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Tunable Triple Band-Notched UWB Antenna Using Single EBG
and Varactor Diode
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Abstract—In this paper, a UWB monopole antenna with triple band-notch characteristics using single
TBMV-EBG (Triple band multi-via electromagnetic bandgap) unit cell is proposed and demonstrated.
The antenna with a fork-type radiating patch with TBMV-EBG is simulated using Ansys HFSS.
Measurement results show triple band-notches at 3.39, 5.78, and 8.60 GHz, respectively, which are
in good agreement with simulation results. The proposed antenna has bi-directional pattern in F-plane
and omnidirectional pattern in H-plane. Moreover, tunable characteristics of the proposed antenna
using a single varactor diode are also presented. By changing the capacitance of varactor, the band-
notched antenna is effectively tuned from 2.69-3.46, 5.71-7.84, and 8.40-8.50 GHz. The same antenna
structure can be operated at different band notching modes depending upon the varactor’s capacitance.
Therefore, the proposed UWB antenna will prove to be a promising candidate wherein multi-band
rejections using single TBMV-EBG unit cell and tunability using one varactor diode are desirable.

1. INTRODUCTION

Ultra-wideband (UWB) systems have become important for short range, high data rate, low power
consumption, and indoor data communication. In 2002, Federal Communications Commission(FCC)
allocated the frequency band of 3.1 to 10.6 GHz for UWB systems. In this allocated UWB, other
narrowband systems like wireless local area network (WLAN) for IEEE 802.11a operating at (5.15-
5.35) and (5.725-5.825) GHz & WIMAX (3.3-3.6) GHz and X-band (8-12) GHz are already present.
Therefore, in order to avoid electromagnetic interference, UWB antenna should reject these types of
narrowband systems. In recent years, many techniques have been proposed to reject these narrow
bands. In [1-4], narrow band notches are achieved by etching slots on radiating elements. In [5, 6], quad
and quintuple UWB band-notched antennas are reported using CSRRs and RCSRRs, respectively.
However, this technique of inferring the antenna to get multi-bands affects the performance of antenna.
To overcome this problem, placing a parasitic element near the feed line of antenna is proposed in [7—
16]. In [7], a hexagon-shaped monopole UWB antenna with two same size edge located via (ELV) EBG
cells are placed near the feed line to get dual band notches at 3.5 GHz and 5.5 GHz. In [8], a UWB
circular monopole antenna with dual band notch rejection is achieved using four center located via
(CLV) EBGs. In [9], two modified mushroom type semicircular EBG structures with dissimilar sizes
are placed near the feed line to produce dual band notch rejection in WIMAX band. In [10], to get
triple band notch characteristics, three EBG unit cells are used. In [11], a UWB monopole antenna
with two spiral EBGs, one on front side near the feed and the other on back side, is used to produce
dual band notches at the upper and lower WLAN frequencies. In [12], an antenna is reported with
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dual band notches by placing two ELV MT-EBGs near the feed line of elliptical monopole antenna.
In [13], a single band notch at 5.5 GHz is obtained by using four conventional MT-EBGs. [14] reports a
UWB band-notched antenna producing single notch at 3.5 GHz using two EBGs around the feed line.
In [15], =single EBG is used to get dual band notches at 4.51 GHz and 5.89 GHz. Also, in [16] triple
band notches are obtained by placing two different EBGs near the feed line of the antenna. Due to
space restriction and coupling between multi-parasitic elements, it is difficult to achieve multi-notch
characteristics for a UWB monopole antenna with minimum cells. The works presented in [7-16] have
failed to design multi-notches, i.e., triple notch characteristics for UWB monopole antenna with single
EBG cell. In Section 2, we give the application of TBMV EBG to overcome the above problem. The
proposed UWB antenna behaves as triple band notches using single unit cell of TBMV-EBG. Also the
tuning characteristics of triple band-notched antenna using varactor diode are discussed in Section 3.

2. ANTENNA DESIGN PARAMETERS AND SIMULATION RESULTS

A reference fork-type monopole antenna [9] is shown in Fig. 1 with ¢, = 2.2, tan § = 0.0009. The antenna
is etched with a size of 35 x 35 mm? on a substrate with height » = 0.8 mm. The ground plane of the
reference antenna is etched by a quasi semi-circular slot. The width of microstrip feed is kept as 1.5 mm,
and the other parameters of proposed antenna are: (L;) = 35mm, (W;) = 35mm, (L) = 12mm,
(L3) = 13.6 mm, (L4) = 2.1mm, (L5) = 9mm, (Lg) = 1.6 mm, (W3) = 6 mm, (W3) = (Wy) = 2.1 mm,
(W5) = 1.8 mm. This fork type of monopole antenna is used as reference antenna for further design.
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Figure 1. UWB antenna configurations, (a) Antenna-I with MT-CLV EBG, (b) Antenna-II with
intermediate EBG (one via), (c) Antenna-III with intermediate EBG (two vias) and (d) Antenna-IV
with proposed TBMV-EBG (three vias).

2.1. Ultra-Wideband Antenna Configurations and Analysis

Fork-type UWB antennas with different evolution stages of EBG configuration are shown in Fig. 1.
Fig. 1(a) shows Antenna-I configuration with conventional mushroom-type center located via an
electromagnetic bandgap structure (MT-CLV EBG). Fig. 1(b) shows Antenna-II configuration with
a modified EBG having outer ring, middle ring, inner ring and a via placed at a center located square
patch. Antenna-III configuration in Fig. 1(c) depicts an intermediate stage of EBG with the addition
of one more via at the outer ring. Finally, Antenna-IV configuration with TBMV-EBG (triple band
multi-via electromagnetic bandgap structure) is shown in Fig. 1(d). This TBMV-EBG unit cell consists
of three vias at the outer ring, center located square patch, and on the joint between middle and inner
rings, respectively. The TBMV-EBG unit cell design parameters along with parametric analysis are
explained in this section.

All the antenna configurations discussed earlier are simulated, and voltage standing wave ratio
(VSWR) is plotted as shown in Fig. 2. Antenna-I with MT-CLV EBG shows a single notch at 7.23 GHz.
When the configuration of Antenna-II is simulated, dual closely spaced notches at 7.87 GHz and 8.47 GHz
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Figure 2. Simulated VSWR of different antenna configurations from Antenna-I to Antenna-IV with
TBMV-EBG.

— Antenna-I 100l N
— Antenna-I I
200 — Antenna-I II : N
@ — Antenna-1 V @
Q [
Q Q
g § of -
B 100]- 173
=% o
g g — Antenna-I
— Antenna-I 1
Antenna-I II
01 1 1 1 1 1 ] -100| — Antenna-I V 1 1 1 e
2 4 6 3 10 12 2 4 6 8 10 12
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 3. Simulated impedance of different antenna configurations, (a) Real part, and (b) Imaginary
part.

are obtained. Antenna-III also behaves as a dual-band notched antenna producing sharp notches at
3.61 GHz and 8.48 GHz, respectively. When Antenna-IV with TBMV-EBG is simulated, triple-band
notched characteristics are observed at 3.46 GHz, 5.71 GHz, and 8.40 GHz, respectively. In order to
verify the band-notch characteristics of all configurations of antennas shown in Fig. 1, simulations with
respect to impedance are also carried out. Fig. 3 shows real and imaginary parts of impedance for
all antenna configurations. From Fig. 3(a), it is observed that the real part of impedance goes away
from 50 €2 for all configurations of antennas at the notched frequencies due to impedance mis-matching.
Similarly, imaginary part of impedance also goes away from 0 ) at the specific notch frequencies which
can be seen from Fig. 3(b).

2.2. Proposed UWB Antenna with TBMV EBG

EBG generally referred as metamaterials does exhibit specific properties. The surface impedance of
EBG structure is similar to that of a parallel resonant LC circuit which can be modelled using effective
surface impedance model. The surface impedance (Z) and resonance frequency (f.) are given as [17, 18]

JwL

Zs = 1—w?LC (1)
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and
1

= 2
2mv/ LC @
where the inductance (L) and capacitance (C') are calculated as

Je

and

- ’ (4)

where (19) = permeability of free space, (h) = substrate height, (x1) = width of each EBG cell, (k) =
gap between two EBG cell, (¢,) = dielectric constant of the substrate, and (ey) = permittivity of free
space. To design a TBMV EBG structure, three series LC resonant circuit per unit cell are required.
To achieve this, three vias with different slots are introduced in the proposed EBG as shown in Fig. 4.
The proposed TBMV-EBG cell is with one outer ring, inner ring, and C-type of slot between inner and
outer rings [32].
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Figure 4. TBMV-EBG unit cell, (a) top view, (b) side view.

The UWB fork-type antenna with a single TBMV EBG cell is shown in Fig. 1(d). Simulated voltage
standing wave ratio (VSWR) of the fork-type reference antenna is shown in Fig. 5. A good impedance
match is obtained for UWB range (3.1-10.6) GHz with VSWR < 2 without any band notches. The EBG
cell is placed near the feed line of UWB monopole antenna and simulated using Ansys HFSS. Parameters
of the reference antenna are same as mentioned earlier in this section. Optimized parameters of TBMV
EBG cell are: diameter of each via (v) = 0.2mm, substrate dielectric constant (e,) = 2.2, substrate
height (h) = 0.8 mm, width of outer ring (y2) = 1 mm, width of outer ring slot (y3) = 0.4 mm, width
of middle ring (y4) = 0.7 mm, width of C-type slot (y5) = 0.3 mm, width of inner ring (ys) = 0.5 mm,
width of inner ring slot (y7) = 0.2mm, (z2) = 3.2mm, (z3) = 5.2mm, width of center located square
patch (z4) = 1.8 mm, square patch width (z1) = 8 mm, width of joint between middle and inner ring
(7) = 0.3mm. The gap between the feed line and EBG cell is kept as (Ws) = 0.2mm, and the distance
between EBG cell and upper edge of quasi semi-circular slot is (L7) = 1.2 mm. Simulated VSWRs of
UWB monopole antenna with and without TBMV EBG are shown in Fig. 5. It is observed that there is
no band notch for UWB monopole antenna without TBMV EBG, whereas with TBMV EBG cell, UWB
antenna produces triple band notch frequencies observed at 3.46 GHz, 5.71 GHz, and 8.40 GHz (VSWR
> 2 GHz) which proves that TBMV EBG exhibits triple band notch characteristics. The first, second,
and third notches are obtained from 3.34 GHz to 3.58 GHz, 5.44 GHz to 5.96 GHz, and 8.31 GHz to
8.50 GHz with notch bandwidths of 0.24 GHz, 0.52 GHz, and 0.19 GHz, respectively. Measured VSWR
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Figure 5. Fabricated Prototype, simulated and measured VSWR of fork-type monopole antenna with
and without TBMV-EBG.
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Figure 6. Surface current distributions of UWB band-notched antenna with TBMV-EBG at (a) 3.46
GHz, (b) 5.71 GHz, (c) 8.40 GHz, and (d) 7 GHz.

of UWB fork-type antenna with TBMV-EBG is plotted in Fig. 5. From the graph it is observed that
the simulated and measured results are in good agreement.

Surface current distributions at 3.46 GHz, 5.71 GHz, 8.40 GHz, and 7 GHz for the first, second, third
notches and operating frequency of UWB antenna are shown in Fig. 6, respectively. From Fig. 6(a), it is
observed that at 3.46 GHz the surface current is mostly concentrated on the outer ring of TBMV-EBG
which is close to the feed line. The surface current distribution at 5.71 GHz is shown in Fig. 6(b). The
notch obtained at this frequency is mainly due to the inner ring of EBG. Since the inner ring is far away
from feed line, reduction in VSWR is observed. Fig. 6(c) shows the even surface current distribution
on the opposite arms of outer ring of TBMV-EBG producing third notch at 8.40 GHz. Fig. 6(d) shows
the surface current distribution at the operating frequency, i.e., 7 GHz. The current is more along the
feed line and lower edge of fork-type patch with almost negligible effect on EBG.
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Figure 8. (a) Effect of the outer ring on the center frequency of the band-notch, and (b) effect of the
gap between middle ring and inner ring on the center frequency of the band-notch.

Simulated real and imaginary parts of impedances of reference antenna with and without TBMV
EBG are shown in Fig. 7(a) and (b), respectively. Real and imaginary parts of the impedance go away
from 50 2 and 012 line, respectively for all notch frequencies. The effects of parameters of TBMV EBG
on the notch band center frequency are shown in Fig. 8 and Fig. 9(a). Fig. 8(a) shows the effect of
the width of outer ring on the center frequency of the band-notch of antenna. By varying the outer
ring width (y2), a noticeable change in the third notch frequency is observed without any change in the
first and second notches. Fig. 8(b) shows effect of the gap between middle ring and inner ring (y5) on
the center frequency of the band-notch. Variation in (y5) produces changes in second notch frequency
only with negligible effect on the first and third notches. The effect of the gap between outer ring
and middle ring (y3) on the center frequency of the band-notch is shown in Fig. 9(a). Changing (ys3)
shows observable change in the first notch frequency without any significant changes in remaining two
notch frequencies. Measured and simulated gains of antenna with TBMV EBG are shown in Fig. 9(b).
Significant drop in gain is observed at the triple band notch frequencies with a good performance for
other frequencies.

Simulations of the proposed UWB antenna with TBMV-EBG are also conducted using FR4 epoxy
(tand = 0.02, ¢, = 4.4) and air (¢, = 1) compared with Rogers substrate (tand = 0.0009, ¢, = 2.2).
Simulated VSWRs for different substrates are shown in Fig. 10. It is observed from the graph that
with Rogers as substrate, triple band notches are produced for UWB applications specified by FCC
(3.1-10.6) GHz. Radiation patterns of reference antenna with TBMV EBG in E-plane and H-plane at
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Figure 9. (a) Effect of the gap between outer ring and middle ring on the center frequency of the
band-notch, and (b) antenna gain.
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Figure 10. Simulated VSWR of fork-type antenna with TBMV-EBG for different substrates.

4.00 GHz, 5.71 GHz, 6.00 GHz, and 8.00 GHz are shown in Fig. 11. Since the UWB antenna is band-
notched at 5.71 GHz, the radiation characteristics are distorted whereas the antenna has bi-directional
pattern in F-plane and omnidirectional pattern in H-plane for other frequencies. It can also be observed
from Fig. 11 that as the frequency increases, the antenna does not obey perfect E-plane and H-plane
radiation characteristics.

2.3. Fabrication and Measurement

Fork type of UWB antenna with single cell of TBMV EBG is printed on a Rogers Diclad 880 substrate
with dielectric constant (¢,) = 2.2, h = 0.8mm, and tand = 0.0009 as shown in Fig. 5. The
measurements are conducted with an Agilent N9926A network analyzer with the highest measurable
frequency 14.00 GHz. A 50Q SMA connector is connected at the end of the feed line. The measured
VSWR of fabricated fork-type antenna with TBMV EBG is shown in Fig. 5. From the results, it
is observed that three band notches are obtained with a slight difference between simulation and
measurement results. These differences are mainly due to the reasons mentioned in [12]. In the
measurements, we obtain band-notch center frequencies with 3.39 GHz, 5.78 GHz, and 8.60 GHz (VSWR
> 2GHz). From the simulation and measurement results it is proved that using single cell of TBMV
EBG at the feed line of UWB monopole antenna, triple band notches can be achieved. Comparison of
different EBGs and proposed TBMV EBG structure used for getting multiple band notches in UWB
monopole antenna at the fed line is given in Table 1.



188 Kapure, Bhavarthe, and Rathod

4.00 GHz 5.71 GHz
0° 0°

180° 180°

Figure 11. Radiation pattern for E-plane (z-z), and H-plane (y-z) of fork-type monopole antenna
with TBMV-EBG (— E-plane, and --- H-plane).

Table 1. Comparison of TBMV-EBG and other EBG structures used for getting band-notch in UWB
monopole antenna at fed line.

Ref. ¢ /h (mm) No. of No. of Notched center
" EBG Notches frequencies (GHz)
7] 4.5/1.59 02 Dual 3.5/5.5/N.A
8] 4.4/1.60 04 Dual 3.44/5.44/N.A
9]  2.65/1.00 02 Dual 5.2/5.8/N.A
[10] 3.38/0.8 03 Triple 3.27/5.27/5.71
[11]  3.66/0.762 02 Dual 5.2/5.8/N.A
[12]  4.5/1.00 02 Dual 5.31/5.80/N.A
[13] 3.8/0.8 04 Single 5.5/N.A/N.A
[14]  4.4/1.60 02 Single 3.5/N.A/N.A
[15]  4.4/1.00 01 Dual 4.54/5.92/N.A
[16]  4.4/1.60 02 Triple 3.65/5.45/7.5
P.W. 2.2/0.8 01 Triple 3.39/5.78/8.60

P. W. = Proposed work., N.A = Not applicable
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3. TUNABLE UWB ANTENNA WITH TBMV-EBG AND VARACTOR DIODE

Over a decade, band-notched antennas with tuning capability have certainly gained tremendous
significance. However, it is known that as frequency in some bands varies from one region to
another, antennas once designed and fabricated for fixed notch-frequencies becomes fruitless for other
applications. In order to make the effective use of designed band-notched antennas for other frequencies,
continuously tuning characteristics need to be incorporated. Embedding active devices such as switch,
MEMS, P-I-N diodes in band-notched antenna design, switching functionality is achieved. Antennas
designed with these active devices can be switched possibly only between two frequencies based on their
ON and OFF status. So, to achieve fine tunability, band-notched antenna designs with varactor diode
as an active device are mostly preferred. By changing the capacitance of varactor diode operated under
different reverse bias, band-notched antennas can be effectively tuned for specific desired frequency of
interest along the spectrum.

Various techniques are employed in band-notched antennas to produce notches at specific frequency
of interest. However, these band notches are achieved by etching slots on radiating elements, using
resonators or with multi-parasitic elements around the feed line [7-16,19-31]. In order to achieve
multiple band-notches, UWB antennas should not only make effective use of the space around the
radiating patch but also be able to minimize coupling effects with less parasitic elements near the feed
line. The work presented in this manuscript overcomes this issue by placing a single unit cell of TBMV-
EBG near the feed line of UWB monopole antenna. Moreover, frequency reconfiguration of the proposed
triple band-notched antenna is obtained by using single varactor diode in the EBG design. The notched
bands are effectively tuned by changing the capacitance of varactor diode. The varactor SMP1231-
079LF from Skyworks is used for the design. The configuration of fork-type antenna with varactor
loaded TBMV-EBG and the spice model of varactor are shown in Fig. 12(a) and (b), respectively.
Previously, various reconfigurable band-notched antennas using more active devices such as capacitors
and varactors have been reported in [19-31]. In [19], open loop resonators (OLRs) are used around
the feed line of antenna to produce single band-notch, and the antenna is tuned from 5.1 to 5.9 GHz
using two varactors embedded in the OLRs. Reconfiguration with two pin-diodes and two varactor
diodes inside meander line stubs are reported in [20]. Depending upon the on/off status of pin diodes
in combination with varactors, single notched band is tuned from 4.2 to 4.8 GHz and 5.8- to 6.5 GHz,
respectively. In [21], UWB antenna is band-notched using inverted T-slot and U-shaped slots and tuned
independently with two varactor diodes from 3.5 to 4.3 GHz and 5.3 to 6.05 GHz. The antenna in [22] is
etched on the feed line to produce single notch which is tuned from 4.3 to 6.1 GHz. [23] reports a tunable
band notched UWB heart-shaped planar monopole antenna with a annular slot producing single notch.
By varying capacitance of the varactor, the notch is tuned from 4.62 to 5.83 GHz. In [24], resonators
are used to produce dual notches at WIMAX and WLAN, respectively. Inserting two capacitors within
the resonators, the antenna tunes only the WIMAX band notch from 3.0 to 4.0 GHz with fixed WLAN
notch frequency. In [25], a similar dual band notch antenna is reported and tuned to produce dual band
notches using four capacitors within the resonators. In [26], tuning of single band from 5.8 to 6.9 GHz
is achieved using two varactor diodes. In [27], a CSRR etched triple band notched antenna is tuned
using three varactor diodes. In [28, 29], capacitors are embedded within the resonators to tune WLAN
band from 5.0 to 6.0 GHz. In [30], triple band notching and tuning are achieved with open ended stubs
and three varactors, respectively. In [31], two EBG structures, namely TVEL and fractal, are used to
produce dual band notches at WIMAX and WLAN bands, respectively. The EBG structures are loaded
with two varactor diodes and tuned independently between 2.8-4.0 GHz and 4.7-6.2 GHz. The works
reported in [19-21, 24-31] have either managed to produce tunability with more varactors/capacitors or
are able to tune only single notch-band [22, 23]. Considering the power supply constraints and biasing
circuit’s complexity, it is always desirable to design multi-band notch antennas with minimum active
devices for continuous tuning.

In our previous work [32], switching characteristics of band-notched antenna using single P-I-N
diode are demonstrated. In this work in order to achieve fine tunability, the proposed triple band-
notched UWB antenna is made tunable by incorporating one active device, i.e., varactor diode within
single EBG unit cell. The varactor diode is inserted between outer and middle rings of TBMV-EBG
as shown in Fig. 12 and is operated under reverse bias voltage for different values of capacitances.
The state of art reported in Table 2 shows the comparison of various band-notched antennas with the
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Figure 12. (a) UWB antenna with TBMV-EBG and Varactor diode, (b) spice model of Varactor.

Table 2. Comparison of TBMV-EBG and other EBG structures used for getting band-notches and

reconfiguration in UWB antennas.

Band-Notch Reconfig. Active Tuning

Ref. Technique Done Devices Frequencies
Used With Used (GHz)
[19] OLR Varactor 02 5.1-5.9
[20] Stub P-I-N/Varactor 04 1.2-4.8/5.86.5
[21] Slot Varactor 02 3.5-4.3/5.3-6.05
[22] Slot Varactor 01 4.3-6.1
[23] Slot Varactor 01 4.62-5.83
[24] Resonator Capacitor 02 3.0-4.0
[25] Resonator Capacitor 04 2.9-3.1/5.8-7.0
[26] Resonator Varactor 02 5.8-6.9
[27] CSRR slots Varactor 03 1.5-2.1/2.2-2.6/3.0-3.7
[28] Resonator Capacitor 02 5.0-6.0
[29] Resonator Capacitor 02 5.0-6.0
[30] Open Stubs Varactor 03 3.3-3.5/5.2-5.4/5.7-5.9
[31] EBG Varactor 02 2.8-4.0/4.7-6.2
P. W. EBG Varactor 01 2.6-3.4/5.7-7.8/8.4-8.5

OLR = Open Loop Resonator, EBG = Electromagnetic Bandgap Structure,
CSRR = Complementary split-ring resonators, P. W. = Proposed work.

proposed antenna in terms of tunability. From the comparison, it is observed that the proposed antenna
will prove to be the promising candidate wherein tuning with multi-bands using a single active device

is desirable.

4. RESULTS AND DISCUSSIONS

Experimental setup and fabricated prototype of tunable band-notched UWB antenna with varactor
loaded TBMV-EBG are shown in Fig. 13 and Fig. 14, respectively. The fork type UWB antenna
design parameters and TBMV-EBG unit cell dimensions are kept same as discussed in earlier sections.
Rogers material with loss tangent tand = 0.0009 and permittivity ¢, = 2.2 is used as substrate for
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Figure 13. Experimental setup, Simulated VSWR of fork-type monopole antenna/wifﬂ TBMV-EBG
and varactor diode.

T
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Figu;e/l/él. Fabricated prototype, simulated real  Figure 15. Simulated Imaginary part of
part of impedance of fork type monopole antenna  impedance of fork type monopole antenna with
_with TBMV-EBG and different varactor diode TBMV-EBG and different varactor diode capaci-
capacitances. tances.

simulations using Ansys HFSS. Simulations are carried out by placing a varactor diode between the
outer ring and middle ring of TBMV-EBG unit cell. The capacitance of varactor diode is varied from
2.35pf to Vo (OFF) operated at reverse bias [33]. The simulated VSWRs for different capacitance
values of varactor are shown in Fig. 13. It is observed that as the capacitance changes from 2.35 pf
to Vo(OFF), the antenna shows tunable triple band-notched characteristics producing rejections at
WIMAX, WLAN, and ITU bands respectively with different notching frequencies. Different modes
of operations of the proposed triple band-notched antenna with simulated and measured results for
specific varactor’s capacitance and reverse bias voltage are shown in Table 3. Real and imaginary parts
of impedances of the fork-type UWB antenna with TBMV-EBG for different values of capacitances are
shown in Fig. 14 and Fig. 15, respectively. From Fig. 14, it is seen that for a particular value of varactor
capacitance, the real part of band-notched antenna moves away from 50 €2 at the notching frequencies.
Similarly for particular capacitance of varactor, imaginary part of impedance also goes away from 02
where notching is present as shown in Fig. 15. The deviation of real and imaginary parts of impedance
from 502 and 02 respectively are due to impedance mismatching at notched frequencies.

Simulated and measured VSWRs for 2.35 pf, 1.22 pf, 0.794 pf, 0.613 pf, and V(OFF) are depicted
from Fig. 16 to Fig. 18(a), respectively. A strong agreement between simulated and experimental results
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Table 3. Operating modes of proposed UWB antenna for different varactor capacitance (V¢).

Kapure, Bhavarthe, and Rathod

Mod Varactor Diode Results Notching
ode Capacitance V¢ (pf) Sim/Meas. Frequencies (GHz)
Simulated 5.62/6.90/8.45
I 235 (0V
(0V) Measured 5.52/6.66/8.33
I 1.22 (2V) Simulated 5.65/7.46/8.45
Measured 5.52/7.20/8.34
Simulated 5.67/7.84/8.50
111 0.794 (4V
(4V) Measured 5.54/7.54/8.34
Simulated 2.69/5.74/8.50
v 0.613 (6 V
(6V) Measured 3.10/5.52/8.34
Simulated 2.90/5.69/8.43
0.466 (15V
v ( ) Measured 2.96/5.52/8.33
Simulated 3.46/5.71/8.40
VI Ve (OFF
¢(OFF) Measured 3.39/5.70/8.47

VSWR

- - - Simulated - 2.35 pf (OV)
-2.35 pf (OV)

—— Measured

VSWR

- - - Simulated - 1.22 pf (2V)
—— Measured - 1.22 pf (2V)

4 6 8 10
Frequency (GHz)
(a)

6 8
Frequency (GHz)
(b)

Figure 16. Simulated and measured VSWR at (a) 2.35 pf, and (b) 1.22 pf.

Simulated - 0.794 pf (4V)
Measured - 0 .794 pf (4V)

VSWR

1 1 1 1

10 =1

VSWR

- - - Simulated - 0.613 pf (6V)
—— Measured - 0 .613 pf (6V)

Figure 17. Simulated and measured VSWR at (a) 0.794 pf,

4 6 8 10
Frequency (GHz)
(a)

6 8
Frequency (GHz)
(b)

and (b) 0.613 pf.
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is obtained. plots for different capacitances of varactor are shown in Fig. 18(b). Co-polarized and
cross-polarized radiatien patterns in H-plane and FE-plane for fork-type UWB antenna with TBMV-
EBG and varactor diode at™4:00 GHz and 8.00 GHz are shown in Fig. 19. The proposed antenna shows
perfect bi-directional pattern in e and omnidirectional pattern in H-plane at 4.00 GHz, but at
higher frequencies due to the presence of higher order resonance modes, these patterns get slightly
degraded.

T 10
8 - - — Simulated - Vc (OFF) ul -- 235 pf --1.22 pf 0.794 pf /
] —— Measured - Vc (OFF) --0.613 pf --0.466 pf - -V (OFF) ]
” c
=3 =
5 0 i
=
2
i i i i i
4 6 8 10 2 4 6 8 10
Frequency (GHz) Frequency (GHz)
(a) (b)

sured VSWR at (a) Vo (OFF), and (b) antenna gain at different V..

Figure 19. Radiation pattern for H-plane (y-z) and E-plane (z-z) of fork-type monopole antenna with
TBMV-EBG and varactor diode (Co-pol 4.00 GHz, and 8.00 GHz), (X-pol 4.00 GHz, and 8.00 GHz).

5. CONCLUSION

An antenna with triple band-notch characteristics using a single TBMV-EBG cell is designed, simulated,
and fabricated for ultra-wideband applications. Simulation results agree with measurement ones
for rejections at 3.39 GHz, 5.78 GHz, and 8.60 GHz frequencies, respectively. Furthermore, tunable
characteristics of the presented antenna with varactor diode are also simulated and experimentally
verified. By changing the capacitance of varactor, the band-notched antenna is effectively tuned from
2.69 to 3.46, 5.71 to 7.84, and 8.40 to 8.50 GHz. The proposed UWB antenna exhibits triple band-
notched characteristics using a single TBMV-EBG unit cell, triple-notch tuning using a single varactor
diode with wide impedance bandwidth and good radiation characteristics. So, for ultra-wideband
applications, in which multi-band rejections and multi-notch frequency tunability using a single antenna
structure are desirable, the proposed antenna stands out to be a true candidate.
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