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Flexible RF electronics and antennas made from textiles are regarded as a technology that accelerates the
widespread popularity of modern wearable communication devices and components. This work presents a
flexible and compact 4 x 1 rectangular microstrip patch array antenna for radio frequency (RF) energy
harvesting applications. It operates at 5 GHz and has a high gain. The proposed antenna incorporates the inset
feed technique to improve impedance matching and employs a conductive fabric (E-textile) as a conductor,
along with textile as a substrate. The feeding and radiating structures are designed by using stick E shield
conductive textiles that possess a conductivity of 5x 105 S/m and are 0.085 mm thick. This design relies
entirely on textile materials to ensure the user's comfort, ease of production, and cost-effectiveness. The Ansys
HFSS simulator, which employs the finite element method, was utilized to optimize the antenna design.
Subsequently, the suggested configuration was verified using the CST MWS simulator, which utilizes the finite
integration method. The study aimed to achieve high gain and robust performance from the designed antenna.
The simulation results demonstrate excellent performance within the operating band, with an impedance
bandwidth of 6.78% and a high gain of 14.54 dBi at 5 GHz, making it well-suited for radiofrequency (RF)
energy harvesting and wearable device applications.
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1. INTRODUCTION

With the advancements in wireless communication
technology, there has been a rapid expansion in the use of
small-power electronic devices for applications including,
smart cities, Internet of Things (IoT), and wireless sensor
networks. Nonetheless, this has posed fresh hurdles for
energy supply systems. The replacement of batteries in
these small-power electronic systems is not only time-
consuming but also costly. Furthermore, the incorrect
removal of used piles can harm the environment. The
cable charging approach is impractical for wireless
sensors placed in hard-to-reach locations [1-5]. Therefore,
harvesting environmental energy to supply small-power
electronic devices could be a viable solution to the energy
problem [6]. Researchers have explored several methods
for generating electricity from various environmental
energy sources like wind, vibration, solar, and
electromagnetic (EM) waves. Among these techniques, RF
energy harvesting stands out as it is implantable and
sustainable, providing an advantage over wind, solar, and
vibration energy harvesting methods [7-10]. On the other
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hand, the rate of radio frequency (RF) sources in the
environment has increased considerably due to advances
in wireless communication systems. These sources
include 5G communication base stations, wireless routers,
and Internet of Things (IoT) devices, which implies that
utilizing RF energy to power low-power devices is
becoming more practical and achievable [11]. The
rectification of RF-electromagnetic waves into direct
current power is achieved by employing a rectifying
antenna, commonly referred to as a rectenna, for the
purpose of extracting power from RF sources. Researchers
have extensively studied the rectifier and the receiver
antenna in recent years. However, practical applications
are limited due to the finite amount of electromagnetic
energy at a unique frequency and the small DC output
power generated. To overcome this challenge, multiband,
broadband, or array rectennas are emerging as promising
solutions to enhance power generation efficiency [12].

2. GEOMETRY OF THE SUGGESTED ANTENNA

2.1 Single-Element Antenna
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Fig. 1 illustrates the antenna design that employs an
inset feed technique. The design comprises a rectangular
patch loaded with vertical narrow slits printed on the
substrate's top and a complete ground plane on the
bottom side of the geometry. The inset feed method is
employed to enhance impedance matching. In contrast to
the coaxial feed antenna, the inset-fed patch antenna is
preferred in this design because it conforms better to the
array design and provides better polarization purity with
the same realized gain. The proposed antenna design uses
an adaptable substrate composed of 2 mm thickness EVA
foam with dielectric constant of & =1.17. A conductive
fabric with a thickness of 0.085 mm and a surface
resistance of less than 0.009 Q/sq is used for the radiating
element and ground plane design. The optimized
geometrical parameters obtained through ANSYS HFSS
are shown in Table 1. The geometrical dimensions of the
patch for the microstrip antenna are calculated from its
operating frequency using the transmission line model
equations (1) to (5) [14-15].

The width of the patch is:

c 2
W},—a ey (1)

with fo as resonance frequency, c is the velocity of light,
and e; is the dielectric constant of the substrate.
The effective permittivity of the substrate is:
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The length of the radiator is then obtained from:
c

P 2fo\/€eff

where AL is the extension of length due to the fringing
field and can be calculated using:
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Fig. 1 - Geometry of suggested single element antenna. (a) Top
view. (b) Side view
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Table 1 — Optimized Dimensions of Single Antenna Element

Parameters | Values(mm) | Parameters | Values(mm)
Ws 35 le 5

Ls 40 WI1=W2 1

Wp 25 11=ls 5.4

Lp 26 o 5.5

Wf 3 y1 0.9

2.2 Single Antenna Performance

This section introduces and analyzes the simulation
results of a single antenna structure. Using the Ansys
HFSS simulator, the reflection coefficient, VSWR, and
radiation parameters of the antenna are studied. Fig. 2(a)
shows the Si1 of the suggested antenna, indicating
resonance at 5 GHz with a bandwidth of 4.95 to 5.12 GHz
for |S;1] < —10 dB. VSWR is an important parameter, and
Fig. 2(b) demonstrates that the antenna has better
matching performance with a VSWR of less than 2 at the
operating frequency. The antenna's gain and efficiency
are depicted in Fig. 2(c) and Fig. 2(d), respectively,
revealing a maximum gain of 6.37 dB and a maximum
efficiency of 67%. The simulated E and H plane radiation
pattern characteristics of the antenna are presented in
Fig. 3, indicating that the antenna radiates its maximum
power in the broadside direction. The accuracy of the
simulation results is verified by comparing the reflection
coefficients (S11) and VSWR obtained from Ansys HFSS
with those obtained from the CST MWS simulator. While
the outcomes from both software show good agreements
across a wide range of frequencies, there are slight
differences noticed owing to the distinct numerical
techniques employed by each software.

3. ANTENNA ARRAY DESIGN
3.1 Two-element Antenna Array

During the design's second phase, a two-element array
was formed by employing the same single-element
patches. This has been done to improve the antenna's
efficiency, gain, and bandwidth. Fig. 4 displays the
configuration of both the array and its feeding network.
The array is excited using a parallel feed network, and
the impedance of the main feed line is matched with 50 Q,
while the branch lines are matched at 100 Q. To perform
the impedance matching in the simulation, the typical
transmission line formulas are used. The optimized
geometrical parameters are outlined in Table 2.

Table 2 — Optimized Dimensions of Two Antenna Element
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Parameters | Values(mm)
Ws 75

Ls 47

Wa 37

La 1.5

Wi 6

L 11
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Fig. 3 - Radiation patterns plot of the single antenna at 5 GHz
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Fig. 4 — Geometry of suggested two element antenna

Fig 2 — Performance parameters of suggested single antenna (a)

Si1 (b) VSWR, (c) Gain, (d) and Efficiency
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Fig. 5 — Two-element antenna array results (a) Reflection
coefficient, (b) gain, and (c) radiation efficiency
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3.2 Performance of Two Elements Antenna Array

In this part, we examine and discuss the simulation
results in terms of Si1, realized gain, and efficiency for the
two-element array antenna. Fig.5(a) depicts the
reflection coefficient of the two-element antenna, which
resonates around the 5 GHz frequency band with better
impedance matching and improved bandwidth compared
to the single-element antenna. The gain and radiation
efficiency are illustrated in Fig. 5 (b) and (c), respectively,
and indicate that a two-element array provides slightly
better gain and radiation efficiency than a single element.
The polar radiation pattern of the two-element antenna
array at 5 GHz is displayed in Fig. 6.

3.3 Four Elements Antenna Array

During the last stage of antenna design, a four-
element array is produced by employing same unique-
element patches with a single port. The configuration of
this antenna array, consisting of four elements is
displayed in Fig. 7. Fig. 8(a) shows its Si1 parameter
performance. As can be observed, the antenna has a
wider bandwidth compared to the two-element antenna
and resonates in the 5 GHz range with good impedance
matching. The simulated results of the realized gain and
efficiency of the 4-element array antenna are depicted in
Figs. 8(b)-(c). It is evident from Fig. 8(a) that the 1 x4
array antenna yields a high realized gain of
approximately 14.45 dB at the operating frequency with a
radiation efficiency of 82%, indicating the impact of
increasing the radiating elements. The polar radiation
pattern of the two-element antenna array at 5 GHz is
demonstrated in Fig. 9.

A comparison between the single-element, 2-element
array, and 4-element array antenna is summarized in
Table 3.

Fig. 6 — Radiation patterns at 5 GHz.

Fig. 7 — The prescribed structure of the four-element
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Fig. 8 — Proposed four-element antenna array (a) S11, (b) gain, (d)
and efficiency

Fig. 9 - Radiation patterns of the 4 elements array antenna at 5 GHz
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Table 3 - A Comparative Study of Single, 2-Element, and 4-
Element Arrays

Characteristics | Single Two- Four-

of the antenna | element element element
array array

Frequency 5.09 5.02 5.09

Size 40 x 35 75 x 46 170 x 67

Return loss | —23.84 —-28 —-28

(dB)

Bandwidth 170 220 300

(MHz)

Efficiency 67% 81% 82%

4. CONCLUSION

In this study, we introduce a new, high-gain, low-
profile, and flexible microstrip array antenna for RF
energy harvesting applications operating at 5 GHz. The
proposed antenna design is based on a single-element
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antenna and utilizes a simple structure to achieve low
side lobes and high gain. Simulated results for the four-
element antenna show an impedance bandwidth of
300 MHz with VSWR less than 2, and antenna gain of
6-9 dBi and efficiency of 82%, respectively. The antenna
design has been numerically tested using two different
programs, CST and HFSS, and the results demonstrate
that the suggested antenna is adapted for RF energy
harvesting and portable applications. The proposed
antenna is expected to have potential applications in
various RF energy harvesting systems and portable
devices due to its flexibility, low cost, low feed network
loss, and robust performance.
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T'myura pangiouacroTHa eJIEKTPOHIKA Ta AHTEHW, BUTOTOBJIEHI 3 TEKCTUJIIO, BBAKAIOTHCS TEXHOJIOTIEI, sKa
IPUCKOPIOE IMMPOKY IOMYJIAPHICTh CyYaCHUX IEPEHOCHUX KOMYHIKAIIMHIX MPHUCTPOIB 1 KOMIIOHEHTIB. Y JaHIN CTaTTL
IPEJICTABIEHO THYYKY Ta KOMIIAKTHY IIPSIMOKYTHY MIKPOCMYKKOBY AHTEHHyY pemnnTky 4 x 1 1ys 3acTocyBaHHS
pamiouacrorroi (PY) eneprii. Bona mpairioe Ha vacrori 5 ['T'1y 1 Mae BUCOKHI KOoedIIIEHT MIACHICHHS. 3aIpPOIIOHOBaHA
aHTeHa BKJIOYAE B cebe TEXHIKY BCTABHOIO KUBJIEHHS JJISI IIOKPAIEHHS Y3TOPKEHHS IMIIEJaHCy Ta BUKOPUCTOBYE
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mpoBigay TKaHuHY (E-TekcTHib) K TpOBITHUK PAa3oM 13 TEKCTHJIEM SAK INIKJIAIKY. JKUBUIIBHI Ta BHUIIPOMIHIOBAJIBHI
CTPYKTYPH PO3POOJIeH] 3 BHKOPUCTAHHAM €JIEKTPOIPOBIIHUX TeKCTUILHUX MaTepiatis tumy Stick E shield, axi mators
mpoBigHicTs 5 x 10° C/m 1 matoTs ToBIMHEY 0,085 MM. Ileit qusaiin MOBHICTIO MTOKJIATAETHCSA Ha TEKCTUJILHI MaTepiaan
1A 3a0e3medeHHa KoM(OPTY KOPHCTyBaya, IIPOCTOTH BUPOOHUIITBA Ta eKOHOMIUHOI edpekTrBHOCTI. CuMysisiTop Ansys
HFSS, sxuit BUKOPUCTOBYe METON KIHIIEBUX €JIEMEHTIB, OYB BUKOPHCTAHWN JJIS ONTHUMI3aIlil KOHCTPYKIII aHTEHM.
BamporioHoBaHa KoHirypartrisa Oysa mepesipeHa 3a momomoroo cumyJsisTopa CST MWS, axuii BUKOPHCTOBYe METOL
KiHIeBoi iHTerparni. JlocmimmxeHHA Mago Ha MeTi JOCATTA BHCOKOTO MIJACHJIEHHS TA HATIMHAX XapaKTePUCTHK
po3pobsienoi anTeHu. Pe3ynbratu MOIESIOBAHHS JEMOHCTPYIOTH UyJIOBY IIPOJYKTHUBHICTH y PobOUOMY Iiala3oHi 3
IIUPUHOK CMYyru omopy 6,78 % 1 BucokuM koedirienTom mimcuyients 14,54 nba ma 5 I'Tm, mo pobuts itoro mobpe
TPUIATHAM [ 300PY PATI0YaCTOTHOI €Hepril Ta JI0IaTKIB MOOIJIEHUX IIPUCTPOIB.

Kirouogi ciosa: E-rexcrmuts (mposigHa TkarwHa), AHTeHHA penrniTia, [lincrmenns curnasy, Pamiouacroraa enepris (RF).
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