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Abstract

A triple band-notched ultra-wideband (UWB) monopatgéenna using a planar electromagnetic bandga@EB
design is proposed. The EBG unit cell composed byAachimedean spiral and inter-digital capacitance
demonstrates the notch frequencies. The antenhaBBIG cells near the feed line occupies only 3@ xr®f with
triple band-rejection characteristics. The thre&ched bands at 4.2 GHz, 5.2 GHz, and 9.1 GHz cansbd in
C-band satellite downlink, wireless local area retv(WLAN), and X-band radio location for naval eador
military required applications. In addition, theposed design is flexible to tune different notchadds by altering
the EBG dimensions. The parametric analysis isistlit details after placing the EBG unit cells méee feed line
to show the coupling effect. The input impedancd auarface current distribution analysis are alsalyaed to
understand the effect of EBG at notch frequendibe.proposed design prototype is fabricated anthckerized. A

fairly considerable agreement is observed betwaeulated and measured results.
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1. Introduction

In recent years, the unlicensed ultra-wideband ()\&f&ctrum from 3.1 GHz to 10.6 GHz attracted afdhterest for
commercial use and was duly approved by the fedeoahmunications commission (FCC) in 2002 [1]. W&esd
configurations were constantly being researcheduaed for a variety of applications such as remetesing, radar detection,
body-centric communication systems, wireless lacah network (WLAN), and long term evolution (LT[2}4]. To realize
such an application, UWB antennas are accompliskezhe of the promising challenges for UWB commation systems
due to their simple configuration, low cost, anda#irsize [5]. Recently, UWB frequency selectivefaoe (FSS) has been
proposed for stopband shielding applications [&wever, preventing interference from certain erggtarrow-band spectra
including location tracking applications for emengg services (LAES), WLAN, LTE, mobile broadcastimgdio-allocation
within the UWB range using simple configuration axanpact size is a major challenge for these systBimmerous effective
and possible solutions have been reported to theslapping problem by designing UWB antennas widmdsrejection
characteristics. A state of art review of UWB réjj@c topologies has been reported and describdtiliterature with diverse
radiating components such as elliptical/circulagtangular, and hexagonal shapes [7] by eithemusiitrostrip feed or

coplanar waveguide (CPW) feed method.

The commonly used methods are embedding slotssomathiating surface/in the ground plane [8-10]ddliag a parasitic
element near the radiating element or on the ailderof the substrate [11-14]. Single and dual/iplgltrejection bands can be
realized by inserting either slots/slits such agereed pi shape slot [8], split rectangle ring apén-ended slot [9-10], and
Archimedean spiral-shaped slot [11] or parasitsoretors such as vertical strip [12-13] and reverséip [14]. To attain an
additional notch, another slot/slit is incorporateith different dimensions. However, these desigres not conquered to
produce more than two band-notched characteristiesto strong mutual coupling between the notcHethents. Other
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techniques also have been proposed to achieve nutitthes with stacked multilayer [15], but the @mse in the structural
complexity and fabrication cost are major disadagas. To improve the shortfalls such as mutual looypterference on the
notched elements as well as reducing structuralptexity along with independent control of differembtched bands,
electromagnetic bandgap (EBG) structures have in@duced in the notched UWB antenna designs. EB@tures can be
used as a band stop filter (BSF) to obtain notain&8/NVB antenna designs without effecting antenrtzalr.

In literature, various types of EBG unit cells haween designed and used for realizing single, darad, multi-notch
characteristics in UWB desigt¥.azdi et al!l[16] and Jaglan et d[17] have realized only one notched band using EBIG
uniform dimensions of EBG cells, whereas Peng .ef18], Alshamaileh et al. [19], and Jaglan et[20-22] have realized
dual/multi-notched bands using multi-dimensionalGBtructures. Li et al. [23] have proposed a phithe slotted patch and
edge-located via mushroom-type EBG with uniformetisions to obtain dual notched bands. Howeverqubdrature dimension
of the EBG structure occupies more surface aré@idesign. Moreover, the presence of ground cdingeda from patch in the
mushroom EBG structures increases the design critydl€6-22]. To eliminate the problem with groundnnecting via into the
substrate, recently uni-planar EBG structures witlgwound connecting via have been proposed fai-batched characteristics
[24-26]. However, these structures also failedrtmipce more than one notch characteristic per Efitzell.

In this study, the authors design a triple band:med UWB monopole antenna together by proposing-glanar EBG to
produce dual band-notched characteristics. The &8I coupled with the microstrip feed line provitieal narrow bandgaps,
which are used in obtaining notches in the UWB iamée The proposed EBG unit cells are creating datdhed bands with
uniform cell dimensions, compact, and eliminateugie connecting via design complexity. In additite notched band
flexibility is due to a change in dimensions of #BG unit cell [27]. Moreover, the overall dimenssoof the proposed triple
band-notched design occupy, only a size of 30 mB6 surface area including EBG unit cells. In the msgnl design, a pair
of Archimedean spirals with interdigital capacitarf€BG unit cells with different dimensions is wéd to obtain notched
characteristics at 4.2 GHz, 5.2 GHz, and 9.1 Ghimlly, the prototype of the optimized triple bandtched UWB antenna is
fabricated and characterized.

2. Antenna Configuration and Description

Fig. 1 shows a proposed triple notched operationpazt monopole UWB antenna using microstrip fedwe @ntenna
geometry is designed using RT duroid substrated.2, thickness = 0.762 mm, and tasn 0.0009) of surface ar&ux L = 30
x 36 mnf by CST Microwave studio. It consists of a rectdaguadiating element and a pair of ArchimedeamasEBG
surfaces on one side of the substrate sheet withrtzal ground plane on the other side. In addjtibe radiating element
consists of two horizontal truncated stepped repitam slots on the bottom edge of the patch. Thide are used to realize an
acceptable impedance bandwidth within the UWB negithe pair of two different EBG cells with a petio dimension oP;
=5.2 mm and,= 4.4 mm is placed near the feed line to produteethotch frequencies. All the dimensions showridn 1

are presented in Table 1.

(a) Top view (b) Bottom view
Fig. 1 The proposed triple notched antenna
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Table 1The proposed antenna dimensional parameters

Parameters Dimension (mm)
Substrate length.] 36
Substrate widthW) 30
Patch lengthl(,) 20
Patch width \\;) 18
Ground lengthl() 14.5
Slot length 11¢) 15
Slot length 216) 15
Slot length 31g) 0.5
Feed width ;) 1.8
EBG cell period ;) 5.2
EBG cell period R,) 4.4
EBG cell corner patch widtla{) 1.1
EBG cell corner patch widtlag) 0.7
EBG cell strip width If) 0.2
EBG cell and feed gamg) 0.1
EBG cell gap ¢ 0.15
Substrate thickness 0.762
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Fig. 2 Dispersion bandgap properties of the prop&G [28]!

In the proposed design [28], the EBG cell consi$tsymmetrical square metal patches at four corapdstwo narrow
interdigital capacitance lines between the corragchpes. The corner patches and interdigital caquaast lines introduce the
capacitance. From the corner patches, narrow sgliri@l lines are extended to the center of the cailit to introduce the
inductance. Thus, a periodic LC network is realited the capacitance “C” and inductance “L” remgtfrom the frequency
bandgap. The center frequency of the bandgap erdeted by o = 1/ LC, and the relative bandwidth / 4 is directly
proportional to L/C. To further understand the bgaqpl property of the design, dispersion properties extracted by
simulating a single unit cell with periodic boungaonditions in the eigenmode solver. The eigennsmdeer determines the
resonance frequency for a given wavenumber whicanismportant parameter to describe the propagatioperty of
electromagnetic waves. The simulated dispersiogrdia for the proposed EBG unit cells is illustratedrig. 2. In this
diagram, the horizontal axis shows the wavenuménd, the vertical axis represents the frequency. ddreesponding
bandgap 4.5-7.9 GHz with a bandwidth of 3.4 GHaliserved.

To understand the notched behavior of the EBG deltsduced in the design, a very common method s the
dual-port microstrip feed line method as shownig B(a) is employed. To understand the charatiesief the EBG structure,
there are three different methods, i.e., the réflacphase, the transmission microstrip line, amel dispersion diagram.
Moreover, to investigate the bandgap charactesistie reflection phase and the transmission lieesafficient. The surface
wave bandgap of the EBG structure transmissiororespcan be easily identified in contrast with disppn diagram which

requireshigher time and memory allocation [29]. Using thisthod, the simulated reflection coefficient andtee current
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distribution analysis are performed to a pair of&anit cells.The reflection coefficient shown in Fig. 3(b) owefrequency
concerning Case #1 and Case #2 is representedsgonging to EBG cells dimensios = 5.2 mm andP, = 4.4 mm,
respectively. It is observed from Fig. 3(b) tha EBG unit cell in Case #1 resonates at 4.2 GHzG#Hz, whereas in Case #2
it resonates at 5.2 GHz and 9.2 GHz. From thisait be noticed that each pair of unit cells areabbkgpof producing two
different notches in the proposed design. Howefvem the proposed dimensions, the second notchugemtiby both cells is

coinciding with a small deviation. Thus, the propes&ntenna is considered only for the triple-naddband.

Port 1

Port 2
(a) Microstrip line method
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Fig. 3 Notched characteristics of EBG using miaipdine-based approach
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Furthermore, to control the band frequencies, 8& Himensions are to be modified. As the dimensadrieke EBG unit
cell change, the spiral inductance and interdigitgdacitance also change. This causes a chanige frejuency band so that
the notched band as per the dimensions can beolledtf28]. To further confirm the notched behayitive vector current
distribution at their corresponding notch frequesadf EBG unit cells in Case #1 and Case #2 istithtied in Fig. 3(c). Itis
observed that the direction of current flow to ¢age of the feed line opposes the current floménEBG, which confirms the
stopband resonance. This has been highlighted gmgsenting circles in Fig. 3(c). Moreover, the migjoof the current
concentrated in the center of the EBG suggestgréfisant effect on the antenna performance fordoajection. In addition,
from the direction of vector current distribution BBG, the resonance wavelengthat 4.2 GHz in Case #1;at 9.1 GHz in
Case #1,3at 5.2 GHz in Case #2, anglat 9.2 GHz in Case #2 are calculated using Eqs(Z},)(3), and (4), respectively.

(o}
/. = =4" (L+L) 1
e " s (1)
— C — 4
/2 - fz /er =4 (L1+ Lz_ Ls) (2)



29¢ International Journal of Engineering and Technoldggovation, vol. 11, no. 4, 2021, pp. 294-304

Cc
/,= =47 (L,+L
e Y ?
[ =—S =4 (L-L) 4
Tt e T (4)

(a) Antenna #1 (b) Antenna #2 (c) Antenna #3 (ddena #4
Fig. 4 Design procedure for achieving multi bandehed antennas

Furthermore, to investigate the effect of EBG grits on UWB antenna, a stepwise design procedurersin Fig. 4 is
considered. Here, Antenna #1 is basically a UWEmama, which can have impedance matching over thplete UWB
region, whereas Antenna #4 is a triple band-notdd®dB antenna. In between, Antenna #2 and Antennar3two
independent dual band-notched UWB antennas comegpgpto EBG unit cells with periodic dimensidRs= 5.2 mm andP,

= 4.4 mm, respectively. The analysis of all thessighs is discussed in the following section.
3. Results and Discussion

3.1. Full UWB design

The realization of the UWB monopole antenna (Ange#t), with $; curves, is presented in Fig. 5. It is plotted with
different cases, i.e., without horizontal truncaséat (Case #1), with step-like design (Case #2),\sith horizontal truncated
slots (Case #3) on the bottom edge of the radiaiement. Here, it is observed that there is ncetlapce UWB bandwidth
(S11 < -10 dB) with Case #1. By modifying the desigmnfrCase #1 to Case #2, the matching is extendaebtmd 8 GHz. To

further increase the matching bandwidth, the desdnrther modified to Case #3, which producesaating bandwidth
beyond 12 GHz from 3 GHz.
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Fig. 5 Design steps to achieve impedance matcloingriitenna #1
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3.2. Double notched design

To avoid interference within the UWB range, it ioposed to incorporate a pair of EBG unit cellshwdifferent
dimensions. These unit cells are independently leauip the feed line to form Antenna #2 and Antett®4Fig. 4). To study
the notch performance of these antennas, the paiamaealysis of Antenna #2 and Antenna #3 is penéd. Here, the
parametric analysis of Antenna #2 and Antenna #&iformed concerning the gag) from 0.1 mm to 0.25 mm between the
EBG unit cell and the feed line. As can be seemfitioe parametric analysis depicted in Fig. 6, aptrameterd” increases,
the lower frequency of the notched level decreasbsth Antenna #2 and Antenna #3 because of thecten in the coupling.
The upper-frequency notch is negligibly affectedaaese of the strong coupling between the unitaralthe ground plane. It
is observed that foP; = 5.2 mm unit cell, the notch level is -1 dB a@dB-dB at 9.1 GHz with respect ¢go= 0.1 mm and
g = 0.25 mm respectively, whereas at 4.2 GHz wittilar EBG cell dimensions the notch level is obseras -3 dB and -8 dB
with respect t@ = 0.1 mm and = 0.25 mm respectively. Also, f&% = 4.4 mm, similar kind of variation is noted a2 &5Hz

and 9.2 GHz notch frequencies.

(a) Antenna #2 (b) Antenna #3
Fig. 6 EBG parametric variation of the gap ¢oupled to the feed line

3.3. Triple notched design

To validate the combined result of the two EBG weils, Antenna #4 is formed and parametric ansligssperformed
between the EBG unit cell gag;). The parametric variation of Antenna #4 concegrgn is shown in Fig. 7. It is quite
apparent from the results that as the distancesleetthe EBG unit cells are varied, the notchedllsvslightly affected. This
indicates that the coupling effect between EBGsdslhegligibly small. It is further observed thia¢ notched behavior of the
proposed antenna only attains three notched cleaistats. This is because of uniform notch behaait the combined effect
of both the EBG unit cells at around the 9.1 GHndeegion. Also, quite wider notch bandwidth is etved due to the

combined effect of individual notches.

Fig. 7 Study of the coupling effect between two EBfb Antenna #4
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Furthermore, based on the parametric analysispptimized reflection curves of four designed ansenfiom Antenna
#1 to Antenna #4 are depicted in Fig. 8. As obskrfivem the results, the reflection coefficient ohtdnna #1 has an
impedance matching below -10 dB;{$ -10 dB) over an operating range beyond 12 GHmfBoGHz without any notches;
while Antenna #2 and Antenna #3 produce two inddpatnotch frequencies due to EBG unit cells neafd¢ed line with the
gapg = 0.15 mm. The notched frequencies of these aateare observed at 4.2 GHz and 9.1 GHz correspptaliAntenna
#2 and 5.2 GHz and 9.2 GHz corresponding to Antétyaespectively. Finally, the combined effecteBG unit cells on
Antenna #4 is observed with three different notchiequencies at 4.2 GHz (3.9-4.3 GHz), 5.2 GHz-&7 GHz), and 9.1
GHz (8.7-9.3 GHz).

Fig. 8 Reflection coefficient comparison of Anterffato Antenna #4

3.4. Impedance and surface current analysis

The investigation on impedance variation over agieded frequency band is studied due to the poesehEBG for the
occurrence of notched characteristics. The vanadidhe real and imaginary impedance of Antenn&#plotted in Fig. 9. As
observed from the real impedance, it varies ardfhd except at the notched frequencies, whereas thgimary impedance
varies around O throughout the UWB frequency range except at ttehed frequency range. The sudden variation d¢f rea

and imaginary impedance values is because of liglgg reflection to the input port which causeséagnce mismatch.

Besides impedance, the current distribution atmft2 GHz, 5.2 GHz, and 9.1 GHz) frequency andnasce (3.5 GHz,
6.5 GHz, and 10.2 GHz) frequency shown in Fig.rididates that more current density and less cudemgity is concentrated
within EBG at the notch and resonance frequendieaddition, the high current densities surroundi®G at the notched
frequency cause near-field radiation to be counteth resulting in high energy being reflected talsathe input port and
band-notched features being achieved. Furtherregoept for triple band-notches, the surface cuiigedistributed uniformly
throughout the antenna across the specified fremyuband. The current distributions surrounding E&@ very low for

frequencies other than the notch frequencies.

Fig. 9 Input impedance variation of Antenna #4
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(a) 3.5 GHz (b) 4.2 GHz (c) 5.2 GHz

(d) 6.5 GHz (e) 9.1 GHz (f) 10.2 GHz
Fig. 10 Surface current distribution of Antenna #4

3.5. Group delay

The investigation of distortion in the UWB antersan be carried out by using group delay. To ge¢sirdble UWB
frequency range, it requires a stable group deldty less non-uniformity. To understand the time domanalysis, i.e., group
delay of the proposed antenna, two identical ar@eane placed in such a way that the transmittiidgraceiving are opposite
each other and separated with a far-field distamic80 cm. As observed from Fig. 11, the group ddkyelatively
stable/uniform (i.e., < 1) except for the threechdbands. The uniform group delay makes the prapastenna is suitable for

various useful applications.

Fig. 11 Group delay for triple band-notched UWBeamta system

4. Experimental Validation

A prototype of Antenna #4 is fabricated and measyFég. 12) for validation purposes. The patterranfenna #4 is
measured using the amitech radiation pattern meamsnt setup. A high gain (13 dBi) horn antennaeégilas a source and the
antenna under test (AUT) is placed in the far-fi&ldT is installed on an automated rotator equipwéd the data logger. The
experiment is performed in an electromagneticdiiglded chamber. Later, the obtained pattern ismatized and presented.

Vector network analyzer (VNA) is used fof;$haracterization.
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(a) Top layer (b) Bottom layer (c) Measurement getu
Fig. 12 Fabricated prototype and measurement setup

Fig. 13 shows the comparison of the simulated aedsured reflection coefficient and the realizedkpugsan of Antenna
#4. The reflection coefficient comparison indicatesery close agreement between simulation and ure@ent with a
negligibly small deviation. This deviation may baedto fabrication tolerances, calibration of VNAG.€Also, the gain of the
antenna is measured using the 2-antenna methodtwatlidentical antenna gain connected to two poft¥NA, and $;
reading is noted. Later, one of these antennapiaced by AUT and compared with earlier obserwati find the gain of
AUT. The realized gain clearly indicates a sigrfitgain reduction at 4.2 GHz, 5.2 GHz, and 9.1 Gétzh frequency bands.

(a) Reflection coefficient comparison (b) Gain adion comparison
Fig. 13 Reflection coefficient and realized peakigammparison of Antenna # 4

Furthermore, the simulated and measured radiatititenns are compared in Fig. 14. Here, the choagerp frequencies
are considered as working bands of the antenpna<(S10 dB) in the UWB region. As observed in Fig ide antenna is
providing a desired omnidirectional dipole-like feah in H- and E-plane, respectively. There isighsldeviation from omni
and dipole-like pattern 10.0 GHz, i.e., at a highequency. This is because of the loss due tosgpotarization. Further, the
comparison of the proposed structure with exislitegature is presented in Table 2.

(a) H-plane
Fig. 14 Radiation pattern comparison
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Fig. 14 Radiation pattern comparison (continued)

(b) E-plane

Table 2 Comparison of the proposed antenna witbrteg literature

Ref. (W E[nfas)'?nn‘:‘nm Notch frequency bands (GHz) Number of notch ba|nds
[18] 38x40x1 5.3-5.8 Single
[19] 66.3 x 66.3 x 0.8 3.6-3.9 and 5.6-5.8 Dual
[20] 58 x 45 x 1.6 3.3-3.6 and 5-6 Dual
[21] 42 x50 x 1.6 3.3-3.6 and 5-6 Dual
[22] 42 x50 x 1.6 3.3-3.8,5.15-5.825, and 7.1-7{9 Triple
[23] 24 x 28 x 1 3.3-3.7, 5.14-5.46, and 5.6-5.9 ipler
[24] 42 x50 x 1.6 6.05-7.43 and 6.23-7.68 Dual
[25] 40 x 52 x 0.762 3.3-3.7 and 6.5-7.2 Dual
[26] 31.3x349x1.6| 2.53-3.15, 3.23-3.68, ara231.30 Triple
The present work 30 x 36 x 0.762 3.9-4.3,5.1-5.75, and 8.7-9.3 [€rip

5. Conclusions

In this study, a compact triple band-notched UWER:ana by using uni-planar EBG structures is propesel discussed.
The triple notched bands are obtained by a paywimetrically coupled EBG unit cells to the antefew line with a gapdj
of 0.15 mm. The proposed antenna exhibits a bnopedance bandwidth from 3 to 13 GHz with notcheddiencies at 4.2
GHz LAES, 5.2 GHz WLAN, and 9.1 GHz radio allocatizands. In addition, the antenna offers indepeindartrol of notch
frequency with incremental dimensions. The measuoesdlts show that the proposed antenna achiel®&B impedance
bandwidth ($;< -10 dB) with triple band-notched characteristicecessfully. As per the measured results, thispein

monopole antenna could be an appropriate candidat®mmunication systems.
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