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Abstract A tapered slot rectangular microstrip ultra-wideband (UWB) patch
antenna is proposed in this chapter for radio frequency (RF) energy harvesting. The
RF energy harvesting technologies are intensifying steadily because of constraints in
energy storage and wired power supply. Hence, harvesting energy from RF sources is
a promising technique for fulfilling the inimitable power prerequisites for powering
smart sensors. Here, to achieve ultra-wideband, a rectangular structure is modified
in a tapered slot. The antenna structure is optimized and simulated by using elec-
tromagnetic high-frequency structural simulator (HFSS) software, and the measured
bandwidth defined by return loss <—10 dB is from 3.76 to 19.52 GHz with <2 voltage
wave standing ratio (VSWR) throughout the band.

Keywords Radio frequency + Return loss + Wideband - Tapered slot + Notch

1 Introduction

As the demand for power is growing, the need for alternative energy sources has
become essential; at the same time, the RF power density is increasing since there
is an increase in frequency bands such as WLAN, GSM, DCS, 3G, 4G LTE, and
5G. Self-powered electronic devices have gained momentous attention in a wide
range of applications such as permanently inserted sensors inside the human body,
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Tablel Incremental development of RF energy sources in India

P. S. Chindhi et al.

Years | Number of mobile towers in | Number of mobile Number of base transceiver
lakh subscribers in million | stations (BTS) (“as on
12.07.2019)
2017 412,387 1170.59 1384737
2018 - 1188.99 2035488
2019 560162 1161.71 2180224"

building walls, and textile wearable antenna. The RF energy harvesting technology
is expected to rise with the Internet of Things (IoT). According to Gartner, in a few
years, there will be 25 billion perpetually connected things and some year’s later, 10
trillion connected sensors [1-3]. Devices that work within the limits of harvesting
capability are Bluetooth transceiver, wireless sensor/hearing aid, remote sensors,
RFID tags, watches/calculators, and processor clock [4]. According to the Economics
Research Unit, Department of Telecommunications Ministry of Communications,
Government of India, New Delhi, 2019, Table 1 indicates the growth in the RF
energy surrounding us [5]. A triple-band differential antenna and reflector plate
with a spacing of 28 mm are presented; the overall size of the rectenna is higher
[6]. In Ref. [7], for higher bandwidth, CPW-feed fractal antenna is simulated and
tested’ to achieve higher bandwidth, slotted equilateral triangles are introduced in the
CPW-feed circular patch. In Ref. [8], the E-shaped patch antenna with two parallel
slots and the partial ground is incorporated to enhance the bandwidth. At 936 MHz,
the current distribution density around the slotl, slot2, and at the edge of the slot is
uniform. Circularly polarized shorted square-ring slot antenna for the GSM 900 band
is presented in Ref. [9]. The circular patch antenna and parametric study on various
parameters are taken into consideration to enhance the bandwidth of the antenna
[10]. A multilayer stacked antenna loaded with an octagon radiator with tapered
slits and an unequal slotted circular patch improves the bandwidth and polarization
characteristics [11]. The various methods to enhance bandwidth are compressively
reviewed in [12]. Different impedance matching techniques that are important to
build an efficient energy harvesting circuit are studied in Ref. [13]. The hexagonal
fractal antenna helps in improving bandwidth [14].

In the planned work, UWB rectangular microstrip patch antenna with a tapered
slot is simulated in HFSS software, which is useful for the RF energy harvesting.
The impact of stepwise change in the radius on the bandwidth and gain of an antenna
is observed. In the first iteration, with an increase in the radius of the circular slot,
the bandwidth is degraded; whereas in the second iteration where we decreased the
radius of the circular slot, it is observed that the bandwidth is improved, but the
gain is not satisfactory. To compensate for the loss in the gain, a notch is inserted
at the periphery of the circular slot. The parametric study of the notch dimension is
performed to arrive at good impedance matching. A good combination of circular
slot and the notch gave the enhanced bandwidth and positive gain which make this
antenna a good candidate for RF energy harvesting. The comparison of Ref. [6-11]
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in terms of overall dimensions and bandwidth with the proposed geometry is given
in Table 7. The detail conceptual block diagram of a RF power harvesting system is
presented in [15].

The chapter is organized as follows: Sects. 2 and 3 describe the antenna design
and its parametric study and observations, respectively. Section 4 depicts results and
discussion along with a comparison of other related works. Section 5 describes the
conclusion, and in Sect. 6, future scope is specified.

2 Antenna Design

The proposed UWB rectangular microstrip patch antenna with a tapered slot is shown
in Fig. 1. A low-cost double-sided printed circuit board (PCB) of flame retardant-4
(FR4) substrate with a thickness of 1.5 mm, dielectric constant 4.4, and loss tangent
(tané$) 0.02 is selected. The patch length and width are 110 mm and 80 mm, respec-
tively. The detailed design parameters of the proposed antenna are given in Table
2

p—
W
3
(a) (®)
Fig.1 Proposed UWB microstrip antenna. a Top view. b Bottom view
Table 2 The specification of S. No. Parameters Value
the design parameters
1 Design frequency (fr) 5 GHz
2 Dielectric constant (g, ) 4.4
3 Height of the substrate () 1.5 mm
4 Loss tangent (tand) 0.02
5 Width of the patch (wp) 80 mm
6 Length of the patch () 110 mm
7 Width of the ground (wp) 4 mm
8 Length of the ground (L) 42 mm
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3 Parametric Study and Observations

1. Setp#1 Increase in radius of circular slot without notch.

In the initial iteration, a circular slot with a radius Ry = 12 mm is made; the bandwidth
of 4.52 GHz is obtained. In the subsequent iterations, radius of the circular slot is
increased with 2 mm. At Rs = 12.8 mm, the bandwidth is reduced from 4.52 to
2.95 GHz. The various antenna parameters with an increasing radius of the circular
slot are tabulated in Table 3. The return loss versus frequency plot is shown in Figs. 2
and 3.

2. Step#2 Decrease in radius of circular slot without notch

In the next iterations, the radius of the circular slot is decreased from Ry = 12 mm
to Rg = 11.8 mm; the bandwidth is increased from 4.52 to 4.62 GHZ. In the next
iteration, the radius of the circular slot is decreased at the steps of 2 mm. By decreasing
the radius of the circular slot, there is a steady increase in the bandwidth from 4.52
to 4.93 GHz. The various antenna parameters with a decrease in the radius of the
circular slot are tabulated in Table 4. The return loss versus frequency plot is shown
in Fig. 4.

Table 3 Antenna performance comparison at Ry, R2, R3, R4, and Rs without notch

Variable Resonant Return loss Peak Peak gain Bandwidth
parameter frequency (dB) directivity (dBi) (GHz)
(mm) (GHz)

R =120 4.54 —27.83 0.89 0.76 4.52

R, =122 4.54 —34.77 0.93 0.97 453

Ry =124 4.72 —31.61 091 0.78 4.55
Ry=12.6 5.00 —32.80 0.88 0.75 4.55
Rs=12.8 5.18 —41.35 0.82 0.70 2.95
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Fig. 2 Graph of the return loss versus frequency without notch at Ry, Ry, R3, R4, and Rs
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Fig. 3 Graph of the return loss versus frequency without notch at Ry, R1g, R11, R12, R13 and R4

Table 4 Antenna performance comparison at Ry, Re, R7, Rs, and Ry without notch

Variable Resonant Return loss Peak Peak gain Bandwidth
parameter frequency (dB) directivity (dBi) (GHz)
(mm) (GHz)
R =120 4.54 —27.83 0.89 0.76 452
Re =118 4.45 —23.95 0.95 0.80 4.62
R7=11.6 4.45 —22.30 0.98 0.83 4.70
Ry =114 7.63 —23.69 0.94 0.78 4.73
Ry=11.2 6.18 —28.08 0.96 0.80 4.93
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Fig. 4 Graph of the return loss versus frequency without notch at Ry¢, Ry, R12, Rj3, and R4
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3.  Step#3 Decrease in radius of circular slot without notch
As in step #2, there is a gradual increase in the bandwidth, so to get higher
bandwidth in step #3, the radius of the circular slot is decreased by 10 that is
12-10 mm and in subsequent iterations, it decreased at a step of 2 mm. At Ry
= 10 mm, the band width is 6.90 GHz, and at R;4 = 10.8 mm, the bandwidth is
9.07 GHz. In Table 5, the bandwidth and other antenna parameters are tabulated
with a decrease in the radius of the circular slot; Fig. 5 shows the return loss

versus frequency plot for Ry to Ry4.

4. Step#4 Decrease in radius of circular slot with notch

P. S. Chindhi et al.

In step#4, the radius of the circular slot is maintained constant as in step#3, and a
notch is inserted at the lower side of the circular slot as shown in Fig. 1. When the
radius of the circular slot is 10 mm (R;5) with a notch, the bandwidth is 13.96 GHz,
but at R16, R18 and R19, there is a decrease in bandwidth. At R = 17 and radius R
= 10.4 with a notch, the bandwidth is 15.74 GHz. The parametric variation in the
antenna results at R = 15 to R=19 is tabulated in Table 6. Fig. 6 shows the return
loss versus frequency plot for Ris to Ri9. In Fig. 6, green color indicates the higher

Table 5 Antenna performance comparison at Rig, R, R12, R13, and R14 without notch

Variable Resonant Return loss Peak Peak gain Bandwidth
parameter frequency (dB) directivity (dBi) (GHz)
(mm) (GHz)
Rip =10.0 9.81 —25.53 1.03 0.85 6.90
Ry =102 8.00 —28.26 1.03 0.84 8.75
Rip =104 7.96 —25.57 0.97 0.79 8.73
Ri3 =10.6 7.84 —29.50 1.00 0.82 8.77
R4 =108 6.18 —45.43 1.03 0.85 9.07
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Fig. 5 Graph of the return loss versus frequency with notch at Rys, Ryg, R17, R13, and Rj9
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Table 6 Antenna performance comparison at Ris, Ry, R17, R13, and Rj9 with notch

Variable Resonant Return loss Peak Peak gain Bandwidth
parameter frequency (dB) directivity (dBi) (GHz)
(mm) (GHz)
Ri5=10.0 7.97 —27.34 1.01 0.82 13.96
R =10.2 7.80 —26.84 1.00 0.82 7.03
Ri7 =104 7.97 —32.16 0.99 0.82 15.74
Ri3 =10.6 7.80 —50.24 1.01 0.83 7.29
Ryj9 =10.8 6.26 —33.14 0.96 0.78 7.03
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Fig. 6 Simulated VSWR of the proposed antenna with and without notch at R = 10.4

bandwidth; the range of bandwidth is 3.76-19.52 GHz. Fig. 7 shows the simulated
VSWR of the proposed antenna with and without a notch at R = 10.4. The VSWR is
<2 throughout the band. The VSWR at R = 10.4 mm without notch is slightly high,
and at R = 10.4 with notch, the VSWR is within the standard value (<2).

4 Results and Discussion

In Fig. 7, the current distribution at 5 GHz is shown for the radius R = 12 mm
(Fig. 7c), for R = 10 mm (Fig. 7d), for R = 10.2 mm with notch (Fig. 7e), and for
R = 10.4 mm with notch (Fig. 7f). In the final iteration, the bandwidth is increased
ranging from 3.76 to 19.52 GHz due to improved current distribution.

The proposed antenna performance is compared with the recent literature; it is
observed that the present work shows the ultra-wideband performance which is suit-
able for the RF energy harvesting in the band ranging from 3.76 to 19.52 GHz.
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Fig.7 Current distribution. a At R = 12.00 mm without notch. b At R = 10.00 mm without notch.
¢ At R = 10.2 mm with notch. d At R = 10.4 mm with notch

Compared to the literature mentioned in Table 7 which works in the specific bands
only, the proposed antenna is a better candidate in terms of bandwidth as well as

size.

Table 7 Comparison of other related works

Sr. No References Frequency (GHz) Size (mm?)
1 Devi et al. [8] GSM 900 band 106 x 89

2 Ghosh [9] GSM 900 band 140 x 140
3 Agrawal et al. [10] 0.89-5.53 GHz 120 x 100
4 Chandravanshi et al. [6] 2.1 GHz, 2.4-2.48 GHz, 3.3-3.8 GHz 120 x 120
5 Bai et al. [7] 0.88-8.45 GHz 100 x 100
6 Jieetal. [11] 0.908-0.922 GHz, 2.35-2.50 GHz 120 x 120
7 Proposed work 3.76-19.52 GHz 110 x 80
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5 Governing Equations for RF Energy Harvesting

Figure 8 shows the conceptual representation of RF energy harvesting, which consists
of a transmission antenna and receiving antenna with a power management circuit.
The received power is calculated by the Friis transmission equation (FTE),

_ P1G1Ggi?

R T @nR)? O

where

Pr is power at the receiver antenna.

GR is receiver antenna gain relative to the isotropic source (dBi).

A is the wavelength of the electromagnetic signal, which is equal to the speed of
light in vacuum divided by the signal frequency = c/f.

The loss of power in space can be characterized by free-space path loss (FSPL),
which is the loss of signal power during propagation in free space. Calculating FSPL
requires information about the antenna gain, frequency of transmitting wave, and
distance between the transmitter and receiver. The FSPL for far field is,

P (47 R)? (4 fR)? 4
PL= = =GR (kR)® ®
PR GTGR)» GTGRC GTGR

47
Pr.(dB) = 201og,,(f) +201og,,(R) + 20 log10< ) — Gt — GRr (3)

c
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* Resonance freq.
* Bandwidth
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Fig. 8 Conceptual representation of RF energy harvesting system, Ref. [15]
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In case f is measured in MHz, distance R is measured in km, and gain Gt and Gr
are measured in dBi, the above function becomes

PL(dB) = 201og,,(f) + 20log,o(R) + 32.44 — Gt — Gy 4)

6 Conclusion

The bandwidth of the proposed tapered slot UWB rectangular microstrip patch
antenna was enhanced by the optimization of circular slot dimensions. At initial
iteration R = 10 mm without notch, the frequency band of the antenna lies between
5.57 and 6.89 GHz. At final iteration, the frequency band of the proposed rectangular
tapered slot microstrip patch antenna with notch length 4.04 mm and width 6 mm
antenna bandwidth lies between 3.76 and 19.52 GHz. The VSWR is <2 throughout
the band. This antenna has a wide bandwidth, so it is suitable for RF energy harvesting
and WLAN applications.

7 Future Work

The work given in this chapter shows the trade-off between bandwidth and gain due
to inverse relationship between bandwidth and quality factor Q = 1/B.W, further
attempts can be extended for improving the gain by using metamaterials, slits, para-
sitic patch, differential patches, folded ground, vertical embedded ground plane,
etc.
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