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Abstract— In this paper, a compact, planar printed microstrip line
fed pentagonal shape ultra-wideband antenna with triple band-
notched characteristics is proposed and investigated. By
incorporating a pair of mirrored I'-shape, a pair of mirrored L-
shape slots in the pentagonal patch and bent C-shape parasitic strip
at the backside of a patch, the tunable band notched responses are
realized. The proposed antenna is fabricated on Rogers RO3003
substrate with permittivity 3.0 and thickness of 0.76 mm. The
measured results indicate that the proposed antenna having
dimensions of 32 x 24 x (.76 mm?® has a bandwidth over the
frequency band 2.7-10.6 GHz with S1; <-10 dB (VSWR < 2), except
in WiMAX band (3.27-3.85 GHz), WLAN band (5.6-5.95 GHz) and
ITU-T band (7.84-8.46 GHz). The presented antennas show dipole-
like patterns in E-plane and omnidirectional in H-plane, minor
group delay variation, and nearly constant gain at operating
frequencies.

Index Terms— L-shape slot, Parasitic resonator, Triple band-notch
characteristics, Ultra-wideband pentagonal patch

I. INTRODUCTION

Ultra-wideband (UWB) wireless communication technology has been receiving wide impetus since
the Federal Communication Commission unlicensed the frequency band of 3.1-10.6 GHz for
communication purposes [1]. The frequently used forms of radiating patch in UWB planar antennas
are square, circular [2]; crescent-shape [3]; sectoral [4]; elliptical [5]; and their amended variations as
they can be easily incorporated with microwave integrated circuits, lightweight and low profile in
nature. In the designated UWB spectrum other services such as WiMAX, WLAN, IEEE 802.16 (3.3—
3.7 GHz), IEEE 802.11a, ITU-T (8.02— 8.4 GHz band) exist. Hence, it is necessary to develop a UWB
antenna with notched frequency responses to reduce the probable interferences between mentioned
narrowband and UWB systems.

Numerous designs of antenna have been reported for notched frequency responses in ultra-
wideband. The reported designs include incorporating an elliptical slot within circular monopole [6];
two annular ring-shape slots with half-wavelength dimensions at a notched frequency in the radiating
patch [7]; attaching open-circuited stubs at the ends of plus-shape patch [8]; attaching quarter
wavelength stubs to quasi U-shape patch [9]. By incorporating a split ring resonator (SRR) in the
feedline, band rejection of WLAN has been achieved [10]. A slotline resonator within the feedline of
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the antenna has been incorporated to reject the band assigned for the HIPERLAN/2 and IEEE802.11a
[11]. Other techniques to achieve band notch response involves incorporating slots in the ground
plane such as a pair of symmetrical L-shape slots [12]; C-shape slots [13]. Also, new antenna designs
a combination of techniques to realize notch responses have been implemented. Triple notched band
elimination of WLAN, WiMAX, and Downlink Satellite System bands is realized due to etching of
slots and insertion of stub [14]. The square-shape electromagnetic band gap (EBG) with defected
ground plane designs is used to realize band notch function in WiMAX and WLAN bands [15]. By
incorporating two EBG structures, notch band responses for WiIMAX and WLAN bands are obtained
[16]. As per available literature, the addition of stubs, incorporation of slots in radiating patch or
ground plane provides impedance mismatch, which consequences in notch response. However, while
selecting the slot or stub location, a thorough explanation for the modal currents on the patch or
ground plane, at respective resonant modes, is not given.

In this paper, first for microstrip line fed regular pentagonal microstrip antenna (PMSA), effects of
variation in backed offset ground plane on patch modal frequencies are studied. As the length of a
ground plane decreases, the overlapping substrate area between patch and ground plane decreases.
This reduces the effective dielectric constant of the cavity. This change in effective dielectric constant
alters the fundamental and higher-order mode frequencies of the patch. Using this study, it is clearly
shown that fundamental and higher-order modes in printed monopole patch are the modified half-
wavelength modes and their variations as against quarter wavelength mode variations. Further, a
novel design of UWB antenna with pentagonal shape incorporated with a pair of mirrored I'-shape
and L-shape slots in the patch along with bent C-shape parasitic resonator on the backside of a patch
for triple band notch responses is proposed. Initially, the microstrip line fed pentagonal shape UWB
antenna is designed. For frequencies, 2.94 - 11 GHz, the impedance bandwidth for S;; < -10 dB is
obtained for the UWB antenna. Later, using optimized pentagonal shape UWB antenna with mirrored
I'- and L-shape slots along with bent C-shape parasitic resonator, a notch response over three
frequency bands at 3.35 - 3.81 GHz (WiMAX), 5.6 - 5.97 GHz (WLAN), and 7.94 - 8.48 GHz (ITU-T)
is realized. The tunable band notch characteristics can be attained in WiMAX, WLAN, and ITU-T
band by changing dimensions of I'-shape slots, L-shape slots, and a parasitic strip respectively. The
proposed structures were optimized on Rogers RO3003 substrate using Computer Simulation
CST2019), followed by the frequency and time-domain measurements. Using Keysight Technologies
make VNA (N9917A) the reflection coefficient (S11) and time-domain characteristics of the antenna
are measured whereas far-field radiation patterns and peak gain are measured using Rohde and
Schwarz make signal generator (SMB 100A) and spectrum analyzer (FSC-6). The tunable band notch
benefits in the reduction of interference with simultaneous applications such as WiMAX, WLAN. The
novelty of the paper is the inclusion of modal analysis about a mismatch of impedance to realize the

notch responses along with compactness of the structure.
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II. PMSA BACKED BY GROUND PLANE
The PMSA of dimensions, side length s = 12.5 mm with ground plane of size Ly = 32mm and W, =

24mm, on Rogers RO3003 substrate (&, = 3, # = 0.76 mm, tan J = 0.0019) is shown in Fig. 1(a, b). A
feed microstrip line having a width of 2mm for 50 Q impedance, has been selected to excite the
pentagonal patch. The resonance curve plot for PMSA for L, = 32 mm, shows excitation of TM; and
TM21 modes as shown in Fig. 1(c). In the pentagonal shape antenna, the first two resonant modes are
referred to as TM11 and TMay, as they resemble the mode distributions present in the circular patch,
having the same patch area. As the length of the ground plane, L, goes on reducing keeping other
parameters constant, TM; and TM>; modal frequencies increase. The resonance curve plots for the
same exhibiting variations in modal frequencies are given in Fig. 1(c). This frequency increment is
attributed to a decrease in effective dielectric constant (¢.) due to a reduction in dimension of the
backing ground plane. The impedance at TM11 modal frequency decreases since the quality factor of

structure goes on decreasing.
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Fig. 1. PMSA backed by square ground plane (a) Front View, (b) Side View and its (c) resonance curve plots for variation in
length of ground plane Lg.

Further, when Ly = 11.5 mm the ground plane exactly below the patch gets vanished resulting in a
decrement in TM1; mode frequency. This decrement in frequency is due to an increase in fringing
field length due to the absence of the ground plane exactly below the pentagonal patch. Thus, it can be

inferred from resonance curves and surface current distributions that, fundamental and next higher-
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order modes in printed pentagonal monopole patch are similar to modes of PMSA and they show
multiples of half-wavelength variations [26]. The absence of the ground plane exactly below the patch
results in a lower quality factor which leads to wider bandwidth at the resonances for fundamental and
higher-order modes. The average and vector surface current distributions at TM11 and TM21 mode for

different values of ground plane length L, are shown in Fig. 2(a-h).

(2)32GHz  (b)5.72 GHz

"(h) 6.08 GHz

(¢)4.03GHz () 10.3 G (2) 3.12 GHz

Fig. 2. Surface current distribution at TM;; and TM»; modes for different length of ground plane L, in mm (a,b) 32, (c, d) 22,
(e, f) 17, and (g, h) 11.5.

III. PENTAGONAL UWB PATCH ANTENNA
The pentagonal shape UWB antenna is designed on Rogers RO30003 substrate which has thickness

h = 0.76 mm, dielectric constant &- = 3.0, and loss tangent tan = 0.001. The pentagonal patch having
side length s = 12.5 mm is selected so that fundamental TM11 mode frequency is near 3.12 GHz while
lower band edge frequency is around 2.97 GHz. A microstrip line having a width of 2 mm with a
ground plane having dimensions L, = 11.5 mm and W, = 24 mm, has been used to feed the signal to
the antenna. The horizontal separation between patch and ground plane (p) is taken equal to 0.5 mm,
which yields optimum bandwidth. For the frequencies 2-11 GHz, the resonance curve, simulated and
measured input impedance plots are shown in Fig. 3(a). The impedance bandwidth for the antenna
with S11 < -10dB has been obtained in the frequency range 2.9 GHz to greater than 10.6 GHz. The
fabricated prototype of the UWB antenna is shown in Fig. 3(b, ¢). In printed monopole antenna using
a pentagonal patch, resonant modes are TM11, TMa21, and TMo, as they are analogous to that of
circular shape printed monopole having the same area. The simulated surface current distribution of
the UWB antenna for TM11, TM21, and TMo2 modes is shown in Fig. 3(d-f).

Brazilian Microwave and Optoelectronics Society-SBMO received 13 Dec 2020; for review 28 Dec 2020; accepted 8 Apr 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021
DOI: http://dx.doi.org/10.1590/2179-10742021v20i21157 324

0 — Simu. ---- Meas. 230

wyo ut {uiz} oy

0
3 4 5 6 7 8 9 10 11
(a) Frequency (GHz)

Max

Min

(C) fTM21 :572 GHz (f) fTM02:854 GHz

Fig. 3. (a) Simulated resonance curve and Si; plots, (b, ¢) fabricated prototype of UWB antenna, and simulated surface
current distribution at (d) frmi1 = 3.12 GHz, (e) frmz1 = 5.72 GHz and (f) frmoo= 8.54 GHz for pentagonal UWB patch
antenna.

IV. PENTAGONAL SHAPE TRIPLE BAND NOTCHED UWB ANTENNA
Further, in this paper novel design of pentagonal shape UWB antenna for triple notch responses in

WIiMAX, WLAN and ITU-T band is presented with two mirrored I'-shape and L-shape slots and bent
C-shape parasitic resonator. The evolution of antenna structure to realize triple band notched
responses is shown in Fig. 4(a-d). The optimised dimensions of the proposed antenna are L =32, W=
24, Le=11.5, Wy=2,h=0.76,5s =125, p=0.5, Lin =5, Ly =11, Ly =3, L,» = 10, Ly3 =21, L,3 =6,
y1=26,y,=12.5,y3 =16, Wy = 0.5. All dimensions are in mm. The effect of incorporating slots and
parasitic resonator is investigated subsequently in detail by analysing the resonance plot of the

antenna.
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Fig. 4. The design evolution of the triple band notch antenna (a) pair of T" -shape slots, (b) pair of L-shape slots, (c) bent

C-shape parasitic resonator loaded Pentagonal patch antenna and its (d) side view antenna.
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A. Effect of the I'-shape slots
The effect of mirrored I'-shape slot on antenna structure is investigated in terms of modal frequency

distribution and corresponding input impedance (Z;,). Initially, the only horizontal slot with length Ls;
is incorporated. The position of this slot is selected so that it effectively perturbs the current
distribution in the patch present at TM» mode. As Lj; is increased, the input impedance
corresponding to TM»>; mode also increases as shown in Fig. 5(a). Further, to increase the impedance
at this TM21 mode significantly the vertical slots with dimension L,; have been incorporated which
results in the formation of two mirrored ['-shape slots as shown in Fig. 5(b). As L,; increases the
impedance of TM2; mode initially increases beyond 150 Q and then decreases such that Z;, between
TMi1 and TM2; modes goes below 25 Q resulting in notch characteristics as shown in Fig. 5(b).
However, the TM11 resonant mode frequency of the patch remains unaltered. As seen from Fig. 5(b),
the dimension of slot Ly; = 5 mm and L,; = 11 mm results in simulated Si; greater than -10 dB
(VSWR = 2) in the frequency spectrum 3.35 - 3.81 GHz resulting in notch response in WiMAX band.
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Fig. 5. Simulated resonance curve plots and magnitude of Sy for variation in (a) L; and (b) L,; for I'-shape slot loaded
pentagonal UBW antenna (dimensions in mm).

B. Effect of the L-shape slots
The effect of pair of mirrored L-shape slots incorporated in antenna structure is investigated in

terms of modal frequency distribution and corresponding impedance. Initially, a pair of vertical slots

with dimension L,; in the pentagonal patch is incorporated. The positions of these vertical slots are
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selected such that it effectively perturbs current distribution in the patch present at TM3; mode
resulting in notch response. As L, is increased, the resonance frequency corresponding to TM31 mode
gets lowered, but Z;, at this mode gets increased beyond 75 Q. As seen from Fig. 6(a), for L,> = 10
mm, the notch response is obtained in the frequency band 9.48 to 9.89 GHz, however, TM11, TM21,
and TMy, resonant mode frequencies of patch remains unaltered. To further perturb the current
distribution at TM3; mode, the horizontal slots with dimension L. are incorporated near the feedline
resulting in the formation of mirrored L-shape slots. Fig. 6(b) shows the effect of variation of L, for
the constant value of L,> = 10 mm on Si; and the resonance curve. As Ly is increased from 1.5 to 3
mm, the input impedance at TM3; mode gets increased from 75 Q to more than 200 Q. This
significant impedance mismatch results in notch characteristics with high rejection capability. As seen
from Fig. 6(b), the dimensions of the slot L;> =3 mm and L,> = 10 mm results in simulated S greater
than -10 dB (VSWR > 2) in the frequency band 7.9 - 8.42 GHz resulting in notch response in ITU-T
band.
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Fig. 6. Simulated resonance curve plots and magnitude of S| for variation in (a) L.> and (b) L for L-shape slot loaded
pentagonal UBW antenna. (dimensions in mm).

C. Effect of addition of bent C-shape parasitic strip
Further, the effect of the addition of bent C-shape parasitic strip on Si; and input impedance is

investigated. Bent C-shape parasitic strip designed on the backside of the patch has horizontal length

L3, each inclined strip length L,; subtending angle o placed symmetrically about the microstrip feed
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line to realize good band-notched characteristic in WLAN band which increases the input impedance
at TMo2 mode. Fig. 7(a, b) shows the plot of simulated Si; against frequency for different values of
vertical strip dimension L,; and horizontal strip dimension L;3. As the length of horizontal strip, Ls; is
increased from 9 to 21 mm keeping a = 60° and L,; = 6 mm, the centre frequency of the notched band
is shifted from 7.1 GHz to 5.72 GHz as shown in Fig. 7(a). Later, as the length of vertical strip L., is
increased from 2 to 6 mm keeping a = 60° and L;; = 21 mm, the notched band centre is shifted from
6.98 GHz to 5.72 GHz as shown in Fig. 7(b). The reduction in notched band centre frequency is
attributed to an increase in the resonating length of the parasitic resonator. For Ly = 21 mm, the input
impedance of TMo, goes above 275 Q resulting in a notch response in the frequency band 5.6-6.03

GHz.
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Fig. 7. Simulated resonance curve plots and Si; for (a) varying vertical dimension L,3, and (b) varying horizontal dimension
of parasitic resonator L3 (dimensions in mm).

The length of the parasitic resonator L,- for the chosen notched frequency on the substrate with

dielectric constant €, and thickness % is approximately found using the following expressions [27]:

A
LPr =_g= ﬂllo - % C* [ (1)
2 2 geff 2 f;totch 88/]'
1 (. 120"
e+l ¢ —
&, =—"+ + - 1+ 2
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Here, /g is the guided wavelength, Ao = c/fuowen is the free space wavelength, ¢ is the velocity of
light, fuowen is the frequency of the notched band centre, €. is the effective dielectric constant, and wy is
the width of the strip. For the optimized dimension using equation (2), the effective permittivity €. is
calculated as 2.23. Using equations (1) and (2), it is verified that, half of the length of bent C-shape
parasitic resonator is (L#3/2) + L,s = 16.5 mm, which is nearly equal to 4,/2 obtained at the centre

frequency 5.75 GHz which is 16.81 mm.

D. Results and Discussions
Based on the above parametric study, a pentagonal-shape triple band notch antenna is fabricated on

0.76 mm thick Rogers RO3003 substrate. The microstrip line feed at one end is connected to a panel
type SMA connector having 50-Q characteristic impedance. The plots of the simulated and measured
S11 are shown in Fig. 8(a) indicates that the antenna has an impedance bandwidth over the frequency
band 2.72 - 10.6 GHz with Si; < -10 dB, excluding at 3.35 - 3.81 GHz, 5.6 - 5.97 GHz, and 7.94 -
8.48 GHz. The misalignment of the location of notches and depths in simulated and measured results
are due to the tolerances in circuit fabrication that can be probably attributed to fabrication faults,
defectiveness in the substrate permittivity, non-consideration of SMA connector in simulation. The
simulated average and vector current distribution at notched frequencies of these bands is shown in

Fig. 8(b-d).
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Fig. 8. (a) Measured and simulated Si; for proposed triple band notch antenna, its simulated surface current distribution at
the notched frequencies, (b) 3.46 GHz, (c) 5.78 GHz and (d) 8.21 GHz.

As seen from Fig. 8(b, d), the current is mainly concentrated around a pair of mirrored I'- and L-

shape slots. At notched frequencies, the currents are in opposite directions around the slots canceling

Brazilian Microwave and Optoelectronics Society-SBMO received 13 Dec 2020; for review 28 Dec 2020; accepted 8 Apr 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag ISSN 2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 2, June 2021

DOI: http://dx.doi.org/10.1590/2179-10742021v20i21157 329
the radiation. With a bent C-shape parasitic resonator on the backside of the patch, the currents are
strongly concentrated in the resonator and are opposite in direction to that in the patch at notched
frequencies as seen from Fig. 8(c). The front and back views of the fabricated prototype of triple band

notched pentagonal shape antenna are shown in Fig. 9(a) and (b) respectively.

Fig. 9. The fabricated prototype of a triple band notch antenna (a) Front and (b) Back views.

The far-field pattern and gain of these antennas were measured using Rohde & Schwarz make SMB
100A signal generator and FSC-6 spectrum analyser with more than 2D?/¢ distance between standard
horn antennas of the corresponding frequencies and proposed antenna, where D is taken as maximum
dimension of antenna ensuring minimum reflection surroundings. The simulated and measured gain
plots of UWB antenna and triple band-notched antenna till 8 GHz are shown in Fig. 10. The gain of
the antenna is between 2 to 4 dB over the 3.0 - 8.0 GHz frequency range excluding notched frequency
bands which ensures that band-notched responses are good. The normalized measured radiation
patterns at 4.2, 5.4, and 7.2 GHz in the principal planes are shown in Fig. 11. The antenna exhibits an
almost omnidirectional far-field pattern in the H-plane and a figure of eight patterns in the E-plane at
these frequencies. Slight variations noted between simulated and measured results are happened to be

because of cable losses, reflected waves from surroundings, fabrication error.
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Fig. 10. Gain plot for the pentagonal shape UWB antenna and triple-band notch antenna.
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Fig. 11. Simulated and measured E-field (yz-plane) and H-field (xz-plane) radiation patterns in the pass bands.

The performance of the UWB antenna in the time domain is important in pulsed communication.
The parameter group delay characterizes the time delay of an impulse signal at various frequencies.
The time-domain parameters measurement has been done using Keysight Technologies make
(N9917A) VNA in the free space environment wherein two alike band-notched antennas connected to
two ports of VNA are spaced in face-to-face and side-by-side configurations at a distance of 300 mm
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ensuring far-field distance. The simulated and measured S»1 (transfer function) and group delay for
both configurations are shown in Fig. 12(a) and (b), respectively. It is evident from Fig. 12(a, b) that
the considerable delay in signal is observed at notched frequencies, whereas at other frequencies
group delay for both configurations is almost constant. It is seen from, Fig. 12(a, b) that in both
configurations S; is less than 40 dB at notched frequencies. The time-domain analysis evidence that

the proposed antenna is suitable for triple band-notched functions in the mentioned bands.
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Fig. 12. Simulated and measured group delay and Sy of the proposed triple band-notch UWB antenna (a) face to face and

(b) side by side configuration.

Comparison of antenna size and the number of notch bands of the proposed antenna with reported
single, dual and triple band-notched UWB antennas are shown in Table 1. The notch band responses
are obtained by placing two square EBG structures [16] and slitted EBGs near the feedline in [17].
Slots are incorporated in the patch to realize band notch responses, but the use of a dielectric resonator
increases the volume of the antenna significantly [18], [25]. The combination of slots in the patch and
SRR structures in the vicinity of the feedline is used to realize multiple band-notched responses [19]-
[21]. The selection of placement of slots to obtain a notched band is not explained in terms of
perturbation of modes [20]. The position of complementary SRR structures to realize notch bands is
not explained in terms of modes or change in input impedance [21]. The band notch response is
obtained by incorporating a N-slot in the feed line [22]. The rectangular strip is connected to the
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radiator through vias to realize dual band-notch responses which increase fabrication complexity [23]
To attain a single band-notched response in differential-fed antenna, two pairs of A/4 length stubs are
introduced in the ground plane [24]. The cylindrical dielectric resonator along with a U-shape slot is
realised to obtain a single band notch response, but the use of a dielectric resonator increases the

volume of the antenna.

TABLE I. COMPARISON WITH REPORTED SINGLE, DUAL AND TRIPLE BAND NOTCHED UWB ANTENNAS

Reference Antenna size (mm?) Notched bands Operating Frequency Range (GHz)

[16] 52 x32=1664 2 3.11-10.60
[17] 30 x40 =1200 2 2.80-11.00
[18] 50 x 40 =2000 2 2.90-10.82
[19] 78 x 45=3478 2 2.63-10.86
[20] 38 x 34 =1292 3 2.58-11.62
[21] 35 x35=1225 3 2.31-12.83
[22] 34 x34=1156 1 3.10-10.60
[23] 40 x 43 =1720 2 2.90-11.00
[24] 35 x 30 =1050 1 3.10-12.00
[25] 40 x 50 = 2000 1 3.30-12.00
This paper 32 x 24 =768 3 2.71-11.00

In the reported literature mentioned in Table 1, the designed antennas have a larger dimension or
have more complexity in terms of fabrication of structures. Also, the earlier reported works do not
explain the modal analysis of the structure and perturbation of current at a particular mode to create
impedance mismatch resulting in a notch response. The novelty of this work is the inclusion of
detailed modal analysis to realize the notched characteristics in the proposed structure. Also, the

proposed antenna has compact volume of 584 mm? and is capable of producing three notch bands.

V. CONCLUSIONS

A detailed study to explain the resonant mode behavior in printed pentagonal shape monopole
antenna is presented. It shows that in printed monopole patch fundamental and second-order mode
frequencies are the modified half-wavelength resonant modes. Further, a microstrip line fed
pentagonal shape UWB antenna is proposed yielding impedance bandwidth in the range of 2.7 GHz to
10.6 GHz. UWB antenna design is further modified by incorporating a pair of mirrored I'- and L-
shape slots along with bent C-shape parasitic resonator to obtain tunable triple notch responses in
WIiMAX, WLAN, and ITU-T frequency band respectively. The I'-shape and L-shape slots increase
the impedance at TM2; and TM3; modes respectively realising band rejection across WiMAX and
ITU-T frequency band. The bent C-shape resonator increases the input impedance at TMop, mode
resulting in a notch function in the WLAN band. The surface current distributions at the realised
notched frequency in the presence and absence of slots and parasitic resonators are also investigated.

The proposed antenna exhibits an omnidirectional radiation pattern in H-plane while figure-of-eight
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like patterns within the UWB spectrum except in the notched band. The proposed antenna also

provides linear transfer function and negligible group delay variation excluding notched bands.
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