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Pentagonal Shaped UWB Antenna Loaded with Slot and EBG
Structure for Dual Band Notched Response

Ameya A. Kadam and Amit A. Deshmukh®

Abstract—In this paper, a planar, compact, and low cost printed microstrip line fed pentagon-shaped
ultra-wideband antenna offering dual band notched characteristics response is proposed and investigated.
By introducing modified V-shaped slots in the pentagonal patch and hexagonal electromagnetic band
gap structures near the feedline, dual band notched response can be realized. The proposed antenna is
successfully simulated, designed, and fabricated on an FR-4 substrate. The measured results show that
the proposed antenna having dimensions of 35 x 33 x 1.6 mm? has a bandwidth over the frequency band
2.7-10.6 GHz with magnitude of S;; < —10dB (VSWR < 2), except 3.7-4.6 GHz (C-band Satellite
Communication) and 5.16-6.08 GHz (WLAN) frequency bands. The presented antennas show small
group delay variation, nearly omnidirectional radiation pattern and stable gain at working frequencies.
Satisfactory results have been obtained in frequency and time-domain analysis of the proposed antenna.
The formulation of the center frequency of dual notched frequency band is also proposed.

1. INTRODUCTION

Ultra-wideband (UWB) wireless communication technology has been receiving wide impetus from both
academy and industry since the Federal Communication Commission (FCC) unlicensed the frequency
band from 3.1 to 10.6 GHz for commercial communication applications in 2002 [1]. Due to the rapid
progress in wireless and mobile communication systems, the demand for antennas giving bandwidth
(BW) in a few tens of GHz is increased, and in such application monopole antennas are used [2, 3].
However, as these structures are not planar, their integration with microwave integrated circuits is
cumbersome. Therefore, printed variations of monopole design are favored [2,5]. The commonly
used shapes of radiating patch in UWB patch antennas are rectangular, triangular, circular, arc,
sectoral, and their modified variations [3-9]. Over the designated UWB spectrum (3-10.6 GHz), other
narrowband services like WiMAX, IEEE 802.16 (3.3-3.7 GHz), C-band satellite communication (3.7
4.2 GHz), WLAN, IEEE 802.11a, HIPERLAN/2 (5.15-5.825 GHz), and ITU (8.02-8.4 GHz band) exist.
In some applications, UWB antenna uses filters to suppress these frequency bands. However, the uses
of filter increase the complexity and cost of a UWB system. Therefore, it is necessary to realize a UWB
antenna with notched frequency bands to minimize the probable interferences between the UWB and
narrowband systems.

Numerous designs of antennas have been reported for notch frequency response in UWB spectrum.
The conventional methods are cutting a slot(s) of different shapes on the radiating patch [10, 11],
attaching stub(s) with radiating patch [12,13], incorporating a feeder-embedded slotline resonator
[14, 15], incorporating slots in the ground plane [16, 17], utilizing split ring resonators (SRRs) [18, 19], or
incorporating electromagnetic band gap structure [20, 21]. As per reported literature, the introduction
of stubs, slots in patch or ground plane results in notch band characteristics. However, thorough
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explanation for highlighting the effects of modifications in patch geometry that yields tunable notch
response in terms of patch resonant modes is not provided.

In this paper, a novel design of a pentagonal shape UWB antenna embedded with a modified V-
shaped slot and hexagon-shaped electromagnetic band gap (EBG) structures, placed near the microstrip
feed line is proposed. Initially, a pentagonal shape UWB antenna is studied. For the frequencies from
2.7 to 11 GHz, an input impedance (Z;,) response for return loss (S11) < —10dB is obtained. The
surface current distributions in pentagonal structure are studied for carrying out the identification of its
resonant modes. Later, using an optimized pentagon-shaped UWB antenna, with a modified V-shaped
slot and hexagon-shaped electromagnetic band gap structures, a notch response over the two frequency
bands, i.e., at 3.7-4.6 GHz and 5.16—6.08 GHz, is realized. Here the addition of modified V-shaped
slots in pentagonal shape antenna changes the resonance frequencies and input impedance (Z;,) at
TMs; mode which results in notch response in C-band. The second band notch response is obtained
by placing two shorted hexagonal EBG structures in the vicinity and on either side of the microstrip
line feed. In the lower frequency band, tunable band notch characteristics are obtained by changing the
length of modified V-shaped slots. In the higher band, the same is realized either by varying the side
length of hexagonal EBG structures or by changing the shorting via position on the EBG unit. The
return loss of greater than —5dB is realized ensuring more than 55% of the reflected power over the
notch band frequencies. The presented antennas were optimized on a low cost glass epoxy substrate by
using Computer Simulation Technology (CST2019), which was followed by the practical measurements.
Using the VNA (ZVH-8) made by Rohde and Schwarz, the return loss of antenna till 8 GHz is measured
whereas far field radiation patterns and peak gain are measured using spectrum analyzer (FSC-6)
and RF source (SMB 100A). The time domain analysis of the proposed antenna is also carried out.
The tunable band notch benefits the reduction of interference with simultaneous applications such as
Bluetooth, Wi-Fi, and Wi-MAX.

2. PENTAGONAL UWB PATCH ANTENNA

A regular pentagonal shape UWB antenna, as shown in Figures 1(a) and (b), is designed on a low
cost FR4 substrate (h = 1.6mm, &, = 4.3, and tané = 0.02). The pentagonal patch having side
length ‘s’ = 10.5mm is selected such that its fundamental TM;; mode frequency is around 2.7 GHz
while lower band edge frequency is around 2.92 GHz. A feed microstrip line having width of 3 mm for
50 ) impedance, backed by the ground plane having dimensions ‘L,” = 18 mm and ‘W," = 33 mm, has
been selected. The horizontal separation between the patch and ground plane (p) is taken equal to
1mm, which yields optimum bandwidth. For the frequencies from 2 to 11 GHz, the simulated resonance
curve and return loss (S11) plots are shown in Figure 1(c). The average and vector surface current
distributions at the first two modes for pentagonal shape printed monopole antenna are shown in
Figures 1(d) and (e). In the pentagonal shape antenna, resonant modes are referred to as TM;; and
TMoy, as they resemble the mode distributions present in the circular patch, having the same patch area
with radius ‘R.’. Thus, resonance frequency equation of circular patch can be used for the pentagonal
patch with some modifications. For formulating the effective radius in the pentagonal patch, resonant
length formulation for printed monopole using a circular patch as reported in [31] is referred for the
equivalence. The relation between the side length of pentagonal patch ‘s’ and circular patch radius
‘R.’ is given using Equation (1). As seen from Figures 1(d) and (e), current vectors originate from
the microstrip feed line. To model this effect in the effective patch radius calculation, term ‘L, + p’ is
considered in Equation (2). Although modal surface currents are distributed over the complete patch
area, in larger contribution they are present more towards the patch perimeter. Hence this contribution
in currents is accounted by including factor ‘A’ in Equation (2). At TM;; mode ‘A’ = 0.98 yields close
matching whereas at TMo; mode ‘A’ = 0.96 gives the matching. Further since the effective radius
needs to be modeled, the term R.7m/2 is selected which basically comes from the factor ‘2w R./4’. Due
to the offset ground plane present in printed monopole antenna, effective dielectric constant ‘e,.’ for
the FR4 substrate is taken as 1.15 [2,4]. Two modal frequencies are calculated using Equation (3), for
kpm = 1.84118 and 3.05424. The term ‘¢’ in Equation (3) denotes the velocity of light in free space.
For validating the proposed formulations, initially the pentagonal shape patch is simulated for different
‘s’, and its resonance curve plots showing TMy; and TMg; mode frequencies are given in Figure 2(a).
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Figure 1. (a) Front and (b) side views of pentagonal shape UWB antenna, its (c) resonance curve and
S11 plots, and its current distribution plots at (d) fravi1 and (e) fraer modes.

For the same microstrip line feed conditions, the printed circular monopole antenna is simulated using
equivalent radius as given in Equation (1), and its resonance curve plots are shown in Figure 2(a). As
can be observed, TMi; and TMy; mode frequencies in two cases are nearly the same which validates
Equation (1) for the equivalence. Further to validate Equation (2), for different values of ‘s’, TMj;
and TMg; mode frequencies in pentagon printed monopole antenna are calculated using Equations (2)
and (3), and against the simulated values they are plotted in Figures 2(b) and (c). Using the proposed
formulation, close prediction of TM7; and TMs; mode frequencies with % error less than 5% is obtained.

R. = 0.74s (1)
T

Req:<A*Rc*§)+p+Lg (2)
knpm.c

fnm_?*w*Req*\/@ (3)

3. PENTAGONAL SHAPED DUAL BAND NOTCHED UWB ANTENNA

Further novel design of the pentagon-shaped UWB antenna for dual band notch application is presented.
Based on the surface current distribution at TMs; mode, the position of a modified V-shape slot in
pentagonal patch is selected which will perturb its impedance and frequency to realize lower band notch
response. Next hexagonal EBG structure is placed near microstrip feed line to help realize higher band
notch response, as shown in Figure 3. The effect of a modified V-shaped slot is investigated in detail
first by analyzing the resonance curve plot of the antenna in absence of hexagonal EBG structure. The
modified V-shaped slot has horizontal slot length as ‘L;’ and inclined slot length as ‘L,’. The total slot
length is Ly + 2 %« L, = Ls. The slot position is selected in such a way that it effectively perturbs the
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Figure 2. (a) Simulated resonance curve plots for varying patch dimensions in printed pentagon ‘s’
and circular ‘R.” monopole antenna, frequencies and % error plots against variation in ‘s’ at (b) TMj;
and (c) TMg; modes.
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Figure 3. Geometry of dual-band notch UWB antenna (a) front View, (b) side view.



Progress In Electromagnetics Research M, Vol. 95, 2020 169

0] 700

AV mam =

su N/ My \&%:/// 4;: 5
—;_40. v ) / | Ty |Lh = 6mﬂm R :
24 Wi ST
Y \ -9, 10 200
) oo
- 10 1 0

Max E-Current =7.32 (A/m)

Max.

Min.

(b)fTvy, = 42 GHz (c) frvyy = 3.96 GHz

Figure 4. (a) Simulated resonance curve and S1; plots for varying inclined slot length L,,, Surface scalar
and vector current distribution at TMg; frequencies for slot length Lj, = 6 mm, and (b) L, = 9mm, (c)
L, =10 mm.

current in the patch present at TMs; mode. As the slot dimension is increased, the resonant frequency
corresponding to TMs; mode gets lowered significantly, and the input impedance at this mode gets
increased beyond 200 ) resulting in band notch characteristics as seen in Figure 4(a). However, the
TM;j; resonant mode frequency of the patch remains unaltered as currents at it are parallel to modified
V-shaped slot. As seen from Figure 4(a), the inclined slot length of ‘L;” = 9mm which corresponds
to ‘Lg’ = 24 mm, results in simulated return loss greater than —10dB in the frequency band 3.74 to
4.6 GHz. As the inclined slot length L, is increased to 10 mm which corresponds to ‘L;’ = 26 mm, the
notch frequency band gets changed to 3.5 to 4.28 GHz. Hence, the tuning of notch band is possible
by varying the slot length ‘L,’. The surface current distributions in the antenna for ‘L,” = 9mm and
10 mm at corresponding resonant frequencies of 4.2 GHz and 3.96 GHz are shown in Figures 4(b) and
(c). The density of current is maximum around modified V-shaped slot at the resonant TMsy; mode
frequency.

Further to reduce the interference with WLAN bands, hexagon-shaped EBG structures are placed
in the vicinity of a microstrip feed line. The designed and optimized unit cell of EBG structure is shown
in Figure 5(a). The unit cell structure is simulated in eigenmode solution of CST2019, and the dispersion
diagram based on rectangular (irreducible) Brillouin zone is plotted as shown in Figure 5(b). The unit
cell parameters are taken as: substrate dielectric constant ‘c,’ = 4.4, substrate height ‘b’ = 1.6 mm,
hexagonal patch side ‘e’ = 3 mm, diameter of each via ‘d’ = 0.5 mm. From the dispersion diagram, we
observe that band gap exists for hexagonal shaped EBG structure. The band gap (gray part) is observed
between mode-1 and mode-2 centered at f. = 5.65 GHz with lower cutoff frequency f; = 5.25 GHz and
higher cutoff frequency f; = 6.05 GHz. The geometry of EBG structures and equivalent circuit model
designed based on LC resonator to explain the mechanism of the EBG structure coupled to the microstrip



170 Kadam and Deshmukh

14
M 5
10
e
X I
£ — Mode 1 .
= —+ Mode 2
Sx ! r X M Y I
Wave Vector
(a) Port 2 b
L Cq
Via Ia — ol
s S
e O CLo&

I’un 1 2> Microstrip Line '
EBG Cell N -
-+ -
Cz—l_ _I_

(©) (d)

Figure 5. (a) Hexagonal Electromagnetic Band Gap unit cell structure, (b) dispersion diagram for
the hexagonal EBG structure, (c¢) EBG structure used in vicinity of microstrip line and, (d) equivalent
resonant circuit of unit EBG cell.

feed line are depicted in Figures 5(c) and (d). Then based on the LC-parameters, the resonant frequency
of the EBG cell can be obtained by [30],
1

f0:2*71'>k L(Cl+02) (4)

L=2x10""h [m <g> +0.5 (%) — 0.75] (5)
Cr = 7@”50(? ) cosh! <“’T+g> (6)

where ‘C1’ is the edge capacitance between the EBG patch and microstrip line, and ‘Cs’ is capacitance
between EBG patch and ground plane. For the hexagon-shaped EBG structure, w = v/3a is taken into
account for the calculation of ‘C'y’. The inductance ‘L’ is due to current flow through the via.

To understand the influence of some important parameters of EBG structure on the notched
characteristics, parametric studies are carried out. The effects of variation in the diameter ‘d’ of shorting
via in EBG structure is shown Figure 6(a). It is evident that as the diameter of the via increases, the
center frequency of notched band shifts to a higher frequency range with some increase in notched
bandwidth. When the diameter of via increases, the inductance related to via decreases which results in
the increase in the center frequency of notched band. The increase in the bandwidth is attributed to the
decrease in the quality factor. The effect of variation of via location in horizontal and vertical directions
on the magnitude of S7; is also simulated and investigated. For a fixed horizontal via location ‘z,” =
4.5 mm, the effect of variation along vertical direction (y,) is plotted in Figure 6(b). As the via locations
are moved from the lowermost vertex of hexagonal EBG structure (y, = 4.25 mm) to the uppermost
vertex of EBG structure (y, = 9.75mm), the band notch central frequency increases initially up to
central location (y, = 7mm) and then again decreases. However, it is also observed that except at
the central location of via (z, = 4.5mm, y, = 7mm), the slight impedance mismatch occurs in the
frequency range of 6-8.5 GHz. Hence, the optimum vertical position of via is ‘y,” = 7mm. Further, for
a fixed vertical location ‘y,” = 7mm, the effect of variation along horizontal direction (z,) is plotted in
Figure 6(c). As the via locations are moved horizontally away from the feedline (z, = 2.2 to 6.8 mm),
the band notch center frequency increases initially up to central location (z, = 4.5mm) and then again
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Figure 6. Plot of simulated magnitude of S;; for variation in (a) via diameter for fixed location
z, = 4.5mm, y, = 7mm, (b) via location y, for fixed value of z, = 4.5mm, d = 0.5mm, (c) via
location x,, for fixed value of y, = 7Tmm, d = 0.5 mm.

decreases, but the notch bandwidth almost remains constant as seen from Figure 6(c). Based upon
above parametric study, to achieve notch frequency response around 4 and 5.5 GHz, a pentagon-shaped
dual band notched antenna incorporated with a modified V-shaped slot and hexagonal EBG structure
with dimensions as mentioned in Table 1 is fabricated.

Table 1. Optimized parameters for proposed dual band-notched antenna.

Parameter | Size (mm) | Parameter | Size (mm) | Parameter | Size (mm)
L 35 S 10.5 g 0.5
W 33 L, 9 d 0.5
Ly 18 Ln 6 a 3
wy 3 W 0.5 Ty 4.5
h 1.6 P 1 Yo 7

The plots of the simulated and measured magnitudes of Si; till 8 GHz are shown in Figure
7(a), while the fabricated prototype is shown in Figures 7(b) and (c). The measured results show
that the proposed antenna has an impedance bandwidth over the frequency band 2.7-10.6 GHz with
|S11] < —10dB, except for the region 3.7-4.6 GHz and 5.16-6.09 GHz where notch response is observed.
The measured result is in close agreement with the simulated one.

The gain and far-field radiation patterns of the antennas were measured using the spectrum analyzer
(FSC-6) made by Rohde & Schwarz and RF source (SMB 100A) in the minimum reflection surroundings
with more than 2D? /) distance between standard horn antennas of the corresponding frequencies and
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Figure 7. Measured and simulated magnitude of S1; plot of proposed antenna, Fabricated prototype
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Figure 8. Peak gain plot of pentagonal shaped Dual-band notched UWB antenna.

proposed antenna under test. Here ‘D’ is taken as the maximum dimension of antenna. The measured
gain of proposed antenna till 8 GHz is shown in Figure 8, while the normalized measured radiation
patterns at 3.5, 5, and 7.5 GHz in the E- and H-planes are shown in Figure 9. The gain varies between
2dB and 5dB over the 2.7-10.6 GHz frequency range except in the 3.7-4.6 GHz and 5.16-6.09 GHz
notched frequency bands which demonstrates that band-notched function is good. The antenna exhibits
a stable omnidirectional radiation over UWB except in notched frequency bands. At higher frequencies,
the radiation pattern deteriorates because of the unequal phase distribution and significant magnitude
of higher order modes. Omnidirectional characteristics can be improved by using a thin substrate or
a substrate with low dielectric constant. The proposed antenna has nearly omnidirectional radiation
characteristic in the H-plane and a figure of eight radiation pattern in the F-plane over the desired
band.

The time domain performance of UWB antenna is vital for pulsed communication systems. The
group delay is a measure of the time delay of an impulse signal at various frequencies. The measurement
of the time domain parameters has been done using Rohde and Schwarz ZVH-8 vector network analyzer
in the free space environment. To understand this time domain behavior of the signal at notched
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frequencies, two identical antennas are placed in face to face and side by side configurations with a
distance of 300 mm. For both configurations, the simulated and measured group delays and magnitudes
of Sa1 (transfer function) are shown in Figures 10(a) and (b). It can be seen that high delay is observed
at both center frequencies of notched bands (4.2 and 5.8 GHz), whereas apart from these frequencies
the simulated and measured relative group delays for the face to face and side to side configurations
are almost constant. It is also shown in Figures 10(a) and (b) that the magnitude of So; (transfer
function) is less than —50 dB at notched frequencies for both configurations. The time domain analysis
of antenna parameters proves that the proposed antenna is a good candidate for dual band-notched
UWRB applications.

The comparison of antenna size and several notch bands of the proposed antenna with reported
single and dual band-notched UWB antennas is shown in Table 2. The notch bands responses are
obtained by placing two square EBG structures [21] and slitted EBGs near the feed line in [23]. The band
notch response is obtained by incorporating an inverted U-slot in the feed line [22]. The combination of
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Figure 10. Simulated and measured group delay and magnitude of Sy; (transfer function) of proposed
dual band-notched UWB antenna (a) face to face and (b) side by side configuration.

slots in the patch and SRR structures in the vicinity of the feed line are used to realize dual band-notched
responses [24]. A filter with U-shape or L-shape stub structures on the backside of a CPW-fed circular
UWRB antenna realizes notch-band response, but the presence of multiple vias near each other increases
structure complexity [25]. Slots are incorporated in the patch to realize band notch responses, but the
use of a dielectric resonator increases the volume of antenna significantly [26]. A rectangular strip is
connected to the radiator through vias to realize dual band-notch responses which increases fabrication
complexity [27]. In order to attain a single band-notched response in a differential-fed antenna, two
pairs of A/4 length stubs are introduced in the ground plane [29]. In the reported literature mentioned
in Table 2, the designed antennas have a larger dimension or complexity in terms of the fabrication of
structures. Also, the earlier published works do not explain the modal analysis of the structure and
perturbation of current at particular mode to create impedance mismatch resulting in notch response.
The novelty of this work includes detailed modal analysis to realize the notched characteristics in the
proposed structure. Also, the proposed antenna has a compact volume of 1155 mm? and is capable of
producing two notch bands.

Table 2. Comparison with reported single and dual-band notched UWB antennas.

Reference Antenna size Number of Frequency
(mm?) L x W Notch bands Range (GHz)
[21] 52 x 32 = 1664 2 3.11-10.6
[22] 30 x 40 = 1200 2 2.8-11
[23] 34 x 34 = 1156 1 3.1-10.6
[24] 78 x 44.6 = 3478 2 2.63-10.86
[25] 60 x 60 = 3600 1 2.8-9.0
[26] 50 x 40 = 2000 2 2.9-10.8
[27] 40 x 43 = 1720 2 2.9-11
[28] 40 x 30 = 1200 2 2.55-11
[29] 35 x 30 = 1050 1 3.1-12
Proposed Work 35 x 33 =1155 2 2.7-11
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4. CONCLUSIONS

A UWB pentagonal shape antenna is proposed, which yields BW from 2.7 GHz to more than 10.6 GHz.
Further by altering UWB antenna design, tunable notch responses are obtained by using modified V-
shaped slots and hexagon-shaped EBG structures in 3.7-4.6 GHz and 5.16-6.08 GHz frequency bands,
respectively. The surface current distributions at the notched frequency with and without modified V-
shaped slot are also computed and investigated. The slot dimension increases the input impedance
of TMy; mode and decreases the resonance frequency which results in notch characteristics. The
experimentally measured results have shown a satisfactory agreement with the simulated ones. The
developed antenna provides good radiation patterns in both E- and H-planes over UWB range except
in the notched band. The antenna also provides linear transfer function and minimal group delay
variation except in the notched band.
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