2

Time domain analysis

UWB antennas are designed to send or receive time-domain pulse
signals, so it is necessary for the antenna to have a good time
domain performance in the passband. To verify the proposed
design performance in the time domain, the group delay, transfer
functions (magnitude S,; and phase S,;), and impulse response
are discussed. Two same antennas are applied to transmit and
receive signals, which are placed in a face-to-face position with
a space of 40 cm.
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Fig. 10. Group delay of the design with a distance of 40 cm.

Figure 10 illustrates the simulated and measured results of
group delay with two identical filtering antennas at a distance
of 40 cm. It is found that both the simulated and measured
group delay of the proposed design in the passband approximates
to 1.3 ns with little in-band fluctuations (<0.2 ns). Figure 11
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shows the transfer functions of two identical filtering antennas
placed in face-to-face. It can be seen in Fig. 11(a) that identical
antennas exhibits approximately flat magnitude for S,; (35 dB)
in operating frequencies and good frequency rejection character-
istics in the band-edge (exhibits about 30 dB band-edge rejection).
It is also noticed that the proposed design exhibits a good linear
variation of phase in the passband, except for in the band-edge.
All these simulated results indicate that the proposed design
exhibits a good performance in the passband and good filtering
characteristics out-of-band.

The input pulse and received waveforms of the proposed design
are illustrated in Fig. 12. To meet the requirements of the FCC for
UWSB signal spectrum and mitigate the influence of bandwidth and
impedance mismatch on UWB signal distortion, an input UWB
signal presented in [20] (a fifth-order derivative of the Gaussian
pulse) is applied to excite the filtering slot antenna. From
Fig. 12, it can be observed that there is slight ringing distortion
at the end receiving signal in the case of face-to-face and
side-to-side. It is mainly due to the mismatch between connectors
and the loss during transmission. In addition, the waveform and
amplitude of the received signal are very close in both cases. The
good performance of the proposed design in the frequency domain
and time domain demonstrates that the well-designed filtering
antenna could be a good choice for UWB application.

Conclusion

In this study, a new compact highly selective UWB slot antenna
with a modified radiation slot using DGS has been presented to
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achieve good bandpass filtering function and in-band impedance
characteristics. By etching the DGS and adding an additional
opening slot close to the modified stepped slot, both the upper
and lower band-edge selectivity of the proposed design are
enhanced, and the unwanted interference signals out-of-band
can be effectively suppressed. Additionally, the measured results
agreed well with the simulation and both the simulated and mea-
sured reflection coefficient and gain of the design show the good
filtering characteristics. What’s more, it is of great significance to
study the filtering characteristics of slot antennas for the further
improvement and development of slot antennas in application.
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