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Abstract

A compact triple T-shaped stub with meander loaigd antenna for penta band applications is pregpoghe
rectangular patch antenna with meandered and apddesiot cuts is utilized to realize four opergtiands at 2.45
GHz, 3.1 GHz, 5.3 GHz, and 6.5 GHz with an impeéabandwidth of 400 MHz (2.15-2.550 GHz), 1000 MHz
(2.7-3.7 GHz), 200 MHz (5.4-5.6 GHz), and 200 MHz4(6.6 GHz), respectively. For an additional resue
frequency, the length of the central T-shaped s&udlightly modified which causes the variationthe current
distribution. As a result, the resonance frequesfcy.5 GHz is divided into two resonance frequebapds which
are operating at 5.25 GHz and 5.85 GHz with an thapee bandwidth of 100 MHz (5.25-5.35 GHz) and Rk
(5.75-5.95 GHz), respectivelyrurthermore, a parametric reflection coefficient aurface current distribution
analysis is carried out to understand the stripshoidbehavior at resonance frequency bands. iralrototype is
fabricated and its reflection coefficient, gaindaadiation pattern are measured. The experimesgalt shows that
the proposed antenna is reliable for penta banticagpipns.

Keywords: microstrip antenna, penta band, WLAN, bluetootbt, shonopole

1. Introduction

In recent years, multiband and wideband commuminagchniques have emerged as viable and effic@ntunication
methods over various multiservice wireless apglicest Especially, the progress in the developmépbmpact antennas is
playing an extensive role for numerous wideband muttiband applications [1-3]. For developing swsfiennas, various
techniques were being researched in the literatAmong those techniques, multiple slot-based gegmpt] and
fractal-shaped geometry [5] have been realized fitmenconventional patch antenna. However, thedrattaped geometry
increases its complexity as the number of iteratiooreases. Therefore, a simple slotted patcinaatbecomes an important

design element because of its low cost, simplddation, low profile, and light weight [6-7].

Nowadays, the planar version of small antennasdbasemonopole designs has several attractive festsuch as the
ease of implementation and the ability to integrain monolithic microwave integrated circuits. Naerous designs have
been introduced in the literature for multi-bangaance modes by modifications to the main radiatdm the ground plane
element. For instance, the planar double inverteahtEnna [8], printed T monopole [9] with similaspnators, T-shaped
monopole having dual L-shaped sleeves on a grolame j10], and defected ground structure stackéchda1] antenna for
2.4 GHz and 5.5 GHz wireless local area network AM). applications have been suggested. Alternativielytriple band
applications such as worldwide interoperability foicrowave access (WiMAX), WLAN, and long term ewtidn (LTE)
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bands, different structures have been introducelddriiterature [12-17]. Xu et al. [13] have propdsan asymmetrical length
fork-shaped antenna for 2.45/3.5/5.5 GHz band egititins. Pandit and Harish [14] have proposed penwaid-shaped
monopole with two inverted L-shaped and V-shapetsdbr the same application bands. Also, in otheearch, it has been
proposed an equilateral triangular shape with agfa@ymmetrical L-shaped parasitic resonator gmeheended slot [15] and
an open complementary split-ring resonator (OCSB&]Jing antenna [16]. Apart from the above freqydrends, recently it
has been proposed a fan-stub-shaped antenna foabhdBVLAN bands [17-18]. In addition, there isléittesearch work on
guad band and penta band applications addresskd literature [19-22]. However, the designs frdw tvork in [19-22] are

greater in scale than the one described in thidert

In this manuscript, a compact penta band monopatnaa is considered from the quad band monopodmaa [23] by
an additional modification on the open-end rectdagand meandered slots. The design is realizddavitoplanar microstrip
feeding technique from a basic rectangular monopateh antenna. Due to rectangular and meandesexist a patch, it
forms like a triple T-shaped resonator which getesran additional resonance frequency at 5.5 GH6&nGHz respectively.
Also, because of the asymmetry introduced in thédfai T-shape resonator, the frequency of 5.5 GHiivisled into two
resonance frequencies. Hence, the proposed antgrerates on five bands with only 20 x 18 fmowerall dimensions.
Furthermore, another resonance frequency is gextebgtmaking the symmetrical stub resonators asyrivak and all these

stubs operate as a quarter-wave resonator atrésginance frequency.

2. Antenna Configuration and Description

Fig. 1 illustrates a compact coplanar penta bartdhpantenna with integrated open-ended and measider with
resonance characteristics and its equivalent tirepresentation. As illustrated in Fig. 1(a), toyen-ended slots, referred to
as rectangular and meandered slots, are cut atdiff locations on a patch antenna. These pedasatire etched to provide
three extra resonance frequencies in additiondadrtitial monopole resonance frequency. Furthermamnether resonance is
created by making an asymmetry in the middle pordibthe extended strip between two slots (rectimgind meandered) in
conjunction with quad band resonance. In this mecall the slot widths are considered uniform. preosed configuration
is planned on the FR-4 substrate (loss tangen0@) @nd a relative permittivity of 4.4. Both grauplane and microstrip line
are etched on the same side of the dielectric avitbverall dimension of 20 x 18 x 1.6 rhrAll other design parameters and
their constitutive dimensions are shown in FigsIallows: W = 18, L =20, W=16, W,=7.5, W, =6.5, W,=5, W =1, W;
=7, W,=6,W=2,L1=7,L =3, and k= 5. (All dimensions are in mm.) Furthermore, thegwsed antenna’s equivalent
circuit is represented in Fig. 1(b) based on thagmission line theorem, where each metal partaacés inductance and the

gap between two metal parts acts as a capacitéfiect. e

To realize the design evolution process of pental lbasonance, a step-by-step design procedurevash Fig. 2. Here,
to propose a penta band resonance, a conventerriahgular patch element is chosen as shown 2. This is considered
Antenna #1 operating with a single resonant frequemext, to realize another resonance frequenoyppen-ended
rectangular slot cut on the topmost of the patéhtisduced and denoted as Antenna #2 (Fig. 2@®gause of the patch’s slot
cut, the current distribution is adjusted, resgltim a new resonance. Next, Antenna #3 is formedregting a dual T-shaped
and meander stub resonator by etching anothepsldtntenna #2. Due to the inclusion of this slbg effective electrical
length of the patch is extended. As a result, ara#sonance frequency at 2.45 GHz is producethé&umore, the creation of
meander construction affects the antenna impedstrz65 GHz, resulting in notch characteristicdeAfthat, Antenna #4 (Fig.
2(d)) is created by etching a horizontal stripasfdth W, which is extended on Antenna #3 symmetricallyamis the vertical
center of the meandering arm. This causes to cezetner additional resonance in the upper-frequsitte. To improve the
resonance band even further, the current distohus controlled on the middle T- shaped resonaldris may be achieved by

appropriately modifying the length of the centrasfaped stub resonator, as illustrated in Fig.. 2(e)
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W
(a) Proposed antenna (b) Equivalent circuit repriagion
Fig. 1 Proposed antenna geometry and its equivaismiit representation

~REEXE

(a) Antenna #1 (b) Antenna #2 (c) Antenna #3 (depna #4 (e) Antenna #5
Fig. 2 Step-wise design procedure for achievingtitvahd

3. Results and Discussion

Fig. 3 shows a comparison of the simulated refiectoefficients from Antenna #1 to Antenna #5. Thsonance
frequency of Antenna #1 is observed at 3.0 GHz wittequency range from 2.3 GHz to 4.0 GHz andrgedance bandwidth
(IBW) of 1700 MHz. The proposed antenna called Ante#5 operates at 2.45 \RiiBluetooth band, 3.1 GHz WiMAX band,
5.25 GHz and 5.85 GHz indoor and outdoor WLAN bamd] 6.5 GHz mobile/fixed satellite band. The 1B shis antenna
is observed as 450 MHz, 1050 MHz, 100 MHz, 200 M&txl 200 MHz from 2.1-2.55 GHz, 2.75-3.8 GHz, 5.2-6Hz,
5.75-5.95 GHz, and 6.4-6.6 GHz frequency bandseasfely. Antenna #2, Antenna #3, and Antenna #drates on dual,
triple, and quad band resonant frequencies resedetiAntenna #2 is operating from 2.3-3.9 GHz &r45.4 GHz bands with
an IBW of 1600 MHz and 200 MHz respectively, wherédatenna #3 is operating with an IBW of 400 MH30MHz, and
200 MHz from 2.2-2.6 GHz, 2.85-3.8 GHz, and 5.4-G18z respectively. The quad band resonance an{@mianna #4) is
operating with an IBW of 400 MHz, 1000 MHz, 200 MHind 200 MHz from the operating frequency rand®-2.55 GHz,
2.7-3.7 GHz, 5.4-5.6 GHz, and 6.4-6.6 GHz, respebti Furthermore, the performance comparison antboge antennas in
terms of IBW, gain, and antenna response is predentTable 1.

To know more about multiband impedance matchingeAma #5 is utilized in a parametric study. Paransei\s, WS,
and W, are used to observe Antenna #5's matching behaWigr 4 depicts the parametric reflection curveaoerning a
parameter W while keeping another parameters constant. Thiati@ar of parameter Wrom 7 to 8 mm attains another
resonance frequency with a slight variation in35 GHz and 6.5 GHz resonance frequencies. Agdrameter Wis at 7.5
mm, the attained resonance frequency has high iampedmatching at 5.85 GHz. Similarly, while keepiniger parameters

constant, the variation of Y¥s analyzed from 7 to 5 mm.

The simulated reflection coefficient curves forivas values of the Wparameter are shown in Fig. 5. As can be observed,
there is no resonance between 5.5 GHz and 6.5 felgadncy in the parameters\&t 7 mm. The value decreases from 7 to 6.5
mm, another resonance frequency appears with a@25deviation from 5.5 GHz resonance. As the valuiher decreases
from 6.5 mm, the resonance frequency at 6.5 Glhifting to a higher frequency side and is goingitappear. Therefore,

6.5 mm is regarded as the optimad Pparameter value.
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Table 1 Comparison of IBW, gain, and antenna respdor various antenna configurations

Antenna Antenna subtvpe Resonant frequency | Realized peak gain  Antenna
configuration yp (f, GHz) / IBW (MHz) (dB) response
Antenna #1 Convectional rectangular patch 3.0/1700 -3.0 Single band
. 2.7/1600 -2.5
Antenna #2 Resonator with T-shape patch 5 3/200 14 Dual band
. 2.4/400 -2.5
Antenna #3 D“ﬁ:;ﬁg:ﬁggiw"h 3.15/950 2.75 Triple band
P 5.5/200 1.35
2.45/400 -2.5
Tripple T-shaped 3.1/1000 -2.8
Antenna #4 with meander strip 5.5/200 1.4 Quad band
6.5/200 1.7
2.45/450 -2.5
. 3.1/1050 -2.8
Antenna #5 A%mr‘%eégﬁge'f:?ﬁpe‘j 5.25/100 1.05 Penta band
P 5.85/200 1.4
6.5/200 1.25
2 |-——W,=70 mm 2 W3 =7.0 mm
e —
\ —— Wy =7.25 mm ——W3=6.5mm
. I P | [ —— W, =7.50 mm - = ——Ws=60mm
8 \ 7 —— W, =7.75 mm o = i —— Wz =55mm
£ iy ¥ W,=80 mm § J i
g / g /
3 / 8 R4
£ 20 8 '
8 3 |
2 2 d
-30 r - : -30 T : l T
15 3.0 45 6.0 75 1.5 3.0 45 6.0 75

Frequency (GHz)
Fig. 4 Reflection coefficient variation with W

Frequency (GHz)
Fig. 5 Reflection coefficient variation with W

In addition to the variations in Y\and W, there is also a parametric variation in ecreases from 6 to 0 mm) that is
performed independently while keeping parameteraiv7.5 mm and Wat 6.5 mm. The simulated reflection coefficient
curves for parameter Y\are shown in Fig. 6. The results show that whenpgharameter value decreases, it affects upper
resonance frequencies. The variation of the uppsomance frequency is shifted to a higher frequesidg with the
disappearing of resonance frequency at 5.85 GHz.

To explore the functionality of Antenna #5, the slated real and imaginary input impedance charisties against
frequency are shown in Fig. 7. The resonance ptppéthe antenna can be seen in enclosed cirekesds 11, 111, IV, and V,
which have about 50 Ohm real and 0 Ohm imaginampmnents of input impedance and generate resonzaesrat around
2.45, 3.1, 5.25, 5.85, and 6.5 GHz, respectively.
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To further investigate the resonance behaviorgtineent distribution at various frequencies withieas antenna designs
of Fig. 2 is analyzed in Fig. 8. The current distition of Antenna #1 is observed in a forward dicecfrom a feed line and
bottom edge of the patch. Next, to understand ffleeteof the open-ended slot on Antenna #2, théasercurrent distribution
is analyzed in upper resonance frequency. Fronmatiadysis, it is observed that most of the curdésttibution is concentrated

on the upper T-shaped stub resonator. This imfiesesonance at 5.3 GHz is caused due to uppeaged resonator.

For further analysis of resonance bands, the sarfacrent distribution of Antenna #3 is analyzedower resonance
frequency. From Antenna #3, the current distributid 2.4 GHz is observed on the vertical striphi@ forward direction.
Furthermore, it is observed that this resonanceréated due to the removal of some frequenciesndr@i65 GHz.
Additionally, the current distribution at 6.5 GHz &nalyzed after adding the third horizontal stniipAntenna #3 and it is

called Antenna #4. The observed current is conatgdraround the newly added strip.

Finally, to understand the resonance behavior daésymmetry, the current distribution of Antennaa#5.25 GHz and
5.85 GHz are analyzed. From the current distrilouéio5.25 GHz, the current is mostly concentratinghe upper left side of
the stub resonator and at 5.85 GHz concentratingtlynon the upper right side of the stub resonaitso, there is a slight

current concentration on the middle arm. This isabse of the coupling effect between 5.85 GHz abd361z frequencies.

Fig. 6 Reflection coefficient variation with W Fig. 7 Impedance variation against the frequericy o
Antenna #5

(a) Antenna #1 at 3 GHz (b) Antenna #2 at 5.5 GHz c¢) Aptenna #3 at 2.4 GHz

(d) Antenna #4 at 6.5 GHz (e) Antenna #5 at 5.25% GH(f) Antenna #5 at 5.85 GHz

Fig. 8 Current distribution of Antenna #1 to Anter¥b at different resonance frequency



Advances in Technology Innovation, vol. 7, no.0R2 pp. 66-76 71

Based on the modified circuit current distributiltom a rectangular monopole, the achieved additioesonance
frequencies at 2.4 GHz, 5.25 GHz, 5.85GHz, and@¥ are obtained from Egs. (1)-(4). From Eg. (hg talculated
resonance frequency is 2.53 GHz at 72 mm, while the simulated frequency is 2.45 G8&imilarly, from Egs. (2)-(4), the
calculated resonance frequencies are 5.37 GHz,f &tdl 7 GHz at 34 mm, 30mm, and 24 mm waveleng$ipectively. It is
observed from the calculation, the predicted valueslose to simulated results, except at 6.5 GH&.deviation may be due

to the presence of additional coupling gap capacé&drom the meandering strip.

/
Atf=2.45 GHz,—:; L+W, - - » 18 (1)
4 4 /e, f
At = 5.25 GHz, ¢ W, +w »85a
= 9. — = — » 0o. 2
4 4 erefff ’ ()
At f = 5.85 GHz,. C W +W»75
=5. — = »7. 3
4 4 e, f ’ ®)
Atf—GSGHz/ ¢ W, +W, »6
= 0. — = » 4
4 4 /e, f ! @
where
e +1
6. =— (5)
2

To describe the efficient communication betweemdnaitter and receiver made by the proposed anteanmather
important parameter called radiation efficiencylistted in Fig. 9. Radiation efficiency defines hawach power is radiated
from the received input power. In the proposedgiedhe radiation efficiency of Antenna #4 and Amte #5 is observed
between 97% and 65% in the operating band. Alsis, @bserved in the non-operating band a very Iffigiency in the

frequency range of interest.

Fig. 9 Radiation efficiency variation against freqay

4. Experimental Validation

To confirm the simulated results, the designedrar@grototypes such as Antenna #4 and Antennag#alaricated and
validated using a vector network analyzer and amiecbhamber setup. Fig. 10 shows the photographteofabricated
prototypes, reflection coefficient, and pattern megament setup. Fig. 11 indicates the reflecticeffment performance of

the two antennas. The reflection coefficient is suead using Anritsu MS2037C VNA after doing theilmaition in the
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frequency range setup. With slight variations,aselagreement between the simulated and the mdasgidts are achieved.
The observed reflection coefficient of Antenna #3dund at 2.15-2.55 GHz, 2.7-3.6 GHz, 5.2-5.35 (#{Z-6.0 GHz, and
6.4-6.65 GHz resonant bands with an IBW of 400 M&20 MHz, 150 MHz, 300 MHz, and 250 MHz respectvélhe
deviation between the validated and simulated tefdlow -10 dB is observed at their matching bandisch are 50 MHz,
150 MHz, 50 MHz, 100 MHz, and 50 MHz from lower@asnce to upper resonance, respectively. Furthertoe achieved
bandwidth parameters meet the requirement of BaibfoWIMAX, WLAN, fixed satellite/mobile communiciain

specifications. As a result, the proposed anteneetsrthe requirement of multiband applications.

(a) Antenna #4 prototype (b) Antenna #5 prototype

(c) Antenna #4 § measurement setup (d) Antenna #5 pattern measurement setup
Fig. 10 Fabricated prototypes and measurementsébuphe validation

Fig. 11 Comparison of reflection coefficient foeth Fig. 12 Realized gain comparison of Antenna #4
proposed antenna
In an anechoic chamber, the gain is measured twsengwo-antenna method. The measurement is caotiedt some
discrete frequencies in the matched frequency redibe gain comparison of the proposed antennaows in Fig. 12. The
simulated peak comprehended gain from 2.1-2.6 @Hz3.7 GHz, 5.2-5.3 GHz, 5.75-5.95 GHz, and 661@&Hz bands are
-2.4 dBi, -1.8 dBi, 1.05 dBi, 1.4 dBi, and 1.25 dBspectively, whereas the measured gain from Z.1G®z, 2.8-3.7 GHz,
5.2-5.35 GHz, 5.7-6.0 GHz, and 6.4-6.65 GHz bamd®.05 dBi, -2.45 dBi, 0.65 dBi, 1.6 dBi, and3.dBi respectively.

Fig. 13 shows the simulated and measured radiptittern comparison of both co- and cross-polaopmatieasurements
are carried out between two antennas, one of wkiehhigh gain horn antenna and the other is ddated prototype. To
measure the pattern of the proposed antenna, tiwoigde planes in both the elevation plane (E-planeXOZ plane) and
azimuth plane (H-plane or YOZ plane) are considefé@ measurements are taken at various frequeinciesling 2.45, 3.1,
5.25, 5.85, and 6.5 GHz. In the H-plane, the predaantenna has almost omnidirectional radiatiotepa, while in the

E-plane, it exhibits dipole-like radiation patteriisis also observed that there is a considerateparison between co- and
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cross-polarization in E-plane at higher frequendiektitionally, to show the advantage of the pragzbdevice, a comparison
of the reported multi-band antennas in the liteats given in Table 2. It can be seen that the@sed antenna is compared in
terms of the dimensions, the operating antennaressp and the corresponding bandwidths with varagmmication bands.
From the table, it can be easily recognized thatifoposed antenna is more compact than the orikes Bxisting literature

with five resonance band frequencies.

(a) E-plane (b) H-plane
Fig. 13The simulated and measured radiation patternsecémitenna
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Table 2 Comparison of the penta band antennaiexisting literature

Ref.

Size
(W x L x H mn?)

Ground size

(mn?)

Antenna
response

fr1/r2lr3lr4/r5
(GHz)

IBWs/BWs
(GHz)

[9]

75 x75%x 0.8

75 x50

Dual band

2.4/5.2

2.4-2.484
5.15-5.35

(10]

40 x 68 x 0.8

40 x 55

Dual band

2.4/5.8

1.76-2.79
5.19-5.51

(11]

22x185x%x1.6

22 x18.5

Dual band

2.45/5.1

2.31-2.78
4.87-5.74

(12]

25x25x%x0.8

25x10

Dual band

3.5/5.5

3.4-3.6
5.6-5.8

(13]

20 x 37 x 0.508

20 x10.7

Triple band

2.4/5.2/5.8

2.4-2.65
3.3-4.05
5-5.98

(14]

21 x24x0.8

21x7.3

o

Triple barn

2.4/5.2/5.8

2.35-2.53
3.2-4.56
5.24-6.06

(15]

36 x40 x 1.52

36 x14.4

Triple band

2.4/3.5/5.8

2.20-2.65
3.47-3.55
5.75-5.83

(16]

30 x40 x0.8

9.7 x 17.35

Triple band

2.6/3.4/5

2.40-2.70
3.32-4.00
4.76-5.8

(17]

24 x 30 x 0.79

24 x5

Triple band

2.5/3.5/5.5

2.50-2.71
3.37-3.63
5.20-5.85

(19]

28 x38x1.6

28 x11

Quad band

2.47/3.2/5.39/8.87

2.44-2.55
2.89-3.80
5.18-5.66
8.28-9.90

(20]

57.37x67.5x 1.6

67.5 x 30

Quad band

1.2/1.65/2.4/3.5

1.15-1.25
1.5-1.9
2.39-2.49
3.5

(21]

24 x32x%x1.6

24 x 135

Quad band

2.45/3.5/5.2/5.8

2.31-2.58
3.16-3.57
5.11-5.23
5.72-5.92

(22]

50 x50 x 1.6

50 x 25

Penta bandl.81/2.22/2.51/2.85/3.0

4.97
2.70
5.98
8.42
2.92

This
work

20x18x 1.6

18 x 3

Penta band 2.45/3.1/5.25/5.85/6.5

2.1-2.55
2.75-3.8
5.2-5.3
5.75-5.95
6.4-6.6

5. Conclusions

In this article, a simple penta band antenna igydesd and validated from the fabricated prototyecutting open-ended
and meandering slots in a radiator in a systemedic five resonance bands are generated. Becaus#tiofy open-ended and
meandering slots, T-shaped stub resonators areetbrfarametric studies are performed to show theeimce of those stubs
on antenna performance. With an acceptable gainaatwhsistent radiation pattern, the suggestechaatean encompass
Wi-Fi/Bluetooth, WIMAX, WLAN, and fixed satellite merating bands. Finally, the antenna parametersnaasured and
validated with the fabricated prototype. In additithe proposed antenna is compact compared tertyrenta band antennas
with an overall dimension of 20 x 18 x 1.6 fmwhich has the benefit of being easier to be ietlin printed circuit boards

(PCBs). Hence, this antenna can be used in muttibareless communications applications such asifsbeyond.
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