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Harvesting  
  Wireless Power

T
he idea of wireless power transfer (WPT) 
has been around since the inception of 
electricity. In the late 19th century, Nikola 
Tesla described the freedom to transfer 
energy between two points without the 

need for a physical connection to a power source as an 
“all-surpassing importance to man” [1]. A truly wire-
less device, capable of being remotely powered, not 
only allows the obvious freedom of movement but also 
enables devices to be more compact by removing the 
necessity of a large battery. Applications could lever-
age this reduction in size and weight to increase the 
feasibility of concepts such as paper-thin, flexible dis-
plays [2], contact-lens-based augmented reality [3], and 
smart dust [4], among traditional point-to-point power 
transfer applications. While several methods of wire-
less power have been introduced since Tesla’s work, 
including near-field magnetic resonance and induc-
tive coupling, laser-based optical power transmission, 
and far-field RF/microwave energy transmission, only 

RF/microwave and laser-based systems are truly long-
range methods. While optical power transmission 
certainly has merit, its mechanisms are outside of the 
scope of this article and will not be discussed. 

Two major communities have made significant 
contributions toward fulfilling Tesla’s dream of wire-
less power: space-based solar power (SSP) or solar 
powered satellite (SPS) and RF identification (RFID). 
Though still in the experimental stage, researchers 
working in SPS have made advancements in energy 
conversion at great distances and high powers (greater 
than 1 W) to enable electricity to be shared via radio 
waves, namely collecting solar energy in orbital sta-
tions around earth and beaming it to ground stations 
via microwave power transfer [5], [6], [7]. Meanwhile 
the RFID community has focused on the ultra-low 
power harvesting (usually much less than 1 W) neces-
sary to provide energy for wireless, batteryless RFID 
tags and backscatter sensors [8]. Future development 
in WPT will certainly leverage the work of both SPS 
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and RFID researchers and lead to the deployment of 
efficient, far-field, wireless power systems.

A survey of current trends in WPT including state-
of-the-art energy harvester efficiencies shows that 
much progress has been made since the early days of 
SPS and RFID. Research has documented that the effi-
ciency of diode-based energy harvesters is nonlinear 
and greatly depends on the input power level. Gener-
ally speaking, efficiency improves as input power rises, 
but there are diminishing returns and limitations on 
the maximum possible energy harvesting efficiency. 
As research progresses, applications within SPS, RFID, 
and future unknown areas will benefit from the high-
est realizations of Tesla’s original concept.

Wireless Power Transfer Systems
RF/microwave WPT systems have several core compo-
nents that allow energy to flow between two points in 
space. These core components are illustrated in Figure 
1. First, RF/microwave power must be generated at the 
base station typically via a magnetron or solid-state 
source. This choice is usually dominated by efficiency, 
cost, and desired transmit power [6]. The antenna 
directionality and polarization is usually dictated by 
the application, but total transmitted power must obey 
regulatory and safety standards [9].

After the base station-radiated energy propagates 
through the channel between the two locations, the 
harvesting node must capture it. The harvesting node 
has an energy conversion circuit consisting of a receive 
antenna(s), combination matching network/bandpass 
filter, rectifying circuit, and low-pass filter. The band-
pass filter helps to ensure that the antenna is correctly 
matched to the rectifying circuit and that harmonics 
generated by the rectifying element are not reradiated 
to the environment. The rectifying circuit can exist in 
a variety of topologies that will be discussed later but 
usually involves some number of diodes and capacitors. 
Finally, an output low-pass filter removes the fundamen-
tal and harmonic frequencies from the output, sets the 
output impedance, and stores charge for consumption.

RF Energy-Harvesting Principles
Nearly all modern energy-harvesting circuits use 
semiconductor-based rectifying elements in a variety 
of topologies to convert RF to dc power. (Early methods 
of RF to dc conversion used microwave heating princi-
ples along with closed-spaced, thermionic diodes [10].) 
While semiconductors are individually able to handle 
relatively small amounts of power (for WPT appli-
cations), their low cost and small form factor makes 
them ideal for a variety of applications. In SPS systems, 
Schottky diodes are chosen because of their low volt-
age threshold and lower junction capacitance than PN 
diodes [11]. This low threshold allows for more efficient 
operation at low powers, and the low junction capaci-
tance increases the maximum frequency at which the 

diode can operate. To produce large amounts of power 
for SPS systems, large arrays of RF rectifiers are used. 
Standard CMOS processes do not support Schottky 
diode fabrication, so discrete components are typically 
used in SPS harvesting arrays.

On the other hand, RFID applications leverage 
CMOS technology with diode-connected transistors 
that significantly increases the energy-harvester effi-
ciency at lower powers because of lower parasitic values 
and customizable rectifiers. Furthermore, digital logic 
can be incorporated onto the same die. The ultra-low 
power levels needed by these realized electronics along 
with the cost savings by incorporating the entire device 
on a single integrated circuit (IC) (low cost is essential 
for the RFID market) make CMOS processes the domi-
nating technology for RFID energy harvesters.

Diode Rectifier Behavior
Diodes are typically modeled according to the non-
linear relationship shown in Figure 2. This I-V curve 
is characterized by three major regions. For low volt-
ages below the reverse breakdown voltage Vbr , the 
diode is said to be reverse biased and will conduct in 
the reverse direction. Between Vbr  and VT , the turn-on 
voltage, the diode is off and only a very small amount 
of leakage current will flow. Above VT , the diode is 
said to be forward biased and current will flow pro-
portionally to voltage.

When a diode is used as a rectifier, the maximum dc 
voltage across the diode V ,o dc  is limited by the reverse 
breakdown voltage as shown by

 .V V
2,DCo

br=  (1)

This limitation occurs because this dc voltage will 
limit the maximum peak-to-peak ac voltage of the 
input waveform. Since the input waveform is sym-
metrical in the case of continuous wave excitation, the 
maximum peak-to-peak voltage is equal to the break-
down voltage Vbr , and the maximum dc voltage is (1). 
If the peak-to-peak voltage is larger than this value, 
the waveform will exceed the breakdown voltage and 

Figure 1. A WPT system consists of an RF/microwave 
generator and transmit antenna(s) on the base station side. 
The RF-to-dc conversion piece of the system consists of one 
or many receive antennas, matching networks, rectifying 
circuits, and low-pass filters.
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the dc level will no longer increase. Consequently, the 
maximum dc power PDCmax  is limited by

 .P R
V
4DCmax

L

br
2

=  (2)

The load resistance RL , which guarantees the maxi-
mum efficiency for applications operating near the 
breakdown voltage is typically 1.3 to 1.4 times the 
diode intrinsic/video resistance [12]. This value cor-
responds as a tradeoff between equal resistances for 
maximum power transfer and a large load resistance 
to minimize the losses associated with the diode turn-
on voltage.

Energy-Harvesting Circuit Characterization
Literature characterizes energy-harvesting circuits by 
two different metrics—efficiency and sensitivity. Effi-
ciency can be expressed as a total energy-harvesting cir-
cuit efficiency or a power-conversion efficiency. In both 
cases, the desired power PoutDC  is the dc voltage VoutDC  
across a load resistance RL  defined in (3)

 .P R
V

outDC
outDC

L

2

=  (3)

This output power represents the useful power that can 
be provided to the device circuitry. If the received power 
at the input to the energy-harvesting circuit is defined 
as PinEH , then the charge-pump efficiency EHh  is

 .P
P

P
R

V

inEH

outDC

inEH

outDC

EH
L

2

h = =  (4)

The inherent nonlinearity of diodes means that energy-
harvesting circuits will also reflect some power when 
not completely matched. In literature, a power-conver-
sion efficiency PCh  is also given as

 ,P
P

P P
R

V

PC
inCP

outDC

inEH reflected

outDC

L

2

h = =
-

 (5)

where PinCP  is the power delivered into the charge 
pump neglecting reflected power Preflected  due to 
impedance mismatch. Power-conversion efficiency 
decouples the issues in matching the energy-harvest-
ing circuit and rather focuses on its intrinsic ability to 
convert RF power to dc. Note that the largest EHh  can 
ever be is .PCh  This instance would only occur if the 
antenna is perfectly matched to the energy-harvesting 
circuit at the input power level [12]. Consequently, the 

input power to the antenna 
PinEH  is equal to the power 
delivered into the energy-
harvesting circuit PinCP . The 
SPS community typically cites 
charge-pump efficiency as its 
principle figure of merit since 
the end-to-end delivered power 
is of paramount importance for 
these types of systems.

While related to energy-har-
vester efficiency, sensitivity is 
defined as the minimum power 
necessary to power an IC. Inher-
ently, this definition depends on 
the IC technology and applica-
tion as different sensors and 
protocols can cause the sensi-
tivity number to be larger. As 
many RFID researchers operate 
in this semiconductor regime, 
they often cite sensitivity as 
their evaluation metric. This 
article will use the former met-
ric of charge-pump efficiency to 
compare energy-harvesting cir-
cuits as it can be used to univer-
sally compare the effectiveness 
of energy conversion.

Figure 2. A typical diode I-V curve with annotated breakdown and turn-on voltages. 
The schematic in (a) assumes that all reactive elements have been tuned out, and a 
sufficient RF power exists across the diode to generate a dc voltage across the output 
resistor .RL

VD
Vbr Vbr/2 VT

ID

I D
, C

ur
re

nt
 (

m
A

)

V0

200
-5 -4 -3 -2 -1 0 1 2

150

100

50

0

-100

-50

-150

RL

Reverse
Breakdown

Voltage

Voltage
Turn-On
Threshold

+-

-+

VD, Forward Voltage (V)

(a)

(b)

While related to energy-harvester 
efficiency, sensitivity is defined as the 
minimum power necessary to power 
an integrated circuit.



June 2014  111

Energy-Harvesting Circuit Losses
While highly efficient energy harvesters are desirable, a 
variety of loss mechanisms make it difficult to achieve 
high efficiencies, especially in nonlinear devices such 
as the diodes and diode-connected transistors. Figure 3 
illustrates the relationship between some of these losses 
and the energy-harvesting efficiency.

 • Threshold and reverse-breakdown voltage: Typi-
cally the most important parameter for diode ef-
ficiency  is the threshold or turn-on voltage .VT   
This parameter limits efficiency at low powers as 
noted by “VT  Effect” in Figure 3. Unless sufficient 
power is incident on the energy harvester, there is 
not enough energy to overcome this barrier and 
charge the output capacitor. Diode reverse break-
down voltage Vbr  also limits diode efficiency as 
this will allow energy to short the diode demon-
strated by the curve “Vbr  Effect.” This situation 
will occur at larger power levels when the diode dc 
bias is equal to half the breakdown voltage as pre-
viously discussed. Note that while the efficiency 
curve decreases above this point, dc output power 
will remain constant.

 • Impedance matching: When an energy-harvest-
ing circuit is not properly matched to its antenna, 
part of the incident power from the antenna will 
be reflected back to the environment and not 
absorbed. If the power is not absorbed, then the 
available power for rectification is automatically 
reduced. Matching is especially difficult in energy-
harvesting circuit design as the impedance will 
change as a function of both frequency and input 
power due to the nonlinearity of the rectifying ele-
ments shown by the diode model in Figure 4 and 
illustrated in Figure 5.

 • Device parasitics: Device parasitics can also cause 
a significant decrease in efficiency. Diode junc-
tion resistance Rs  can limit diode efficiencies as 
current flowing through the diode will dissipate 
power in the semiconductor junction [13]. At high 
frequencies, junction capacitance Cj  and package 
inductances also lead to significant performance 
degradations because of cutoff issues. Typically, 
the junction capacitance limits the maximum fre-
quency at which the diode can operate. Additional 
package parasitics exist but are not discussed here 
as there are numerous sources that list these. Fur-
thermore, traditional losses in the substrate and 
transmission lines may also play a significant role 
in energy harvester efficiency depending on the 
substrate and line lengths chosen.

 • Harmonic generation: While providing a means to 
convey RF energy to dc, the diode nonlinearity is 
also a source of loss. When operating, the diode will 
produce frequency harmonics from the incident 
power, which reduces the proportion of energy that 
gets converted to dc resulting in a lower energy har-

vester efficiency. As the incident voltage continues 
to increase, the energy lost to harmonics further 
increases. An optimal efficiency level corresponds 
to tradeoffs between harmonic generation, reverse 
breakdown effects, and threshold voltage.

Diode Parameter Behavior
Figure 6 shows the energy-harvesting efficiency of a 
single, commercially available, Avago HSMS-286x sili-
con-nickel Schottky diode as a function of power at 5.8 
GHz delivered from a 50-X  source. Each subplot shows 
the variation in performance as a single parameter 

Figure 3. The general relationship between the efficiency 
and losses in microwave energy conversion circuits as 
a function of input power (recreated from [13]). At low 
powers, the efficiency is limited by the input signal ability 
to surpass the diode turn-on threshold voltage (labeled "VT

Effect”). As the power continues to increase, the efficiency 
will increase along with harmonics. At higher powers, 
the diode reverse breakdown voltage limits the efficiency 
(labeled “Vbr  Effect”). A maximum conversion efficiency 
occurs between these points.
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Figure 4. A standard Schottky diode model. A resistance 
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diodes in energy harvesting circuits makes impedance 
matching a challenging endeavor.
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changes, and all other parameters are held constant 
according to the values in the table sand using a load 
resistance .R 327L X=  It should be noted that these 
changes cannot occur alone. Adjusting one param-
eter will inevitably cause changes in others due to the 
underlying semiconductor relationships. For the point 
of illustration, these effects are not included.

These curves are generated using the theory dis-
cussed by Yoo and Chang in [13] for the efficiency of a 
diode with resistive load under a single frequency exci-
tation. This derivation assumes no package parasitic 
elements and no harmonic generation. The loss factors 

that are considered are the diode threshold voltage ,VT  
junction capacitance ,Cj  and the diode series resistance 

.Rs  Thus, actual conversion efficiencies will be lower 
because of harmonic generation, parasitic elements, and 
impedance mismatch.

Figure 6 shows several interesting trends. Figure 6(a) 
demonstrates that a low turn-on threshold is required 
for efficient, low-power operation. As the turn-on 
threshold voltage is decreased, the energy conversion 
efficiency at a given power increases. This phenomenon 
occurs because the same power level can more easily 
overcome the turn-on voltage limitation. In traditional 

Figure 5. Impedance of a single-shunt rectenna with a 316-X  load matched at 5.8 GHz and 16-dBm input power. The large 
range of possible impedances makes it difficult for an energy-harvesting circuit to work efficiently over a wide range of input 
powers and frequencies because of the reflected power due to impedance mismatch [14].
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semiconductor processes, lowering the threshold volt-
age usually lowers the breakdown voltage [15].

Figure 6(b) shows that a large reverse breakdown 
voltage allows a larger allowable input/output voltage/
power as noted by (1). As the reverse breakdown volt-
age increases, the maximum allowable output power 
level increases; conversion efficiency of the low powers 
remains unchanged. Figure 6(c) shows that the junction 
capacitance limits the maximum frequency for which a 
diode can operate. As is shown, 2.4 GHz and 5.8 GHz 
have approximately the same energy conversion ef-
ficiency because the 0.18 pF junction capacitance along 
with the 6X series resistance does not filter out much 

power at these frequencies. However, when the fre-
quency is increased to 10 GHz and 35 GHz, the conver-
sion efficiency begins to decrease.

Figure 6(d) demonstrates that when the series 
resistance increases, the energy conversion efficiency 
decreases. This result is due to normal resistance losses 
in the semiconductor junction. Finally, Figure 6(e) dem-
onstrates the energy conversion efficiency dependence 
on the load resistance. As this resistance increases, the 
efficiency increases, but the maximum input power level 
decreases. This decrease in maximum power is due to 
the larger resistance producing the same voltage for a 
smaller current, which limits the maximum input power 

Figure 6. The theoretical energy-harvesting efficiency of a single, silicon-nickel Schottky diode under CW excitation 
delivered from a 50-X  source. This figure illustrates (a) the performance variation when various diode parameters (voltage 
threshold VT  in, (b) breakdown voltage Vbr  in, (c) input frequency in, (d) series resistance Rs , and (e) load resistance RL  are 
varied. Parameters are varied about those of a standard Avago HSMS-286x diode as shown in the enclosed table.  
(a) Variation of threshold voltage ,Vt  (b) variation of breakdown voltage ,Vbr  (c) variation of input frequency, (d) variation of 
series resistance ,RS  and (e) variation of load resistance RL .
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as shown by (2). The increase in efficiency is caused by 
the reduction of the loss of power in Rs  and the loss of 
power in the diode.

Maximum Energy Conversion Efficiency
As previously stated, the maximum energy conversion 
efficiency of an energy-harvesting circuit is limited by 
impedance matching, device parasitics, and harmonic 
generation. Using the same method from [13], the effi-
ciency of an ideal diode is plotted in Figure 7 as a func-
tion of frequency ,~  diode junction series resistance 

,Rs  and effective junction capacitance Ceff  (see [13] for a 
description of this parameter). Various values of r  are 
also plotted /r R Rs L=^ h. In this case, an ideal diode is 
defined as one that has an infinite breakdown voltage 
and zero turn-on voltage. All other assumptions from 
this derivation hold as well. Actual diode performance 
will typically be less as additional loss mechanisms 
will be encountered and breakdown and turn-on volt-
ages will cause additional losses.

Figure 7. The maximum efficiency of an ideal diode  
( VV 0t =  and Vbr 3= ) for various values of 

/ .r r R RS L=^ h  A low-pass filter effect is due to the diode 
junction capacitance and series resistance. Maximum 
efficiency occurs in the passband of this filter and increases 
with decreasing values of the series resistance.
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shunt rectenna, (c) single stage voltage multiplier, (d) Cockcroft-Walton/Greinacher/Villard charge pump, (e) Dickson charge 
pump, and (f) modified Cockcroft-Walton/Greinacher charge pump.
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Two main points can be seen in Figure 7. First, a 
frequency selective behavior is exhibited by the effi-
ciency. This behavior is due to the diode junction 
resistance Rj  functioning in parallel with the diode 
junction capacitance Cj  shown in the diode equivalent 
circuit in Figure 4. Thus as ~  and/or Ceff  are increased, 
efficiency decreases because of the low-pass filter 
response of this circuit. Likewise, efficiency decreases 
as Rs  increases due to traditional resistive losses. Sec-
ond, it can be seen that for small values of ,r  which 
corresponds to small values of Rs  or large values of 

,RL  the maximum efficiency is larger. This larger effi-
ciency is a result of a lower loss due to this junction 
series resistance. However, this lower resistance also 
means that for a fixed junction capacitance, the diode is 
most efficient at low frequencies. Therefore, there will 
be a tradeoff in diode performance at high frequen-
cies assuming a constant junction capacitance. Highly 
efficient diodes are possible, but this performance will 
occur at low frequencies. High frequency operation 
will require a larger junction series resistance and/or 
smaller junction capacitance.

The ideal energy harvester has to accommodate a 
low sensitivity, high efficiency, wide power range, and 
a necessarily high-frequency response. The tradeoff 
between threshold voltage and reverse breakdown 
voltage in a diode imposes a tradeoff in the energy 
harvester sensitivity and the range of input powers 
that the node may operate. Meanwhile, a larger series 
resistance in the diode provides the high frequency 
response but limits efficiency as seen in Figure 6.

Energy-Harvesting Circuit Topologies
The main purpose of an energy-harvesting circuit is 
to convert received RF energy into dc. While there are 

multiple methods of doing this, diode-based rectifier 
circuits are most commonly used. Figure 8 illustrates 
some of the most common topologies. The SPS commu-
nity typically utilizes rectenna-based designs as high 
efficiency is paramount, and large power densities are 
available. Schottky diodes have larger power handling 
abilities than their CMOS counterparts, and large out-
put voltage are unnecessary.

In contrast, battery-free sensor designers and the 
RFID community use charge pump topologies for 
energy harvesting. While rectennas can efficiently 
harvest RF energy, the dc voltages produced are not 
sufficient to drive the logic level of modern electronics 
(1–3  V) at the low levels encountered in RFID appli-
cations. Charge pumps not only rectify RF to dc but 
also step up the voltage to usable levels by means of 
cascaded diode-capacitor stages. Each stage uses the 
previous stage for biasing reference, and as a result, a 
larger voltage can be obtained. Furthermore, the RFID 
community can leverage CMOS processes to create 
low-loss harvesters and manipulate diode properties. 
Note that a combination of these approaches is some-
times used; a rectenna harvests energy to create a low 
voltage that powers a highly efficient dc-dc converter 
usually based on the traditional Dickson charge pump 
[16] to increase the voltage to levels capable of pow-
ering the electronics. Note that the original Dickson 
charge pump utilized low-frequency digital clock sig-
nals to increase the dc voltage instead of using an RF 
signal for this purpose.

State-of-the-Art RF Energy Harvesters
Figure 9 and Tables 1–4 show a survey of the state-of-the-
art efficiencies for energy-harvesting devices (note that 
asterisked efficiencies are those that include antenna 

Figure 9. State-of-the-art RF and microwave-energy conversion efficiencies. A variety of topologies including charge pumps 
and rectennas are used under a variety of load conditions and technologies (an earlier version of this figure was published in [14]).
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effects in their efficiency calculations. Nonasterisked 
efficiencies include efficiencies only related to the recti-
fier). The device efficiencies use a variety of technolo-
gies and topologies and use varying loads due to their 
uses in WPT applications along with wireless, passive  
nodes such as RFID. These works cover frequencies 

from 800 MHz up to 94 GHz but principally focus on 
work in the US ISM bands at 900 MHz, 2.4 GHz, and  
5.8 GHz. In some cases, multiband [17]–[20], or wide 
band [22]–[24] energy harvesters have been utilized to 
take advantage of ambient RF energy or signals from 
multiple bands. Additionally, researchers have experi-
mented with designing excitation signals for improved 
efficiency [25]–[28], [14]. However, this article presents 
efficiencies for single frequency excitation only. It should 
be noted that when excitation signals are designed, 
energy harvester efficiencies can dramatically increase, 
especially at lower powers.

Several trends are evident in Figure 9. First, as power 
increases, efficiency tends to increase. This ten-
dency is related to a decrease in the effect of 
losses due the diode threshold voltage. At high 
powers, large efficiencies are possible as the 
energy-harvesting devices are operating in a 
linear state, far above their diode turn-on volt-
age. As the power level is reduced, the device 
efficiency decreases because the diode is “on” 
for a smaller fraction of the RF wave period. Sec-
ondly, as frequency increases, the efficiency of 
the devices decreases. This observation can be 
attributed to the higher device parasitic losses 
encountered at microwave frequencies.

UHF Energy Harvesters
A peculiarity discerned from the graph along 
with Table 1 is that UHF charge pumps are typi-
cally designed for low-power operation below 
0 dBm. This design choice is a result of UHF 
energy harvester research being driven by the 
RFID community that typically operates in the  
865–928 MHz regions. As passive RFID tags 
must scavenge energy in multipath environ-
ments far away from their readers, available 
energy levels are very low. Consequently, the 
reported energy levels along with the reported 
energy harvester efficiencies in the figure cor-
respond to power level cutoffs around approxi-
mately –20 dBm. Furthermore, to accommodate 
sufficiently high-voltage levels to power digital 
electronics at these very low power levels, UHF 
energy harvesters have utilized multistage rec-
tifying circuits, such as the Dickson or modified 
Cockcroft-Walton.

This low operation voltage is possible due to 
the heavy use of CMOS technology as demon-
strated in Table 1. Not only do CMOS processes 
allow custom-built electronics, which are more 
efficient and require lower operating voltage 
than microcontrollers or other external digi-
tal devices, but custom rectifying elements are 
possible. While most standard CMOS processes 
are incompatible with Schottky diodes due to 
concerns over cost, some UHF energy harvester 

Table 1. State-of-the-art UHF energy conversion efficiencies.

Efficiency 
(%)

Input Power 
(dBm)

Frequency 
(MHz)

Rectifier  
Element Source

1.2 -14 950 0.3-nm CMOS  
transistor

[29]

5.1 -14.1 920 0.18-nm CMOS 
transistor

[30]

10* -22.6 906 0.25-nm CMOS 
transistor

[31]

11 -14 915 90-nm CMOS 
transistor

[32]

12.8 -19.5 900 0.18-nm CMOS, 
CoSi Si2-  Schottky

[33]

13 -14.7 900 0.35-nm CMOS 
transistor

[34]

16.4 -9 963 0.35-nm CMOS 
transistor

[35]

18 -19 869 0.5-nm CMOS,  
SiTi Schottky

[36]

26.5 -11.1 900 0.18-nm CMOS 
transistor

[37]

36.6 -6 963 0.35-nm CMOS 
transistor

[35]

47 -8 915 0.18-nm CMOS 
transistor

[38]

49* -1 900 Skyworks SMS7630  
Si Schottky

[17]

60* -8 906 0.25-nm CMOS 
transistor

[31]

60 -3 915 0.13-nm CMOS 
transistor

[39]

69 -3 915 0.18-nm CMOS 
transistor

[38]

*Asterisked efficiencies are those that include antenna effects in their efficiency calculations. 
Nonasterisked efficiencies include efficiencies only related to the rectifier.

RF/microwave WPT systems have 
several core components that allow 
energy to flow between two points  
in space.
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designs have leveraged CMOS-based Schottky diodes 
[33], [36]. More commonly, diode-connected transistors 
are used in these topologies. Diode connected transis-
tors can be designed to have a near-zero threshold (zero 
threshold diodes or transistors are typically those with a 
forward voltage level of less than 150 mV), which makes 
them ideal for ultra-low power energy harvesting. While 
this threshold can be adjusted by appropriately 
varying typical transistor properties such as the 
gate length and width and doping level, differ-
ent topologies have been suggested to further 
lower the threshold voltage to increase the har-
vester efficiency at low power levels. Most of 
these techniques involve some method of pro-
viding additional voltage bias that effectively 
reduces the threshold voltage [40], [31], [32].

Although it is possible to lower a diode-
connected transistor threshold voltage by 
applying a constant dc voltage to a transistor 
body, the source of this bias is difficult to jus-
tify in many energy harvesting applications 
as this energy source will degrade the over-
all efficiency. Additionally, the use of non-RF 
power sources to bias the transistors such as 
a battery defeats the purpose of traditional 
passive RFID tags. Other on-chip techniques 
better lend themselves to the same goal. In 
[40], Lin et al. used two charge pumps, a pri-
mary charge pump and a secondary to bias 
the primary. However, this technique requires 
additional chip space, and the limitations of 
the secondary charge pump are still prevalent. 
In [31], Le et al. utilized a high-Q resonator 
along with floating-gate transistors to reduce 
the threshold voltage. Charge injected into the 
gate lowers the threshold voltage, but a bias 
must be held constant to maintain this level. 
In [32], Papotto et al. utilized a self-compen-
sated transistor threshold voltage methodol-
ogy relying on transistor body biasing from 
connected transistor gates to the source of the 
previous stage.

Microwave Energy Harvesters
Both SPS and RFID applications have numer-
ous advantages in moving to microwave 
frequencies. Microwave antennas are substan-
tially smaller than some of their UHF and VHF 
counterparts, and this smaller size helps to 
reduce the antenna aperture required and to 
focus the antenna beams more easily. Since the 
antenna size is the dominating component in 
the size of a rectenna or RFID-enabled sensor, 
space can be used more efficiently. This reduc-
tion in size (and therefore weight) can help 
SPS applications reduce the amount of land 
required for ground-based, power collecting 

Table 2. State-of-the-art RF energy conversion  
efficiencies in the 2.45-GHz band.

Efficiency 
(%)

Input Power 
(dBm)

Frequency 
(MHz) Rectifier Element Source

2.01* -13.3 2,450 Skyworks SMS7630  
Si Schottky

[53]

9* -13 2,450 Skyworks SMS7630  
Si Schottky

[17]

10.5* -20.4 2,450 Skyworks SMS7630  
Si Schottky

[54]

15 -20 2,450 Avago HSMS-2852  
Si Schottky

[55]

20* 2.4 3,000 Skyworks SMS7630  
Si Schottky (array)

[22]

28 -20 2,450 Avago HSMS-2852 
Si Schottky

[56]

37* -25.7 2,450 Silicon on Saphire  
0.5-nm CMOS 
transistors

[57]

45 -10 2,450 Avago HSMS-2852  
Si Schottky

[55]

53 10 2,450 Avago HSMS-2852  
Si Schottky

[55]

55* 62.7 2,450 Thermionic [10]

57 0 2,450 Avago HSMS-282 x   
Si Schottky

[58]

60 -5 2,450 Avago HSMS-2852  
Si Schottky

[55]

66.8 10 2,450 Avago HSMS-2860  
Si Schottky

[18]

72 0 2,100 Avago HSMS-282 x   
Si Schottky

[58]

72.8 8 2,450 Skyworks SMS7630  
Si Schottky

[52]

83* 20 2,450 M/A-COM 4E1317 
GaAs  Schottky

[19]

85* 15 2,450 GaAs  Schottky [49]

90.6* 39 2,450 GaAs Pt-  Schottky [12]

*Asterisked efficiencies are those that include antenna effects in their efficiency calculations. 
Nonasterisked efficiencies include efficiencies only related to the rectifier.

Nearly all modern energy-harvesting 
circuits use semiconductor-based 
rectifying elements in a variety of 
topologies to convert RF to dc power.
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stations, and help RFID applications 
minimize the profiles of their tags and 
sensors. The world-wide availability 
of the unlicensed 5.8-GHz micro-
wave band, an ISM frequency band 
in the United States, has led research 
in microwave-power transfer to focus 
on this frequency. In fact, several 
other benefits of operating at 5.8 GHz 
for RFID have been discussed apart 
from the reduced footprint includ-
ing the following: greater bandwidth 
availability, reduced degradations of 
antenna performance on objects [41], 
spatial signaling techniques [42]–[44], 
greater material sensing capability 
[45], [46], and plasma penetration 
ability [47], [48] among others.

It is important to note that the ma-
jority of UHF charge-pump research 
has focused on CMOS implementa-
tions. This fact is not surprising as 
an RFID tag cost drops tremendously 
when the charge pump is integrated 
with the tag’s electronics. However, 
CMOS processes have yet to mature to 
an acceptable price point, power han-
dling ability, and efficiency required 
for microwave energy-harvesting ap-
plications. Thus, as discerned from 

Tables 2, 3, and 4, most of 
these applications rely on 
discrete, Schottky diode 
rectifying elements. It can 
also be observed from Fig-
ure 9 that the majority of 
microwave work has been 
done at relatively higher 
power levels than most of 
the UHF work. This fact is 
due to these devices being 
used for SPS or other pre-
dominantly WPT-focused 
applications. As a result, 
the multistage topologies 
used in UHF energy har-
vester design is unneces-
sary. Single stage or single 
diode rectifiers such as the 
single-shunt rectenna are 
more common.

Since the majority of 
these devices rely on dis-
crete Schottky diodes and 
not custom CMOS tran-
sistors, much of the work 
in these energy harvesters 

Table 4. State-of-the-art microwave-energy conversion efficiencies above 5.8 GHz.

Efficiency 
(%)

Input Power 
(dBm)

Frequency 
(MHz) Rectifier Element Source

62.5 20.2 8,510 M/A-COM 40401 Schottky [65]

60* 21.5 10,000 Alpha Industries DMK6606 GaAs  Schottky [13]

47.9 23.2 24,000 M/A-COM 4E1317 GaAs  Schottky [66]

54.2 21.1 24,000 M/A-COM MADS-001317-1320AG GaAs  
Schottky

[67]

4.5* -2 25,700 M/A-COM 4E2502L Si Schottky [68]

15.5* 8 25,700 M/A-COM 4E2502L Si Schottky [68]

35* 10.6 35,000 M/A-COM 4E1317 GaAs  Schottky [69]

37* 17 35,000 Alpha Industries DMK6606 GaAs  Schottky [13]

39* 20.8 35,000 Alpha Industries DMK6606 GaAs  Schottky [13]

53* 39.4 35,000 0.13-nm CMOS Schottky [20]

70* 7.7 35,000 GaAs  Schottky [70]

37* 29.9 94,000 0.13-nm CMOS Schottky [20]

*Asterisked efficiencies are those that include antenna effects in their efficiency calculations. Nonasterisked efficiencies include 
efficiencies only related to the rectifier.

Table 3. State-of-the-art microwave-energy conversion  
efficiencies at 5.8 GHz.

Efficiency 
(%)

Input 
Power 
(dBm)

Frequency 
(MHz) Rectifier Element Source

18* 0 5,800 M/A-COM 4E1317 GaAs  Schottky [19]

23 -10 5,800 Unspecified Schottky [59]

34* 0 5,800 Avago HSMS-8202 Si Schottky [60]

50* 10 5,800 M/A-COM 4E1317 GaAs  Schottky [61]

51.5 10 5,800 Avago HSMS-2860 Si Schottky [18]

54 0 5,800 Unspecified Schottky [59]

59.3 18 5,800 M/A-COM 4E2054 GaAs  Schottky [62]

65.3 19 5,800 M/A-COM 4E2054 GaAs  Schottky [62]

68.5* 18 5,800 Avago HSMS-8202 Si Schottky [60]

71.4* 24.2 5,800 HP 5082-2835 GaAs  Schottky [63]

76* 20 5,800 M/A-COM 4E1317 GaAs  Schottky [61]

80* 38 5,870 Si Schottky [12], [64]

82* 17 5,800 M/A-COM 40150 – 119 Si Schottky [12]

82.7* 16.9 5,800 M/A-COM 4E1317 GaAs  Schottky [19]

*Asterisked efficiencies are those that include antenna effects in their efficiency calculations. Nonasterisked 
efficiencies include efficiencies only related to the rectifier.
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focuses on choosing the most efficient Schottky diode 
for the application and on antenna/circuit design and 
layout optimization. Custom Schottky diodes have been 
investigated by McSpadden and Chang in [12] and by 
Brown in [49]. These diodes have performed remarkably 
well for their applications and have yielded some of the 
most efficient harvesters to date. More commonly, com-
mercial off-the-shelf components have been used in rec-
tifying elements as their costs are considerably lower. 
Often times, diodes are used in parallel as an attempt 
to lower the resistive losses associated with the semi-
conductor junction. This setup is difficult at higher fre-
quencies because junction capacitances will increase as 
the diodes are put in parallel.

Other discussed technologies to improve microwave 
energy harvesting efficiency include highly resonant 
microwave structures [50] and harmonic terminations [51], 
[52]. Highly resonant structures help to increase the volt-
age incident on the rectifying element. However, practical 
considerations often limit the Q of these resonators. Har-
monic terminations such as class-E and class-F rectifiers 
help to ensure that harmonic frequencies of the excitation 
frequency are properly terminated and reflected back to 
the rectifying element to eliminate losses associated with  
the harmonics.

Conclusion
The WPT community has developed arrays of energy 
harvesters to enable the theoretical transfer of giga-
watts of power from space all the way down to tiny 
charge pumps capable of extracting usable energy 
from less than 5 mW of incident power. The choice 
of rectifying element(s), along with intelligent design 
and layout of the energy-harvesting circuit, helps to 
achieve maximum conversion efficiencies an excess 
of 90%. Utilizing microwave frequencies keeps these 
devices small and takes advantage of antenna array 
techniques, although reducing efficiency. Continuing 
research into WPT technologies along with increas-
ing computational efficiency of electronics will enable 
numerous new applications in ubiquitous computing 
and simultaneously benefit SPS applications.
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