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Abstract

The proliferation of portable devices, their growing integration into human lives 
and the surrounding environment, and the necessity to keep them powered have led 
to the increasing interest in radio frequency (RF) energy harvesting and its use in 
wireless mobile devices charging. The appealing features of flexible and wearable 
electronics, such as light weight, ease and low cost of fabrication, and the growing 
attention given to them, have made them a strong candidate for designing circuits 
like rectennas (rectifying antennas) to scavenge the ambient RF energy emitted by a 
large number of radio transmitters around us. The obvious advantage of harvesting 
this type of energy is that it is free and green. This chapter focuses on the design 
of wearable, and in a more general term, textile-based rectennas. It starts by dis-
cussing the electrical characterization of textiles and the methods used to estimate 
their relative permittivity and loss tangent. It then reviews the most recent wearable 
antenna designs and their applications, and examines the design and analysis of 
rectifying circuits used in RF energy scavenging, with focus on their sensitivity and 
conversion efficiency. The latest rectenna designs are also surveyed.

Keywords: Rectenna, wearable devices, electrical characterization of textiles, 
rectifying circuits.

1 Introduction 

The idea of wireless power transmission started right after the birth of wireless 
communications. In 1893, Tesla [1] demonstrated the wireless illumination of 
phosphorescent lamps in his experiments with alternate currents of high potential 
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and high frequency. After World War II, the idea of using microwaves to transmit 
power was researched. In 1964, Brown [2] used a rectenna to power a miniature 
helicopter. Since then, extensive research has been done to design high-perfor-
mance rectennas [3–5].

The ambient RF energy is emitted by a large number of different radio transmit-
ters, including mobile phones, mobile base stations, Wi-Fi access points, televi-
sion broadcasting, radio broadcast stations, and others. In addition to being free 
and green energy, scavenging this type of energy has advantages pertaining to the 
design of portable devices, which can be battery-free or at least have extended bat-
tery life, which can do without connectors and cables, and have freedom of mobil-
ity during charging and usage. On the other hand, wearable electronics have also 
attracted growing attention in recent years. Like other flexible electronics, wear-
able electronics are an appealing candidate for next-generation consumer electron-
ics due to their light weight, ease and low cost of fabrication, and the abundance of 
inexpensive textile substrates. These advantages make them a good choice for 
designing radio frequency (RF) energy scavenging circuits like rectennas, hence 
the work on wearable rectennas or more generally the textile-based rectennas. 
These are not only suitable for powering or charging mobile devices, but they also 
have interesting applications in health-care monitoring, public safety, and body-
centric and military communications.

The general block diagram of a rectenna, as illustrated by Jabbar et al. [6], 
includes a receiving antenna for collecting RF signals, a rectifying circuit, which 
converts the RF voltage to a DC voltage, and an impedance matching circuit in 
between. Rectennas are classified according to their sensitivity and their conver-
sion efficiency. The sensitivity of a rectenna tells the range of the RF input power 
levels for which it can produce an output DC voltage. The conversion efficiency is 
defined as the ratio of the DC output power to the RF input power. Rectenna 
designs should focus on maximizing both the efficiency and the sensitivity, or on 
finding a suitable compromise between the two. In designing the antenna, many 
parameters of the received signal should be taken into consideration, like its fre-
quency, intensity, polarization, and direction of arrival. The designed antenna 
could be narrow-band, multi-band, or wide-band, and should preferably be circu-
larly polarized. In most cases, antennas used for energy harvesting are omni-direc-
tional, to well receive signals impinging from any azimuthal angle. 

To design textile-based rectennas, the relative permittivity and tangent loss of 
the used textile material should be determined.  This could be done by means of 
the parallel plate capacitor method illustrated by Zhang et al. [7], the reverse-
engineering method used by Rishani et al. [8] and Haskou et al. [9], the automated 
fitting techniques presented by Declercq et al. [10], and the transmission/reflection 
line techniques given in [11–13]. Other methods are also possible depending on 
the design’s goal frequency and bandwidth.  The resonance method is based on 
measuring the resonant frequency peaks of a resonant cavity fixture when not 
loaded then when loaded with the material under study. On the other hand, the 
reverse-engineering method works by first designing an antenna assuming initial 
values for the permittivity and loss tangent of the textile, and then fabricating the 
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antenna and comparing its measured reflection coefficient results with those simu-
lated with varied permittivity and loss tangent values. Comparing these results 
could be done manually or using automated fitting techniques. As for transmis-
sion/reflection line method, it is done by placing two microstrip lines of different 
lengths on the textile substrate and measuring their S-parameters to find their cor-
responding characteristics.

For wearable rectennas, the effect of the human body on the antenna perfor-
mance is a concern. That is why a good antenna design with the smallest possible 
back lobes is necessary. In addition to implementing the antenna on a full ground 
plane, the more advanced technique of incorporating electromagnetic band gap 
(EBG) structures between the antenna’s patch and the ground plane is also suc-
cessful in decreasing the back lobes and hence limiting the effects of body proxim-
ity on the antenna characteristics, as illustrated by Rishani [14]. The use of EBGs 
in textile-based antennas can also offer major improvements in terms of radiation 
efficiency and impedance bandwidth.

In addition to an intensive review of the recent rectenna designs, this chapter 
deals with the electrical characterization of textiles and their use in the design of 
antennas and rectifier circuits for RF energy harvesting. Methods used to estimate 
the relative permittivity and loss tangent of textile substrates will be discussed 
through examples. The most recent wearable antenna designs will be reported, 
with focus on methods used to enhance their performance characteristics, and on 
their applications. The design and analysis of rectifying circuits used in RF energy 
scavenging will be examined, especially in terms of their sensitivity and conver-
sion efficiency.

2 Electrical Characterization of Textiles for Antenna Design

One of the design challenges of wearable antennas is finding the characteristics 
of the textiles used as substrates. The relative permittivity (er) and tangent loss 
tan(d) of such materials highly affect the behaviour and resonance frequency of 
the antenna and the design of the rectifying circuit. Several methods have been 
proposed and applied to find these parameters with varying precision, complexity, 
and cost. 

2.1 Parallel plate capacitor

To find the relative permittivity of a substrate, a circular parallel plate capacitor 
was designed by Zhang et al. [7] as shown in Fig. 1, where the dielectric is sand-
wiched between the two parallel metallic plates. Such a configuration reduces the 
undesired fringing effect caused by corners of the square plates.

Originally, the input impedance is described using Green’s function and is modi-
fied to match the proposed structure. The 0nth modal impedance (Z0n) of the struc-
ture can then be expressed, and a relation is established between ei, er, and tan(d) 
with respect to Zi

0n and Zr
0n; Z

i
0n and Zr

0n being the real and imaginary parts of Z0n, 
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respectively. This approach is based on the measurement of the input impedance 
near a modal resonant frequency, at which the modal impedance Z0n will dominate 
the input impedance. Consequently, at frequency very close to the resonant fre-
quency, the complex permittivity can be obtained by replacing the modal impedance 
with the measured input impedance. At the 0nth modal resonant frequency, Zi

0n is 
going to be zero and Zr

0n is going to be maximum. Therefore, for higher mode case, 
the real part and imaginary part of the complex permittivity can be simplified as:

 e
mw

e
mwr

n
i

n
r

k H

Z
= =0

2

2
0

,      (1)

The method proved to be accurate when the measurement frequency is close to the 
resonant frequency, but error increases as the measurement frequency shifts away.

2.2 Backward method

A simple reverse way was used by Rishani et al. [8] to determine the permittivity of 
Cordura [15] textile. An antenna, having stacked Cordura layers as a substrate, was 
simulated where an EBG layer was incorporated between the ground plane and the 
patch as in Fig. 2a. Simulations were based on an assumed er = 1.9, at a resonant 
frequency of 1.575 GHz. Measurements of the fabricated prototype showed a shift 
of the resonant frequency to higher frequencies. The same design was simulated 
for various values of the permittivity until a matching frequency was obtained at 
er = 1.5. The antenna was redesigned taking into account the new values of er and 
results of the measured return loss, in Fig. 2b, matched those of simulation.

As illustrated by Haskou et al. [9], the relative permittivity and tangent loss of 
two textiles were determined by using quarter-wavelength stub-line band-stop fil-
ters whose substrate is either Jeans or Cordura. The filter was designed assuming a 
lossless Jeans substrate, having a relative permittivity of er =1.5 at 800 MHz. The 
designed filter was fabricated as in Fig. 3 and the measurements of the return loss 
show a major shift in the frequency. The design was re-simulated for several values 
of er and tan(d) till the results matched the measurements at 800 MHz and 2.4 GHz. 
The same method was applied for Cordura fabric,and was verified by designing 

Figure 1: Geometry of the circular disk: (a) side view and (b) top view.
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patch antennas on both Jeans and Cordura substrates, taking into consideration the 
found parameters. The designed antennas were fabricated and tested where mea-
surements matched simulation results for both fabrics. The fabricated patch anten-
nas are shown in Fig. 4, along with the results of the Jeans-based design.

2.3 Automated fitting techniques

Another technique of comparing and fitting simulated with measured results 
to find permittivity and loss tangent of a textile was applied by Declercq et al. 
[10]. The fitting technique is automated optimization based on kriging surrogate 

Figure 2:  (a) Geometry of the proposed antenna showing patch, EBG layer, and 
ground plane. (b) Simulated and measured reflection coefficient of the 
redesigned antenna.
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Figure 3:  Prototypes of the fabricated Jeans-based band-stop filters at (a) 0.83 
GHz and (b) 2.34 GHz.

Figure 4:  Prototypes of the (a) Jeans-based and (b) Cordura-based fabricated patch 
antennas and (c) simulated and measured S11 of Jeans-based antenna.
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 models. Initial values of the permittivity and tangent loss were assumed to design 
an antenna resonating at 2.45 GHz and measure its reflection coefficient |S11|. The 
mean squared error (MSE) is used to minimize the error function between the 
measured and simulated |S11|, where the cost function is first created by an initial 
set of 24 points generated by an optimal maximum Latin hypercube design. Then 
using the DIRECT algorithm, the improvement function was optimized to deter-
mine the next sample to evaluate. Seventy-one samples were evaluated and the 
optimal electromagnetic properties yielding a minimal MSE were found and are 
displayed in Fig. 5. The same method was applied to two different antennas, one 
having a four-layer plain woven aramid fabric substrate of thickness 1.67 mm, and 
the other having nonwoven polypropylene fabric of thickness 3.6-mm copper foil, 
and the substrates were glued using an adhesive sheet. 

Textile characterization using the surrogate method was also applied by 
Declercq et al. [16] taking into consideration the relative humidity levels and the 
sensitivity of each material to humidity. The effective conductivity of electro tex-
tiles was also studied.

2.4 Coaxial resonator method

Nagy and Szalay [17] presented a coaxial resonator measuring system to deter-
mine the dielectric parameter of materials. The technique is based on designing a 
coaxial resonator, measuring the scalar scattering parameter |S21| when not loaded, 
and finding the complex dielectric constant using the quality factor. Two coaxial 
resonators with different inner conductor diameters were designed and used, to 
determine both the real and imaginary parts of er. The RF measurements, frequency 
sweep over the range 650–850 MHz, and signal strength were measured using two 
ISM band RF transceivers controlled by PC using microcontroller, placed on a 
double-sided PCB substrate with full ground. 

The resonant frequency found from the peak detection of S21 curve was used to 
estimate Re{er}. The estimated Re{er} and the Q factor determined from the peak 
from 3 dB bandwidth of the resonator S21 determine the value of Im{er}. Measure-
ments of cross talk between these two tranceiving circuits were also investigated.

A similar technique was implemented by Szalay et al. [18] and used for several 
textile types. A frequency sweep range of between 480 and 900 MHz is consid-
ered. The input and output loop positions, sizes and the coaxial inner and outer 
conductor diameter, and resonator length have been optimized to maximal sensi-
tivity in the range Re{er} = 2,...,15 and Im{er} = 0.1,...,0.7. The finite element 
method was used to model the resonator, using measurements of known parameter 
materials and changing the geometry parameters of the model accordingly. The 
second step was to generate a database containing resonance curves in function of 
material parameters.  The electrical parameters are then determined using curve-
fitting techniques in Matlab. Results show the high resolution of this measuring 
technique of the complex dielectric constant.

Kehn et al. [19] provided theoretical formulation of a permittivity measurement 
technique using a coaxial transmission line structure with dielectric annular rings 
using a quadratic curve-fitting approach. The mode-matching technique and the 
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method of moments with cavity/waveguide Green’s functions were used to treat 
the connected series of coaxial sections. In another publication, Kehn et al. [20] 
presented numerical results of a typical coaxial fixture relevant to the measure-
ment technique presented in their earlier publication. 

2.5 Transmission line method

The transmission line method is another common technique used to find the per-
mittivity and tangent loss of a substrate as in [11–13]. Declercq et al. [21] used the 
same method combined with the matrix-pencil technique to reduce the perturba-
tions in the transmission parameters of the deembedded transmission line.  The 
two transmission lines of length l2 and l1, with l2 > l1 are characterized by their 
complex propagation factor g = a + jb and the unknown characteristic impedance 
Z0. Deembeding is achieved by measuring the S-parameters of the two microstrip 
lines, and using the measurements to build their corresponding scattering transfer 
cascade matrix defined by Lee and Nam [11]. These matrices are then expressed 
in terms of the coax-to-microstrip discontinuities and to the lossy transmission line 
with length Δl = l2-l1. Using eigenvalue equations, the propagation factor can be 
determined, and then once b is known, er,eff follows from (b/k0 )

2, and the dielectric 
constant is calculated using the transmission line calculator Linecalc from Agi-
lent’s Advanced Design System.

Assuming the conductive layer is lossless, the tangent loss of the substrate can 
be calculated as

 

tan ( ) .
( )

( )
d

a l e e
e e

≈
−

−
0 0366

1

1
0d r,eff r

r r,eff

The use of the matrix-pencil method allows minimizing the effect of the geo-
metrical inaccuracies of the transmission line structures, non-identical coax-CPW 
transitions, and parasitic mode excitation, which are interpreted as an unknown 
noise distribution to adjust the eigenvalue equation of the propagation factor. The 
matrix-pencil method then performs optimal fitting of a series of complex expo-
nentials on noise contaminated data. 

Verification of the proposed method was done by applying it to an antenna 
whose substrate is RT/Duroid 5870 of known permittivity. The method was then 
tested on three different fabrics with a very good match between measured and 
simulated values of S11. The permittivity was also noted to change when the con-
ductive material is an electro textile rather than a conductor.  

3 Textile Antennas and Applications

Wearable antennas have potential applications in diverse areas including per-
sonal entertainment, wearable computing, soldier communications, security sys-
tems, remote identification, personnel tracking, health monitoring, navigation aid, 
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 rescue operations, and RF energy harvesting as illustrated by Nepa and Manara 
[22] and Monti et al. [23]. The increasing importance of body-centric communica-
tions within the sphere of personal area networks (PANs) and body area networks 
(BANs) has also led to increasing demand on wearable antennas as outlined by 
Rais et al. [24].

The differing designs and shapes of wearable antennas, more generally of the 
textile-based antennas, reflect their diverse fields of usage. Some characteristics 
are common to all designs, while others vary with the application, from the mate-
rial type, to the form of radiating part, to the feed, etc.

3.1 Medical applications

Medical applications are among the most promising applications of textile-based 
antennas due to the wide demand on telemedicine and wireless health monitoring 
systems. Textile-based antennas, embedded in the clothing of the patients or in 
their bed sheets and their blankets, can be used to monitor their heart rate, body 
temperature, and other vital signals.

A fully-textile-based washable ultra-wideband (UWB) antenna for medical 
monitoring applications is reported by Osman et al. [25]. Herein, the substrate is 
made of the flannel fabric, which is a 100% cotton material. Its relative permittiv-
ity is er = 1.7. The patch and the partial ground plane are based on conducting 
threads made of silver-plated nylon, which ensure strength and conductivity in 
addition to washability and resistance to environmental conditions. The antenna is 
6 × 6 cm2, where the substrate is 3-mm thick. It has a 17-GHz impedance band-
width.

Khaleel et al. [26] proposed a printed Yagi antenna for applications in tele-
medicine and wireless body area network (WBAN). A metal button is used, due to 
its low profile, rigidness, robustness, and easy feed, in addition to its low cost and 
ease of integration into pieces of cloths. The antenna has a perfect electric conduc-
tor (PEC) ground and microstrip Yagi, formed of driven element, directors, and 
couplers. The two PEC layers are separated by a thick substrate with a high per-
mittivity (er = 6.6). The design, which is an enhancement over other button anten-
nas using ordinary rectangular or circular patches, shows very good matching at 
2.45 GHz (frequency used for WBANs) and has a semi-directional pattern to avoid 
unnecessary radiation towards the body and a gain of 6.7 dB.

Another medical application of textile-based antennas is in the remote measur-
ing of heart rate. Fletcher and Kulkarni [27] propose the use of a Doppler radar 
system embedded in a piece of cloth or a blanket. The system that measures heart 
beats by sending and receiving microwave beams consists of an oscillator, an 
antenna, a single mixer, and a baseband band-pass filter. The antenna is a microstrip 
rectangular patch fabricated on FR-4 epoxy (er = 4.2), and having a return loss of 
18 dBm and 4 dBi directional gain.

In a similar work presented by Reina-Tosina et al. [28], a wearable sensor to 
monitor patient movements is designed and constitutes of an intelligent acceler-
ometer unit connected to a personal server via a PAN. The communication link 
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is based on Zigbee, due to its low power consumption and ability to support 
larger number of nodes compared with Bluetooth. A rectangular patch is used 
and is fed by aperture coupling. Such an implementation allows having the cir-
cuit components on the bottom substrate, thus making efficient use of the antenna 
size.

Another method of monitoring heart rate with wearable sensors is by Mandal 
et al.’s method [29], where heart beats are heard via microphones. The system’s 
circuit has a PLA (Programmable Logic Array) chip that when necessary sends 
an alarm signal through the antenna to the base station. The signal transmitted is 
modulated by backscatter modulation technique that allows bulky signal process-
ing to be done at the level of the base station thus reducing the circuit’s complex-
ity and power consumption. The antenna implemented is a circularly polarized 
loop antenna that is less sensitive to propagation barriers. Using a 2.4-GHz fre-
quency allowed having a small-sized antenna. The whole tag was placed on 1-cm 
thick dielectric foam, to reduce radiations towards the body, and reduce the 
effects of the body tissues on the system’s performance. The chip also has the 
capability of harvesting radiated RF power, making it possible to have a battery-
free tag.

Sensors and body sensor networks (BSN) in particular and their usage in tele-
medicine were discussed by Wang et al. [30]. BSN nodes of low-power consump-
tion and small size are distributed on the body to collect physiological data and 
they communicate with an off-body base station in the same network via antennas. 
Each of these nodes is made up of a BSN node board, antenna board, and a battery 
board with a charger IC. The antenna FR4 board has a microstrip square-shaped 
loop antenna, operating at 915 MHz. Loop antennas, acting as magnetic dipoles, 
are less affected by dielectric changes and thus are less sensitive to body tissues 
than dipoles or patches.

In designing BSNs, array antennas are used due to the high data rates they pro-
vide, yet mutual coupling (MC) is a disadvantage. Zhang and Ser [31] analysed the 
effect of MC on antenna behaviour and their effects on BSNs used in medicine. 
The resulting equations and simulations ascertain the well-known property that 
MC increases as the distance between array elements decreases. This increase in 
MC decreases the efficiency of the antenna and the data rates as well.

Low-power wearable antennas have several other usages in medical domain, 
like using them for the electroencephalogram braincap. This technique, pro-
posed by Carmo et al. [32], allows monitoring the brain activity while the patient 
has the ability to move around instead of being bound to many wires. The tech-
nique is based on using the same brain cap but replacing the wired electrodes 
with electrodes having an RF transceiver to communicate with monitoring 
instrumentation used by doctors. The UMC RF 0.18 µm CMOS process was 
used to maintain low-power consumption, small size, and small voltage supply. 
At the antenna level, digitally controlled switch circuitry is used to switch 
between transmission and reception modes. A commercial gigaAnt loop antenna 
was used having a bandwidth of 401 MHz and 55% efficiency in the frequency 
range 2.4–2.5 GHz.
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3.2 Safety and military applications

Textile-based antennas are also very suitable for safety and military applications. 
On modern battle fields, soldiers are to be connected to each other and to a com-
mand center to enhance the situation awareness as illustrated by Lilja and Salonen 
[33]. In such scenarios, wearable antennas are an optimal solution especially that 
military cloths are usually made up of thick fabric and antennas can be easily inte-
grated within their layers. Textile-based antennas can as well be embedded into 
protective clothing of rescuers and firefighters.

Vallozzi et al. [34] presented an antenna design that can be used for rescue 
applications. This design takes into consideration the fact that rescuers work in 
harsh environments and the antenna must overcome channel fading and be robust. 
For that, a dual polarized textile patch antenna is used with a coaxial line feed. The 
design that works in the ISM band (2.4–2.4835 GHz) allows for polarization diver-
sity. The patch and ground are made up of electrotextiles ShieldIt and Flectron, 
respectively, and are separated by a protective foam substrate that is already used 
in the protective garments of the rescuers. The antenna has a 6-dBi gain along the 
broadside direction with perfect isolation between the ports. The antenna can 
transmit and receive at the same time, and the presence of the human body in its 
vicinity leaves little effect on its performance.

An antenna design for integration into firefighters’ garments is described by 
another publication of Vallozzi et al. [35]. The patch and ground layers are made 
up of the ShieldIt and Flectron electrotextiles, respectively, whereas the substrate 
is a protective, shock absorbing, fire retardant, and water repellent foam used in 
firefighters’ suits. Such materials permit the antenna to keep its characteristics for 
very harsh environments. The antenna is based on a rectangular patch with a wide 
slot. Similar to this work, this design has two feeding points implemented to insure 
that two signals with different polarization can be simultaneously excited, also 
allowing for transmission and reception at the same time. On the other hand, two 
antennas are placed on a single firefighter’s suit, one in the back and the other in 
the front. Such a topology, allows for fourth-order diversity by having two anten-
nas each with second-order diversity, which leads to a significant improvement in 
terms of the bit-error rate. The characteristics of the antennas are also studied for 
both ports off-body, on-body, and with the firefighter holding his usual oxygen 
bottle on his back. The presence of the bottle affects the gain a little at both ports, 
but the performance is still good.

One type of antenna in use for military applications is integrated into the sol-
dier’s helmet. The antenna studied by Tillery et al. [36] is an adaptive cylindrical 
four-element array; each element is a spiral-mode microstrip, mounted on the hel-
met. The system has 15 different radiation patterns, and the control circuit uses 
threshold switching among them. This CMOS circuit has very low-power con-
sumption. It requires 3 V power supply mounted inside the helmet and consumes 
about 4 mW to switch from one pattern to another.

A flexible wearable E-shaped patch antenna that can be placed on a soldier’s 
arm is presented by Cibin et al. [37]. The antenna had an omni-directional pattern. 
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The patch is made up of thin copper layer, and the ground is based on a conductive 
non-woven fabric. They are separated by a thick foam used in orthopaedics that 
does not absorb moisture. Although the antenna performance is affected by differ-
ent curvatures of bending around the arm, it still demonstrates good matching over 
the band 360–460MHz, with an enhanced gain over the body-worn dipole.

3.3 WLAN applications

The widest application of textile-based antennas would be in the prevailing wire-
less local area networks (WLANs). Sanz-Izquierdo et al. [38] proposed a button 
antenna characterized by its robustness, high camouflage, and ease of integration 
into cloths. The conducting part is the metallic button itself, made up of a button-
shaped structure and a metal disk connected to the ground. Additional shorting 
pins are added to enhance the bandwidth while keeping a small size. This antenna 
has an omni-directional pattern, is able to communicate with other systems that 
might be attached to the body, and has a gain of 1–3.5 dB within the 2.4 and 
5.2–5.5 GHz WLAN bands.

Sanz-Izquierdo and Batchelor [39] presented a simple antenna design optimized 
to be operable at 2.4 and 5 GHz WLAN bands is the metallic belt buckle. The 
buckle’s structure is the antenna, connected to an SMA via a microstrip line, with 
an optimal ground plane, all separated by a denim substrate (er = 1.4). This belt 
antenna has a gain of 2.8 and 4.5 dBi at 2.45 and 5.25 GHz, respectively, and a 
radiation pattern very similar to a planar monopole on a small ground plane.

Flexible planar inverted F-antennas (PIFAs) are used by Salonen et al. [40] for 
Bluetooth applications. The wired flexible PIFA, which is to be placed on the human 
arm, has a flexible substrate with er = 3.29. To overcome the small bandwidth disad-
vantage, the authors propose adding an arm to the PIFA, operating at 2.45 GHz.

The design proposed by Yilmaz et al.  [41] for 2.4 GHz WLAN is an antenna 
whose patch and ground plane are made of low conductivity polymer inks or car-
bon nano-structured inks, and separated by a substrate whose dielectric constant is 
er = 2.2. For comparison, the same design was fabricated using a copper conductor, 
and the results show that using a material with low conductivity degrades the 
reflection coefficient and the gain, but the performance remains acceptable with 
materials having conductivity values higher than 104 S/m (copper’s conductivity is 
5.7 × 107 S/m).

3.4 Millimetre wave communications

Textile antennas can also be used for communications at millimetre waves. A tex-
tile Yagi-Uda antenna for on-body communications has been proposed by Chahat 
et al. [42]. It is based on a 0.2-mm thick fabric extracted from a cotton shirt. The 
dielectric properties found for the employed textile are the following: er = 1.5 and 
tan(d) = 0.016. A flexible copper foil with thickness of 0.07 mm is used for all 
conductive elements. The antenna operates in the 57–64 GHz band. Assessment 
results in free space and on a skin-equivalent phantom show that the reflection 
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coefficient is very slightly affected by the human proximity, but the antenna gain 
and efficiency strongly depend on the separation between the antenna and the 
phantom.

Another antenna array for off-body communications in the 57–64 GHz band has 
been reported by Chahat et al. [43]. The 0.2-mm thick textile substrate, which is 
based on a cotton woven fabric, has been characterized in the V-band using the 
open stub technique, and the dielectric properties are found to be er = 2 and tan(d) 
= 0.02. Flexible 0.07-mm thick copper foils are used for the conducting parts. 
Measurements are done in free space and on a skin-equivalent phantom. A com-
parison of the results shows that the human body has little impact on the antenna 
performance. The authors have also numerically and experimentally investigated 
the influence of bending under severe conditions. They report that bending has a 
small impact on the reflection coefficient and antenna gain.

3.5 Textile antenna design improvements

Different methods are used to achieve robust transmission and reception capabili-
ties with textile antennas. These include the optimized positioning of the antenna 
on the body, for wearable antennas, the use of multiple antennas well distributed 
on the body, the design of circularly-polarized textile antennas, and the use of 
EBG structures.

A wearable textile multi-antenna system suitable for integration into a jacket has 
been proposed by Castel et al. [44]. The authors derive the optimal distribution and 
the minimum number of on-body antennas required to ensure signal levels large 
enough for an in-body medical application, in this case an endoscopy capsule.

Circular polarization is more robust as opposed to linear polarization because it 
guarantees signal reception independently of antenna orientation. It is usually 
achieved by cutting special slots or notches in the patch or ground plane, or by 
feeding the patch with a 90° phase shift. A wideband wearable circularly polarized 
antenna for low-power transmission in the 2.45 GHz ISM band is presented by Lui 
et al. [45]. The antenna consists of two layers, where the top one is the conductive 
fabric and the bottom layer is the felt substrate. A Flectron self-adhesive EMI 
shielding sheet is used for the conductive part, due to its flexibility and high con-
ductivity. A 1-mm thick acrylic self-adhesive felt is chosen for the substrate. Its 
dielectric constant and loss tangent are determined as 1.5 and 0.02, respectively. A 
coplanar waveguide (CPW) feed is used. The L-shape of the feed line produces the 
necessary x and y components of magnetic current for circular polarization. Results 
show that this antenna has a 44% 10 dB impedance bandwidth and a 23% 3 dB 
axial ratio bandwidth on a human body. A circularly polarized wearable antenna 
for RF energy harvesting in the 2.4 GHz band is reported by Haskou [46] where 
the circular polarization is obtained by cutting an L-shaped slot at one corner of a 
rectangular copper-foil patch placed over a Jeans-based substrate. A photo of a 
fabricated prototype of this antenna is shown in Fig. 5.

The use of EBG structures offers the advantages of reducing the backward radi-
ation towards the body of wearable transmitting antennas, and also limiting the 
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Figure 5:  A circularly polarized Jeans-based wearable antenna for the 2.4 GHz 
band.

effect of proximity to the body. A dual-band wearable antenna on an EBG sub-
strate is presented by Zhu and Langley [47]. A design that combines circular polar-
ization and the use of EBGs is presented by Rishani [14]. A coax-fed rectangular 
patch is used and is separated from an EBG-layer made from square conducting 
patches by a Cordura fabric layer. A second Cordura fabric layer separates the 
EBG from a full ground plane. A flexible copper foil is used for all conductive 
parts. Circular polarization is achieved by cutting two joined rectangular slots in 
the middle of the patch. The geometry of this antenna, the axial ratio, the reflection 
coefficient, and the polar two-dimensional power pattern at Φ = 0 are shown in 
Fig. 6a–d, respectively.

This antenna is made for GPS applications. The inclusion of the EBG layer 
reduces the backward scattered radiation and limits the effect of body proximity 
on the antenna performance. This antenna can be used in a multi-antenna configu-
ration where the position of each element is optimized to get the best space diver-
sity, or in a configuration with both RHCP and LHCP versions to benefit from 
polarization diversity.

In the flexible antenna design presented by Khaleel et al. [48], an artificial 
magnetic conductor (AMC) ground plane is used to isolate the user’s body from 
undesired electromagnetic radiation, in addition to minimizing the antenna’s 
impedance mismatch caused by the proximity to human tissues. The design, 
which is intended for telemedicine and WBAN applications in the 2.45 GHz ISM 
band, is based on an M-shaped CPW-fed monopole printed on a 50.8-mm-thin 
kapton polyimide substrate with a dielectric constant of 3.5 and a loss tangent of 
0.002. The AMC ground itself is made of 3′3 slotted Jerusalem Cross unit cells 
designed to resonate at the same operating frequency of the antenna, and is printed 
on a flexible vinyl substrate with a 1.5-mm thickness and a dielectric constant of 
2.5. The total size of the AMC structure is 65.7 mm × 65.7 mm. Results show a 
reduction of 64% in the specific absorption rate values compared with the same 
antenna without the integration of AMC, and a low susceptibility to performance 
degradation in terms of return loss and shift in the resonant frequency when con-
formed on curved surfaces.
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Figure 6:  (a) A circularly polarized wearable antenna over an EBG substrate 
for GPS applications, (b) axial ratio, (c) reflection coefficient (S11). 
(d) Polar two-dimensional power pattern at Φ = 0.

4 Rectifying Circuits

An important component in designing a rectenna is its high performance charac-
terized by a high RF-DC conversion efficiency.  This efficiency, defined by Olgun 
et al. [3], as the ratio between the output DC power and the incident RF power: 

 h = =
P

P

V

R P
DC

RF

DC

L RF

2

 (2)

where h is the rectenna conversion efficiency, PDC is the rectenna output DC 
power, PRF is the RF incident power, VDC is the output DC voltage, and RL is the 
load resistance.

Since a rectenna system is usually composed of an antenna, an impedance 
matching circuit, and a rectifying circuit, the total efficiency of the rectenna is the 
product of the efficiency of the three components as illustrated by Kim [4]

 h h h h= ⋅ ⋅antenna match rectification (4)

In (4), hantenna, hmatch, and hrectification are the efficiency of the antenna, the imped-
ance matching circuit, and the rectifying circuit, respectively. The rectifying  circuit 
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efficiency is mostly dominated by the diode’s efficiency where most of the losses 
in the circuit come from the diodes electrical parameters as illustrated by Merabet 
et al. [5]. The selection of the rectifying diodes depends on the targeted frequency 
band and the expected input power. The diodes’ series resistance, parallel resis-
tance, junction capacitance, junction voltage, and operation frequency band are all 
factors to be taken into consideration. A zero-bias diode is more convenient to be 
used in small signal applications. A diode with small junction capacitance and 
parallel resistance will be less sensitive to the frequency variation and hence can 
be used in wide band applications. A big series resistance will lead to high losses 
and hence will drop the conversion efficiency. Olgun et al. [3] chose Agilent 
HSMS-2852 diodes because their performance is optimized in the targeted fre-
quency band; they do not require any external biasing and they have a high satura-
tion current. However, the main drawback of the selected diode is that it has a high 
series resistance causing higher resistive losses. 

In the literature, all the different rectifying circuits were used. Marian et al. [49] 
tested half wave series- and shunt-mounted diode rectifying circuit and compared 
with a single-stage voltage doubler. Figure 7 shows half wave series-mounted 
diode rectifier. The circuit works as follows: When the input voltage is superior to 
the diode’s junction voltage (Vin ≥ VD), the diode D1 will be on and the capacitor 
will start charging. When (Vin < VD), the diode D1 will be off and the capacitor 
will discharge through the load. The amplitude of the ripples will depend on both 
the load and the smoothing capacitor. 

Figure 8 shows a shunt-mounted diode half wave rectifier. The circuit works as 
follows, when the input voltage is less than the negative of diode’s junction voltage 
(Vin < VD), the diode D1 will be on and the capacitor C1 will start charging. When 
(Vin ≥ VD), the diode D1 will be off and voltage of 2Vpeak will be divided between 
the inductor  L1 and the load ZL = RL//C2.

A half-wave rectifier requires a minimum voltage of VD to function and hence 
can be used in low-power scenarios. Moreover, a half-wave rectifier has only one 
capacitor and hence can provide relatively larger bandwidth compared with other 
circuits. Half-wave rectifiers’ simplicity makes them convenient to be directly 
integrated in the antenna structure. However, the main drawback of a half-wave 
rectifier is its low efficiency. 

As illustrated by Hagerty et al. [50], two rectenna arrays, shown in Fig. 9, where 
the rectifying diodes were directly integrated in the antenna structure, are designed. 

Figure 7: Schematic of a series-mounted diode half wave rectifier.
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The first rectenna is a grid array that achieves wide bandwidth functionality (4.5–8 
GHz) and dual linear polarization. The second rectenna is a spiral array with both 
left- and right-hand circular polarization and a wide band (8.5–15 GHz). However, 
asmentioned above, half-wave rectifiers have relatively low efficiencies. Hence, 
maximum measured efficiencies of 35% and 45% are reported. 

Kim [4] used a full-wave bridge rectifier and measured efficiencies up to 45% 
were reported. Figure 18 shows a full-wave bridge rectifier schematic. The circuit 
functions as follows; when the input voltage is greater than double the diode’s 
junction voltage (Vin > 2VD), the diodes D1 and  D3 will be on and the other two 
diodes will be off; hence, the current will flow through the branch D1 and load D3. 
When (Vin < 2VD), the diodes D2 and D4 will be on and the other two diodes will 
be off and the current will flow through the branch D2 and load D4. It can be 
noticed that the current direction is the same in both phases and hence the negative 
phase is rectified. It can also be noticed that a bridge rectifier requires a minimum 
voltage of (2VD) to function so it is more convenient for high signal applications.

Taris et al. [51] used a Greinacher (Cockcroft-Walton) voltage doubler rectifier, 
and at input levels as low as Pin = 10 dBm, a measured output voltage of VDC =1.1 
V was reported. Figure 10 shows a Greinacher voltage doubler schematic. The 

Figure 8: Schematic of a parallel-mounted diode half-wave rectifier.

Figure 9: Schematic of a bridge full-wave rectifier.
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functionality of the circuit is as follows: when the input voltage is (Vin < VD), the 
diode D1 will be on and D2 will be off and the capacitor C1 will charge to a maxi-
mum voltage of (Vin–VD). When (Vin > VD) the diode D2 will be on and D1 will be 
off; hence, an input voltage of 2(Vin–VD) (from both the input voltage and the 
capacitor’s one) will appear on the load. It can be noticed that the output DC volt-
age is approximately double the peak voltage of the input voltage; hence, this cir-
cuit can be used in applications that require high-voltage levels. 

A modified Greinacher voltage doubler rectifier was proposed by Olgun et al. 
[52]. A schematic of the proposed circuit is shown in Fig. 11.

The proposed circuit operates as follows: C1 and D1 shift the input voltage up 
at node B to be rectified by D2 to appear across the load. C3 and D3 shift the volt-
age down at node C to be rectified by D4 and C4 to appear across the load. After 
reaching equilibrium, the circuit provides a constant output current and voltage to 
the load.

Muramatsu and Koizumi [53] used a six-stage Dickson charge-pump voltage 
doubler and a measured DC output voltage as high as VDC ≈ 3.7Vpeak was reported, 
where Vpeak is the peak voltage of the incident RF signal. A schematic of an n-stage 
Dickson charge-pump voltage doubler is shown in Fig. 12. Dickson charge-pump 
voltage doubler voltage is given by

 V n V Vload peak D ) = −2 (  (5)

Figure 10: Schematic of Greinacher voltage doubler rectifier.

Figure 11: Schematic of modified Greinacher voltage doubler rectifier. 
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The main drawback of this circuit is the voltage drop due to the diode junction 
voltage, which is n-times the drop caused by one diode. One other problem with 
this circuit is the transient period before the output voltage reaches its maximum 
value. In this publication, for RF frequency of 954 KHz, a transient period of about 
1 h was reported before the output voltage reached its maximum.

A four-stage Villard voltage doubler rectifier was also reported by Devi et al. 
[54]. Therein, for input levels as low as Pin = 0 dBm a measured DC output voltage 
of VDC ≈ 2.3 V was reported. A schematic of an n-stage Villard voltage doubler is 
given in Fig. 13. 

The DC output voltage of a Villard circuit is given by

 V
nV

nR RDC
o

o L

=
+

 (6)

where Vo is the open circuit output voltage of a single stage and Ro is the internal 
resistance of the single stage. Schottky diodes have good characteristics compared 
with junction diodes. However, they are not available in CMOS technology. 

Arrawatia et al. [55] open the door of new trends in the design of rectifying 
circuits, which is using CMOS technology. Accordingly, Karolak et al. [56] 

Figure 12: Schematic of n-stage Dickson voltage doubler rectifier.

Figure 13: Schematic of n-stage Villard voltage doubler rectifier. 
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designed a modified cross-coupled CMOS-based voltage doubler circuit and com-
pared with traditional CMOS-based voltage doubler. Figure 14 shows a traditional 
CMOS-based voltage doubler.

Schematic of the modified differential cross-coupled voltage doubler, as 
reported by Karolak et al. [56], is shown in Fig. 15. An n-stage circuit will achieve 
an output voltage of

 V n V Vload peak f )= −2 (  (7)

Jabbar et al. [6] designed a modified CMOS-based Villard voltage doubler cir-
cuit and compared with traditional CMOS-based Villard voltage doubler. The pro-
posed design therein, for an input power of 0 dBm, achieves 160% increase in the 
simulated output power compared with the traditional circuit. Figure 16 shows the 
schematic of the modified Villard voltage doubler. 

In a very recent work done by Hao et al. [57], a 71 GHz RF energy harvesting 
based on CMOS technology was integrated in a temperature sensor. To increase 
the efficiency of the circuit, the authors used modified inductor-peaked diode 
stage. The resonance of the inductors and the capacitors Cgs will make the voltage 
swing at the gate higher than at the drain and hence will make the diode forward 
resistor lower. Figure 17 shows the circuit proposed in this publication.

Figure 14: Schematic of traditional CMOS-based voltage doubler rectifier 

Figure 15: Schematic of cross-coupled voltage doubler rectifier.
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Huyen et al. [58] designed a five-stage full-wave differential rectifier based on 
CMOS technology, which was adapted. For input levels as low as 15 dBm the 
circuit introduced DC voltages of 1.7 V. Figure 18 shows the circuit proposed in 
this work.

Figure 16: Schematic of the modified Villard voltage doubler rectifier.

Figure 17: Schematic of the three-stage inductor-peaked rectifier.
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5 Review of Recent Rectenna Designs

In the last few years, as portable electronic devices have become a part of human 
life, interest in building rectennas to power these devices becomes a necessity.  
These rectennas operate at known wireless transmitting frequencies that range 
from UHF to microwave.

Monti et al. [23] designed and fabricated a UHF textile rectenna consisting of a 
compact patch antenna using a conductive nonwoven textile on a bi-layer substrate 
of Pile and Jeans.  The circuit used to rectify the RF signal received by the antenna 
is a full-wave bridge rectifier on a layer of Jeans attached to the ground plane of 
the antenna. It was fabricated by using RF Schottky diodes, and the same conduc-
tive fabric was used for the patch antenna. From measurements, with respect to a 
50 Ω impedance, the textile patch antenna exhibits a relative impedance bandwidth 
of 2.8% centred at 892 MHz. As for the rectenna, experimental data demonstrate 
that the proposed device has a maximum conversion efficiency of about 50% at 
876 MHz. 

A square patch antenna based on a 1.3-mm thick Jeans substrate, shown in 
Fig. 14, was designed by Haskou [46] to operate at 2.45 GHz. A transitional 
impedance matching was added to set the input impedance of the designed antenna 
to 50 Ω at the desired frequency. The initial antenna was loaded with an L-shaped 
slot to achieve circular polarization. Multiple rectifying circuits for different bands 
were designed, fabricated, and tested. The measured results show considerably 
good output DC voltages. The results also show that conversion efficiencies up to 
89% can be achieved.

Figure 18: Schematic of the n-stage full-wave differential rectifier.
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A highly efficient compact rectenna for wireless energy harvesting at 900 MHz 
was designed and experimentally evaluated by Ladan et al. [59]. This rectenna 
circuit takes advantage of a compact and light-weight folded dipole antenna con-
nected to a highly efficient rectifier in a doubler voltage structure using HSMS 
2862 Schottky diode from Avago technology.  To have a higher efficiency, a proper 
matching network was considered, which could provide the measured efficiency 
of 60% for 5 mW input power. To decrease the maximum dimensions of the 
antenna to satisfy the condition of the competition and achieve a high value of 
FoM, a folded dipole antenna was designed in a square-shaped structure. The mea-
sured gain of the antenna was 1.8 dBi at 900 MHz. The rectifier and the antenna 
were tested individually, and the measurements were in good agreement with the 
simulation results. Then they were integrated together and fabricated on a single 
5880 Rogers substrate and measured as a rectenna. The designed rectenna was 
able to harvest power from a 900-MHz wireless source located at 1.2 m from the 
rectenna, which produced about 80 mW/m2. 

Experimental studies on the improvement of the efficiency of a small-sized rec-
tenna using an LC resonator with high-Q characteristics at 950 MHz are presented 
by Ogawa et al. [60]. The developed rectenna features compact dimensions of 20 
mm × 13 mm. By choosing an optimum LC combination, an RF-DC conversion 
efficiency of 85.6% for a 10-mW input power has been attained. Furthermore, at a 
low-input power of 1 mW and 0.1 mW, RF-DC conversion efficiencies of 73.2% 
and 40% have been achieved, respectively. Using the developed rectenna, experi-
ments on long distance wireless power transmission were performed, and its abil-
ity to transmit power to distant wireless devices in an actual radio wave propagation 
environment was confirmed.

The design and test of a wearable, multiband ring-antenna together with its 
rectifying circuit is presented by Masotti and Costanzo [61]. The system is required 
to harvest RF energy from GSM 900, GSM 1800, and Wi-Fi sources available in 
the ambience. An annular ring topology is selected for the antenna to be printed on 
textile and flexible substrates and is suitably modified with appropriate slots to 
cover the bands of interest. The rectenna efficiency peak has been optimized to 
correspond to transmitted power levels around 100 mW, which are feasible in the 
presence of several RF sources.

A 2.45-GHz rectenna using a compact dual circularly polarized (DCP) patch 
antenna with an RF–DC power conversion part is presented by Harouni et al. [62]. 
The DCP antenna is coupled to a microstrip line by an aperture in the ground plane 
and includes a bandpass filter for harmonic rejections. It exhibits a measured band-
width of 2,100 MHz (10 dB return loss) and a 705-MHz CP bandwidth (3 dB axial 
ratio). The maximum efficiency and DC voltage are, respectively, equal to 63% 
and 2.82 V over a resistive load of 1,600 Ω for a power density of 0.525 mW/cm2.

A rectenna is designed by Olgun et al. [3] to harvest electrical energy for power-
ing RFIDs from ambient electromagnetic radiation at the 2.45 GHz. The rectenna 
structure is formed by a Koch fractal patch antenna and a two-stage Dickson 
charge pump voltage doubling rectifying circuit. The proposed rectenna achieved 
a good RF–DC conversion efficiency (up to 70%).
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A dual-polarized rectenna operating at 2.45 GHz is presented by Vera et al. [63]. 
The antenna consists of a square aperture coupled patch with a cross shaped slot 
etched on its surface. The received signal from each slot output is rectified by a 
voltage doubling circuit and DC output signals are combined allowing the rec-
tenna to receive signals of arbitrary polarization. Simulated rectifier maximum 
RF–DC conversion efficiency values of 15.7% and 42.1% are obtained, respec-
tively, for input available power levels of 20 and 10 dBm, respectively.

Furthermore, wide band and circularly polarized rectennas have been intro-
duced. Hagerty et al. [50] presented two rectenna arrays that are suitable for arbi-
trarily polarized incident waves. The first is a grid array that rectifies two 
orthogonal linear polarizations, and the second is a spiral array with alternating 
right-hand and left-hand circular polarizations. The two arrays operate from 4.5 to 
8 GHz and 8.5 to 15 GHz and have maximum open circuit voltages of 3.5 and 4 V, 
respectively. In addition, their efficiencies increase above 35% and 45% for higher 
incident powers. 

6 Conclusion

This chapter provided a review of the most recent wearable antenna designs and 
applications. It also discussed the electrical characterization of textiles and the 
methods used to estimate their relative permittivity and loss tangent. The design 
and analysis of rectifying circuits used in RF energy scavenging was examined 
with focus on their sensitivity and conversion efficiency. The latest rectenna 
designs were then surveyed. As the use of wireless devices is blooming, so as the 
interest in green energy, and due to the limited power that can be generated using 
RF rectennas, a combination of solar and RF energy harvesting technologies is 
indeed a direction to consider in the future. 
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