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Abstract Circular monopole antenna for ultra-wide band
applications with notch band transition from WLAN to
WiMAX is presented. The proposed antenna rejects
WiMAX band (3.3-3.8 GHz). Antennas utilises modified
mushroom-type electromagnetic band gap (EBG) struc-
tures to achieve band-notched designs. The proposed
inductance enhanced modified EBG structures are 34 %
compact than the conventional mushroom EBG structures.
The band notched antenna designs using EBG structures
have advantages like notch-frequency tuning, antenna
design independent approach and omnidirectional radiation
pattern. The step wise effect of inductance enhancement
and tuning of notch from WLAN band (5-6 GHz) to
WiMAX band is shown. Effect of variation of EBG
structure parameters on which notched frequency depends
is investigated. The proposed antenna has been fabricated
on low cost FR4 substrate with overall dimensions as
(42 x 50 x 1.6) mm’. Measured results are in good
agreement with simulated ones.
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1 Introduction

The Federal Communications Commission (FCC)’s [1]
allocation of the frequency range of 3.1-10.6 GHz for
UWB systems causes interference with existing standards
like worldwide interoperability for microwave access
WiMAX band (3.3-3.8 GHz) and wireless local area net-
work WLAN band (5-6 GHz). So UWB antennas with a
single or dual band-stop performance is required. The
planar UWB patch antenna is extensively used in wireless
communications because of its ease of fabrication, light
weight and low cost. It has been demonstrated in [2] that
the optimal design of this type of antenna can yield an
ultra-wide bandwidth with satisfactory radiation properties
over the whole bandwidth. To generate frequency band-
notches, several techniques have been proposed. The sim-
ple and prominently used approach is to incorporate slots
into the radiating elements, such as a U-shaped slot [3-5],
V-shaped slot [6], an arc-shaped slot [7], square-slot [8]
etc., mostly g resonator structures. Other techniques being
used to obtain notches includes using tuning stub [9],
putting parasitic elements near patch [10, 11], using reso-
nant cells in microstrip feed line [12]. In [13] the band-
notches are realized by adding controllable strips for notch
frequency tuning and to adjust width of the band-notches.
Recently, using similar to above mentioned techniques
triple notch antennas are proposed by various authors in
[14-18]. The problems with these methods are design
specific approach as technique used with one antenna may
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not be used with other antenna design and poor notch
frequency controlling. Furthermore, radiation pattern of
antenna and time domain behaviour of antenna gets
affected using alterations in radiating patches.

Researchers in [19, 20] proposed notched UWB antenna
with one or two notches with mushroom EBG structures.
EBG structures can be used to obtain notches with most of
UWRB antenna designs without effecting antenna behaviour
substantially. The authors in [19] used four mushroom
EBG structures to obtain single notch. In [20] ELV-EBG
structures are used to replace the conventional EBG but no
significant size reduction is achieved. Hence realising
compact EBG structures is now important requirement for
applications in electromagnetic and antenna community
[21-23]. Due to sudden increase in EBG structure’s
applications various compact EBGs are proposed. Different
techniques used to achieve compactness includes spiral
shaped EBGs [24], using Hilbert curve [25] and comple-
mentary designs [26]. EBG structures that have polariza-
tion-dependent reflection phase are discussed in [27].
Tuneable EBG structures using varactor diodes and other
active elements are proposed in [28, 29]. EBG structure
optimization techniques like genetic algorithms [30] and
particle swarm optimization are reported so as to analyse
these structures easily.

The high bandwidth provided by UWB results in high
data rate. It can provide hundreds of Mbps to several Gbps
in 1-10 m range. It makes UWB technology finds appli-
cations in wireless networking [31], wireless telemetry,
wireless speakers, wireless sensor networks telemedicine
[32]. UWB technology has best time resolution and ranging
capabilities. This allows its usage in positioning and
tracking applications, collision avoidance radars in vehicles
and guided parking etc. UWB material penetration capa-
bilities make its use in radar imaging, ground penetration
radars, medical imaging [33] and surveillance systems.

This paper begins by designing a simple planar Circular
UWB monopole antenna with mushroom EBG structures to
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Fig. 1 Geometry of notched circular UWB monopole antenna
(antenna 1)
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obtain notch in WiMAX band. Then effect of purposely
Inductance Enhancement with modified EBG structure is
shown and step wise notched frequency is tuned from
WLAN to WiMAX band thereby reducing the size of
conventional Mushroom EBG structure up to 34 %. Lastly,
parameters of EBG structures are varied and their effects
on notched frequencies are shown.

2 Selective band gap formation with EBG
structures for propagating surface waves

EBG structures are a kind of frequency selective surface
also known as High Impedance Surface (HIS) or Artificial
Magnetic Conductor (AMC). EBG structures acts like band
stop filters in a particular frequency band, at the same time
provides very high impedance hence also given the name
High Impedance Surface [34-37]. Mushroom EBG struc-
tures constitutes metallic patches and shorted pins named
via that connect patches into the ground planes. The
operation of EBG can be seen as equivalent to a LC filter
where L is due to current flow through via and C is due to
gap effect between adjacent patches. The various parame-
ters of EBG are formulated in Eq. (1-5) [35].

L=02h {m (?) - 0.75} (1)

2

w
C:eoe,7 (2)
o = —— (3)
0~ VIC
1 /L Aw
BW = /=2 =" 4
w NC ™ o (4)

where 1 = 120 7 is the free space impedance. Frequency
dependence of surface impedance may be written as

Table 1 Antenna 1 design parameters in mm

Antenna parameters Value (mm)

Radius of circular disc monopole (R) 12
Length of conducting ground plane (L,) 20
Width of dielectric substrate (W) 42
Length of dielectric substrate (L) 50
Width of microstrip feed line (Wy) 3
Gap between ground and circular disc (h) 0.3
Radius of EBG structure via (r) 0.5
Gap between antenna feed and EBG structure (g;) 3.05
Gap between feed line and EBG structure (d;) 0.3
Edge length of square EBG structure (W) 9.25
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Fig. 2 a EBG structure in the
vicinity of transmission line.

b Equivalent circuit 0
EBG Structure o Microstrip |_1
-+ ,:: >
2 —‘/F eed (o] )
c1 L1
Via Ground Plane
(a) (b)
F.lg. .3 Surface current Jsurf[A_per_m] Jsurf[A_per_m]
distribution of UWB antenna 2.5542e+002 3.1099e+002
with EBG for notch in WiMAX 1.553%e+002 1.5587e+002
band 9. 4470e+001 7.8121e+001
any 5. 74Ske+001 3.9154e+001
3.4942e+001 1. 9624+001
2.1250e+00@1 9. 8355e+000
1.2924%¢+801 | 4.9295e+000
I 7.8598e+000 ‘ 2.4707¢+000
4. 7801e+000 1.2383+000
2.9071e+600 6. 2063e-001
1.7680e+600 3.1196e-001
I 1.0752e+000 1.5599e-001
6.5393e-001 7.8138e-002
3.9770e-001 3. 9163e-002
2.4187¢-801 1.9628e-802
1.4710e-801 9.8377¢-803
8. 9459e-002 4., 93066-003
(b) 5.5 GHz
Z L W Table 2 Antenna design parameters of antenna 2 in mm
L
Substrate T—)X L Antenna parameters Value (mm)
Y Radius of circular disc monopole (R) 12
Length of conducting ground plane (L) 20
Width of dielectric substrate (W) 42
Length of dielectric substrate (L) 50
Ground Width of microstrip feed line (W) 3
Plane P ) f )
Via Gap between ground and circular disc (h) 0.3
_¢§ 1 Radius of EBG structure via (r) 0.5
= Gap between antenna feed and EBG structure (g;) 5
Modified Gap between feed line and EBG structure (d;) 0.2
EBG Patch Edge length of square EBG structure (W) 6.1

Fig. 4 Geometry of proposed circular UWB monopole antenna with
modified mushroom EBG (antenna 2)

joL

A iy
ST 1= wlLC

(5)

3 Conventional UWB monopole with notch
in WIMAX

The conventional planar UWB patch antenna acts as a
basic Structure for notched antenna design and only EBG
unit cells are placed in the vicinity of microstrip line
without affecting the dimensions of basic structures.

Proposed antenna is designed on low cost substrate FR-4
with dielectric constant (€,)4.4, substrate height of 1.6 mm
and loss tangent of 0.02.

Figure 1 shows the geometry of prototype UWB
antenna with mushroom EBG cells. Antenna 1 design
parameters are listed in Table 1. Figure 2 shows the
equivalent circuit of Mushroom EBG cell [19] in the
vicinity of microstrip line and Eq. (6) gives the resonant
frequency which is analogous to Eq. (3). The simulated
current distribution of antenna 1 is shown in Fig. 3. It can
be seen easily from Eq. (3) that different EBG structures
have different current distributions at different frequencies
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Fig. 5 Development of
Inductance enhanced modified
mushroom EBG cells
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Fig. 6 a Modified EBG I
structure in the vicinity of S
transmission line. b Equivalent
circuit Modified EBG
Structure F i
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+ 1
c1 L1
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(a) (b)
F}g. _7 Surface current. Jsur£[A_per_n] Jsurf[a_per_n]
distribution of UWB circular 3. 4601e+003 1. 48344002
monopole antenna with EBG for . ; 23:3“332 . ﬁ-g;ge*ggi
. . . e+ g £+
Notch in WiMAX band 3. 99504002 2. 4889e+001
1. 945464802 1.3727e+801
9. 4727e+001 7.5711e+000
4. 6127e+001 4. 1758e+000
2.2461e+001 2.3031e+000
1.0937¢+801 1.2703¢+000
5.3257e+000 7.0060e-001
2.5933e+000 3.864%1e-001
1.2628¢+000 2.1312e-881
6.1491e-801 1.1755¢-881
2.9942e-001 6.4831e-002
1.4580e-001 3.5757e-002 e
7.0997¢-802 1.9722¢-802 -
3.4571e-002 | | | 1.8877e-882 ‘ l

Table 3 Design parameters in mm of inductance enhanced modified
EBG structures

r 4y d; d, ds d¢ d7 dg do dio dn

1 205 2 205 15 15 35 3 1.05 05 6.1

with maximum currents in their respective bandgaps. The
Mushroom EBG structures have maximum current accu-
mulated over them at 3.5 GHz and thereby creating a notch
at this frequency.

@ Springer

(a) 3.5 GHz

(b) 5.5 GHz

fr= 2n\/Li (Cy + Cp)

4 Proposed UWB monopole with notch in WiMAX
using modified EBG structures

Figure 4 shows the proposed antenna with Inductance
Enhanced EBG structures. The EBG structures used here
are compact then the conventional mushroom type EBG
structures used in Fig. 1.
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Fig. 8 a Top view, b bottom view of fabricated prototype of antenna 2

—— With two EBG cells
- - = With one EBG cell
- - = Without EBG
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Frequency (GHz)

Fig. 9 VSWR of antenna 1 with notch in WiMAX bands with one
and two EBG cells

Proposed antenna design parameters are listed in
Table 2. Figure 5 shows the development of Inductance
enhanced EBG cell. A spiral shaped slot is made in the
EBG structure to increase the inductance and different
cases represents incremental inductance enhancement. The
spiral slot length and width are selected purposely to
achieve the objective of notch transition from WLAN to
WiMAX. The circular dot in the centre of EBG structures
denotes conducting vias. Figure 6 shows the equivalent
circuit of inductance enhanced modified mushroom EBG
structure placed in the vicinity of antenna feed.

1
27'6\/(L1 + L2)(C1 + Co)

fr= (7)
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Fig. 10 Variation of Input impedance of proposed antenna with and
without EBG structures

Figure 7 shows the equivalent circuit of Inductance
enhanced modified mushroom EBG cell in the vicinity of
microstrip line and Eq. (7) gives the resonant frequency
which is analogous to Eq. (3) with increased inductance
value. Table 3 represents the modified mushroom type
EBG design parameters.

5 Results and discussion

The simulated current distribution of proposed antenna is
shown in Fig. 7 for further investigations. It can be seen
easily that in the band gap of EBG structure at 3.5 GHz
less current is distributed over the radiating element. Fig-
ure 8 shows the fabricated prototype of antenna 2. The
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6 — — = With single EBG
- — = Without EBG cells
—— With double EBG

5 ? 7 ! ;

4
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Frequency(GHz)

Fig. 11 VSWR of antenna 2 with notch in WiMAX bands with one
and two EBG structures
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Fig. 12 Simulated and measured VSWR of proposed antenna

VSWR of fabricated antenna is measured using Agilent™
Network Analyzer PNA-L series. All simulations are car-
ried out using Ansoft HFSS v.14. The VSWR of antenna 1
with single and double EBG cells are shown in Fig. 9 and it
is verified that strong magnitude notch is obtained with
double EBG cells. The edge length of conventional EBG
structures used with antenna 1 for notch in WiMAX band is
9.25 mm which is reduced to 6.1 mm in proposed induc-
tance enhanced modified EBG structures used with antenna
2, giving nearly 34 % compactness over conventional
mushroom structures. Figure 10 shows the high impedance
mismatch of antenna 2 in WiMAX band. The real and
imaginary parts of input impedance of antenna in the
WiMAX band gap are 300.10 and 87.65 Q at 3.48 and
3.45 GHz respectively. The real and imaginary part of
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Fig. 13 Effect of inductance enhancement on notch with double
EBG cells

——Case 6
-—--Case5
- --Case4
-—--Case3
- - -Case 2
- - -Case 1

VSWR

Frequency(GHz)

Fig. 14 Effect of inductance enhancement on notch with single EBG
cell

antenna without EBG’s lies around 50 and 0 Q respec-
tively. The radiation mechanism of antenna can be under-
stood from input impedance versus frequency plots. In the
EBG band gap of there is a high mismatch in both real and
imaginary parts of antenna, hence input power does not get
transmitted to antenna and no radiation takes place. The
VSWR of antenna 2 with single and double EBG cells are
shown in Fig. 11 and it is verified that strong magnitude
notch is obtained with double EBG cells.

Figure 12 shows the VSWR of antenna 2, the notch in
WiMAX band is centred at 3.49 GHz with VSWR value of
5.85, the measured values of VSWR is found to as 5.43.
Figures 13 and 14 show the VSWR of antenna 2 with
incremental inductance enhancement with double and
single EBG cells respectively. Case 1 in Fig. 5 represents
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Fig. 15 Effect of variation of gap between feed line and EBG
structure (d;)

{|= = -W1=5.7mm
i|=- = -W1=5.9mm
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f= = -W1=6.5mm

VSWR

Frequency(GHz)

Fig. 16 Effect of variation of edge length of square EBG structure
(W)

no slot is made on EBG patch and case 6 represents a spiral
slot is created on EBG patch, thus enhancing the induc-
tance. The effect of adding extra inductance is reflected in
equivalent circuit shown in Fig. 6 and corresponding
Eq. (7) in terms of L,.

Case 1 EBG cell of Fig. 5 can be used for obtaining
notch in WLAN band (5-6 GHz) and case 6 EBG cell is
used to obtain notch in WiMAX band. Antenna 1 uses
squared EBG cell with edge length equal to 9.25 mm and
antenna 2 uses squared EBG with edge length 6.1 mm to
obtain notch in the WiMAX band. Thus using the pro-
posed method 34 % reduction in size of EBG structure
and thereby transition in notch from Wlan to WiMAX
band is shown. Figure 15 shows the variation in VSWR

Frequency(GHz)

Fig. 17 Effect of variation of radius of EBG structure via

VSWR

K i - - -d10=0.1mm
0o |- - -d10=0.3mm
74 L ; ——d10=0.5mm
o |- - -d10=0.7mm
i 1 f :
6. lllln ':I.IEI
1 g
38 S T 2
i
I
o

Frequency(GHz)

Fig. 18 Effect of variation of variation in slot width of EBG
structures (d;q)

and Frequency when d; i.e. gap between EBG and
microstrip line are varied. It is observed that as the gap
decreases the mutual coupling between microstrip feed
and EBG structures increases and a strong band notch is
obtained. Figure 16 shows variation of VSWR with
variations of size of square EBG structure which is used
for WiMAX notch applications. It is shown that as the
size of EBG patch (W) increases the approximate
capacitance associated with it increases using Eq. (2) and
thereby decreasing the Resonant frequency (f,) given in
Eq. (7). Figure 17 shows that as the radius of via
decreases the Centre frequency of notched band shifts at
lower frequency band. This can be easily verified using
Egs. (1) and (7) i.e. as the radius of via (r) decreases the
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(b)

Fig. 19 E-plane and H-plane radiation pattern of proposed antenna at 3.1 GHz

-180
—— Co-Polar(Simulated) =——Cross-Polar(Simulated)
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(@
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= = =Cross-Polar(Measured) = = - Co-Polar(Measured)
(b)

Fig. 20 E-plane and H-plane radiation pattern of proposed antenna at 8 GHz

inductance associated with it (L) increases which thereby
decreasing the resonant frequency (f,) given in Eq. (7).
Figure 18 shows the variation in slot width (d;q) that is
used to create inductance enhancement in proposed EBG
structures. An optimum value of d;y equals to 0.5 mm is
chosen to achieve the objective of paper. The radiation

@ Springer

pattern of antenna 2 is shown at 3.1 and 8 GHz in Figs. 19
and 20 respectively. Generally speaking, the radiation
patterns in E-plane are roughly a dumbbell shape and the
patterns in H-plane are quite Omni-directional, as
expected. Figure 21 shows that gain of proposed antenna
becomes negative at the notched frequencies.
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Gain(dBi)

Frequency(GHz)

Fig. 21 Variation of gain with frequency for proposed antenna

6 Conclusion

In this paper a notch UWB circular Monopole antenna with
notch in WiMAX is presented. The proposed antenna rejects
worldwide interoperability for microwave access WiMAX
band (3.3-3.8 GHz). It can also reject wireless local area
network WLAN band (5-6 GHz) if spiral slot is not made on
EBG structures used in antenna 2. A spiral shaped slot is
made on the EBG structure to increase the inductance and
different cases represents incremental inductance enhance-
ment. With incrementing inductance value the notch is also
shown shifting from WLAN to WiMAX band. The proposed
technique for obtaining notch is antenna design independent
and can be applied to most of other antennas also without
compromising antenna performance. Measured results are
found in good agreement with simulated one.
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