
Tran et al. Micro and Nano Syst Lett  (2017) 5:14 

DOI 10.1186/s40486-017-0051-0

REVIEW

RF power harvesting: a review 
on designing methodologies and applications
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Abstract 

Wireless power transmission was conceptualized nearly a century ago. Certain achievements made to date have 

made power harvesting a reality, capable of providing alternative sources of energy. This review provides a summ 

ary of radio frequency (RF) power harvesting technologies in order to serve as a guide for the design of RF energy 

harvesting units. Since energy harvesting circuits are designed to operate with relatively small voltages and currents, 

they rely on state-of-the-art electrical technology for obtaining high efficiency. Thus, comprehensive analysis and 

discussions of various designs and their tradeoffs are included. Finally, recent applications of RF power harvesting are 

outlined.
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Background
Motivation for wireless energy harvesting

An early definition of a wireless power transmission 

system portrays a unit that emits electrical power from 

one place and captures it at another place in the Earth’s 

atmosphere without the use of wires or any other sup-

porting medium [1]. �e history of RF power scavenging 

in free space originated in the late 1950s with a micro-

wave-powered helicopter system [2]. Later, the concept of 

power harvesting or energy scavenging was explained as 

a technique for reaping energy from the external environ-

ment using different methods including thermoelectric 

conversion, vibrational excitation, solar energy conver-

sion, and pressure gradients. �is technique promises 

tremendous scope for the replacement of small batter-

ies in low power electrical devices and systems. Figure 1 

introduces the structure of an RF energy harvesting sys-

tem and factors that contribute to the performance of the 

whole system.

RF wireless power harvesting (WPH) holds vast poten-

tial for replacing batteries or increasing their lifespans. 

Currently, batteries power a majority of low-power 

remote sensor devices and embedded equipment. In 

fact, batteries have finite lifespans and require periodic 

replacements. By applying power harvesting technolo-

gies, devices and equipment can become self-sustaining 

with respect to the energy required for operation, thereby 

obtaining an unlimited operating lifespan. �us, the 

demand for power maintenance will become negligible.

�e sources for WPH are available in many forms, such 

as solar power [3–5], wind energy [6–8], thermal energy 

[9–11], electromagnetic energy [12–14], kinetic energy 

[15–17], etc. Among them, electromagnetic energy is 

abundant in space and can be retrieved without limit. 

Electromagnetic waves come from a variety of sources 

such as satellite stations, wireless internet, radio stations, 

and digital multimedia broadcasting. A radio frequency 

power harvesting system can capture and convert elec-

tromagnetic energy into a usable direct current (DC) 

voltage. �e key units of an RF power harvesting system 

are the antenna and rectifier circuit that allows the RF 

power or alternating current (AC) to be converted into 

DC energy.

�e processing of battery wastes is a critical prob-

lem. A majority of batteries end up in landfills, leading 

to the pollution of the land and water underneath. �e 

most effective solution for reducing battery wastes is to 
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avoid using them. Applying WPH technology will help 

to reduce the dependency on batteries, which will ulti-

mately have a positive impact on the environment. More-

over, the process of harnessing electromagnetic energy 

will not generate wastes as it is a clean energy source.

A summary of the present sources of energy available 

for power harvesting is shown in Table  1. �e data in 

Table 1 was collected from references [18, 19]. In com-

parison with thermal or kinetic energy, electromagnetic 

energy is not limited by space or time. �e RF wave is 

available both indoors and outdoors, in rural and urban 

areas, throughout the day. Despite its low power den-

sity in the environment, an intentional source can be 

added for more efficient power transmission and a 

boosting circuit can be built to suit the requirements of 

the load application. �is feature promotes research to 

realize RF WPH technology through applications such 

as wireless sensor networks (WSNs) and Internet of 

�ings (IoT).

Fundamentals of RF transmission
Understanding electromagnetic waves is important to 

design an RF WPH system. �e behavior of electromag-

netic waves varies according to the distance, frequency, 

and conducting environment. Depending on the require-

ments of the application, the designer needs to select 

suitable parameters for electromagnetic waves to obtain 

best results.

�e 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 transmit-

ter and receiver.

�e behavior of electromagnetic waves depends upon 

the distance from the transmitting antenna. �ese char-

acteristics are categorized into two segments: far-field 

and near-field [20]. While the electromagnetic wave pat-

tern at the far-field is relatively uniform, in the near-field, 

Fig. 1 Conceptual block diagram of an RF power harvesting system

Table 1 Overview of alternative sources of energy to replace batteries

Source Power density Harvesting tech. Advantages Disadvantages

Solar Indoor: 10 µW/cm2

Outdoor: 10 mW/cm2
Photovoltaic High power density

Mature
Not always available
Required exposure to light (not implantable)
Expensive

Vibration Human: 4 µW/cm2

Industrial: 100 µW/cm2
Piezoelectric
Electrostatic
Electromagnetic

Implantable
High efficiency

Not always available
Material physical limitation

Thermal Human: 30 µW/cm2

Industrial: 1–10 mW/cm2
Thermoelectric
Pyroelectric

High power density
Implantable

Not always available
Excess heat

RF GSM: 0.1 µW/cm2

WI-FI: 1 mW/cm2
Antenna Always available

Implantable
Low density
Efficiency inversely proportional to distance
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the electric and magnetic components are very strong 

and independent such that one component can dominate 

the other. �e near-field region is considered as the space 

that lies within the Fraunhofer’s distance and the far-field 

region lies outside the Fraunhofer’s distance. �e distri-

bution of the near and far field regions is illustrated in 

Fig. 2. �e Fraunhofer’s distance is defined as

where df is the Fraunhofer’s distance, D is the maximum 

dimension of the radiator (or diameter of the antenna), 

and λ is the wavelength of the electromagnetic wave. 

Although the Fraunhofer creates a boundary region, the 

actual transition between regions is not distinct. Inside 

the near-field, the space from the antenna to a distance of 

3

√

D

2�
 is a non-radiative/reactive near-field region, where 

E and H fields are not in phase, creating energy distor-

tion. As we propagate forward in this region towards the 

far-field, we encounter a radiative near-field or Fresnel 

region, where the reactive behavior of electromagnetic 

waves is not dominant but the phases of E and H fields 

still vary with distance.

For a transmitter–receiver antenna in the far-field free 

space, the power propagation at the receiver antenna can 

be expressed as

where PR is power at the receiver antenna; GR is receiver 

antenna gain relative to the isotropic source (dBi); � is 

the wavelength of the electromagnetic signal, which is 

equal to the speed of light in vacuum divided by the sig-

nal frequency, � =
c
f ; and k = 2π/λ is the wave number. 

From the above formula, the FSPL, PL for far-field can be 

inferred as

(1)df =

2D2

�
,

(2)PR =

PTGTGR�
2

(4πR)2
,

or

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

By using the path loss equation, it is possible to indi-

cate the signal power at the far field region. However, 

this equation does not present all the factors that affect 

the propagation process such as reflection, diffraction, 

absorption, etc.

In contrast to the uniform far-field wave, the electric 

and magnetic fields behave unusually in the near-field. 

�e relationship between electric and magnetic waves in 

the near-field varies unpredictably with time and space 

and is too complicated to predict. All these factors make 

estimating the power density at this range problematic.

�e FSPL estimation process is critical to design 

the energy-harvesting unit. Being informed about the 

amount of power that the system is required to handle 

helps the designer in choosing the right technology and 

method.

Since the electromagnetic field (EMF) is widely used 

for a variety of purposes, there must be a standard to 

ensure the safe operation of EMF devices. For this pur-

pose, the International Electrotechnical Commission [21] 

established international standards and frequency limits 

for EMFs. For safety measures, there must be a separate 

emission and immunity standard for each class of appli-

cation including broadcast, communication, military, 

medical, and household appliances.

On the other hand, radiation exposure must be con-

sidered carefully, especially in biomedical applications. 

EMFs at different spectrums affect the human body dif-

ferently. Between 1  MHz to 10  GHz frequency, EMF 

possibly penetrates through tissues and produce heat 

because of energy absorption. EMFs over 10  GHz are 

strongly blocked by the skin, and then the heat created 

causes damage such as eye cataracts or skin burns if the 

field density is above 1000  W/m2. Hoping to prevent 

negative health effects when utilizing EMF applications, 

the International Commission on Non-Ionizing Radia-

tion Protection (ICNIRP) developed general guidelines 

for EMF exposure limits recognized under the World 

(3)
PL =

PT

PR
=

(4πR)2

GTGR�2
=

(4π fR)2

GTGRc2
=

4

GTGR
(kR)2

(4)

PL(dB) = 20 log10
(

f
)

+ 20 log10 (R)

+ 20 log10

(

4π

c

)

− GT − GR

(5)

PL(dB) = 20 log10
(

f
)

+ 20 log10 (R) + 32.44 − GT − GR

Fig. 2 Distribution of near field and far field regions in space
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Health Organization (WHO). To date, there have been 

no consistent reports corroborating that lasting expo-

sure to EMF shortens one’s life span or induces adverse 

health conditions. However, for safety issues, RF emis-

sion power and frequency must be considered carefully 

to avoid unwanted damages.

Wireless power harvesting evaluation metrics
�ere are various parameters that need to be evaluated, 

which decide the performance of a WPH design. Evalu-

ation merits change depending on different applica-

tions. Nevertheless, critical values such as efficiency, 

sensitivity, operation distance, output power are defined 

as standards to make comparisons. However, tradeoffs 

exist between these values such as operation distance 

and overall efficiency. Moreover, besides this merit, other 

manufacturing auxiliary factors like low cost, maturity of 

fabrication process, and bulk manufacturing availability 

are also paramount.

Operation range

Operation distance is mostly related to operation fre-

quency. In fact, transmission at high frequencies is 

attenuated by atmospheric conditions more than at 

low frequencies while low frequency penetrates deeper 

through matter. �erefore, if the application of WPH is 

for implantable devices, then the transmitting frequency 

should not exceed the megahertz range.

RF-DC power conversion e�ciency (PCE)

�is is the ratio between the amount of power applied to 

the load and that retrieved by the antenna. Generally, the 

RF-DC PCE covers the efficiency of the rectifier, voltage 

multiplier, and storage elements. PCE can be simply cal-

culated as the ratio of power delivered to the load to the 

retrieved power. RF transmission loss in space is not con-

sidered in this term.

where Pload is power delivered to the load and Pretrieved is 

harvested power at the antenna. Factors that determine 

the value of PCE include parasitic effects, leakage in the 

circuits, design topologies, and nonlinear thresholds of 

electrical components.

Resonator Q factor

�e Q factor is generally defined as a dimensionless value 

that describes how strong the resonance is and the band-

width of resonance [22]. In electric circuits, the Q factor 

represents how much the peak voltage increases when 

the system resonates at resonant frequency. From this 

(6)ηPCE =

Pload

Pretrived
,

concept, the equation of Q factor can be express as the 

formula below [23]:

From the equation above, it is inferred that a high Q 

factor comes with a narrow resonant bandwidth, but high 

voltage gain is obtained at resonance. Further, this equa-

tion also indicates that the Q factor is inversely propor-

tional to the energy dissipated per cycle. �e specific Q 

factor for capacitor C and inductor L at frequency ω is 

given by

where RC is the series resistance of capacitor and RL is 

the series resistance of inductor. From the equations of 

QC and QL, we note that resistive component is the cause 

of power dissipation. Additionally, in an electrical circuit, 

energy loss can be reduced by adding reactive compo-

nents such as capacitors or inductors and minimizing 

resistive components. Since obtaining a high Q factor 

is a usual consideration in designing WPH systems, this 

feature is typically included in the impedance matching 

network design.

Sensitivity

Sensitivity of a WPH system is defined as the mini-

mum limit of incident power that is required to trigger 

the operation of the system. Sensitivity is quantified as 

follows:

where P is the minimum power the system requires to 

perform a task.

�e threshold voltage of CMOS technology affects 

sensitivity. A lower threshold CMOS is more sensitive 

but comes with more leakage current, which reduces the 

overall efficiency.

Output power

Usually, the outcome of a WPH system is DC power, 

which is characterized by load voltage VDD and current 

IDD. Measuring open-load voltage demonstrates the per-

formance of WPH in general since VDD and IDD depend 

on load impedance. If the load is a sensor, VDD is more 

important than IDD while in applications like electrolysis 

or LED, current is the dominant parameter.

(7)Q = 2π
Energy stored

Energy dissipated per cycle
or Q =

fc

�f

(8)Capacitor Q factor:QC =

1

ωRcC
=

Xc

Rc

,

(9)Inductor Q factor:QL =

ωL

RL

=

XL

RL

,

(10)Sensitivity (dBm) = 10 log10

(

P

1mW

)

,
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Recent advances in wireless power harvesting
Antenna/rectenna design

Gain, resonance frequency, bandwidth are parameters 

that characterize the performance of an antenna. Assum-

ing an unobstructed space and isotropic transmitting 

source, the spreading of the waves in all directions is uni-

form. �us, the power per unit area at a distance from 

the source is inversely proportional to the square of the 

distance:

where R is the distance from the source, S is power per 

unit area at the distance R, and PT is the transmitted 

power.

However, it is important to note that antennas do not 

always transmit power spherically (isotropic antenna), 

they also transmit energy in some specific directions 

according to their designs. �e ratio between the maxi-

mum power density of an antenna at a given distance to 

the power density of an optimal omnidirectional or iso-

tropic antenna at the same distance, radiating the same 

power, is known as antenna gain (G). �is parameter rep-

resents the directivity of an antenna. Since power density 

(S) is non-directional, the definition of S was developed 

as a function of direction i.e. S (θ, ϕ). Consequently, the 

gain of the antenna is a directional function as well. It 

is defined as the ratio of the antenna’s power density in 

a given direction to the power density of an isotropic 

antenna as formula below

�us, the power density at a distance R from an 

antenna in general is given by

where PT is the transmitted power by the antenna and GT 

is the transmitting antenna gain. It is known that an ideal 

isotropic antenna has GT  =  0  dBi. �e aforementioned 

formula is also applicable to receiving antennas. Spe-

cifically, for power harvesting applications, a receiving 

antenna, which constitutes a rectifier, is called a rectenna.

Preference for a high gain antenna depends on the 

application requirements. In case of RF transmission, 

if the positions of source and receiving antennas are 

known, then a high gain rectenna is advantageous. On 

the other hand, if the positions of the source and receiv-

ing antenna are relatively uncertain, a low gain antenna is 

preferable in order to collect signals from various direc-

tions simultaneously.

(11)Sisotropic =

PT

4πR2
,

(12)G(θ,ϕ) =

S(θ,ϕ)

Sisotropic
=

4πR2S(θ,ϕ)

Pt
,

(13)S =

PTGT

4πR2
,

Every antenna has its own optimal operation fre-

quency known as resonance frequency (Fig.  3). �e 

resonance frequency is determined by the capacitance 

and inductance characteristics of the antenna. As fre-

quency increases, inductive behavior becomes dominant 

and capacitance decreases. �e frequency at which the 

inductance and capacitance nullify each other, minimiz-

ing the impedance of the antenna, is called the resonance 

frequency.

�e capacitance and inductance are functions of the 

frequency and physical size of the antenna. �e larger 

the dimensions of the antenna, the lower the resonance 

frequency. �erefore, transmitting and receiving low fre-

quency waves requires a large aperture, which is not suit-

able for small device applications. �e antenna designed 

in [24] has a sensitivity as low as −35  dBm (0.32  µW), 

but the tradeoff is a large size aperture measuring up to 

64.68 cm3 (7 × 7 × 1.32 cm).

�e bandwidth of an antenna is the range of frequen-

cies in which the antenna can operate efficiently. A wide 

bandwidth antenna can collect signals from a wider range 

of frequencies than a narrow bandwidth antenna. Hence, 

a wide bandwidth antenna is advantageous in retrieving 

incident energy but presents a high risk of interference by 

noise through unwanted frequencies (Table 2).

Communication antennas have been studied for dec-

ades. However, power-harvesting antennas are currently 

in the developmental stage. At first, antenna classification 

was based on design characteristics and applications. It 

originally included wire antennas, aperture antennas, 

printed planar antennas, and reflector antennas. An illus-

tration of some examples of antennas is shown in Fig. 4. 

To date, the growth in technology has paved the way for 

Fig. 3 Correlation between impedance and resonance frequency, 

and bandwidth of an antenna
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a variety of antenna design and fabrication methods for 

making it more compact and mature.

�e plate antennas are popular and have many appli-

cations [27, 34, 38]; on-chip antennas are preferred 

for small and compact applications. Recently, many 

publications addressed wide-band and multi-band 

antennas. It has been proven that narrow-band anten-

nas offer high energy conversion efficiencies but can 

only retrieve a limited amount of energy. On the other 

hand, wide-band or multi-band frequency antennas 

can retrieve more RF energy in space. However, the 

tradeoffs are low overall efficiency and large aperture. 

In [32], antennas with a resonance frequency of 4.9 and 

5.9  GHz were designed with PCEs of 65.2 and 64.8%, 

respectively. Further work by Lu et  al. [26] on polari-

zation antennas supports the assertion that expanding 

the bandwidth of an antenna leads to increasing the 

amount of power harvested. In this work, the demon-

stration of broadband polarization antennas with three 

separate modes allows the antenna to operate in a wider 

range of frequencies. One common mechanism in the 

aforementioned works is the control of the antenna 

configuration by switching the diodes on and off, thus 

altering its resonant frequencies. However, since it uses 

separate modes for different frequencies, this antenna 

is not able to simultaneously resonate at two frequen-

cies. On the other hand, the antenna presented in [39] 

is capable of operating at 2.45 and 5.8 GHz, simultane-

ously, providing 2.6  V output with a PCE of 65% and 

power density of 10 mW/cm2.

�e main purpose of aligning antennas in arrays is to 

enhance the antenna gain and obtain high voltage/cur-

rent. Array antennas are preferred over large aperture 

antennas because they do not require large breakdown 

voltage diodes to operate. Antenna arrays can be con-

nected before or after rectification. �e first configura-

tion enhances the retrieved power at the main beam 

while the second configuration expands the ability to 

retrieve power from various angles away from the main 

beam [40]. In case the RF waves are combined before rec-

tification, the rectifier requires a large breakdown diode. 

If RF waves are combined after rectification, combining 

DC current becomes problematic. Antenna arrays can be 

connected in series or parallel to obtain high voltage or 

large current. Nonetheless, expanding the arrays yields 

better output but this might cause a deduction in conver-

sion efficiency [33].

For demonstrating antenna arrays, Sun et  al. [35] 

invented a T-junction to connect four quasi-Yagi anten-

nas together. �e advancement in this work was that the 

T-junction was flexible in changing from 1 × 4 array to 

2 × 2 array topologies. Consequently, the system was able 

to operate at an ambient power level as low as 455 µW/

cm2 while obtaining 40% PCE.

Table 2 Comparison of published work regarding power-harvesting antennas

Ref. Type Gain (dBi) Freq. (GHz) Dimension (mm) Sensitivity RF-DC PCE

[25] Air-substrate patch 7 2.45 261 × 5 – 30% @ 1 µW/cm2

[26] Polarization patch – 5.1–5.8
5.8–6.1

90 × 160 – 23.8%–31.9%
22.7%–24.5%

[27] Patch – 2.45 100 × 70 – 73.9% @ 207 µW/cm2

[28] Dual-linearly polarized patch 7.45–7.63 2.45 70 × 47.5 – 78% @ 295.3 µW/cm2

[29] Microstrip 5.3 160 – – 8.5% @ −2.46 dBm

[30] Patch – 1.9–3.2 40 × 40 × 0.8 20 µW/cm2 70% @ 50 µW/cm2

[31] Patch −20.20 0.915 Π × 6 × 1.584 ~ 60%

[32] Patch, metal strip 4.33
6.64

4.9
5.9

68 × 34 – 65.2%
64.8%

[33] Stack differential – 5.8 120 × 40 – 44.1% @ 0.041 W/m2

[24] Cross dipole – 1.8–2.5 70 × 70 × 13.2 −35 dBm 55% @ −10 dBm

[34] Dual-polarized patch – 2.45 100 × 100 × 3.8 – 82.3% @ 22 dBm

[35] 1 × 4 quasi-Yagi 10.9
13.3

1.8
2.2

300 × 300 × 1.6 – 40% @ 455 µW/cm2

[36] Dipole – 0.915
2.45

60 × 60 × 60 1 µW/cm2 48% @ 0 dBm
39% @ 0 dBm

[37] Microstrip 8.6 2.45 – 83%

[38] Patch 4 2.45 – – 70%

[39] Patch 2.19
3.6

2.45
5.8

40 × 43 – 65% @ 10 mW/cm2

46% @ 10 mW/cm2
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Impedance matching network
In low-power consumption electrical systems, power 

leakage during transmission may lead to energy insuf-

ficiency. In these circumstances, adding an impedance 

matching network (IMN) ensures that the maximum 

power transfers between the RF source and load. For 

WPH applications, the receiving antenna is considered 

as the source while the rectifier/voltage multiplier is 

considered as the load. It is acknowledged that in DC, 

power transfer is optimum when the resistances of the 

source and load are indistinguishable. In an RF circuit, 

the impedance is referred to instead of resistance. An 

impedance mismatch between the source and load cre-

ates reflected power flow in the circuit that lowers the 

efficiency of the system. As its name indicates, the IMN 

ensures that the impedance of the source and load are 

identical by adding reactive components in between.

�ere are three basics matching configurations i.e. L, 

T and π matching networks (Fig.  5). �e L matching is 

commonly used since it typically has two components, 

Fig. 4 Types of antennas a 2.45 GHz patch antenna with rectifier [38]. ©2010 IEEE. All rights reserved; b Planar dual-polarized antenna [24]. ©2015 

IEEE. All rights reserved; c Microstrip antenna [37]. ©2012 IEEE. All rights reserved; d Array of stacked differential patch antenna [33]. ©2015 IEEE. All 

rights reserved
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which simplifies the designing and controlling process. 

Additionally, the L matching networks do not alter the 

quality factor (Q) of the circuit.

�e T and π matching configurations are more com-

plex than the L network. Furthermore, organizing the T 

and π configurations into multiple stages will retain the 

final matching results but will change the Q factor. �is 

strategy is useful in improving voltage boost.

�ere are tradeoffs between the attributes of an IMN, 

which include frequency, bandwidth, adjustability, and 

complexity. For instant, in [41], the suboptimal imped-

ance matching and multiport ladder matching methods 

were introduced to enhance the matching performance 

and harvested power of antennas, respectively. However, 

the tradeoff was that implementation of these configura-

tions required more components than traditional match-

ing networks, thus, escalating the circuit’s complexity.

Etor et  al. [42] designed an IMN for THz frequencies 

applications using transmission lines and self-designed 

metal–insulator-metal diodes instead of lumped com-

ponents. Moreover, fixed IMN and tunable IMN [43–45] 

were introduced as a technique for better matching with 

wide-band and multi-band antennas.

Recti�er/voltage multiplier
RF energy extracted from free space usually possesses 

low power density since the electric field power density 

decreases at the rate of 1/d2, where d is the distance from 

the RF source [46]. �erefore, a power amplifier circuit 

is required that yields enough DC energy from the elec-

tromagnetic waves to drive the loads. �is gives rise to 

two possibilities, if the power consumption of the load is 

lower than the average power harvesting, the electronic 

devices at the load may work continuously; otherwise, if 

the load consumes more energy than the power harvest-

ing circuit can generate, the devices cannot work contin-

uously [47].

Rectifying is the most popular application of diodes, 

which refers to the conversion of AC current to DC cur-

rent. In terms of power harvesting application, the RF 

signal retrieved in the antenna has a sinusoidal waveform. 

�e signal after transformation through IMN would be 

rectified and boosted to meet the power requirements of 

the application.

�e most fundamental topology of the rectifier is the 

half-wave rectifier that comprises of a single diode D1 

(Fig.  6a). When AC voltage transfers through D1, only 

the positive cycle remains and the negative cycle is cut-

off; thus, it diminishes half of the AC power. Moreover, 

the output Vout is discontinuous since the negative cycle 

is cutoff. Despite its simplicity, a half-wave rectifier is 

usually inadequate for common applications. Hence, a 

full-wave rectifier is more preferable. �e circuit design 

of the full-wave rectifier is shown in Fig. 6b. During the 

first negative cycle of AC input, diode D1 is conductive 

and capacitor C1 is charged to the corresponding energy 

Fig. 5 Configuration of common impedance matching networks



Page 9 of 16Tran et al. Micro and Nano Syst Lett  (2017) 5:14 

level of Vpeak of the input. �en, at the next positive 

cycle, diode D1 is blocked, diode D2 is conductive so that 

capacitor C2 is also charged. In consequence, the output 

Vout would see two capacitors in series (each one is stor-

ing a voltage of Vpeak). �us, Vout is twice Vpeak. �erefore, 

this topology is more stable and efficient than the half-

wave rectifier. �ere is also a bridge rectifier that recti-

fies both positive and negative cycles of the AC input 

but retains Vout = Vpeak by alternatively blocking pairs of 

diodes D1, D4 and D2, D3 (Fig. 6c).

Voltage multiplier is a special type of rectifier circuit 

that converts and boosts AC input to DC output. In 

some case where the rectified power is inadequate for 

the application, there is a need for boosting the output 

DC by stacking single rectifiers into series, forming the 

voltage multiplier [48]. Several configurations of the volt-

age multiplier are shown in Fig. 7. �e most fundamental 

configuration is the Cockcroft–Walton voltage multiplier 

(Fig. 7a). �is circuit’s operational principle is similar to 

the full-wave rectifier (Fig.  6b) but has more stages for 

higher voltage gain. �e Dickson multiplier in Fig. 7b is 

a modification of Cockcroft–Walton’s configuration with 

stage capacitors being shunted to reduce parasitic effects. 

�us, the Dickson multiplier is preferable for small volt-

age applications. However, it is challenging to obtain high 

PCE due to the high threshold voltage among diodes cre-

ating leakage current, thus reducing the overall efficiency. 

Additionally, for high resistance loads, output voltage 

drops drastically leading to low current supply to the 

load. A summary of recent works related to voltage mul-

tiplier is shown in Table 3.

�e MOSFET (metal–oxide–semiconductor field effect 

transistor) technology is overcoming the limitations of 

diodes and becoming an alternate solution for rectifying 

and boosting. Owing to MOSFET technology, Dickson 

multiplier can be integrated together in integrate circuits 

Fig. 6 Some common topologies of a rectifier
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(IC) by replacing diodes with NMOS as shown in Fig. 7c. 

Relatively low threshold voltages and high PCEs are fea-

tures of this design. Moreover, differential drive voltage 

multiplier (Fig. 7d) is widely used because of its low leak-

age current and potential for further modification for 

specific applications. A detail explanation and analysis is 

presented in [49, 50].

�ere is a strong relationship between the number of 

stages of a voltage multiplier and its sensitivity and effi-

ciency. As the number of stages increase, there is more 

loss across each added stage. However, the tradeoff is 

higher voltage multiplication and small threshold voltage 

at the first stage. On the other hand, a voltage multiplier 

with a few stages has less voltage drop between its stages 

but requires higher threshold voltage for all stages to 

work simultaneously. For this reason, a voltage multiplier 

becomes more sensitive when a large number of stages 

are present and becomes more efficient at fewer stages. 

�is tradeoff feature was analyzed in several researches 

[53, 58]. �erefore, the optimal number of stages should 

be considered depending upon the application targets.

Pros and cons of Schottky diode and CMOS 
technology
Rectifying elements such as diodes or transistors are 

indispensable components of the rectifier/voltage mul-

tiplier block, which determine operation frequency and 

power-conversion efficiency. Traditionally, a Schottky 

diode was used because of its low threshold voltage. 

Moreover, there are also Esaki (tunnel) diodes, metal–

insulator–metal (MIM) diodes, and spin diodes with 

recent technology enhancements that make it more 

mature. Particularly, the Esaki diode can operate at very 

high frequency with fast response because of its low 

parasitic elements. Moreover, the MIM diodes technol-

ogy makes integration with CMOS process possible, 

which is a limitation of Schottky diodes. Spin diodes 

offer lower threshold voltages than Schottky diodes.

Fig. 7 Common voltage multiplier configurations: a Three stages Cockcroft–Walton voltage multiplier, b Four stages Dickson voltage multiplier, c 

Four stage Dickson voltage multiplier using CMOS technology, d Two stages voltage multiplier comprised of differential drive unit

Table 3 Published work comparison regarding voltage multiplier

Ref. Recti�er topology No. of stage Freq. (MHz) Tech. Range (dBm) Maximum PCE Size

[51] Differential 2 433 0.18 µm CMOS 0–20 74% @ 2 dBm –

[52] PMOS transistors 7 900 40 nm CMOS – 44% @ > 390 mV 0.04 mm2

[53] Half-wave 4 900 0.18 µm CMOS – 37.42% @ 390 mV –

[54] Comparator-based/active-diode 3 13.56 0.18 µm CMOS 8–15 67.9% @ 12.8 dBm –

[55] Dickson 3 13.56 250 nm CMOS – 72% 0.13 mm2

[56] – – 915 0.13 µm CMOS −21.6 22.6% @ −16.8 dBm 0.186 mm2

[57] – – 900, 2400 130 nm CMOS – 41% @ −20.6 dBm –
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�ere are several parameters that need to be considered 

when choosing a diode for designing a voltage multiplier. 

�ese include RF to DC power conversion efficiency, 

parasitic efficiency, and matching efficiency. When it 

comes to microwatt applications, Schottky diodes face 

some limitation in RF-DC conversion efficiency because 

of their high zero-bias junction resistance [59]. How-

ever, owing to recent developments in technology, if the 

retrieved power is less than −30 dBm (1 µW), then the 

low-barrier SMS7630 and VDI W-Band ZBD diodes are 

recommended due to their low parasitic power losses and 

low power dissipation in the matching network [60].

Recently, many publications have moved toward 

CMOS processes, since they not only assist in custom 

designing in electronics but are also more sensitive to 

low operation voltages than traditional Schottky diodes. 

Many researches focus on modifying present recti-

fier and voltage multiplier topologies to achieve higher 

gain, sensitivity, efficiency [52, 55–57, 61]. For instance, 

the voltage multiplier achieved maximum 11% PCE at 

−24  dBm (4  µW) in [62] and 41% PCE at −20.6  dBm 

(8.7 µW) input power in [57]. While the majority of pub-

lications utilized 0.18  µm CMOS technology in their 

work, [52] applied commercial 40  nm CMOS process 

to build a low-voltage operation voltage multiplier that 

reached 44% PCE at 390  mV input. Hwang et  al. [54] 

applied reducing reverse loss to minimize the reverse 

leakage loss in the rectifier, thus increasing the overall 

efficiency.

Similar to Schottky diodes, the number of stages directly 

dictates the performance efficiency in the task of design-

ing a custom CMOS voltage multiplier. A basic assump-

tion when using transistors is that the retrieved RF signal 

from the antenna must be high enough to trigger the tran-

sistors on and off. Different voltage multiplier topologies 

possess different features and characteristics. However, as 

long as transistors are used in the design, there is consider-

able amount of voltage drop among transistors. It has been 

observed that the major cause of rectified voltage drop is 

the threshold loss. If the number of stages increases, the 

threshold voltage at the transistors also adds up, requir-

ing the higher amplitude RF signal to trigger the transis-

tors [62]. �erefore, the number of stages in the majority 

of publications usually does not exceed 10.

Designing and optimizing the WPH system
�e efficiencies of individual modules and the integration 

of all modules together constitute the total efficiency of 

a WPH system. As a consequence, the only way to opti-

mize the total efficiency is to maximize efficiencies of 

each module and consolidate them in harmony. Com-

monly, several tests and adjustments need to be done 

to obtain an optimized WPH system. �e work flow of 

designing a WPH system is described in Fig. 8.

Firstly, choosing the appropriate operation frequency 

to the application’s requirement critically dictates the effi-

ciency of the WPH system. Secondly, the operation range 

also need to be specified. Long range (far-field) power 

harvesting or transmission requires high frequency such 

as 2.45, 5.24 GHz, whereas short range (near-field) appli-

cations requires electromagnetic waves at frequencies in 

the megahertz range. Additionally, for power harvest-

ing in dense environment different from air, very low 

frequency (~kHz) is preferable. Besides the operation 

frequency and distance, the required output power and 

voltage determines the suitable topology of the voltage 

multiplier.

Based on the operation and application, the antenna’s 

design has to match the gain, frequency and size. Choos-

ing the right rectifying element is also critical. For rec-

tifier and voltage multiplier modules in general, the 

dependence of RF-DC PCE on frequency and output load 

was discussed in [50]. In addition, it is obligated to have 

a correct-tuned IMN for maximum power transfer inside 

the WPH circuit.

Detailed features of individual modules of the WPH 

system are explained and discussed in the previous sec-

tions. �e problem of optimizing the WPH system 

becomes the game of defining the goals and integrating 

individual modules in harmony to archive the goal.

Applications
RF power harvesting in medical and healthcare

In order to deploy WPH in the real world, power con-

sumption rate of the device should be less than the har-

vested power. Since retrieved power is unstable and 

difficult to predict, an energy storage module is highly 

recommended to enhance its consistency. If the WPH is 

Fig. 8 WPH system’s designing protocol
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integrated to the device as a single system on chip, the 

total size of the system would be reduced significantly.

�e first wireless battery-free bio-signal processing sys-

tem on chip [63] was introduced by [64]. �is system was 

able to monitor various bio-signals via electrocardiogram 

(ECG), electromyogram (EMG), and electroencepha-

logram (EEG). �e total size of the chip was 8.25  mm2. 

�is chip only consumed 19  µW to measure heart rate. 

�e power module of this system comprised an RF WPH 

that was supported by a thermoelectric generator, which 

together supplied a voltage of 1.35  V. Table  4 presents 

the performance of several health monitoring system on 

chips (SoCs). �e majority of chips have the advantages 

of small size, low voltage supply and low power con-

sumption which is applicable to be integrated with WPH 

technology.

It is a fact that a considerable amount of TV broadcast 

signals never reach the TV. Fortunately, WPH technol-

ogy can harness this wasted energy without causing any 

effect on the TV broadcasting quality. In this context, 

Nishimoto et al. [71] have explored this potential source 

of energy to remove batteries from temperature moni-

toring WSNs. Since the power density of TV broadcasts 

is relatively weak, an array antenna was designed to col-

lect multi-frequency waves. Compared to the antenna 

array designed in [72], the antenna rectifying efficiency 

obtained was higher by 50% in the frequencies between 

15 and 800 MHz. �is design is reported to successfully 

measure and transmit data every 5 s.

In some research experiments where free movement 

is unavoidable, stimulation signal and response data has 

to be delivered and collected wirelessly. In these circum-

stances, RF WPH is a superior choice in comparison with 

inductive coupling transmission technology to power 

the wireless system. Cobo et  al. designed an implant-

able micro-pump that is powered by inductive coupling 

coils. Even though this work has obtained high efficiency 

power transmission, the operation range is limited to 

a few centimeters from the source. On the other hand, 

in [73], the RF electromagnetic waves were deployed to 

power optogenetic microneedles to be wirelessly injected 

into mice. �e design of WPH in this work was able to 

retrieve 4.08  mW power at a distance of 1  m from the 

7.9 W source at a frequency of 910 MHz. Another rect-

enna was built for mounting on the mice’ heads for deep 

brain stimulation (DBS) devices [31]. In this system, 

the power-harvesting module retrieves 0.254  mW DC 

power at a maximum operation distance of 20 cm. With 

this available power, the DBS device generates 200  µA 

pulses at 130 Hz. �e above results show that RF WPH 

technology offers a better operation range than tradi-

tional inductive coupling power transmission technol-

ogy. It is now possible to harvest sufficient power to run 

low-power consumption devices in the range of meters. 

�e noninvasive bio-telemetry system for monitoring 

and investigating various health indexes is a promising 

field for WPH technology. Cheng et  al. [74] introduced 

a power harvesting design that included a loop antenna 

to be attached to the pig eye with 31% PCE and output 

power up to 2.10 mW. Additionally, in vivo experiments, 

using WPH technology to supply medical devices for 

implantation in rapid eyes was demonstrated without 

recorded side effects [63, 75].

Wireless power harvesting network (IoT/WSN)
Along with the development of the micro-electro-

mechanical systems (MEMS) technology, wireless sensor 

networks have gained widespread popularity in recent 

years. �is field has achieved several milestones and is 

still developing further. WSNs applications widespread 

from smart house, healthcare to industry and military. In 

addition to the issues of sensing reliability, communica-

tion protocol, and network services, energy is a critical 

concern in WSNs [76]. Sensor nodes of WSNs are low 

power devices, and minimization of energy consumption 

and application of WPH to replenish power storage ele-

ments are two concurrent schemes to maximize the net-

work lifespan. Recently, several researches were done to 

Table 4 Power consumption of published SoC devices

Ref. Sensors Operation  
voltage (V)

Chip  
power (µW)

Size  
(mm)

[21] Intraocular pressure (IOP) – 0.0053 0.5 × 1.5 × 2.5

[65] ECG, Bio-impedance 1.2 345–374 7 × 7

[66] ECG 1.2 32 5 × 4.7

[64] ECG, EMG, EEG 1.2 19 2.5 × 3.3

[67] ECG, thoracic impedance variance (TIV) 1.2 2400 5 × 5

[68] EEG 1 77.1 2.5 × 2.5

[69] Temperature, pressure 0.4/0.5 7.7 2.2 × 2.7

[70] Neural, ECG, EMG, EEG 1 500 2.5 × 1
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find optimized approaches to power WSNs including RF 

power harvesting [77–81].

Energy is the greatest challenge in deploying WSNs 

[82]. Applying RF energy to recharge the batteries is 

one approach to enhance the lifespan of WSNs [83, 84]. 

Lee et  al. [85] is an example of an RF charger utiliz-

ing WPH technology. �e system was able to work with 

a minimum input power of −10  dBm (0.1  mW) in the 

frequency range from 1.96 to 1.98 GHz to charge a 5 V 

super-capacitor. Maximum RF to DC power conversion 

efficiency is 81% at 6 dBm (3.98 mW). Gudan et al. [86] 

also designed a WPH system to charge a NiMH battery 

using either ambient Wi-Fi or Bluetooth signals. With the 

sensitivity down to −20 dBm, this system was capable of 

charging a battery to 5.8 µJ after 1 h.

Table  5 lists some low-power consumption sensor 

applications that can be integrated with a WPH module. 

�e majority of these sensors were powered by battery 

with limited lifetime. Once WPH technology is imple-

mented with these applications, it could be used in as a 

wireless sensor node. In particular, the work presented in 

[81] utilized RF power harvesting into WSNs for build-

ing’s structure monitoring. In this work, far-field RF pow-

ered wireless sensors were developed with novel data 

transmission approach to detect humidity, temperature 

and light inside a building. Results show at a distance of 

1 m from 3 W source, the sensor node received 3.14 mW 

power through air, 1.53 mW of power through 2 inches 

of brick, 2.88  mW through wood and 0.7  mW through 

2 inches of steel. �is amount of power is sufficient for 

the sensors presented in [88–91]. �is result indicates the 

applicability of RF WPH toward WSNs.

Furthermore, placement of power transmitters and 

sensor nodes in WSNs also play a critical role in the 

efficiency of the system [94–96]. To enhance directivity 

of RF transmissions, Shao et  al. [97] proposed a beam-

steered antenna array to direct its main beam toward 

energy harvesting units. By controlling the length of 

transmission line to each antenna unit in an array, the 

phase radiating difference between units created shift in 

the main beam. By this way, the harvesting unit remains 

fed with energy even it was misaligned with the source by 

35°. Using the harvesting unit presented in [98] as a dem-

onstration, within 1 min, this system was able to harvest 

68.7 µJ at 0° and 13.6 µJ at 35° at a distance of 2 m from 

the beam-steered source antenna array.

Conclusion
�is paper summarized the state-of-the-art of RF power 

harvesting technology in recent years. �is technol-

ogy will play a key role in replacing batteries in the near 

future. Some applications of RF power harvesting have 

been practically realized. A basic RF power-harvesting 

unit includes three main modules: the antenna, IMN, 

and voltage multiplier. �e total efficiency of the system 

is dictated by the harmony in the integration of all the 

modules. �e designs and principles of each module were 

also discussed in the paper.

�e RF electromagnetic waves are harmless, abun-

dant in space, and is able to penetrate through soft tis-

sues. �ose are properties that make RF electromagnetic 

waves an alternative source of energy to replace batteries 

in many applications. Particularly, RF power harvesting 

supports low-power medical and healthcare devices and 

facilitates the development of WSNs and IoT by provid-

ing mobility of use. Additionally, the progress in integrat-

ing RF power harvesting circuits into CMOS technology 

creates a completely wireless SoC.

Besides progressive accomplishment in recent years, 

there are still a variety of rooms to further optimize the 

RF power harvesting technology such as increasing oper-

ation range, reducing transmission loss, optimizing PCE, 

and minimizing system dimensions are the targets of RF 

power harvesting research. Furthermore, research focus-

ing on harsh working environments for RF WPH such as 

implantation conditions or underwater zones is attract-

ing much attention to extend the capabilities of this tech-

nology. A fine manufacturing and packing process with 

cost-effective production is necessary to make this tech-

nology mature.

Table 5 State-of-the-art published sensors for WSNs

Ref. Sensors Total power  
consumption (mW)

Supplied  
voltage (V)

Power  
source

Applications

[87] Pressure 12.69 Battery Tire pressure monitoring

[88] Pressure 0.03 Battery Blood pulses monitoring, small 
vibration recording

[89] Temperature 0.0068 1.5-2 RFID, implantable devices

[90] Temperature 0.065 2.5–5.5 Room temperature monitoring

[91] Temperature 0.000071 1.2 Battery Environment monitoring

[92] Gas 24 DC power source C2H5OH detection

[93] Gas 2 5 Smart phone gas sensor, air monitor
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In short, the RF WPH technology is gradually 

becoming a reality. Although this technology still faces 

many issues, overcoming these challenges can lead the 

power industry into a new era of clean and sustainable 

energy.
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