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Abstract — A compact WLAN band-notched reconfig-
urable wideband antenna using two mushroom-like elec-
tromagnetic band-gap (EBG) structures is proposed in
this paper. It is designed based on a dual wideband
microstrip feed patch antenna with operating frequency
bands of 2.2-3.7 GHz and 4.8-6 GHz. One of the EBG
cells is positioned alongside the feed line, while the
other EBG cell is laid on the back of the substrate. The
patch or ground of the two EBG units are fed with a
stronger current through a ground slot and a parasitic
stub respectively, and the connections between the EBG
structures and the antenna are controlled by loading a
PIN diode with two 56 pF DC blocking capacitors. The
advantage of this proposed design is that the antenna and
the EBG unit can be designed independently. The pro-
posed antenna has an overall size of 35x46x1.6 mm?>.
When testing the S;; of the antenna, the influence of
the bias circuit on the antenna is also considered. The
measured results show that the proposed antenna can
generate two notched bands of 2.3-2.49 GHz and 5.11-
5.51 GHz of WLAN, and the realized gain in the notch
bands can be reduced to -2.65 dBi and -4.55 dBi, respec-
tively, demonstrating its anti-interference characteristics,
and can be applied in band notch broadband communica-
tion systems or anti-interference communication equip-
ments such as unmanned aerial vehicles and radars.

Index Terms — Anti-interference, electromagnetic band-
gap (EBG), PIN diodes, reconfigurable band notched
antenna, WLAN.

L. INTRODUCTION

The frequency bands of WLAN (2.4-2.4835 GHz,
5.15-5.825 GHz) are widely used in wireless commu-
nication systems. In order to prevent its interference,
some wideband antennas need to own a single or a dual
band-rejected filtering characteristic in the WLAN band.
The main approaches used by these researches can be
mainly divided into two categories [1]. The first cate-
gory is to generate radiation perturbation through etching
slots on the ground/ patches or loading parasitic stubs
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[2, 3] and stepped impedance resonators [, 4] on the
patches. The disadvantage of these methods is that they
will change the radiation pattern of the antenna itself [[1]].
Moreover, due to the limited area that can be cleared,
it is hard to load switch components on the patches,
making it difficult to achieve reconfigurable band notch
design. The second category is to integrate filters at the
feed port of the antennas to reject the interfering sources
[556]. By controlling the filters or their connections, the
notch band can be tuned. While the filters increase the
complexity of antenna design. In [7H8], the methods of
adding an open loop resonator near to a feed line were
proposed, which can generate a stopband in the signal
source through coupling resonance. Although the fre-
quency band can be adjusted by changing the on-off
state of the resonator, its coupling effect is difficult to
eliminate [9].

In recent years, electromagnetic band-gap (EBG)
technology has been introduced into the single-, dual-
, and multi-band-rejected antennas design [10-14] In
these studies, the EBGs are mainly divided into two
types: uniplanar EBG [10,11]] and high impedance elec-
tromagnetic surface (HIS) [12H15]. For example, two
spiral uniplanar EBGs are symmetrically placed on both
sides of a dual notch antenna’s feed line in [10], and
asymmetrically placed on the upper and lower sides of
the microstrip feed line in [11], resulting in two addi-
tional notch bands; simpler structures of conventional
mushroom-type HIS-EBG (CMT-HIS-EBG) [l 12]] or
edge-located vias HIS-EBG (ELV-HIS-EBG) [12H15]
were placed next to or in the middle of the antenna
feed line [14], or even on the back of the antenna (with
the patch as the ground) [[15] to create the notch bands.
The principle of loading uniplanar EBG is similar to the
methods of positioning resonators next to the feed line,
so the same problem is faced when realizing notch recon-
figurability. In contrast, the essence of using HIS-EBG to
design band-notched antennas belongs to the second cat-
egory, as the HIS-EBG unit has a bandstop property, so
it can be used as a bandstop filter without affecting the
behavior of the antenna itself.
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Based on the above reasons, the design of reconfig-
urable band-notched antennas using HIS-EBG structures
has attracted research interest [[L6-H18]. For example, in
2015, the concept of six band-notched reconfigurable
antenna using six ELV-HIS-EBG units was proposed, but
the bias circuit was not considered in this design. There-
fore, the EBG units and the switches were printed sepa-
rately in an intermediate layer and placed underneath the
transmission line of the antenna [[16]]; in 2016, the copper
strips of two ELV-HIS-EBGs are connected with a PIN
diode, achieving a single reconfigurable band-rejected
function, but its realized gain in the notch band at 4 GHz
is about -1.5 dBi, which is not significantly decreased
[L7]; In 2020, two CMT-HIS-EBGs are surrounded by a
square copper ring and connected to the ring using a var-
actor diode. By controlling the ON/OFF state of the var-
actor diodes, the reconfigurability in the notch band of
5.3 GHz was realized. However, the gain in the rejected
band only reaches 0 dBi [18]].

The patch of the HIS-EBG is connected to the
ground through punching a copper via into the substrate,
forming a complete circuit. The challenge of designing
HIS-EBG-based band-notched reconfigurable antennas
is that the PIN diodes cannot be directly loaded on the
vias to control the ON/OFF of the circuit. In addition,
the electronic components of the switches will occupy a
certain clearance area, leading to changes in the antenna
structure.

In this paper, a novel WLAN band-notched reconfig-
urable wideband monopole antenna based on two HIS-
EBG was designed, fabricated, and tested. The impact of
switches (it is composed of a PIN diode and two capac-
itors) on antenna performance is considered in testing.
The switches are not directly loaded in the EBG unit but
are loaded in its ground slot and the parasitic stubs. By
extending the parasitic stubs and the ground slots into
the areas with stronger currents, more surface waves will
be directed into the EBG unit. The proposed method can
enable the antenna and the HIS-EBG unit to be designed
independently, and can sharply decrease the gain within
the notch band, providing a new approach for the design
of band-notched reconfigurable antennas.

II. DESIGN CONFIGURATION AND
APPROACH

A. Overall design of the antenna

To verify the design scheme, a square microstrip
patch antenna is used as the basic structure. It is fabri-
cated on a FR4 substrate, with a dielectric constant of
4.4 and a loss tangent of 0.02. The prototype of the pro-
posed antenna is shown in Fig.[T} As shown in Fig.[T](a),
the overall size of the antenna is 35x46x0.8 mm?>, and
the parameters of the patch antenna are L, =22 mm, W,
=16 mm, Ly = 26.4 mm, and Wy =2 mm.
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Fig. 1. Geometry of the proposed antenna includes (a)
top view and (b) bottom view.
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Two square patch mushroom-like HIS-EBG units
EBG #1 and EBG #2 are placed on the right side of
the microstrip line (see Fig. [I] (a)) and on the back of
the patch (see Fig. [T] (b)), fully utilizing the available
space of the antenna. The connections between the EBGs
and the patch antenna are controlled by two RF switches
(represented as S7 and S2). These switches are composed
of a BAR50-02V PIN diode and two Cp;es = 56 pF DC
blocking capacitors. Figure 2] shows the equivalent bias
circuit for the antenna. The bias voltage is 1 V, and a Ly,
= 51 nH inductor is used to stabilize the bias current.

Bias voltage
1v

3 Lbias
Cbr‘as Cbr'(rs

| >—

BARS50-02V

Fig. 2. Antenna bias circuit.

B. Antenna design by loading EBG #1

As Fig.[3|(a) shows, a microstrip-line-based method
[12]] is used to study the stopband characteristics of the
EBG #1. Specifically, without considering the radiator of
the patch antenna, the EBG #1 is placed on the right side
of the microstrip line with a distance of g.

The equivalent circuit of this model is shown in
Fig. 3| (b). Cp is the fringing capacitance between the
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EBG #1 and the microstrip line, C| and L; are the capaci-
tance and inductance generated by the mushroom-shaped
EBG #1 itself. They are simply estimated using the for-
mula [19] for estimating periodic EBG parameters as
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Fig. 3. Microstrip-line-based model: (a) Configuration
diagram, (b) equivalent circuit model, (c) back view of
the circuit.

Co = Wehglsfj?r(1+8r) cosh~! (Wf+V‘§hg1+g) 7 (1
G = £()‘(:”‘/Vezbgl /h7 @)
Ly = uoh, 3)

where W, is the width of the patch for the square EBG
#1 cell,e,= 4.4, is the relative dielectric constant of FR4,
and 4 = 0.8 mm is the thickness of the substrate. Usually,
g is much smaller than Wy, 1, so Cp is mainly influenced
by Webgl-

The resonant frequency(f,) of this model can be

derived as
fr=1/2n\/Li(Co+Cy). 4)

Obviously, once g is fixed, the approximate value of
Webge1 can be inferred from the selected band-notch fre-
quency f;. Therefore, further optimization can be carried
out based on this value. During this process, g can be
determined simultaneously.

Figure E] (c) shows the back of the model. It can be
seen that an L-shaped slot has been etched on the ground
around the pin of EBG #1, which separates the connec-
tion between the EBG #1 and the ground, preventing
the EBG #1 from forming a complete circuit. Then, a
BARS50-02V PIN diode and two DC blocking capacitors
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are embedded at the end of the slot, so the connection
state between the EBG #1 and the microstrip line can be
controlled by controlling the ON/OFF state of SI. Due
to the extended length of the L-shaped slot being much
longer than the width of the slot, it allows sufficient area
for the loading of diodes and capacitors. In addition, by
controlling the extension direction of the slot, the amount
of current fed into the EBG #1 can be controlled.

In order to observe the effect of W,,,1 on the
microstrip line’s reflection, the state of S/ is set to
ON with g = 0.2 mm. According to Eq. (@), the
Wepg1 corresponding to 2.45 GHz is predicted to be
approximately 8 mm. Therefore, the scanning range of
Wepe1 is selected to be 4-10 mm. As shown in Fig. E],
when Wype1 = 5 mm, the antenna can generate the
rejected frequency of 2.45 GHz. Due to the neglect
of edge effects in formulas (1) and (2), the estimated
Wepg1 is larger than the actual one. Then, the state of
S1 is switched to OFF to observe whether the EBG #1
is still coupled to the microstrip line when the circuit is
open. Obviously, in this case, the impact of EBG #1 can
be ignored.

Figures [5] (a) and (b) compare the current distribu-
tion on the back of the antenna before and after etching
the L-shaped slot. It can be observed that as the current
converges toward the L-shaped slot, it does indeed serve
to guide the current.

C. Antenna design by loading EBG #2

Considering that the EBG cell needs to be coupled
with sufficient current to better achieve frequency reject-
ing, it is hard to achieve high-frequency of WLAN fil-
tering by reducing the size of the EBG # 1 further. And
it is necessary to consider the welding interval and diffi-
culty issues between the processed SMA connector and

S11 (dB)

40 -

S1 on state: —-—" Wepgr =4 mm- - - W, =5 mm
- _Wrbgf =6 mm _'_'H’:.,,ﬂ =8 mm
-50 + = Wepgr = 10 mm
S1 off state: Woeper =5 mm
i ' 2 ' 3 ‘ \

Frequency (GHz)

Fig. 4. S1; changes of the patch antenna with or without
EBG #1 at different W, 1.
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Fig. 5. The current distribution on the back of the antenna
before and after etching the L-shaped slot at a resonant
frequency of 2.45 GHz: (a) before grooving and (b) after
grooving.

EBG and capacitor components. Therefore, the EBG # 2
is placed on the back of the antenna patch, as shown in
Fig.[f It is connected to the feeder through S2 and uses
the conductivity of the microstrip line as a ground.
Figure [7] shows the effect of EBG #2 size parame-
ters Wepgr and Lepgr (With di = 2.8 mm and a; = 1.8
mm) on the antenna’s notch frequency. When Leyeo =
0.5 mm, it can be observed that the filtered frequency

(@) | )

Fig. 6. The structural diagram of the antenna loaded EBG
#2 from (a) top view and (b) back view.

ZHANG, LI, ZHAN, MEI: DESIGN OF A RECONFIGURABLE BAND-NOTCHED WIDEBAND ANTENNA USING EBG STRUCTURES

—
2 304
:’ S2 on state: (Unit:mm)
o 40 = = L2 = 0.5, Wepgr =3 =+ = Lopgz= 1, Wop2=3
""" Lepgr = 0.5, Wepgz =5 -~~~ Loy = 1,Wepg2 =5
.50 - - = 'Ltng = D-S! Webg} =T e L ehg? = I,W,g,yg =7
S2 off state:
Lepgz = 1,Wepg2 =5
-60 . i .
2 4 6

Frequency (GHz)

Fig. 7. §11 changes of the patch antenna with or without
EBG #2 at different W42 and Lep 2.

will shift toward lower frequencies as W42 increases. A
similar phenomenon also occurs when L,g increases.
When S2 is in the OFF state, it can be seen that the
antenna operates in the high-frequency range of 4.2-
5.76 GHz. Like the EBG #1, the EBG #2 will not
interfere with the operation of the antenna itself in this
state.

Figure shows the influence of d; on the Sq; of the
monopole antenna with EBG #2. It can be observed that
when d; increases from 2.8 mm to 3.2 mm, the center
frequency of the notch band decreases from 5.15 GHz to
5 GHz, with a slight change, indicating that d; has little
effect on the antenna.

The optimized parameters are shown in Table[T]

\e = = dl=3.0 mm
— - =dl =32 mm

Frequency (GHz)

Fig. 8. S11 of the patch antenna with EBG #2 at differ-
ent dj.



899

Table 1: Optimized parameters of the EBG units (unit:
mm)

Parameter Value | Parameter | Value
Wep gl 5 aj 1.8
L 3 Ry 0.25
Lepgo 1 R, 0.3

g 0.1 Ly 1.45
W, 4.9 d; 2.8

For convenience, the different state combinations of
S1 and S2 are represented by F1, F2, and F3, which are
listed in Table

Table 2: Symbols of switches in different states

Symbols Diode Status
S1 S2
F1 OFF OFF
F2 OFF ON
F3 ON OFF

1. MEASURED RESULTS AND
DISCUSSION

The proposed antenna is fabricated and measured as
shown in Fig. [9] Considering that DC regulated power
supply is an existing equipment in the laboratory, it has
the function of a switching power supply and can pro-
vide stable and adjustable voltage. Therefore, for ease of
testing, we use DC instead of batteries to power the bias
circuit. Due to the fact that the diodes of the proposed
antenna will not be in the ON-ON states in the experi-
ment, only one DC is needed to power two PIN diodes
separately to test the performance of the antenna in three
states. When testing S11, a 1 V stabilized power supply
was connected to the bias circuit of the antenna, so the
impact of the bias circuit on the antenna performance
was tested.

DC POWER SUPPLY
&

(b)

Fig. 9. Photograph of the fabricated antenna: (a) Physical
photos of the antenna and (b) photos of the testing envi-
ronment.
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Fig. 10. Comparisons between the simulated and mea-
sured S of the proposed antenna in different switching
states.

The comparisons of the simulated and measured
S11 in F1, F2, and F3 states are shown in Fig. @ The
measured results show that in F1 state (the diodes in
OFF-OFF state), the antenna operates in two frequency
bands: 2.2-3.7 GHz and 4.8-6 GHz; In F2 state, the
antenna can generate a notch band of 5.11-5.51 GHz,
which belongs to the high-frequency of the WLAN;
In F3 state, the antenna can generate a notch of 2.3-
2.49 GHz, covering the low-frequency of the WLAN.
Although there are some differences between the simula-
tion and test results, which may be due to the fabrication
tolerance and welding of the switch, they are generally
consistent.

The simulated and measured peak gains of the
antenna in different switching states are shown in Fig.[T1]
It can be seen that the low-frequency peak gain and high-
frequency peak gain of the antenna in F1 state are 2.5
dBi and 3.3 dBi, respectively. The gain of the antenna
within the two WLAN filtering frequencies is as low as
-2.65 dBi and -4.65 dBi, respectively, indicating that the
antenna can effectively suppress the gain in the notch fre-
quency bands.

Figures [12] [13] and [T4] show the two-dimensional
radiation patterns of the proposed antenna at resonance
frequencies of 2.8 GHz and 5.25 GHz, 2.8 GHz and 4.8
GHz, and 2.8 GHz and 5.25 GHz in different switch-
ing states. In these three states, the co-polarization and
cross-polarization ratios exceed 21 dB, 27 dB, and 21
dB, respectively. As the figures show, the omnidirec-
tional radiation characteristics are observed in the E and
H planes.

The performance comparison between the proposed
antenna and other antennas in references [I3HI8] is



ZHANG, LI, ZHAN, MEI: DESIGN OF A RECONFIGURABLE BAND-NOTCHED WIDEBAND ANTENNA USING EBG STRUCTURES 900

E Plane H Plane 4,

= 40

=]

= B

=]

o=

) o

3 180 180

g - o — Simiulated(Fl) Simulated co-polarization  — - — - - Simulated cross-polarization
o — — — - Measured co-polarization - - - - - - Measured cross-polarization

— Simiulated(F2)
P Simiulated(F3)

Co-polarization and cross- polarization ratio: 27.6 dB and 33 dB

— =— Measured(F1) (a)
Pl Measured(F2) ) \
R | Measured(F3) E Plane 4, H Plane ,,
0
T T T -
3 4 5 6 " W PNy a0
Frequency (GHz) “ ;
% 270
. . . -40
Fig. 11. Comparisons between the simulated and mea- , LN
sured peak gains of the proposed antenna in different o SRR 0
switching states. ! ;
180 180
Simulated co-polarization — - — - = Simulated cross-polarization
— — — - Measured co-polarization - - - - - - Measured cross-polarization

Co-polarization and cross- polarization ratio: 29.2 dB and 28.9 dB

(b)

-204

404

Fig. 13. Simulated and measured radiation patterns at
frequencies of (a) 2.8 GHz (with status F2) and (b) 4.8
GHz (with status F2).
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listed in Table 3] The results show that the filtering
frequency of the antenna covers the two frequency bands Fig. 14. Simulated and measured radiation patterns at
of WLAN, and has a relatively small size and low gain  frequencies of (a) 2.8 GHz (with status F3) and (b) 5.25
in the notch band, demonstrating a better performance. GHz (with status F3).
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Table 3: Comparisons with the other EBG notch-band
antennas

Ref Size (mms) Notch Band | No. of | Notched Band Realized
) Controllability | EBGs (GHz) Gain (dBi)
1.1,1.59,2.17,2

15 62.5 % 100 x 1.52 YES 6 76,3.25,3.88 —20,-19

16 50x80x 1.6 YES 2 3.625-4.2 -0.9

17 42x50x1.6 YES 2 4 -2.9

18 38x47x0.8 No 2 3.3,5.72,8.32 |-0.9,-3,-0.1
Proposed |5 46 0.8 YES 2 |F372A9500-) s ass
Antenna 5.51

IV. CONCLUSION

A dual broadband monopole antenna with a bias cir-
cuit and PIN diode based on EBG structure and a notch
reconfigurable function is proposed. The two mushroom-
shaped EBGs are placed at the edge of the feeder and
behind the radiation patch, making full use of the avail-
able space of the antenna. By controlling the ON/OFF
state of the diodes through the paranoid circuit, the band-
notched reconfigurable function of the two bands can be
realized. The measured results show that the proposed
antenna can operate in three states: OFF-OFF, OFF—
ON, and ON-ON. When PIN diodes are in the OFF—
OFF states, the antenna can operate at frequencies of
2.2-3.7 GHz and 4.8-6 GHz, with a peak gain of 2.5
dBi and 3.3 dBi, respectively. When PIN diodes are in
the OFF—ON states, a notched band of 5.11-5.51 GHz is
generated with a realized gain as low as -4.55 dBi. When
PIN diodes are in the ON—ON states, a notched band of
2.3-2.49 GHz is generated, and the realized gain of the
antenna in the notched band is -2.65 dBi. This antenna
is applicable for band notch broadband communication
systems.
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