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Abstract
Radio Frequency harvesting has recently become one of the alternate approaches to power up low power wireless networks. This evolving technology opens the gate for positive energy renewal for wireless components. This paper presents a comprehensive review which
includes all the important components in a RF energy harvesting system which are microstrip patch antennas, rectifier modules and power management modules. Different types of microstrip patch antennas and its designs and outputs are discussed. Rectifier modules with
Schottky diodes operating under two different frequency bands are also compared and discussed. In addition, different methods of available power management circuits with different methods are also deliberated in this paper. This review also explores various key design
issues and envisions some open research directions.
Keywords: Antenna modules; energy harvesting; power management; rectifier modules; radio frequency.

1. Introduction
In the recent times, various researches has been carried out in
radio frequency (RF) energy harvesting or also known as RF energy scavenging. Many techniques has been discovered and tested
under various circumstances in order to improve and optimize RF
energy harvesting systems. The basic idea of a RF energy harvesting system is to convert received RF signals from an antenna and
convert it into usable power. This can be considered a promoting
renewable energy as it acts as a resolution to power energy constrained wireless networks. An example of an application would
be the wireless sensor networks. This is because wireless sensor
networks are known to have a restricted battery lifetime which
turns into a drawback to the network system. Here is where a RF
energy harvesting can be applied whereby it can provide a supportable power supply from a radio ambience. Consequently, this
system has an important role which allows wireless devices to
scavenge energy from a radio surrounding and convert it to a usable power supply. Along these lines, applications whereby RF
energy harvesting systems can be implemented are quickly discovered. Various designs of circuits have been incorporated for
RF energy harvesting to improvise the system to be able to convert RF into usable power. It is without a doubt that the RF energy
harvesting technique is progressively emerging to be used as a
renewable power source to power up low power devices.
RF devices search for electromagnetic radiation transmitted by
radio devices. Radio signals are within the frequency range of 3
kHz up to 3GHz. These signals are deliberated to be a medium to
convey energy in a form of electromagnetic radiation. Numerous
known methods have been established by previous researches
under the wireless energy transfer technique. RF energy transfer
and harvesting is just a part of it. Other than RF energy harvesting,

different methods that are involved are inductive coupling and
magnetic resonance coupling. However, regular calibration and
alignment of coils is needed for inductive and magnetic resonance
coupling. Hence, these methods are considered to be not suitable
for charging devices remotely. On the other hand, RF energy
transfer has no such impediment due to its far-field energy transfer
technique. This allows RF energy to power many components
dispersed in a widespread range. Since distance plays an important
part, RF energy transfer has a better edge in this. However, an
issue often encountered is that the system suffers from low RF-DC
energy transformation. This is mainly due to the limited amount of
harvested RF power from the antenna. This is considered to be a
gap that needs to be filled with efficient circuitry designs. Recent
designs have considered utilizing RF signals for a dual use whereby they are used to convey energy as well as transporting data.
This paper intends to deliver a review of the contemporary research and designs issues related to RF energy harvesting system.
The extent of this paper covers a comparison of circuit designs
which is being applied in present researches. Comparisons consist
of an overview of RF energy harvesting, variations of antennas
design and its associated results, RF to DC conversion approaches,
output voltage attained and power management systems as well.

2. Research Background
A RF energy harvesting circuit would be typically equipped with
an antenna, a matching network, an energy conversion module and
a load. This is demonstrated in Figure 1. The RF energy source is
based on the application of the system. It can either be a dedicated
RF energy source or ambient RF energy source
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3. RF Energy Harvesting Modules
3.1. Antenna Modules

Fig 1: Typical block diagram of a RF energy harvesting system
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A series of microstrip patch antennas has been studied to analyse
the performance of each antennas based on characteristics such as
size, material used, application and tangent loss. Each antenna’s
gain, isolation and application are identified and studied. The gaps
and future improvement has also been identified. Table 2 below
depicts the comparison done on different types of antennas sizes,
material used, application and tangent loss:

3.2 Rectifier Modules
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Basic function of an antenna is to transmit and receive electromagnetic waves. Antennas can be designed in a manner to operate
on a single frequency band or multiple. Each antenna would have
different characteristics and parameters towards a specific range of
frequency. The microstrip patch antennas are often incorporated in
RF energy harvesting systems due to its ease of design, fabrication,
cost and size. The electrical length of the antenna determines the
operating frequency of the microstrip patch antenna. The antenna
can be designed accordingly to operate under a single frequency or
multiple frequency band. Antennas can also be designed in a multiple cascaded or series antenna to improve directivity. The parameters and geometry design of the antenna can be varied to
harvest more RF power under the designated frequency band.
Since the energy density of RF diverges with frequency, the RF
energy harvesting system is usually designed to function over an
array of frequencies.
The next circuitry that is incorporated in a RF energy harvesting is
the impedance matching circuit. Impedance matching is designed
to eliminate mismatch loss. The main purpose of the circuit is to
ensure maximum power delivered to the RF to DC circuit and also
reduce reflected power from the antenna. This is important as it
ensures the antenna to radiate and a major consideration should be
taken when designing an antenna. A matching antenna consists of
a progression of inductors and capacitors.
The third circuitry is the RF to DC conversion circuit. There is
where the harvested RF signals will be transformed into usable
DC voltage. To ensure an efficient conversion takes place, a rectifying circuit is executed. In order to achieve a higher DC voltage,
a voltage multiplier is incorporated. By implementing diodes with
lower built in voltage, higher conversion efficiency can be
achieved. To ensure power is delivered smoothly to the load, a
load capacitor is incorporated with the circuit.
The efficiency of a RF energy harvesting system is determined
by the following factors: [2]:

Design of the receiving antenna in terms of efficiency
and gain

Efficiency of the impedance matching in ensuring maximum power transfer

The power efficiency of the rectifier circuit
An analytic study was performed on the quantity of RF energy
harvested from different sources. Table 1 depicts the analysis results.
Table 1: Analysis Results from Various Power Sources

It can be witnessed that that the energy harvesting rate increases
significantly reliant on the source power and distance. Typically,
the harvested power would be in order of micro-watts. This should
be sufficient for low power devices.

To convert the RF signals which are naturally AC signals, rectifiers are used in RF energy harvesting system. This is done designing a rectifier which is usually integrated with a diode as the main
component. This paper depicts a study on the rectifier element or a
Schottky diode circuit to conclude the efficiency it contributes to
the RF energy harvesting system. In order to effectively convert
the antenna surface incident RF power to usable DC, a high efficiency RF to DC circuit is required. Many past researches has
studied that the RF to DC circuit’s efficiency relies upon a few
factors. These are the Schottky diode type and forward voltage,
load resistance, harmonics, spurious emissions and also the ability
of the circuit to handle incident waves.
Figure 2, is a plot on RF energy conversion efficiencies versus the
input power. The plot is also based on different operating frequency. From the plot, as the input power increases, the efficiencies
tend to increase as well. This is because the circuitry suffers low
losses due to the diode threshold voltage. At high powers, higher
efficiencies can be attained as the harvesting devices are functioning on a linear state which means it is far above their diode turnon voltage. Opposite to this, as the power level decreases, the
device efficiency decreases as well. This is because the diode will
be on an operating state when it detects a smaller fraction of RF
signal. It also can be observed that as the frequency increases, the
efficiency of the devices increases.

Fig 2: Input power vs conversion efficiency

Table 3 delineates an investigation for energy conversion modules
that has been coordinated with RF energy harvesting systems
throughout the years. However, a portion of the systems efficiencies are contributed by the receiving antenna and matching circuit
system also and not exclusively considering the rectifier circuit.
The circuit efficiencies depend on an assortment of advancements
and varying loads because of their uses in remote power exchange
applications. This paper presents comes about considering GSM
900MHz band and ISM 2.45GHz. Now and again, multiband [3-5]
frameworks are intended to exploit the encompassing RF energy
from various bands. This survey presents rectifiers which are being utilized for single frequency excitation.
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Table 2: Comparison on Types of Microstrip Patch Antenna

Ref.

Size(mm)

Area(mm2)

Tangent
loss

[6]

48*115*0.8

4416

[7]

25*40*1.55

1550

0.015

[8]

30*50.5*1

1515

[9]

50*90*1.52

6840

[10]

74*44*1

[11]
[12]

put voltage of 1V is achieved by this system. The power manage-

Material

Operating
Range
(GHz)

FR4

2.3-7.7

FR4

3.1-5.12

>26

0.02

FR4

4-10

20

0.02

FR4

1.8-10.6

10

3256

FR4

3.1-8.3,9.410.1

60*64*1.6

6144

FR4

2.3-10.4

40*30*1

1200

FR4

[13]

38*43*1.6

26144

0.02

FR4

<-20
<-25
>27
40

[14]

45*89.6*1.6

64512

0.02

FR4

[15]

22*45*1.6

1584

0.02

FR4

2.393.75,5.3-7
2.342.55,5.135.85
2.342.95,3.383.75
4.4-6.7
2-2.5

[16]

20*50*0.4

400

0.0245

FR4

[17]

60*95*0.8

4560

FR4

[18]

23*5*4

460

[19]

10*17.5*1.6

280

[20]

36*36*1.6

2073.6

0.02

FR4
FR4

Table 3: Energy Conversion Efficiencies for GSM and ISM
Input
Frequency Rectifier Element
Efficiency Reference
Power
(MHz)
(%)
(dBm)
-13.3
2450
Skyworks
2.01
[21]
SMS7630
Si Schottky
-13
2450
Skyworks
9
[22]
SMS7630
Si Schottky
-20.4
2450
Skyworks
10.5
[23]
SMS7630
Si Schottky
-20
2450
Avago HSMS-2852
15
[24]
Si Schottky
2.4
2450
Skyworks
20
[25]
SMS7630
Si Schottky (array)
-14
915
90-nm CMOStran11
[26]
sistor
-19.5
900
0.18-nm CMOS,
128
[27]
CoSi2 -Si Schottky
-14.7
900
0.35-nm CMOS13
[28]
transistor
-9
963
0.35-nm CMOS
164
[29]
transistor

3.3 Power Management
This section will discuss on the existing power management modules that are available that is being integrated with energy harvesting. Power management is important as it controls the input DC
impedance and incorporates and algorithm for more efficient and
high performing circuits. In [30], a compact antenna is designed to
operate in 2.45GHz frequency band. A series of Schottky diodes
are used as the rectifying circuit for this RF energy harvester. The
power management introduced here is a Flyback converter. This
converter is used to improve the impedance matching. A DC out-

Isolation
(dB)

Gain(dBi)

Application

4.5

WLAN

4.5

USB dongle
MIMO

1.22

GSM/LTE/WLAN with
UWB
WPAN,WLAN

4.15

PDA phone

2.5

WIMAX/WLAN
WLAN

>=20

Wireless communication systems

<20

USB dongle

2.4-2.484

>17.8

WLAN

1.88-2.20

>11.5

1.5

Mobile Phones

2.48-2.52

>20

9.3

MIMO

2.6

Wireless communication
UWB

2.2-2.5,2.74,4-6.5
2.4-11

6.5

ment includes a MPPT algorithm which is controlled by a start
circuit. The function of the start-up circuit is it boosts the DC output from the rectifier and this can be done a low power situation.
A start-up capacitor is present and will be charged to a sufficient
level via an under voltage lock out circuit. This is done before the
control circuit converter starts operating. The power can be harvested and used right away or can be harvested, stored and used
later on depending on the requirement.
This system in [31] consists of a multi power management system.
It works by having a multi energy source and a multi load energy
harvesting system. Thermal, vibration and radio frequency are the
energy sources for this system. An algorithm is designed whereby
different energy states are defined via the charge state of a supercapacitor or a battery. A simple capacitor will be sufficient for the
power management algorithm to work. Capacitor will be the vital
component utilized in this system to perform the switching from
one state to another. It is used to monitor the power balance of the
conversion system.
A MPPT based power management is incorporated in [32] whereby a Microntroller Unit (MCU) is being used to manage the power.
The RF energy harvesting system consists of a rectenna array
together with a voltage regulator. The Texas Instruments MSP430
Microcontroller was used to run the MPPT algorithms which generates control signals and optimizes the received power. The rectifier output of the system is sensed to calculate the input power
whereas the output voltage is utilized for battery charge control. A
high adaptive optimization algorithm is applied here in order to
ensure high conversion efficiency.
In [33], a power management circuit is designed with a boost converter and a control circuit together with MPPT. Maximum power
point tracking (MPPT) is achieved at the output of the RD to DC
rectifier to the input of the rectifier. This is done by implementing
a rectification algorithm on the input voltage and is utilized to
ensure lower energy loss at the output capacitor of the boost converted. The MPPT is able to provide an efficient output at a great
range of input power. The matching impedance at the output of the
RF to DC rectifier is maintained and yet an efficient output can be
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achieved. The circuit was designed in 180nm mixed mode CMOS.
For a -10dBm input power from an antenna resonating at 950
MHz, and output voltage of 1V is achieved. With a load resistance
of 76 kΩ, the boost conversion efficiency was measured to be at
80%.
A novel power management method is being introduced in [34]
which is the adaptive thresholding power management (ATPM).
This power management method is incorporated into embedded
systems which are being powered by renewable energy. For example, a solar-powered wireless sensor network that collects information needs to have a RF circuit that could send out the data
collected. The power management unit gathers information such
as average power from the energy harvesting unit and energy status of the battery. A channel gain that resides in the RF circuit will
determine whether to turn on the RF circuit for additional power
or not.
A RF energy harvesting system operating at 2.45 GHz were designed in [35] whereby the system is designed with a boost converter. The battery is charged with power as low as -20dBM. This
is achieved by the power management system. The battery charge
is built with an array of transistors. The reason to this is that the
boost converter will be able to raise the voltage to the charging
circuit and consecutively supply the energy into the battery.
In [36] a circularly polarized antenna operating at 2.45GHz is
designed with a power management circuit. The Power management framework comprises of two phases. In the primary stage,
the RF power harvested by the antenna is rectified utilizing a
Dickson voltage multiplier with a impedance matching circuit. In
the second stage, the output voltage is additionally boosted to a
level to charge a lithium-ion battery. The second stage used a Texas Instrument BQ25504. The chip incorporates a DC-DC converter and a battery management algorithm. A low quiescent current
(80mv) requirement makes it the most appropriate for low power
RF energy scavenging circuits among every other ICs available
right now.

4. Gaps and Challenges
For the past 10 years, the research towards RF harvesting energy
has expanded. The main motivation of this study is would be to
power up the low power gadgets by utilizing the ambient RF energy sources. Some good examples of this are signals from cells
phones or wireless modems and television frequency bands. The
main issue faced here is that the power scavenged from the ambient sources is low compared to a dedicated RF source. This is due
to many factors which will be discussed in detail. Subsequently, it
represents a huge research challenge in expanding the proficiency
of the energy harvesting framework notwithstanding for lowpowered gadgets. A lot of research and white papers has been
published in finding out the issues with the RF energy harvesting
system. Table 4 gives a comprehensive comparison on the existing
RF energy harvesting circuits.
Based on the points discussed, there are still gaps that can be addressed for further research in RF energy harvesting. Distance
plays an important role as the signal suffers in path losses which
cause very low power scavenging for RF energy harvesting. To
have an efficient and beneficial RF energy harvesting system, the
distance from the RF source should be as far as possible.
Other than transfer distance, the direction and the gain of the receiving antenna also plays a major role in determining the RF
energy harvesting rate. To achieve higher harvesting rates, designing a high antenna based on materials and geometry for a wide
range of frequency is an important research issue. Broadband antennas will be beneficial for RF energy harvesting as it could harvest RF power from a wider spectrum. The challenge here is that
microstrip patch antennas are naturally weak in achieving wide
bandwidth.
Another gap that needs to be addressed under the topic of RF energy harvesting is impedance mismatching. Impedance mismatch
happens when the input resistance and reactance of the rectifier
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mismatches with the receiving microstrip patch antenna. If this is
the case, then the antenna will not be able to transfer all the scavenged energy from the RF signals to the rectifier. Thus, impedance
variations can impact the energy conversion efficiency. Due to
this, there is a need for a circuit development whereby the circuit
will be able to tune the parameters automatically to minimize the
impedance mismatch to allow maximum power transfer.
Next, there is also room for improvement on the RF to DC conversion efficiency. The efficiency of the circuitry depends highly
on the density of harvested RF power. The RF to DC conversion
efficiency should be improved when the harvested power is low at
the input itself. Besides this, introducing a high efficient low power DC to DC converter would convert a source of DC from a voltage level to another. This would be another method to achieve
high efficiency on the RF energy harvesting system. Various studies have been done with different types of diodes and stage capacitors to achieve a high DC output. Integrating the system with a
suitable DC to DC controller or a power management would help
in achieving higher DC output.
Another important challenge to look into is the position or location of the RF source. A proper line-of-sight needs to be present to
ensure efficient energy transfer. Hence, the RF energy source is to
be located in a suitable location in order to support multiple receivers to be charged. Another point is that most of the researches
are considering powering low power sensors and devices. Not
much research is being carried out to power mobile phones via RF
energy harvesting. This can be considered to create charge less
mobile phones. Another lacking area of research in RF energy
harvesting is power management. Based on the table, most of the
researches did not include a power management system. The challenge in implementing a power management circuit in RF energy
harvesting is that sufficient power is required to run the power
management algorithm and at the same time it the system should
be able to power up the load devices as well. Besides that, in the
absence of RF energy, the system will not be able to power up the
load devices. This can be countered by implementing a storage
circuit together with the power management for the storage circuit
to take over the system and power up the load devices instead
when there is no RF source.
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Table 4: Comparison on Existing RF Enery Harvesting Circuits
Frequency

Antenna Type

Rectifier type

Distance

DC Output
Voltage/Power

Reference

Remarks

CMOS Technology Process

Load at
15m

1.0V

[37]

Short distance from source

906 MHz
906 MHz

Resonance circuit
tuning

Schottky diode
charge pump

-

0.3V

[38]

Low output due to inefficient
antenna

950 MHz

Square microstrip

Schottky diode 6stage voltage
doubler

50m

0.87V

[39]

No power management

2.4 GHz ISM
Band

Microstrip patch
antenna

Super capacitor

1 to 2m

3.6V

[40]

Short distance from source

531-1611 KHz

Microstrip patch
antenna

5 stage Villard
voltage doubler

-

2.8V

[41]

No power management

915 MHz

Multiple square
patch antenna

CMOS Technology Process

-

5V

[42]

Dedicated RF source

400 MHz & 2.4
GHz

Dual polarized patch
antenna

3 stage Villard
voltage doubler

-

1.8V

[43]

Addresses low power sensors

DTV, GSM
900, GSM 1800
& 3G
674-680 MHZ

Folded-dipole antennas

Zero-bias diodes

-

5 µW/cm3

[44]

Dedicated RF source

Broadband log periodic antenna

4-stage voltage
doubler circuit

4.1Km

1.5V

[45]

No power management

935.2-959.8
MHz
2.45 GHz ISM
Band

E-Shaped partial
ground
Compact antenna

Schottky diode 7stage
Combination of
Schottky diodes

400m

3.9V

[46]

No power management

1m

1V

[47]

Short distance from source

2.45 GHz ISM
Band

Rectangular striploop antenna

Schottky Diode

2m

0.55V/1.44V

[48]

Short distance from source and
low output

2.45 GHZ ISM
Band

Multiple microstrip
patch antenna

-

No power management

Dielectric circular
patch antenna

550mm

Charged 33mF
supercapacitor
at 1.6V
1.4V

[49]

2.45 GHz ISM
Band

Greinacher quadrupled rectifier
circuit
Single stage voltage doubler RF
Detector diodes

[50]

Short distance from source

900MHz-3GHz

Broadband antenna

Single stage voltage doubler circuit

-

1.5V

[51]

Low RF to DC conversion
efficiency

520-590MHz

Broadband antenna

Schottky Single
stage voltage
double circuit

-

0.0015µW-53
µW for input
power of -10 to
40 dBm

[52]

Low RF to DC conversion
efficiency

900MHz

Microstrip patch
antenna

4-Stage Cascaded
MOSFET rectifier

-

1.1V

[53]

No power management

GSM900
GSM1800

Q-coil antenna

Schottky diode
rectifier

-

2V

[54]

No power management
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5. Conclusion
[17]

A study and analysis of existing RF energy harvesting systems are
discussed. Different antenna modules under different frequency
bands are compared. The gaps and drawbacks are identified and
the resulting output is also discussed. Rectifier modules based on
Schottky diodes are discussed under two different frequency bands
which is the GSM band and ISM band. Efficiencies of the rectifier
modules are deliberated by relating the input power and the frequency band. Later, power management modules were discussed
whereby different methods were compared. Paper was concluded
by discussing the design issues in RF energy harvesting which can
be used for upcoming researches.
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